


 

 

INTRODUCTION 
 
The ESV Program originated more than three 
decades ago under the North Atlantic Treaty 
Organization (NATO) Committee on the 
Challenges of Modern Society, and was 
implemented through bilateral agreements between 
the Governments of the United States, France, the 
Federal Republic of Germany, Italy, the United 
Kingdom, Japan, and Sweden.  The participating 
nations agreed to develop experimental safety 
vehicles to advance the state-of-the-art technology 
in automotive engineering and to meet periodically 
to exchange information on their progress.  Since its 
inception the number of international partners has 
grown to include the governments of Canada, 
Australia, The Netherlands, Hungary, Poland, and 
two international organizations -- the European 
Enhanced Vehicle-safety Committee, and the 
European Commission.  A representative from each 
country and organization serves as a Government 
Focal Point in support of the Conference.  
  

The National Highway Traffic Safety 
Administration, U.S. Department of Transportation 
in the interest of information exchange, distributes 
this CD-Rom publication containing the 
Proceedings of the 19th ESV Conference.  The 
technical papers included in this publication detail 
safety research efforts underway worldwide, and 
share the common international objective of 
reducing motor vehicle related fatalities and 
injuries.  The opinions, findings, and conclusions 
expressed in the publication are those of the 
Author(s) and not necessarily those of the 
Department of Transportation or the National 
Highway Traffic Safety Administration. 
 
The Conference Organizers thank our international 
participants for their dedication and support of the 
19th ESV Conference and look forward to your 
future involvement. 
 
Donna E. Gilmore 
ESV Technical Coordinator 
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ABSTRACT
A common understanding is that in a frontal

crash an early coupling of the occupant to the vehicle
deceleration is required. This is provided by
pretensioning of the belt system.  The objective of
our study was to set up a rating criterion for
pretensioner performance, to benchmark current
pretensioner systems, to define requirements for an
optimal pretensioning, and to quantify the benefits in
both US- and EuroNCAP testing.

A generic test environment was developed and
sled tests with different pretensioners and
combinations of pretensioners were conducted.  As a
result, systems with either both retractor and anchor
plate pretensioning, or buckle and anchor plate
pretensioning gave direct reduction of the dummy
chest acceleration values.  Additional to the reduction
in dummy loading, a reduction in dummy forward
displacement occurred.  Using this additional space
by reduction of the load limiter level of the seat belt
resulted in a further reduction in occupant loading,
especially in chest deflection.  For the determination
of the appropriate load limiter level, MADYMO
simulation was used.  In a further step, a rating
criterion for pretensioners was defined.  It rates the
energy difference of the dummy compared to the
vehicle during the crash as percentage of the vehicle
energy, i.e. a low figure indicates a good coupling.

As a result, with double pretensioning and
respectively tuned load limiter level, chest deflection
and acceleration in both EuroNCAP and US-NCAP
can be reduced by about 20% - 25% compared to
single pretensioning. A low energy difference in the
pretensioning rating criterion showed a good
correlation to the dummy readings.

With the outcome of the study, requirements to
an optimal pretensioning are discussed in respect to a
good coupling and to possible injuries induced by
aggressive pretensioning.

1. INTRODUCTION

Consumer tests world-wide are posing constantly
increasing demands on the vehicle structure and the
occupant protection system. As a consequence of the
offset-crash, the rigid vehicle structure results in
increased loads on the occupants, in particular in
frontal crash tests with 100 % overlap. Thus an
optimised restraint system consisting of a safety belt
with pretensioner, load limitation and airbag has to
reflect these demands. Here particular attention has to
be paid to the belt system, since it is exclusively the
belt system which is responsible for the restraint of
the occupant during the first phase of the crash.

The effect of the belt system can be classified
into two phases:

1) the belt pretensioning following the crash only
by a few milliseconds and creating the optimum
pre-requisites for the restraint of the occupant;

2) the load limitation which keeps the force at the
shoulder belt to a pre-defined level during the
forward displacement of the occupant thus
leading to an optimum utilisation of the space
available in the interior.

1.1 Belt pretensioning and load limitation

Too much slack in the belt system results in a
deterioration of the occupant loading in frontal
crashes and may favour submarining. For instance,
80% of car drivers have a slack varying between
40mm and 90mm in the summer and 40mm to
120mm in the winter /1/. The pretensioner is intended
to minimise this slack even before an occupant
forward displacement in a crash. So to say, the belt
system is fine tuned for an optimum starting position
in the first milliseconds following a crash.

The load limiter in the 3-point belt is intended to
limit the forces exerted by the belt and thus the values
for the thoracic load. Already in the early 1970ies
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load limiters were applied in serial production, at that
time, of course, without airbag. Their benefit has
been demonstrated by accident analyses /2/. Today
load limiters are mostly applied in combination with
an airbag to achieve an optimum alignment of the
restraint system.

Even if the impact of the load limitation is of
importance for the occupant load /3,4/, in the
following we intend to focus on the influence of the
pretensioner.

1.2 Pretensioning approaches for front seats

Figure 1 depicts various approaches for
pretensioning of the belt system. It is differentiated
between the following pretensioner systems each
positioned at the respective fixation points:

• retractor pretensioning
• buckle pretensioning
• anchor plate pretensioning
• any combination of the above three methods.

Figure 1. Pretensioning of the Belt System

Figure 2. Car and occupant behaviour in frontal
impact

1.3 Criterion for occupant coupling

In frontal impact events, one of the main
functions of the belt system is an early coupling of
the occupant to the vehicle deceleration. In order to
evaluate this, a coupling criterion was defined /5/ on
the basis of the "Ride Down Effect" (RDE) /6/. The
RDE gives a percentage value of the remaining
crumple zone, when the dummy retardation starts.
The criterion we defined evaluates the path remaining
for the passenger when a load of 4kN is reached on
the shoulder belt. The point in time when this
happens is defined as T4kN. In doing so, we assume
that this is the moment when a controlled restraint
starts. The forward displacement of the dummy in the
area of the upper thoracic vertebra T1 at T4kN is
defined as d4kN and the remaining distance for the
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retardation of the occupant dr is computed as follows
(please refer to figure 2):

dr = dc + dS - d4kN
with:
dc = remaining length of crumple zone at T4kN
dS = space for forward displacement at T0

Figure 3. Speed v and deceleration a vs. distance
at idealistic square shaped decelerations

Figure 3 shows that a high value for dr  results in
a marked reduction of the occupant acceleration. This
has been confirmed in tests and simulations /5/.

1.4 Limitations posed by single pretensioning

From the technical point of view, increasing the
pretension load aiming at achieving 4kN on the
shoulder belt already during the pretensioning phase
would be feasible. This would result in an optimum
occupant coupling. However, this achievement would
fire back on the occupants. For biomechanical
reasons, the force exerted on the shoulder should not
exceed 1.5kN – 2.0kN, see fig. 4. This holds true in
particular since a pretensioning does not only make
sense for frontal impact situations. In this case, it
would be reasonable to assume that shoulder forces
of this type are reached during the crash incident
anyhow. In the cases of rear impact or roll-over we
do not assume a priori that forces of this magnitude
are reached. These loadcases would then require an
additional pretensioner with lower performance or a
retractor pretensioner with variable tension
performance.

Figure 4. Probability of severe thoracic injuries (AIS3 or more severe) depending on the
shoulder belt force and the occupant´s age /7/
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Figure 5. Loading to the body by the belt

1.5 Optimisation of the pretensioner system

Now, which combination of pretensioners is the
most suitable choice to achieve an optimum occupant
fixation? The following pre-requisites have to be met:

1. Strong fixation of the occupant as early as
possible;

2. Limitation of the shoulder force to 1.5kN –
2.0kN;

3. Set-up of a suitable force on the retractor to
minimise the film spool effect.

In order to meet these pre-requisites, it is
necessary to guarantee that a high load is applied in
the pelvis area by means of an anchor plate
pretensioner. From the biomechanical point of view,
this area can withstand higher loads than the shoulder
area. In our opinion, even a value of 4kN would not
pose any problem. As a consequence, we need a first
pretensioning at the buckle or retractor to take out the
belt slack observing conditions 2 and 3, and the
second pretensioner to be fired at the anchor plate.
Moreover, a high application of load in the pelvis

area makes sure that an essential factor of the
restraint effect is performed there, see figure 5.

1.6 Scope

The objective of our study is to quantify the
benefits of the above outlined double pretensioning
strategy. The rating criterion for occupant coupling
described in section 1.3 is no longer valid for this
kind of pretensioning as it only rates the force at the
shoulder belt and not at the lap belt in which we want
to impose the stronger part of pretensioning.
Furthermore, there are other ways to couple the
occupant to the car deceleration in the very first part
of the frontal impact, such as the knee airbag or the
pelvis restraint cushion, an inflatable seat ramp which
is in production in some cars. A new rating criterion
should take care about these as well. In order to
develop such a criterion,

1. a generic test environment was developed,
2. sled tests with different pretensioners and

combinations of pretensioners were conducted,
simulating both US- and EuroNCAP crash
pulses,

3. the load limiter level of the seat belt was tuned to
use the gained space for forward displacement to
its optimum,

4. the benefit in terms of occupant loading in the
tuned configuration was determined,

5. a new coupling criterion was developed and
compared with the outcome of the sled tests.

2. TESTS: SET-UP AND RESULTS

The generic test environment developed should
represent a European mid-size car (cf. figure 6.) The
seat has a stiff structure but a seat cushion with a
deformable sheet metal below from a serial car in
order to simulate the pelvis seat interaction. The
steering wheel with airbag is fixed to a stiff bar. The
dummy used was a Hybrid III 50th percentile. Two
different pulses, one representing an US-NCAP, the
other presenting an EuroNCAP pulse were selected
(cf. figure 7.)

The following pretensioners were tested:
1. baseline: without pretensioner,
2. buckle pretensioner only,
3. retractor pretensioner only,
4. retractor and anchor plate pretensioner,
5. buckle and anchor plate pretensioner,
6. retractor and buckle pret. (EuroNCAP only.)

In the double pretensioner configurations the
pretensioner named first was fired first, the second
one with a time delay of 5ms to 11ms in order to
avoid interactions between both.
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Figure 6. Generic test set-up

Figure 7. Crash pulses simulated in sled tests

Figure 8. Chest acceleration a3ms
*) this value is higher than expected and caused by contact of the
dummy pelvis to stiff substructures in the seat, see text

Figure 9. Chest deflection

*)
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In the further description of the test results we
will focus on chest loading, i.e. chest acceleration
a3ms and chest deflection, as these are the parameters
that predominantly are influenced by the belt system.
Figures 8 and 9 show the results. For each test
configuration two tests were performed, the figures
listed are the mean values. Figure 8 shows that
pretensioning in general gives a benefit in chest
acceleration with the one exception of the retractor
pretensioning in the US-NCAP configuration. This
one is to be considered being an artefact of the
generic test set-up: the dummy pelvis had contact to
the stiff seat substructure resulting in a pelvis z-
acceleration which gave rise to a chest z-acceleration.
Thus, the resultant chest acceleration given in the
figure rose as well. In terms of chest acceleration,
double pretensioning again reduced the figures.

Figure 9 shows the results for chest deflection. It
can be seen that pretensioning in general reduces
chest deflection, but at this stage no advantage of
double pretensioning can be detected.

Figure 10. Maximum chest forward displacement
at lower steering wheel level

Figure 11. Double pretensioning reduces chest
forward displacement

Dummy chest forward displacement at the level
of the lower steering wheel rim is reduced by single
pretensioning by about 10% compared to the tests
without pretensioner and again by around 10% when
comparing double with single pretensioning (cf.
figures 10 and 11.) It shows that the combinations
retractor, resp. buckle and anchor plate pretensioner
show significant bigger reductions than the
combination of retractor and buckle pretensioner.
Therefore, in the following discussion the latter
combination is disregarded.

Taking the forward displacement of single
pretensioning as baseline, the question is which
benefit would provide double pretensioning when the
load limiter force is reduced to a figure that forward
displacement is equal to the one of single
pretensioning. In order to answer this question, a
MADYMO model was set up and validated. As a
result, lowering the shoulder belt force, which was
about 5000N in the baseline set-ups, by 500N to
1000N reduced the chest deflection by 2mm to 4mm
in both US- and EuroNCAP configurations.
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In order to validate the findings of the
MADYMO investigation, a new test series (series 2)
was set up. The configuration with buckle
pretensioning was chosen as baseline because it gave
the lowest chest forward displacement in the first test
series. As it is well known that especially chest
deflection is very dependant on the individual
dummy, two repeat tests of this configuration were
performed. The mean values of the two repeat tests
now serve as baseline for the further comparison. The
figures are listed in table 1 for the US-NCAP test
condition and in table 2 for the EuroNCAP one.
Compared to the tests of the first series, the chest
deflection of the new baseline tests is 3mm to 5mm
higher and the forward displacement in the
EuroNCAP set-up 18mm lower. Additional to the
above mentioned dummy problem, the latter one
might be the result of slight deviation of the
EuroNCAP test pulses between the two series.

Table 1.
Chest deflection and acceleration in relation to
pretensioning and load limiter level, US-NCAP

test condition, test series 2

Shoulder
belt force

[N]

Chest for-
ward dis-
placement

[mm]

Chest
deflection

[mm]

Chest ac-
celeration

a3ms
[g]

Baseline
buckle pre-
tensioner only

5000 279 40 48

Buckle and
anchor plate
pretensioner

4500 276 34 44

Retractor and
anchor plate
pretensioner

4000 279 35 44

Table 2.
Chest deflection and acceleration in relation to

pretensioning and load limiter level, EuroNCAP
test condition, test series 2

Shoulder
belt force

[N]

Chest for-
ward dis-
placement

[mm]

Chest
deflection

[mm]

Chest ac-
celeration

a3ms
[g]

Baseline
buckle pre-
tensioner only

5000 206 31 30

Buckle and
anchor plate
pretensioner

4500 204 25 27

Retractor and
anchor plate
pretensioner

4500 199 26 28

Retractor and
anchor plate
pretensioner

4000 218 23 29

The shoulder belt forces listed in tables 1 and 2
are to be regarded displaying the order of magnitude.
The shoulder belt force in general is dependant on the
diameter of the torsion bar in the spindle of the
retractor, the number of turns of the torsion bar by
pay out of webbing, the amount of webbing on the
spool, and the friction in the pillar loop. With this, the
load limiter level at the shoulder does not remain
constant over the crash and can deviate from the
given values by about 200N.

All load limiter levels are tuned to show the same
forward displacement as the respective baseline test.
The only exception is the case with retractor and
anchor plate pretensioning in the EuroNCAP
loadcase and 4000N shoulder belt force. This test had
12mm forward displacement more than the baseline.
As this configuration showed in the US-NCAP
loadcase the same forward displacement as the
respective US-NCAP baseline, it can be assumed that
this can be a valid configuration for both loadcases.

For each configuration two tests  were
performed. The mean deviation was ±0,61mm
(1,89%) in chest deflection and ±0,19g (0,61%) in
chest acceleration a3ms for an overall of  14 Euro-
and US-NCAP sled tests. Thus, the figures can be
regarded being quite reliable.

As a result, with double pretensioning, chest
deflection was reduced by 16% to 26% in the
EuroNCAP set-up and by 13% to 15% in the US-
NCAP set-up.

3. COUPLING CRITERION

As outlined in the introduction, an early coupling
of the occupant to the car deceleration is required. In
section 1.3 a coupling criterion is described. This
criterion is related to the force in the shoulder belt. As
shown in the previous chapter, a strong coupling in
the pelvis area is beneficial for the dummy loading,
but this does not show in the shoulder belt force.
Thus, there is a need for a new coupling criterion
which reflects this. The goal is to define a calculation
method to compare different pretensioning systems in
the same test environment in respect to occupant
coupling. The following conditions were defined:

- direct calculation of dummy data, no use of
indirect forces (like belt forces);

- separate calculation for chest and pelvis, to pay
respect to pretensioning at the pelvis.
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Figure 12. Energy loss of car (blue line) and
occupant (red line) in a specific sled test

Figure 13. Relative energy loss detected from the
thorax accelerometer of the dummy, US-NCAP
test pulse

Figure 14. Relative energy loss detected from the
pelvis accelerometer of the dummy, US-NCAP test
pulse

The approach chosen is a comparison of
theoretically possible and real energy reduction of the
dummy during deceleration. Figure 12 depicts the
relative energy reduction of the car, resp. sled and the
dummy during a frontal crash. The energy at the
beginning of the crash is taken as 100%.

The relative energy e is calculated from the car
acceleration a by integration:

( )202
1

dtav
m
E

e �−== ,

with v0 being the velocity at the beginning of the
crash.

The same energy calculation is done for the
dummy, for practical reason independently for chest
and pelvis. In the theoretical case that the dummy is
optimally coupled to the car deceleration, its energy
path will follow that of the car. Therefore, a deviation
from this is a loss in coupling. Lower energy
difference means better coupling.

Figures 13 and 14 depict the relative energy loss
of chest and pelvis in the US-NCAP test condition.
The lowest energy loss is detected for the double
pretensioning set-ups. In the pelvis coupling both
double pretensioner configurations show almost the
same coupling. For the chest the combination of
retractor and anchor plate pretensioner show the
lowest energy loss.

It has to be mentioned that the maximum of
energy difference is reached before airbag contact
and before activation of the load limiter. Tests with a
pelvis restraint cushion as supplementary restraint
system to a retractor pretensioner were evaluated in
the same manner. They showed that the coupling
criterion here was as well a valid rating criterion.

Figure 15 depicts the coupling figures for the
EuroNCAP and the US-NCAP loadcases from the
first test series. It shows that the relative energy loss
in general is bigger in the US-NCAP loadcase. In
both loadcases it is reduced significantly by
pretensioning and especially double pretensioning.
Figure 16 shows as an example the relative energy
difference of the dummy plotted vs. chest
acceleration for the EuroNCAP loadcase. They show
to be well correlated.
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Figure 15. Maximum relative energy difference of
the dummy compared to the sled from the first
test series. The figures listed are the mean of chest
and pelvis figures.

Figure 16. Maximum relative energy difference of
the dummy plotted vs. chest acceleration,
EuroNCAP loadcase, test series 1

4. DISCUSSION

In the following the benefit of double
pretensioning in US-NCAP and EuroNCAP rating
shall be discussed. For this we focus on test series 2,
the results of which are listed in table 1 and 2. The
outcome for the US-NCAP is shown in figure 17. For
the generic test set-up it would mean an improvement
from 3 to 4-star rating. As in our test series the airbag
performance was left unchanged, improvements in
terms of HIC might be achievable.

Figure 17. US-NCAP rating for test series 2

In the EuroNCAP loadcase, the chest deflection
was reduced from 31mm to 23mm. This would mean
in terms of points for the chest body region in the
EuroNCAP rating an improvement from 2.77 to 3.80
points, i.e. one full point more in the total rating.
Furthermore, the pelvis forward displacement is
reduced by 44mm with double pretensioning. This
can help in avoiding knee contact to the dash board
and thus avoiding knee modifiers.

It has to be mentioned that by keeping the load
limiter level at 5000N, pelvis forward displacement
can be reduced by up to 75mm. Depending on
whether the focus is on reduction of chest deflection
or avoiding knee contact, the belt system can be
adjusted accordingly.

The question arising is which additional benefit
could be expected by further increasing pretensioner
strength. This was investigated with the MADYMO
model mentioned above. A double pretensioning set-
up was chosen for the EuroNCAP loadcase. Both
anchor plate and retractor pretensioners were fired
without any time delay at T0 (t = 0ms.) The anchor
plate pretensioner was tuned to yield 4000N pre-load
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at the outer lap belt, the retractor pretensioner was
tuned to yield 2000N pre-load at the shoulder. Both
pretensioning forces being values considered to be
close to biomechanical maximum values (cf. chapter
1.4). The load limiter in the shoulder belt was
adjusted to 2000N, i.e. to the pretensioner level. As a
result, chest deflection could be reduced by less than
10% compared to the benchmark of the best real
system. This shows, that current double pretensioning
systems are very close to the optimum. A further
reduction in especially chest deflection can only be
achieved by improved load limiter characteristics
/4,5,8/.

The introduced coupling criterion (chapter 3) is a
good tool to rate the coupling of the occupant to the
car. As it only rates the beginning of the crash, it can
be used in early stage of car development for
improving coupling separately without being
influenced by load limiter or airbag performance. As
well it is a good tool in developing new pretensioner
systems.

5. CONCLUSIONS

In US- and EuroNCAP test conditions, double
pretensioning directly reduces chest acceleration by
10% - 20% compared to single pretensioning.
Preliminary tests and simulations show that this is
valid as well for the 5th percentile female Hybrid III
dummy. Double pretensioning and reduction of the
load limiter level, in order to use the full space for
dummy forward displacement gained by better
occupant coupling, reduces chest deflection by about
15% - 25%.
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ABSTRACT 
 

Head injuries are the most common cause of 
pedestrian deaths in car–pedestrian accidents. To 
reduce the severity of such injuries, the ISO, IHRA 
and Japan MLIT proposed subsystem tests in which a 
headform impactor is impacted upon a car bonnet top. 
JAMA and JARI have developed the headform 
impactors in compliance with the ISO standard, the 
IHRA recommendation and the Japan MLIT safety 
regulation. The impactor consists of the core and skin. 
Since the skin is made of nonferrous material, the 
stiffness of the skin would be changed due to time 
elapse. The stiffness of the skin was confirmed by 
assessing the peak resultant acceleration of the gravity 
center measured in the biofidelity certification test, the 
so-called drop certification test. The ISO, IHRA and 
Japan MLIT specified the corridor of the peak 
acceleration impact must range from 245 to 300 G for 
a child headform impactor. In the present study, the 
newly developed skin durability over time at 0 month, 
13, 16, 19, 22, 25, 28 and 31 months after 
manufacture was investigated in a room either with or 
without control of temperature and humidity. The 
results indicated that the peak acceleration impact 
using the two skins immediately after manufacture 
was 270 G. The peak acceleration of 287 G using the 
skin kept in a room with control of temperature and 
humidity increased 17G at 31 months after 
manufacture. The peak acceleration impact of 288 G 
using the skin kept in a room without control of 
temperature and humidity increased 18 G at 31 
months after manufacture. The respective increases of 
17 G and 18 G correspond to 31% and 33% of the 
range of certification test corridor (55 G), respectively. 
These results indicate that if the acceleration is close 
to the middle of the drop certification corridor (272.5 
G) immediately after purchase by a testing facility, the 
skin is available for pedestrian impact test use with a 
storage period of at least 31 months. The results also 
suggest that if the acceleration is close to the upper 
limit of the drop certification corridor (300 G), the 
skin expiration time may be drawing very near. The 
findings also indicated temperature and humidity did 
not significantly affect the skin durability over time. 

INTRODUCTION 
 

Head injuries are the most common cause of 
pedestrian deaths in car-pedestrian accidents, and 
countermeasures against them are of the highest 
priority in traffic safety strategy [1]. The key element 
in this strategy is improvement of the safety 
performance of the car front. To reduce the severity of 
pedestrian head injuries in bonnet top contacts, the 
International Organization for Standardization (ISO) 
[2][3] and International Harmonized Research 
Activities (IHRA) [4] have proposed subsystem tests 
in which a headform impactor is impacted upon a car 
bonnet top. The ISO and IHRA have specified the 
biofidelity requirements for the headforms in terms of 
the peak value of the resultant centre of gravity (CG) 
acceleration measured in biofidelity certification tests 
(hereafter referred to as the drop certification test). 

In 2004, the Japan Ministry of Land, Infrastructure 
and Transport (Japan MLIT) officially announced the 
Japanese safety regulation for the evaluation of 
car–front safety performance in terms of pedestrian 
head protection. The Japanese standard requires 
headform impactors to be in compliance with the 
IHRA specification. The IHRA required the 
specification of headform impactor for mass, diameter, 
moment of inertia, location of center of gravity, 
seismic mass location of accelerometer, first natural 
frequency and resultant acceleration in the biofidelity 
certification test as listed in Table 1. The same table 
also indicates that any impactor built according to the 
IHRA proposal [5] fulfills the ISO specifications 
[2][3]. The Japan Automobile Manufacturers’ 
Association (JAMA) and the Japan Automobile 
Research Institute (JARI) have thus far jointly 
developed headform impactors which are compliant 
with the ISO/IHRA/Japan MLIT requirements 
(hereafter referred to as the JAMA–JARI headform 
impactor) [6]. The JAMA–JARI headform impactor 
consists of the core (sphere and baseplate) and the 
skin which is made of polyvinyl chloride (PVC) 
(Figure 1). Skin stiffness was confirmed by assessing 
the peak resultant acceleration of the gravity center 
measured in the drop certification test. Since the skin 
material is nonferrous, the skin impact durability and 
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skin durability over time should be clarified. Matsui et 
al. [7] investigated some skin characteristics (see 
Table 1: measured parameters from eighth to eleventh) 
used for the JAMA–JARI headform impactor, which 
involves the skin impact durability against a car 
bonnet. This result indicated that when the drop 
certification test was run following a total of 50 
impacts of the JAMA–JARI headform impactor 
against the car bonnet, the peak resultant acceleration 
decreased a mean 13 G. However, the durability over 
time of the skin used for the JAMA-JARI headform 
impactor has not been investigated to date, since a 
certain time must elapse after the development of the 
skin. Therefore, the aim of the present study is to 
clarify the durability over time of the skin used for 
JAMA-JARI headform impactors (see Table 1: twelfth 
measured parameter). The present study first 
discussed the suitable method for the durability over 

time of the skin, and second investigated the durability 
over time of newly developed skin for 31 months after 
manufacture. 

 
METHOD 
 
Verification of Biofidelity Certification Test 
 

The purpose of this section is to determine a 
suitable method to measure the skin durability over 
time. A drop certification test was utilized by 
ISO/IHRA/Japan MLIT (Figure 2) to investigate 
scatter in drop certification testing, scatter in skin 
reproducibility and recovery of skin after impact by 
means of the JAMA–JARI child headform impactor. 
 
Scatter in drop certification testing 

The drop certification test setup was shown in 
Figure 2. The headform impactor was dropped by 
instant release from a height of 376 mm onto a 
rigidly–supported, flat horizontal steel plate (55 mm 
thick and 610 mm2) with a clean dry surface using a 
drop angle of 60°, i.e., close to the mean drop angle 
proposed by the ISO (54°) and category 1 of the IHRA 
(65°). To investigate possible scatter in the drop 
certification testing, we performed fifteen repeated 
tests of the headform impactor. One newly 
manufactured skin was employed. The skin was not 
removed from the sphere of the headform impactor 
during the present investigation. The impact point of 
the skin surface was the same throughout all fifteen 
tests. The time interval of each test was 24 hours to 
avoid the possible effect of delayed recovery of skin 
after impact on the present test results. To avoid the 

Table 1 Pedestrian headform impactor measurement
parameters required by ISO, IHRA, Japan MLIT, and
parameters measured in present and other [6, 7] studies 

ISO IHRA Japan MLIT
Prototype

JAMA-JARI
headform

1) Mass

2) Diameter

3) Moment of inertia

4) Location of centre of gravity

5) Seismic mass location of
accelerometer

6) First natural frequency

7) Resultant acceleration in
biofidelity test (drop test)

8) Shore hardness of skin

9) Quasi-static compression
characteristic of skin

10) Resultant acceleration in high
velocity certification test

11) Impact durability of skin

12) Durability over time of skin

ISO: International Organization for Standardization
IHRA: International Harmonized Research Activities
Japan MLIT: Japan Ministry of Land, Infrastructure and Transport

Reference [7]

Present study

Required by

Measured parameter

Investigation

Reference [6]
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Figure 1.  Schematic design of JAMA-JARI child
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Figure 2.  Drop certification test setup. 
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possible effect of temperature on the skin stiffness, the 
skin was left in the test room for 24 hours before the 
first test. The room had a constant temperature of 
about 21.4°C. 

In the present research, three ENDEVCO type 
7264B accelerometers [8] were employed. In the 
process of acceleration recording, each datum 
measured by the accelerometer was sampled at 10 
kHz, and batch data processing was performed with a 
channel filter class (CFC) 1000. The results of the 
drop certification test were assessed by means of the 
peak resultant acceleration calculated from three axis 
accelerations. The standard deviation of the 15 peak 
resultant acceleration was calculated. 
 

z

y

x
A

accelerometer

B

Endevco 7264B

 
Figure 3.  Accelerometers mounted on JAMA-JARI 
headform impactor. 
 
 
Scatter in skin product repeatability 

To investigate possible scatter in skin product 
repeatability, the drop certification tests were 
performed for the headform impactor employing nine 
newly manufactured skins. The headform impactor 
was rotated 120° around z–axis after each test. 
Therefore, three locations on one skin were impacted 
as shown in Figure 4. The time interval of each test 
was 24 hours. The standard deviation of 27 impact test 
results (3 impact locations for 9 skins) was calculated. 
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x

 
Figure 4.  Impact points (View from top). 

Recovery of skin after impact 
To investigate the recovery of skin after impact, 

the drop certification tests were performed for the 
headform impactor employing one newly 
manufactured skin. The point A (Figure 4) was 
impacted 4 times, repeatedly. The time interval of 
each impact test was put at 24, 6 and 2 hours, 
respectively. On the contrary, the test results will 
appear in the order of 0, 2, 6 and 24 hours. Point B 
(Figure 4) was also impacted 4 times using the same 
procedure employed for the investigation at point A. 
The presently employed skin was not removed from 
the sphere of the headform impactor during this 
investigation. 
 
Skin Durability Over Time 
 

To investigate the skin durability over time, the 
drop certification tests were performed for the child 
headform impactor employing two newly 
manufactured skins. The headform impactor in which 
each skin was equipped was kept in a room either with 
or without control of temperature and humidity to 
investigate the effect of atmosphere on skin durability 
over time. The investigation period was 31 months 
after factory shipping. The temperature and humidity 
over a day in a room with control of temperature and 
humidity, where one skin (hereafter referred to as skin 
A) has been kept in are shown in Figure 5. The 
temperature and relative humidity were controlled at 
21.4±0.8°C and 45±15% for 31 months, respectively. 
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Figure 5.  Temperature and humidity over a day in a 
room with control of temperature and humidity where 
skin A was kept. 
 

The temperature over one year in a room without 
control of temperature and humidity, where another 
skin (hereafter referred to as skin B) has been kept, is 
shown in Figure 6. The highest temperature (36°C) 
was recorded in August, and the lowest (4°C) in 
December. The humidity over one year in room 
without control of temperature and humidity where 
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skin B has been kept is shown in Figure 7. The highest 
relative humidity (81%) was recorded in July, and the 
lowest (8%) in March. Overall, a relative high 

humidity of sometimes over 70% was frequently 
observed during the monsoon months of June and July. 
On a day in October, the temperature ranged from 
15.9°C to 24.7°C and the humidity from 43.2% to 
60.7% (Figure 8). Therefore, skin B was stored in the 
condition in which the temperature and humidity 
always ranged widely over 31 months. 

The drop certification tests were performed for the 
child headform impactor at 0 month, 13, 16, 19, 22, 25, 
28 and 31 months after manufacture. Skin B was put 
in the test room for 24 hours before the test. The room 
had a constant temperature of about 21.4°C.  

The headform impactor was rotated 120° around 
z–axis after each test, so three locations on one skin 
were impacted as shown in Figure 4. Based on the 
results obtained through preliminary investigations, 
the time interval of each test was put at 2 hours, and 
the skins were not removed from the spheres of the 
headform impactor during this investigation (31 
months). 

 
RESULTS 
 
Verification of Biofidelity Certification Test 
 
Scatter in drop certification testing 

The peak resultant acceleration measured by 
fifteen drop certification tests employing one newly 
manufactured skin is shown in Table 2. The mean 
peak resultant acceleration was 272.7 G, which 
corresponds to the middle of the drop certification 
corridor (272.5 G). The standard deviation was 3.6 G, 
while the coefficient of variance was 1.3%. Thus, 
there was good repeatability. 
 
Table 2  Peak resultant accelerations measured from 
fifteen drop certification test for one newly 
manufactured skin (time interval of each test was 24 
hours) 

Mean SD CV (%)

268 268 275

271 277 276

268 277 271

273 277 271

276 268 274

n=15

Peak resultant accel. (G)

272.7 3.6 1.3

 
 
Scatter in skin product repeatability 

The peak resultant accelerations measured from 
twenty-seven drop certification tests employing nine 
newly manufactured skins are shown in Table 3. The 
mean peak resultant acceleration was 268.0 G, the 
standard deviation 2.4 G with a coefficient of variance 
of 0.9%. 
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Figure 6.  Temperature over one year in a room
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skin B was kept. 
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When we focused on the standard deviation 
obtained in the previous section on “scatter in drop 
certification testing,” it was higher (3.6 G) than the 
standard deviation obtained in the present section on 
“scatter in skin product repeatability” (2.4 G). 
Therefore, we should focus on the scatter in drop 
certification testing, since it was higher than that in 
skin product repeatability. Approximately 95% of the 
scatter in the drop certification testing was calculated 
to be 7.2 G (2*SD). The 95% scatter (7.2 G) 
corresponds to 26% of the half range (27.5 G) of the 
biofidelity certification test corridor (55 G) proposed 
by ISO/IHRA/Japan MLIT. Thus, scatter did not have 
a significant influence on the drop certification test 
results. Therefore, the test condition in the previous 
section was employed for the section on “investigation 
of skin durability over time,” where the skin was not 
removed from the sphere of the headform impactor 
during the investigation. 
 
Table 3  Peak resultant accelerations measured from 
drop certification test for nine newly manufactured 
skins (time interval of each test was 24 hours) 

Point A Point B Point C Mean SD CV (%)

#1 270 265 264 266.3 3.2 1.2

#2 270 267 268 268.3 1.5 0.6

#3 270 268 271 269.7 1.5 0.6

#4 269 266 266 267.0 1.7 0.6

#5 269 272 265 268.7 3.5 1.3

#6 263 268 270 267.0 3.6 1.4

#7 269 269 268 268.7 0.6 0.2

#8 266 267 272 268.3 3.2 1.2

#9 266 266 271 267.7 2.9 1.1

268.0 2.4 0.9

Peak resultant accel. (G)

Skin

Total
 

 
Recovery of skin after impact 

The peak resultant accelerations measured by four 
drop certification tests at different time intervals at 
impact point A of one newly manufactured skin are 
shown in Table 4. The differences in peak resultant 
acceleration measured between the initial and repeated 
tests performed at 2, 6 and 24 hours were 1 G, 1G and 
3 G, respectively. 

Regarding the results measured at impact point B, 
the differences in peak resultant acceleration 
measured between the initial and repeated tests 
performed at 2, 6 and 24 hours were 0 G, 1G and 4 G, 
respectively (Table 5). 

 These results indicated that 2 hours is sufficient 
for skin recovery after the impact. Thus, the present 
study employed 2 hours as the time interval for the 
three drop certification tests (impact points A, B and C 
as shown in Figure 4) for skin durability over time. 

Table 4  Peak resultant accelerations for different 
time intervals at impact of point A 

Measured Difference

Initial 268 -

2 hours 267 -1

6 hours 267 -1

24 hours 271 3

Time
interval

Peak resultant accel. (G)

 
 
Table 5  Peak resultant accelerations for different 
time intervals at impact of point B 

Measured Difference

Initial 271 -
2 hours 271 0
6 hours 270 -1
24 hours 267 -4

Time
interval

Peak resultant accel. (G)

 
 
 
Skin Durability Over Time 
 

The peak resultant accelerations measured at 0 
month, 13, 16, 19, 22, 25, 28 and 31 months after 
manufacture of skin A and B are shown in Tables 6 
and 7 and Figures 9 and 10. Note that the headform 
impactor with skin A was kept in a room with control 
of temperature and humidity and the headform 
impactor installing skin B was kept in a room without 
control of temperature and humidity. 

The results indicated that the peak resultant 
acceleration measured using the two skins 
immediately after manufacture was 270 G. The peak 
resultant acceleration of 279 G measured using the 
skin A increased 9 G at 13 months after manufacture, 
while the peak resultant acceleration of 275 G 
measured using the skin B increased 5 G at 13 months 
after manufacture. The increase of 9 G and 5 G 
correspond to 16% and 9% of the range of the 
certification test corridor (55 G), respectively. 

The peak resultant acceleration of 287 G measured 
using the skin A increased 17 G at 31 months after 
manufacture, while the peak resultant acceleration of 
288 G measured using the skin B increased 18 G at 31 
months after manufacture. The increases of 17 G and 
18 G correspond to 31% and 33% of the range of the 
certification test corridor (55 G), respectively. These 
results indicate that if the acceleration is close to the 
middle of the drop certification corridor (272.5 G) 
immediately after purchase by a testing facility, the 
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skin can be available for use in a pedestrian impact 
test with a storage period of at least 31 months (2 
years and 7 months). These results also suggest that if 
the acceleration is close to the upper limit of the drop 
certification corridor (300 G) immediately after 
purchase by a testing facility, the skin expiration time 

may be drawing very near. The results also indicated 
that one need not keep skins in a room where the 
temperature and humidity are well controlled when 
storing them for a certain period. 
 
 

Table 6  Peak resultant accelerations measured 
using skin A kept in a room with control of 
temperature and humidity 

Measured Mean
Increase
from 0
month

SD

A 272
B 269
C 269
A 279
B 279
C 279
A 281
B 279
C 277
A 280
B 287
C 282
A 280
B 283
C 287
A 282
B 284
C 285
A 284
B 287
C 289
A 284
B 288
C 288

2.317 (31%)

17 (31%)

31 2005 Mar. 287

Results

270 1.70 (0%)

Impact
point

Peak resultant accel. (G)

283 3.5

283 3.6

13 (24%)

Time
(month)

yy/mm

22 2004 Jun.

19

0

16

13

2002 Aug.

2003 Dec.

25 2004 Sep. 284

*( ) represents ratio of increased peak resultant acceleration from 0 month
to the range of the ISO/IHRA/Japan MLIT corridor (55 G)

1.514 (25%)

28 2004 Dec. 287 2.5

0.02003 Sep.

2004 Mar.

9 (16%)

9 (16%)

13 (24%)

279

279

2.0
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Figure 9.  Peak resultant accelerations measured 
using skin A kept in a room with control of 
temperature and humidity. 

Table 7  Peak resultant accelerations measured 
using skin B kept in a room without control of 
temperature and humidity 

Measured Mean
Increase
from 0
month

SD

A 272
B 269
C 268
A 273
B 279
C 274
A 278
B 280
C 281
A 280
B 281
C 287
A 280
B 286
C 286
A 283
B 286
C 287
A 283
B 290
C 290
A 284
B 289
C 290

2003 Sep.

2004 Mar.

5 (9%)

10 (18%)

13 (24%)

280

275

25 2004 Sep. 285

*( ) represents ratio of increased peak resultant acceleration from 0 month
to the range of the ISO/IHRA/Japan MLIT corridor (55 G)

2.115 (27%)

28 2004 Dec. 288 4.0

Time
(month)

yy/mm

22 2004 Jun.

19

0

16

13

2002 Aug.

2003 Dec.

31 2005 Mar. 288

Results

270 2.10 (0%)

Peak resultant accel. (G)

284 3.5

3.218 (33%)

Impact
point

18 (33%)

283 3.8

14 (25%)

3.2

1.5
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Figure 10.  Peak resultant accelerations measured 
using skin B kept in a room without control of 
temperature and humidity. 
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DISCUSSION 
 

In the present study, the durability over time of 
skin was investigated by the drop certification testing 
proposed by ISO/IHRA/Japan MLIT for the 
certification test of pedestrian headform impactor. On 
the other hand, the draft of the European regulation, 
EEVC/WG17 [9] employed the other certification test 
in which the headform impactor is impacted laterally 
by a ram with a mass of 1 kg (Figure 11). The purpose 
of this lateral impact certification test is to 
simultaneously investigate the skin performance and 
the vibration characteristics. However, a result with 
high repeatability using this lateral impact 
certification test method is unlikely, because matching 
up the ram line of impact through the center of gravity 
of the headform impactor could be difficult. Since the 
repeatability of this method has not been verified so 
far, we did not use it in the present study. If we 
investigate the durability over time employing this 
lateral impact certification test, the results would tend 
to be the same as that obtained in the present study. 
 

Wire length 
2.0 m minimum

Wire

Headform impactor

Side ram

String

(1.000 kg)

z
y

x

 
Figure 11. Setup for headform impactor high-velocity 
certification test. 
 

JAMA and JARI developed child and adult 
headform impactors complying with the 
ISO/IHRA/Japan MLIT specifications. The same 
developed skin can be used with both child and adult 
headform impactors [6]. Since the mass of a child 
headform impactor is smaller  (3.5 kg) than that for 
an adult (4.5 kg), its head acceleration at the impactor 
center of gravity is higher than for the adult headform. 
Therefore, in the present study, the skin durability 
over time was investigated employing the 
JAMA–JARI child headform impactor. If we employ 
the JAMA–JARI adult headform impactor for the 
investigation of the skin durability over time, the 
results would show the same tendency evidenced by 
the present study. 

Regarding the storage period, the skin durability 
over 31 months was investigated in the present study. 
The investigation period of 31 months was more than 
twice the usual storage period, e.g., from a half year to 

the maximum one year employed by the Japanese 
New Car Assessment Program (J–NCAP) pedestrian 
head protection test which was conducted in JARI. 
Therefore, the period employed in the present study 
would obviously suffice to obtain information on skin 
durability over time. 
 
CONCLUSIONS 
 

JAMA and JARI have developed pedestrian 
headform impactors fulfilling the ISO/IHRA/Japan 
MLIT standards. The present study investigated the 
durability over time of skin used for JAMA–JARI 
pedestrian headform impactor measured by the 
biofidelity certification testing. The results indicated 
that the peak acceleration impact using the skins 
immediately after manufacture was 270 G. The peak 
acceleration of 288 G increased 18 G at 31 months (2 
years and 7 months) after manufacture. The increase 
of 18 G corresponds to 33% of the range of the 
certification test corridor (55 G). These results 
indicate that if the acceleration is close to the middle 
of the drop certification corridor (272.5 G) 
immediately after purchase by a testing facility, the 
skin is available for pedestrian impact test use with a 
storage period of at least 31 months. The results also 
suggest that if the acceleration is close to the upper 
limit of the drop certification corridor (300 G), the 
skin expiration time may be drawing very near. The 
findings also indicated that temperature and humidity 
did not significantly affect the skin durability over 
time. 
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ABSTRACT 
 
The project “Improvement of Vehicle Crash 
Compatibility through the development of Crash Test 
Procedures” (VC-Compat) is a research activity 
sponsored under the European Commission 5th 
Framework Programme. It consists of two parallel 
research activities, one focusing on car-to-car* 
compatibility and the other on car-to-truck 
compatibility. The main objective of the car-to-car 
research is the development of crash test procedures 
to assess frontal impact crash compatibility. The car-
to-truck objective is to develop test methods to assess 
energy absorbing frontal underrun protection for 
trucks.  
 
The midterm project status of the car-to-car work 
program is reported in this paper. A survey of 
European passenger vehicles has been conducted to 
construct a database of common crashworthiness 
structures. A review of the detailed accident databases 
in Germany and UK has been used to identify a target 
population of accident victims that could benefit from 
improved vehicle compatibility. Testing and 
modelling activities have been conducted to improve 
the understanding of the relationship between crash 
behaviour in the candidate test procedures and car-to-
car crashes. These research activities are helping to 
develop and evaluate candidate test procedures. To 
date, work has focused on the Full Width Deformable 
Barrier (FWDB) and Progressive Deformable Barrier 
(PDB) tests, which use two different approaches to 
assess a car’s compatibility. The FWDB test uses load 
cell wall force measurements whereas the PDB test 
uses barrier deformation measurements. The activities 
described herein will continue throughout the project 
and lead to draft test procedures with performance 
criteria and limits.  
 
 
 

                                                 
* The car definition includes SUVs.  
 

INTRODUCTION 
 
Following the introduction of the European frontal 
and side impact Directives and EuroNCAP†, car 
safety has made a major step forward. Even so, there 
are still over 38000 fatalities and 1.6 million injured 
people due to traffic accidents in Europe [1]. Passive 
safety equipment operates well under idealized crash 
test conditions. However, behaviour of car structures 
and safety systems during real world conditions is not 
always directly comparable to crash tested behaviour, 
especially in car-to-car crashes. The next step to 
further improve frontal impact protection is to 
improve compatibility. Crash compatibility will 
ensure that car frontal structures are more effectively 
utilized in car-to-car collisions. This should help 
reduce compartment intrusion in severe accidents and 
thereby lead to a decrease in the number of serious 
and fatal injuries. 
 
Compatibility is a complex issue but can be broken 
down into three subtopics: structural interaction, 
frontal force levels and compartment strength. 
Structural interaction is a measurement of how well 
vehicles interact in frontal impacts. If the structural 
interaction is poor, the energy absorbing front 
structures of the vehicle may not function as designed 
leading to a risk of compartment intrusion at lower 
than designed impact severities. In general, frontal 
force levels are currently related to vehicle mass[2].  
As a consequence, small vehicles absorb more than 
their share of the impact energy as they are unable to 
deform the heavier vehicle at the higher force levels 
required. Matched frontal force levels would ensure 
that both vehicles in an impact absorb their share of 
the kinetic energy. This would reduce the risk of 
injury for the occupant in the lighter vehicle. 
Compartment strength is closely related to frontal 
force levels but is nevertheless distinguished since it 
is such an important issue for self-protection. In cases 
where the vehicle front structures do not absorb the 
amount of energy as designed - or in cases where the 
vehicle is exposed to higher impact severity than it is 
designed for - the compartment strength needs to be 
sufficiently high to resist a compartment collapse.  
 
VC-Compat[3] is a 3-year project, part financed by 
the European Commission which started in March 1st 
2003 and is split into two research legs; a car-to-car 

                                                 
† EuroNCAP is the European New Car Assessment 
Programme which provides the consumer with car 
safety ratings 
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leg and a car-to-truck leg. Both legs follow separate 
research plans with defined points of interaction and 
information exchange. It is the car-to-car leg 
consisting of research partners from the UK, France, 
Germany, Sweden, Italy, and the Netherlands, that is 
reported in this paper. The scientific and technical 
objectives for car-to-car research are:  
• to develop a suite of draft test procedures and 

associated performance criteria outlines to assess 
and control car frontal structures for frontal 
impact compatibility. 

• to ensure that the number of additional test 
procedures is minimised to keep the test burden 
on industry to a minimum. 

• to provide general recommendations for the 
design of a compatible car. 

• to provide an indication of the benefits and costs 
of improved compatibility. 

European Enhanced Vehicle-safety Committee 
(EEVC) Working Group 15 members and their 
industrial advisors are acting as a technical steering 
group for VC-Compat project to ensure that 
appropriate test procedures are developed. Project 
results are also reported to the International 
Harmonised Research Activities (IHRA) 
compatibility working group to obtain a world-wide 
perspective. Recently, the EEVC WG15 has defined a 
route map to improve frontal impact compatibility. 
The general objectives of the route map are to: 

• Address partner and self protection without 
decreasing current self protection levels. 

• Keep number of procedures to a minimum. 

• Internationally harmonise procedures. 

The short term objectives are to develop requirements 
to: 

• Improve structural interaction. 

• Ensure that frontal force mismatch (stiffness) 
does not increase and compartment strength does 
not decrease from current levels. 

The medium term objectives are to develop 
requirements to: 

• Improve compartment strength, especially for 
light vehicles. 

• Take first steps to improve frontal force 
matching. 

• Further improve structural interaction. 

 

These objectives are in line with the compatibility 
route map proposed by the European automotive 
industry  

 

 

 

CANDIDATE TEST PROCEDURES 
 
As a result of previous research work by 
manufacturers and governments, outlines of 4 
possible test procedures were proposed as a starting 
point for the VC-COMPAT work: 
• Full width Deformable Barrier (FWDB) test at 56 

km/h to assess structural interaction. 
• Progressive Deformable Barrier (PDB) test at 60 

km/h to assess structural interaction and frontal 
force levels. 

• Offset Deformable Barrier (ODB) test at 64 km/h 
to assess frontal force levels. 

• High speed Offset Deformable Barrier (ODB) 
test at 80 km/h to assess compartment strength. 

 
The FWDB test has a deformable element and uses 
measurements from a high resolution load cell wall 
(LCW) to assess a car’s structural interaction 
potential and has been described previously[4]. The 
premise is that cars exhibiting a more homogeneous 
force distribution on the LCW should have a better 
structural interaction potential. Two metrics to assess 
a vehicle’s structural interaction potential have been 
proposed: the homogeneity criterion and the Average 
Height of Force (AHOF). The development of the 
homogeneity criterion metric has been described 
previously[2]. It is based on the difference between 
peak cell loads and an ideal (or target) load level over 
a specified assessment area or footprint and has cell, 
vertical and horizontal components. To address a 
mass dependency problem, the homogeneity criterion 
was recently ‘normalised’. The new criterion is called 
the relative homogeneity criterion and is calculated 
by dividing the homogeneity criterion by the target 
load squared. The AHOF is a single value 
representing a force weighted average of the centre of 
force on the LCW above ground level throughout the 
impact [5]. 
 
The PDB test is a 50 percent overlap offset test which 
uses measurements from a progressive deformable 
barrier to assess a car’s compatibility [6]. The barrier 
stiffness increases with depth and has upper and 
lower load levels to represent an actual car structure. 
The progressive stiffness of the barrier has been 
designed so that the Equivalent Energy Speed (EES) 
for the vehicle should be independent of the vehicle’s 
mass. The reader is referred to [7] for more 
information on the PDB barrier performance.  
 
The PDB assesses both a car’s structural interaction 
potential and frontal force level in the same test. 
Laser scanning techniques are used to measure the 3D 
barrier deformations. The development of the PDB 
metrics is  reported separately[7]. The first of these is 
the Partner Protection Assessment Deformation 
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(PPAD) which is a measure of the car’s aggressivity. 
The formula for calculating the PPAD metric is: 
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where: i is the index for reference depths (14 ranges 
in the current proposal); Zlim and Xlim are the limit 
values for barrier deformations in the vertical and 
longitudinal directions respectively; Si is the surface 
area for a range of deformation depths: Zi and Xi are 
the average depth and height for each surface area 
 
In addition to the PPAD, the Average height of 
Deformation (AHOD) - comparable to the AHOF in 
load cell wall tests - and the Average Depth of 
Deformation (ADOD) metrics are available. All of 
these metrics are based on the longitudinal and 
vertical deformation pattern of the barrier face. In 
principle, the uniformity of the barrier deformation 
gives a measure of the vehicle’s structural interaction 
potential and the longitudinal barrier deformation 
indicates its frontal force levels.  
 
The use of the 64 km/h Offset Deformable Barrier 
(ODB) test to measure force has been described 
previously[4]. It aims to assess a car’s frontal force 
levels from a measurement of the peak force from a 
LCW positioned behind the deformable element.  
 
The high speed ODB test has also been described 
previously[4]. It aims to ensure that a car’s 
compartment strength exceeds a minimum 
requirement, so that it is able to withstand the forces 
imposed by another car. 
 
EEVC WG16 have recommended the use of both an 
offset and a full width test for assessing a car’s self 
protection capability in frontal impact to ensure that 
the car is not optimised to one particular crash 
configuration. Ideally, to keep the number of test 
procedures to a minimum, current frontal impact tests 
should be adapted to include compatibility measures. 
For example current FMVSS208 type tests could be 
adapted by adding a deformable element and a LCW 
to form the FWDB test and the current European 
offset test could be adapted by changing the barrier 
face to form the PDB test. It should be noted that the 
French have recently proposed that the barrier face in 
the ECE regulation 94 test should be replaced by the 
PDB face for self protection reasons. The use of a 
PDB barrier should harmonise the test severity among 
vehicles of different masses and encourage lighter 
vehicles to be stronger. The second stage for this 
proposal is the introduction of compatibility 
assessments after they are validated[7].  

Two proposals for combining the candidate tests to 
form a suite of test procedures to assess frontal 
impact protection and compatibility have been made. 
The first is the FWDB test, the offset deformable 
barrier (ODB) test and the high speed ODB test[4]. 
The second is the PDB test and a full width rigid wall 
test[7]. At this stage the best combination of tests still 
has to be determined and it could include both the 
FWDB and PDB tests.  
 
VC-COMPAT WORK PROGRAM 
 
There are four activities that provide the technical 
basis for the research: 
• A structural survey to create a database of 

positions and dimensions of the important energy 
absorbing structures in vehicles. This will be 
used to determine appropriate structural 
interaction areas for vehicles.  

• Accident analysis to estimate the benefit and 
cost of improved compatibility.  

• A crash testing program of car-to-car and car-
to-barrier crash tests to validate the crash test 
procedures and develop appropriate performance 
criteria. 

• Mathematical modelling to support the 
development of the test procedures and the cost 
benefit analysis. 
 

The results of these four activities will be brought 
together in another activity to synthesize the crash 
test procedures. In addition, a dissemination activity 
is communicating the results and findings from this 
project and soliciting input from industry. 
 
Structural Survey (Leader: UTAC) 
 
There are two structural properties that determine a 
vehicle’s “aggressivity” to its opponent: physical 
strength (or stiffness) of the vehicle components and 
the position of these components. The first property is 
associated with the frontal force level compatibility 
and the second describes a geometric compatibility. 
The objective of the structural survey was to measure 
and create a database of the position and dimensions 
of vehicle structures involved in frontal and side 
impact. This database will be used to study current 
geometric compatibility. 
 
The specific tasks undertaken were to: 
• Define the main vehicle structures involved in 

frontal and side car-to-car impacts. 
• Define a representative group of vehicles for 

measurement. 
• Measure the vehicles and generate the database. 
• Analysis of the database to determine suitable 

interaction areas for car-to-car impacts. 
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A measurement procedure was developed by the 
group using the results of previous activities [8].  The 
structural database contains the following 
information: 
• General information of the vehicle (model, 

engine and subframe type, mass, length, etc.). 
• The front unit measurement (position of bumper, 

engine, subframe, lower rail, crush can, footwell, 
etc.). 

• Side unit measurement (A, B and C pillar, 
position of floor sills, fender, etc.). 

 
The 55 cars in Table 1 have been measured with the 
goal to have cars from different segments and car 
manufacturers in order to get a good average of the 
European fleet. This selection represents 61% of the 
European sales in 2003. 
 
Information contained in the structural database has 
been helpful to understand the results obtained in car-
to-car and car-to-barrier testing. The database 
provides the positions of the main frontal structures 
which must engage in car-to-car impacts to ensure 
good structural interaction. A typical analysis is 
shown in Figure 1 where the vertical position of the  

vehicle structures can be described in terms of the 
maximum, minimum, average, and weighted average 
values. Similar analyses for the lateral position and 
sectional dimensions can be conducted.  
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Figure 1: Vertical positions of significant 
structural components 

 
This survey provides useful data for developing an 
assessment area for compatibility test procedures. For 
example, an assessment area would have encompass a 
vertical range between about 180 mm and 800 mm to 
include the subframe, main rail, upper rail and wheel 
sill load paths.  
 
 
 

 

Table 1. Vehicles selected for structural survey 

A segment B segment C segment D segment D/E segment 
1- Citroën C2 
2-Renault Twingo 
3- Smart 
4- Toyota Yaris 
5- Citroën Saxo 

6- Citroën C3 
7- Opel Corsa 
8- Renault Clio 
9- VW Polo 
10- Peugeot 206 
11- Fiat Punto 
12- Ford Fiesta 
13- Seat Ibiza 
14- Mercedes Aclass 

5- PT Cruiser 
16- Ford Focus 
17- Opel Astra 
18- Peugeot 307 
19- Renault Megane 
20- Audi A3 
21- BMW 3 series 
22- VW Golf 
23-Mercedes C class 
24- Fiat Stilo 

25- Saturn Ion 
26- Ford Mondeo 
27- Mazda 6 
28- Opel Vectra 
29- Renault Laguna 
30- Rover 75 
31- VW Passat 
32- Audi A4 
33- Citroën C5 
 

34- Mercedes E 
Class 
35- Renault Velsatis 
36- Volvo S80 
 
 
 
 

F segment Small MPV MPV 4WD LCV 
37- BMW 7series 
38- Mercedes S 
Class 
39- VW Phaeton 
 

40- Opel Meriva 
41- Citroën Picasso 
42- Opel Zafira 
43- Renault Scenic 
44- VW Touran 
45- Renault Kangoo 

46- Citroën C8 
47- Renault Espace 
48- VW Sharan 
 
 

49- Honda CRV 
50- Nissan Xtrail 
51- Freelander 
52- Volvo XC90 
53- Range Rover 

54- Renault Traffic 
55- Ford Transit 
 
 

 
 

Min
Max
Weighted mean height

Weighted mean delta
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Accident and Cost Benefit Study (Leader: BASt) 
 
The objective of WP2 is to determine the benefits and 
costs of improved compatibility for frontal impact. As 
a first step, the available accident data was reviewed 
and analysed to identify a “target population” for 
improved compatibility. The target population was 
defined as those casualties who are likely to 
experience a reduced risk of injury as a result of the 
implementation of improved compatibility measures.  
 
To determine the target population it was necessary to 
identify the accidents in which improved 
compatibility measures were judged to reduce the risk 
of injury to the occupant. Since it is impossible to 
precisely identify the accidents where compatibility 
measures would have helped, selection criteria to give 
upper (optimistic) and lower (pessimistic) bounds 
were used. Examples of the selection criteria used are 
shown in Table 2. Following this, the casualties that 
occurred in the selected accidents were counted to 
give upper and lower bounds to the target population.  
 
Table 2: Accident configuration selection criteria 
for estimation of target population 

 
Selection 
Criteria 

Optimistic 
Limit 

Pessimistic 
Limit 

Vehicle overlap overlap > 20 overlap > 30 
PDOF 10-2 o’clock 11-1 o’clock 
Equivalent 
Energy Speed   

All impacts under 
56 kph EES + 
50% of impacts  
56 <EES<80 kph 

All impacts under 
48 kmh EES 
+50% of impacts  
56 <EES<80 kph 

Delta V All values Delta v < 56 kph 
Heavy Vehicle 
Underrun  

Include all 
underrun cases 

Include 80% 
underrun cases 

Belt Restraint 
System Use 

Only restrained 
occupants 

Only restrained 
occupants 

Occupant 
Seating 
Position 

Only front seat 
occupants 

Only front seat 
occupants 

 
Detailed analyses of the German In Depth Accident 
Study (GIDAS) database and the UK Cooperative 
Crashworthiness Injury Study (CCIS) database have 
been carried out by BASt and TRL, respectively. For 
Germany, the target population was estimated to be 
between 14% (611) and 21% (916) of fatally injured 
car occupants and between 29% and 39% of seriously 
injured car occupants, annually. For Great Britain, the 
target population was estimated to be between 20% 
(343) and 31% (543) of fatally injured car occupants 
and between 41% and 52% of seriously injured car 
occupants, annually.  

Any potential influence of frontal impact 
compatibility on side impact situations was not 
considered in this study.  
 
Even though the consequences of frontal impacts 
have been substantially moderated by recent safety 
developments, the analyses showed that the frontal 
impact category still plays an important role (40 to 50 
percent of all car occupant fatalities and 60 to 70 
percent of seriously injured car occupants). Although 
the distribution of impact partners (i.e. trees, cars, 
HGVs, etc.) for cars are quite different in various 
European countries, compatibility shows some 
universal usefulness. It does not only have influence 
in car-to-car accidents but also considerable influence 
in accidents with roadside obstacles and other objects. 
More homogenous front structures should lead to a 
better interaction with both wide and narrow objects.  
 
The results of the German and British in-depth data 
analyses (mentioned above) were used to extrapolate 
the target population to the European level This 
estimation was based on CARE[1] and IRTAD[9] 
data for the year 2000, representing about 24,759 fatal 
car occupants a year for the EU-15 members. It is 
impossible to find the number of seriously injured car 
occupants with the current databases (CARE, IRTAD 
etc.). Therefore, the approximation that there are 7 
seriously injured per 1 fatality injured individual was 
used. Therefore for 24,759 fatal car occupants, 
173,313 seriously injured occupants were calculated. 
These numbers do not account for any other safety 
effects, for instance side impact protection or more 
effective restraint systems. They do, however, 
account for the low seatbelt usage rate in some 
European countries.  
 
Using the European numbers for annual road traffic 
trauma victims and scaling the target populations 
identified in German and UK data analyses, the 
following upper and lower boundary estimates were 
made:  
• about 3,466 (14%) to 7,675 (31%) fatally injured 

car occupants are within the Compatibility Target 
Population  

• about 50,260 (29%) to 90,122 (52%) seriously 
injured car occupants are within the 
Compatibility Target Population 

 
The development of methodologies to estimate the 
benefit of improved car frontal impact compatibility 
(including modelling approaches) is in progress.  
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Crash Testing (Leader: TRL)  
 
The objective of the crash testing activity is to 
perform full scale crash tests and associated analyses 
to help develop and validate a suite of test procedures 
to improve car frontal impact compatibility. The 
following candidate test procedures formed the 
starting point for this work: 

• Full Width Deformable Barrier (FWDB) test at 
56 km/h to assess structural interaction. 

• Progressive Deformable Barrier (PDB) offset test 
at 60 km/h to assess structural interaction and 
frontal force levels. 

• Offset Deformable Barrier (ODB) test at 64 km/h 
to assess frontal force levels. 

• High speed Offset Deformable Barrier (ODB) 
test at 80 km/h to assess compartment strength. 

 
The work performed has mainly focused on the 
development of tests that can assess a car’s structural 
interaction potential, the FWDB and PDB test 
procedures. This follows the EEVC WG 15 route map 
which, in the short term, requires a test to assess 
structural interaction. Also, previous research has 
shown that good structural interaction is an essential 
prerequisite for compatibility [10]. Load cell wall 
(LCW) data has been collected from selected 
EuroNCAP tests to further develop the 64 km/h ODB 
test. To date, no effort has been directed at the 
development of the high speed ODB test to assess 
compartment strength.  
 
Previous research[4] has shown that to achieve good 
structural interaction, it is important that the 
structures of each car meet suitable components on 
the other car to react against. Current views are that 
this is best achieved by utilising multiple level load 
paths with good links between them. These reasons 
led to the current FWDB and PDB assessment criteria 
which encourage a design with good vertical load 
spreading capabilities, i.e. a multiple level load path 
design. However, it is still not known whether good 
predictable structural interaction over the full range of 
real world impact conditions could be achieved with 
the current generation one-level load path car design, 
i.e. lower rails only.  
 
Car-to-car tests were performed to address this 
fundamental question and provide data to validate the 
FWDB and PDB test procedures. These tests were 
performed with identical cars to keep parameters such 
as the car’s frontal force level and compartment 
strength constant to ensure that only the car’s 
structural interaction behaviour could affect the test 

outcome. Tests were performed with a 50 percent 
overlap, a closing speed 112 km/h, and a ride height 
difference of 60 mm between the cars to emphasize 
the effect of any over/underride that might have 
occurred. The results from two tests are reported. 
Both tests used modern design small family cars 
having good self protection (a 5 star EuroNCAP 
rating). The first test used a one-level load path 
design car (main rails only) with a mass of 1507 kg 
(Car 1), and the second test was a two-level load path 
design (main rails and engine subframe) with a mass 
of 1402 kg (Car 2). 
 
For the test with the one-level load path car, Car 1, 
significant under/override was observed. The main 
rail of the lower car bent down substantially and the 
rail of the higher car bent up (Figure 2).  
 
For the test with the two-level load path car, Car 2, 
less over/underride was observed. There was less 
vertical movement of the main rails even though the 
vertical connections between main rails and engine 
subframe failed (Figure 3). From detailed 
examination of the vehicles it is believed that 
under/override occurred at the beginning of the 
impact but it was limited by the interaction of the 
front impact side wheel and the subframe of the 
opposing car. 
 
To judge the structural interaction performance of the 
cars in these tests, a comparison to a benchmark test 
was made. The benchmark test used was a 64 km/h 
ODB test because the EES of each car in this test and 
a car-to-car test with a 50 percent overlap and a 
closing speed of 112 km/h are approximately equal. A 
car’s deformation mode behaviour should be best in 
the 64 km/h ODB test because cars are, in general, 
designed for optimum performance in this test. When 
the performances of the cars in the car-to-car tests 
were compared to those in the benchmark test, it was 
seen that the performances of the two-level load path 
cars were closer to the benchmark. This is illustrated 
by a comparison of compartment deformation 
measures, in particular the A pillar movement and 
door aperture closure (Figure 4). This result indicates 
that the structural interaction performance of the 
two-level load path car was better than a single level 
load path design. This supports the argument to have 
a metric that encourages the design of cars with good 
vertical load spreading capabilities. Further test and 
FE modelling work is planned to confirm this 
conclusion. 
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Figure 2: Car-to-car test with single load path level cars (Car 1): Note over/underriding  

 

         
Figure 3: Car-to-car test with two load path levels cars (Car 2): Note contact of wheel with subframe 
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Rail bent upwards 

Rail bent downwards 
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Figure 4: Comparison of the door aperture 
intrusions between the car-to-car tests and 64 
km/h ODB tests 

 
FWDB tests have been performed with a range of 
vehicles including Car 1 and Car 2. The post test 
deformations of Car 1 and Car 2 are shown (Figure 
5). The main difference to note is that Car 2’s bumper 
crossbeam failed in bending at its centre which was 
not the case for Car 1. This indicates that the 
crossbeam in Car 1 is better able to spread the load 
from the main rail than Car 2’s crossbeam.  
 
The FWDB assessment is based on the load cell wall 
(LCW) force distribution. The LCW peak cell force 
distributions for Car 1 and Car 2 are shown (Figure 
6).  It is apparent that Car 1’s bumper crossbeam 
gives a more uniform force distribution laterally 
across the wall with higher loads at its centre point 
than Car 2’s crossbeam. This indicates Car 1’s 
stronger crossbeam performance. For Car 2, forces 
are better distributed between the main rails and the 
subframe position. Note that the subframe of Car 2 
bent upwards during the crash from its static position 
indicated in Figure 6. 
 
Two metrics are currently available for the FWDB 
test, the relative homogeneity criterion and the 
Average Height of Force (AHOF). The relative 
homogeneity criterion is shown for the range of 
vehicles tested, plotted in order of increasing mass 
(Figure 7). It consists of three components, which 
indicate how well the load is distributed globally over 

 
Car 1 

 
Car 2 

Figure 5: Vehicle Deformations from FWDB 
Tests: Note different cross beam deformation for 
the cars 

 
Car 1 

  
Car 2 

Figure 6: Load Cell Wall Force Contours in 
FWDB Test: Note the influence of the subframe 
for Car 2 

the wall (cell), distributed vertically (row), and 
horizontally (column).  
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Figure 7: Relative Homogeneity Criteria Plotted 
Against Increasing Vehicle Mass 

 
It is seen that Car 2 had a better relative homogeneity 
score than Car 1, (0.28 cf 0.39) indicating that it 
spread its load more uniformly on the wall than Car 1. 
This difference was greater for the vertical 
component (0.08 cf 0.12) which is expected as Car 2 
has a two-level load path design and in principle 
should be better able to spread its load vertically. In 
general, it might be expected that cars with 
multiple-level load path designs should spread their 
load vertically better and hence achieve a better 
vertical relative homogeneity component score. 
However, if the full data set is examined the vertical 
component of the relative homogeneity criterion does 
not appear to clearly distinguish between the cars 
with one-level of load path and those with more. This 
is not unexpected as it is unlikely that a simple 
subjective count of a car’s load path levels is a good 
measure of its vertical load spreading capability and 
structural interaction potential. Further car-to-car test 
validation data is required to investigate this issue 
fully.  
 
The AHOF is shown in Figure 8 for the range of 
vehicles tested, plotted for increasing vehicle mass, 
including Car 1 and 2. It is seen that Car 1 records a 
higher AHOF value than Car 2 which, at first sight, is 
unexpected as Car 2 has a subframe load path which 
applies load at a low height on the wall. However, it 
should be noted that the Car 1 has a lower bumper 
crossbeam than Car 2 which could explain this 
apparent anomaly.   
 
Figure 9 is a graph of the peak total LCW force 
plotted against vehicle mass. It is seen that the total 
LCW force peak increases with increasing vehicle 
mass indicating that heavier vehicles have higher 
frontal force levels. Although the primary aim of the 
FWDB test is to assess a vehicle’s structural 
interaction potential it may be possible to use this test 
to a vehicle’s frontal force levels in a similar way to 

that proposed for the 64 km/h ODB test. Further work 
is needed to investigate this issue. 
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Figure 9: Peak LCW force measurement for 
FWDB tests. 

 
PDB assessment is based on the barrier deformation. 
The barrier deformations from the tests with Car 1 
and Car 2 are shown in Figure 11 together with 
contour plots obtained from laser scanning of the 
barriers (Figure 12). Greater barrier face deformation 
is seen at subframe level for Car 2 than Car 1 
indicating that the subframe load path on Car 2 was 
detected. For Car 2 there was a high localised 
deformation in alignment with the main rail load path 
caused by the failure of the bumper crossbeam, which 
was not present for Car 1. This shows that the 
difference in crossbeam performance was detected by 
the PDB barrier. 
 
Three metrics are currently available for the PDB test, 
the PPAD, AHOD and ADOD. For each of the PDB 
metrics, the same vehicles are shown as for the 
FWDB metrics so that the reader can compare the 
assessment of the vehicles by the two test methods. 
The PPAD is a measure of a vehicle’s aggressiveness 
and is shown for the range of vehicles tested 
including Car 1 and Car 2 (Figure 13). Note that 
lower PPAD scores are desirable.  
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The PPAD values for Car 1 and Car 2 are similar. 
This is not unexpected as the PPAD is a combined 
measure of a vehicle’s structural interaction potential 
and its frontal force level. Future work will develop a 
new metric to assess a vehicle’s structural interaction 
potential alone. 
 
The AHOD is shown for the range of vehicles tested 
(Figure 14). This metric is based on a similar concept 
to the AHOF metric used for FWDB test. It is seen 
that Car 1 records a higher AHOD than Car 2 which 
is expected as Car 2 has a subframe load path. In 
contrast the AHOF values in the FWDB test were 
higher for Car 2 than Car 1. However, it should be 
noted that comparisons between the AHOF and 
AHOD may not be that meaningful as they have 
several fundamental differences, for example the 
AHOF metric is calculated from a force measurement 
throughout the period of the impact whereas the 
AHOD metric is calculated from time independent 
deformation measures.  
 

 
Car 1 

 
Car 2 

Figure 10: Vehicle Deformations from PDB Tests: 
Note different cross beam deformation for the cars 

The ADOD is shown for the range of vehicles tested 
in Figure 15. In general, it is seen that the ranking of 
the vehicles with this metric is similar to the PPAD 
metric with the large off-road vehicle having a high 
score. This is most likely caused by a combination of 
its high frontal force level and its high structure. Car 

1 and Car 2 have similar ADOD values indicating 
that they have a similar frontal force level.  
 

 
Car 1 

 
Car 2 

Figure 11: PDB Barriers Deformation: Note 
subframe and lower rail imprint for Car 2  

 
In summary, car-to-car testing has shown that the 
structural interaction performance of a two-level load 
path car was better than a one-level load path vehicle 
which supports the use of assessment criteria that 
encourage car design with good vertical load 
spreading capability. The FWDB and PDB test tools 
have been shown to be capable of distinguishing the 
presence of a subframe load path and the different 
bumper crossbeam behaviour. The proposed FWDB 
and PDB assessment criteria have been calculated and 
compared for a range of vehicles, including the 
one-level and two-level load path cars. At this stage it 
appears that both the FWDB and PDB criteria require 
further development. However, it is not possible to 
draw definite conclusions because of lack of car-to-
car test validation data. Future work is planned to 
address these issues.  
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Car 1 

 
Car 2 

Figure 12. Barrier Deformation Contours: Note 
imprint of subframe and lower rail from Car 2 
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Figure 13: PPAD Test Results Plotted Against 
Increasing Vehicle Mass 
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Figure 14: PDB Results for AHOD 
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Figure 15: PDB Test Results ADOD 

 
Mathematical Modelling (Leader: TNO) 
 
There were three main computer simulation tasks in 
the VC-Compat project.  

1. Finite Element (FE) barrier modelling to 
support the development and initial 
validation of the test procedures  

2. Multi-Body (MB) modelling methodology to 
develop a fleet model to support the benefit 
estimation and determine the effect of 
improved compatibility in other crash 
configurations 

3. Multi-body simulation of vehicle force 
levels to identify strategies for force 
matching of vehicles with different masses 
and the consequences for occupant 
protection 

 
Finite Models were developed to support 
development of the FWDB test. A FE model in 
RADIOSS was created by TRL based on NHTSA’s 
LS-Dyna model. The main advantage of this newer 
model is that there is a capability to simulate local 
tearing of the honeycomb material by a stiff car 
structure. To achieve this, the barrier model was 
constructed from columns of ‘standard’ type 
honeycomb elements which were joined by thin ‘tear’ 
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type honeycomb elements. The ‘tear’ type elements 
have strain based failure criteria that delete the 
element when a prescribed strain is reached.  
 
This FWDB model was used in a parametric study to 
identify the sensitivity of the homogeneity criteria to 
the alignment of a one-level load path vehicle with 
the load cell wall. The results of the study showed 
that changing the impact alignment 62.5 mm 
horizontally (half a load cell) changed the 
homogeneity by less than 10%. However, changing 
the impact alignment 62.5 mm vertically changed the 
homogeneity by about 30%. It has been estimated that 
a vertical alignment tolerance of the order +/- 10mm 
will probably be required to ensure acceptable test 
repeatability when assessing vehicles that do not 
spread their load well vertically.  Because of this, it is 
important that the alignment of the vehicle with the 
wall in each test is recorded.  
 
A fleet model, the second part of modelling activities 
in VC-Compat, was developed to support the benefit 
estimation and determine the effect of improved 
compatibility in other crash configurations. For this 
purpose, TNO developed a MB vehicle fleet model 
based on of 7 vehicle models representative of a real 
life car fleet[2].  
 
The objective of the fleet studies was to develop 
strategies for evaluating of front-end structures which 
minimise the total harm in car-to-car crashes. For part 
of this study, multi-body models were constructed 
from existing finite element models. Front-end 
structures and passenger compartments were 
modelled in detail to provide realistic deformation 
modes. Furthermore dummies, airbags, belts and 
main interior parts like dashboard and steering wheel 
were included. Table 3 gives an overview of the 
available models. By simulating impacts between 
different combinations of vehicles, a representation of 
real life accidents can be made. Figure 16 shows how 
the models fit into the overall benefit estimation. 

A large set of simulations was performed (over 5000 
runs) to simulate the reference fleet performance. A 
second fleet was created where the two smallest 
vehicles were modified to improve compatibility. 
Simulations of the second fleet were performed and 
compared to the results from the reference fleet. 

To create an approximation of real world collisions, 
the accident variables ‘impact velocity’ and ‘impact 
overlap’ were varied. The initial velocity of each 
vehicle was within a range of 20-80 km/h and the 
overlap was varied in a range of 25-80% of the 
smallest vehicle. The distribution of the variations 
was set up with the Latin Hyper Cube algorithm 

implemented in ADVISER©, resulting in 100 batches 
that randomly generated an even distribution over a 
given window for a relatively small number of 
samples.  
 
Figure 17 shows the mean overall injury (ISS) values 
for all drivers in all scenarios. Especially for the small 
vehicles (GE, NE) the drivers suffered relatively high 
injury in collisions with the larger vehicles in the 
fleet. Improvements to the vehicle compatibility led 
to lower mean overall injuries for these particular 
cases.  

Table 3 Available multi-body vehicle models 
for fleet studies 

Model Class Mass 
 

[kg] 

Test 
Mass 
[kg] 

Geo Metro (GE) Subcompact 900 1191 
Chrysler Neon 
(NE) 

Compact 
pass.  

1085 1371 

Ford Taurus 
(TA) 

Mid size 
pass.  

1488 1728 

Honda Accord 
(AC) 

Mid size 
pass. 

1396 1636 

Dodge Caravan 
(CA) 

Full size 
MPV 

1682 1934 

Ford Crown 
Victoria (CV) 

Large pass. 1836 2076 

Ford Explorer 
(EX) 

SUV 1971 2205 
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Figure 16: Fleet Systems Model Methodology to 
Predict Benefit of Proposed Compatibility 
Criteria. 
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Figure 17: ISS distribution (mean values) for 
entire subset plotted as function of Target and 
Bullet car. 

A study of frontal force levels was the third activity 
undertaken in the modelling work package. The 
objective of this research was to investigate the 
dependency of frontal force level on vehicle mass in 
current and future tests. In addition, the influence of 
the crash pulse on the occupant response must be 
identified so that no undesirable side effects of the 
test procedures arise. 
 
This research produced generic vehicle descriptions 
to model a range of car-to-car collisions. The goal 
was to find how the stiffness of vehicles could be 
modified so that impacts involving vehicle pairs with 
reasonable mass ratios could still result in survivable 
crash environments. This was investigated by first 
increasing the stiffness of smaller vehicles (under 
1500 kg) from their current levels. The next step for 
this investigation was to lengthen the existing 
deformation zones of larger vehicle and study the new 
range of stiffness levels required for small vehicles 
under this new traffic condition. The baseline 

assumption was that all vehicles had the same 
deformation zone of roughly 700 mm[2]. 
 
The results of this preliminary study of vehicle 
stiffnesses suggested that smaller vehicles can be 
made stiff enough to provide suitable safety levels in 
high mass ratio impacts. The increased stiffness 
resulted in higher accelerations for the smaller 
vehicles, but impacts with mass ratios 1:1.6 were 
survivable with appropriate safety equipment designs. 
A similar result was found for the investigation of 
fleet force levels when larger vehicles had a 50 mm 
longer deformation zone. These cases resulted in 
similar acceleration levels in the smaller vehicles, but 
the force levels of small vehicles still needed to be 
increased above current levels. Work is ongoing to 
identify guidelines for the force level profiles for 
more compatible vehicles. 
 
CONCLUSIONS 
 
The work to date in the VC-Compat project has 
concentrated on four main activities. These are: 
• A structural survey. 
• Accident and cost benefit analysis.  
• Crash testing. 
• Mathematical modelling.  
 
The structural survey is complete and a database of a 
vehicle’s main structural members that are involved 
in frontal impact crashes has been constructed for 55 
cars. This database has been used to better understand 
the results of crash tests and will be used to help 
define appropriate assessment areas for the Full 
Width Deformable Barrier (FWDB) and Progressive 
Deformable Barrier (PDB) tests.  
 
The accident and cost benefit work has identified the 
target population for improved compatibility for 
Europe by extrapolating data from Great Britain and 
Germany. The target population is defined as those 
casualties that are likely to experience a reduced risk 
of injury from improved compatibility measures. The 
number of casualties prevented, i.e. the benefit, will 
be a subset of the target population. It was estimated 
that between 14% (3,466) and 31% (7,675) of fatally 
injured car occupants and between 29% (50,260) and 
52% (90,122) of seriously injured car occupants lie 
within the target population for Europe.  
 
Crash testing work to date has focused on the 
development and validation of the FWDB and PDB 
test procedures. Car-to-car testing has been performed 
which showed that the structural interaction 
performance of a two-level load path car was better 
than a one-level load path vehicle. This supports the 



Thomson 14 

use of assessment criteria that encourage car design 
with good vertical load spreading capability. The 
FWDB and PDB test tools have been shown to be 
capable of distinguishing the presence of subframe 
load paths and different bumper crossbeam 
behaviour. The proposed FWDB and PDB assessment 
criteria have been calculated and compared for a 
range of vehicles. At this stage it appears likely that 
both the FWDB and PDB assessment criteria require 
further development. However, there is a shortage of 
car-to-car test validation data. Future work is planned 
to address these issues.  
 
A Finite Element (FE) model of the FWDB has been 
developed and used to investigate the sensitivity of 
the relative homogeneity criteria to alignment of the 
car with the LCW. The results showed a high 
sensitivity to vertical alignment for a non-
homogeneous, i.e. incompatible, vehicle. To ensure 
test repeatability for this type of vehicle it has been 
estimated that vertical alignment tolerances of the 
order of +/- 10 mm will be required. A vehicle fleet 
model has been developed using the MADYMO 
software. This will be used to quantify the benefits of 
improved compatibility in the vehicle fleet. Studies to 
investigate the frontal force mismatch in the current 
fleet indicate that changes to both light and heavy 
vehicles are needed.   
 
The EEVC WG15 route map requires a test procedure 
to assess a vehicle’s structural interaction potential in 
the short term. The VC-Compat project will continue 
to focus on the development of the FWDB and PDB 
test procedures as both these tests have the potential 
to achieve this goal.  
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ABSTRACT 
 
The present demand on self protection and insurance 
test is increasing the local strength and global force 
deformation of all cars. Unfortunately, the ratio is not 
the same, due to the different masses: The design of a 
large car makes it stiffer than a small one in order to 
compensate the mass. Furthermore, the current frontal 
offset test is more severe for heavy vehicles because 
of the specific barrier used. Due to this self protection 
trend, compatibility requirements are more and more 
difficult to achieve. 
 
Moreover, it is yet required to improve light cars 
compartment’s strength without increasing heavy 
cars’ one and to limit vehicle front units' 
aggressiveness. In other words, it is necessary to 
assess the possibility to check and improve partner 
protection with regards to self-protection. To achieve 
this new requirement, an amendment of ECE R94 test 
procedure, based on PDB barrier, was proposed in 
order to check both parts of compatibility (structural 
interactions -partner- and compartment strength -self-
), and is still being studied.  
 
To validate and compare this approach with other 
offset procedures, many tests have been performed 
with different cars from European market (light and 
heavy, old and new generation, left and right hand 
drive) in different test configurations (current R94 at 
56 km/h, possible future R94 at 60 km/h suggested by 
EEVC WG16 and PDB protocol at 60 km/h). 
 
Based on the tests results, this paper describes in 
details: 
- the comparison of different offset barrier tests 
- the validation of PDB test protocol aiming to check 
self and partner protection 
- the possibility to generate constant severity for all 
cars (same EES) 
- the possibility to change the current frontal barrier 
- the possibility to assess partner protection and self 
protection. 
 

INTRODUCTION 
 
Current ODB barrier was developed fifteen years ago 
and adapted to car designs (geometry and force 
deformation) from 90’s. Since then, introduction of 
regulation, ratings, insurance test and recently 
pedestrian have modified a lot car front design in 
terms of stiffness and geometry to achieve that 
requirements. The current barrier is becoming more 
and more obsolete regarding to new generations of 
vehicles. 
 
With self protection offset test regulations and ratings, 
all cars offer equivalent behaviour against a fixed 
obstacle. These tests lead to stiffer front end and 
higher compartment strength. Solutions have been 
optimized against a rigid wall or soft obstacle but not 
in car to car configuration. 
 
A new procedure must not compromise and decrease 
current self protection level. That is why the proposed 
procedure in this comparison checks compartment 
strength and structural interaction on the same time, 
without introducing additional tests as far as the 
compatibility demand depends on the vehicle size: 
Heavy vehicles need a better partner protection 
(structural interaction), and light vehicles need a better 
self protection (compartment strength) (figure 1). 
  
This paper deals with the development of a more 
comprehensive approach after having studied it 
different offset tests, aims to propose a test procedure 
and methodology as good as possible for a regulation 
approach in several steps towards the improvement of 
compatibility. 
 
There are no effective proposed improvements unless 
they are applied by all manufacturers and for all 
passenger cars. The only way to reach that target is to 
define and then apply a new regulation.  
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Figure 1: Compatibility summary 

 
 
FRONTAL TEST PROCEDURE  
 
Three main offset test procedure have been 
investigated. The current ECE R94, the EEVC WG 16 
proposal for assessing self protection and the PDB 
protocol that takes into account three new parameters 
to be in line with compatibility requirements:  
• partner protection without decreasing self 

protection against rigid obstacle, 
• different vehicle mass range, 
• compatibility requirements (self and partner) 

 
Current test procedure  
 
This procedure is fully known all around the world, 
and most of countries apply this test procedure as a 
regulation and / or a rating. 
 

 
Figure 2: ECE R94 test configuration (called R94) 

 
EEVC WG16 test procedure proposal 
 
This procedure has been proposed by WG16 to 
improve self protection against rigid obstacle but 
could be dangerous for compatibility in terms of self 
and partner protection. 

 
Figure 3: EEVC WG16 test configuration (called 
R94-60) 

 
PDB test procedure – French proposal 
 
Details of the procedure are fully explained in 
document “PDB Test Procedure V2-2” published in 
the EEVC WG15 web site. Test configuration is not 
so far from current regulation but some essential 
changes must be included (especially the barrier). 
 

 
Figure 4: PDB test configuration (called PDB 60) 

Compatibility is a mix between self protection and 
partner protection and can not be separate for 
investigation because both act simultaneously.  
Compartment strength is an answer for the first one, 
homogeneous front end is an answer for the second to 
improve structural interaction.  
 
Why is a new barrier necessary? 
 
Instability  

 
Figure 5: Current ODB barrier instability tested with 
the same car. Test is not reproducible. 
 
The current barrier was designed many years ago for 
the previous vehicles generation, weaker than the new 
one. Since this time, vehicles were reinforced and 
became stiffer. The stiffer front end leads to unstable 

Derivate from ECE 94:
 
- Test Speed: 60 km/h
- Overlap: 40 % 
- Barrier: current ODB
 

Derivate from PDB 
test: 
 
- Test speed: 60 km/h
- Overlap: 50 % 
- Barrier: PDB 
 

Regulation ECE R94: 
 
- Test Speed: 56 km/h 
- Overlap: 40 % 
- Barrier: current ODB
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behavior of the barrier that creates serious problems in 
the design of vehicles. Sometimes barrier absorbs 
energy, sometimes not. 
 
Bottoming out 
 
Each new generation of vehicles bottoms out the 
barrier (Figure 6) that leads same amount of energy 
absorbed by the barrier.  
 

  
Figure 6: ODB barrier bottoming out: same amount 
of energy, structures collapse against rigid wall  

The energy absorbed by the barrier does not depend 
on the vehicle mass. Severity for the vehicle structure 
rises up with the mass. Figure 7 clearly shows this 
unequal energy distribution. The fraction of energy 
absorbed in the barrier is roughly the same regardless 
of the car mass resulting in a higher fraction of energy 
to be absorbed by the large vehicle than by the small 
one. For a light car, energy in the barrier represents 
40% of the total kinetic energy but only 10% for a 
heavy one. 
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Figure 7: Severity situation with current barrier, 
percentages of kinetic energy absorbed.  

So in order to reach the same level of self-protection, 
design against deformable barrier with bottoming out 

results directly in even stiffer heavy cars because this 
test is more severe than for small ones (Figure 8).The 
result is that heavy cars cannot be made compatible, in 
term of stiffness, with small ones 
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Figure 8: Theoretical Test severity depends on the 
vehicle mass. Need to harmonize this phenomenon. 
  
Current ODB barrier is not yet adapted to the new 
generation of cars.  It is urgent to harmonize severity 
for vehicle range mass to reach self protection 
compatibility requirements and avoid inhomogeneous 
fleet. 
 
Barrier used 
 
Following test procedures, the PDB barrier was 
introduced in the comparison. Its high force level and 
high energy absorption capacity is supposed to resolve 
the question of bottoming out (Figure 9). 
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Figure 9: Force and energy capacity comparison for 
a same overlap 
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Current ODB barrier 
 

 
Figure 10: Current ODB barrier - Side view, 
dimension, position and stiffness. 
 
PDB barrier  
 

 
Figure 11: PDB Side view. Dimensions, position and 
stiffness. 
 
PDB is now well known (Figure 11). It is a 
progressive increase in stiffness in the depth, and two 
height dependant stiffnesses, which contribute to its 
name: PDB as Progressive Deformable Barrier. 
Furthermore car force distribution in height should be 
represented; the lower front load path is usually 
stronger than the upper one. Its dimensions and 
stiffness make the bottoming-out phenomenon very 
unlikely because force and energy capacity are equal 
to four time the current barrier. 
 
Why a new test speed is needed? 
 
To answer the question of improving compartment 
strength of the light car, it was necessary to increase 

the test speed to reach compartment deformation. 60 
km/h seams reasonable. Furthermore, this test speed 
was proposed by EEVC - WG16. However, this 
increasing speed must be accompanied by a barrier 
change to reach compatibility requirements to avoid 
stiffer and stiffer heavy vehicle compartment. 
 
Why a new overlap is needed? 
 
Checking half of the front end is needed for partner 
protection assessment in the future. Secondly, overlap 
is closer to real world accident data and car to car test 
configuration. Finally, combined with stiffer barrier it 
generates higher acceleration pulse that we will 
develop in a next chapter. 
 
 
Vehicle type investigated 
 
To demonstrate previous approach, 16 tests were 
performed with different cars, test configurations and 
driving position. 
Car is tested in regulation approach that means in the 
worst case: heaviest mass, all options and largest 
engine. Four cars from French manufacturers have 
been selected: 
 
Super Mini Car 1   
SMC1 -1151 Kg 
New generation- with 
stiff front single load 
path and high 
compartment strength. 
 
Super Mini Car 2 
SMC2 -1130 Kg- 
Old generation- with 
weak front double 
load paths and weak 
compartment strength 
 
Family Car 1          
FC1-1747Kg-                 
Last generation- with 
stiff front double load 
paths with advanced 
lower load paths and 
high compartment 
strength 
 
Family Car 2    
FC2-1677 Kg-  
New generation- with 
stiff single load path 
with added lower load 
path and high 
compartment strength. 
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Test configurations investigated 
 
Three test configurations have been investigated 
explained before: 

- ECE R94 with current ODB barrier 
- Current ODB barrier at 60 km/h 
- PDB barrier protocol at 60 km/h 

 
Each vehicle was tested in Left Hand Drive and Right 
Hand Drive. 
 
 
TEST RESULTS 
 
Test severity  
 
One of the most important in this study was to check 
the test severity for each vehicle in terms of energy 
absorption. Figure 12 represents the amount of energy 
absorbed by the current ODB barrier and the PDB. 
The higher absorption potential of the PDB is clearly 
shown. 
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Figure 12: Energy absorbed by the barrier  
 
This leads in a non constant energy absorbed by the 
vehicle depending on the force deformation. 
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Figure 13: Mean test severity in terms of EES 
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 Figure 14: Test severity observed vs Mass 
 
Test confirmed theoretical assumptions. When 
considering the PDB barrier test, severity in terms of 
energy absorbed for light cars increased and became 
close to EEVC WG 16 proposal (Figure 13 / 14). On 
the opposite, severity for heavy vehicles stays 
remained close to current R94 without being below. 
Current self protection severity is not compromised 
and light vehicle compartment can be investigated. 
 
 
Self protection analysis  
 
Car design for frontal crash must limit passenger 
compartment intrusion and generate acceptable 
deceleration from the occupant point of view.  
Higher acceleration pulse combine with higher 
intrusion level allows getting closer to real life 
accident where both parameters are responsible for 
fatal injuries and injured. 
 
 
Passenger compartment intrusion 
 
Car to car tests conducted in the past confirm that the 
front-end stiffness and compartment strength have an 
influence on compatibility.  
Compartment intrusion was shown as the most 
important parameters in car to car head on collision, 
so this parameter must be put under control. This 
parameter is directly linked to the force generated by 
the compartment. 
Compartment intrusions (figure 15) are going in the 
same way than EES severity. Light vehicles suffer 
more in PDB test configuration, especially for the old 
generation. Severity for heavy vehicles stays constant. 
Compartment strength principle is validated. Light 
cars are overloaded without punishing heavy ones. 



    
  Delannoy Pg. 6. 

Mean intrusion level (mm)

0,00

20,00

40,00

60,00

80,00

100,00

120,00

SMC2
LHD

SMC1
LHD

FC2
LHD

FC1
LHD

SMC2
RHD

SMC1
RHD

FC2
RHD

FC1
RHD

R94 R94-60km/h PDB-60km/h

 Figure 15: Intrusion level comparison 
 

Passenger compartment acceleration 

 
Theoretical approach is also confirmed regarding 
acceleration pulse (Figure 16). Stiffness of the PDB 
combined with protocol overlap generate higher 
acceleration pulse (without reaching the full width test 
pulse). The displacement distance with PDB is lower 
than ODB barrier that leads to higher deceleration 
pulse.  

Figure 16: Acceleration pulses corresponding to a 
family car. 

 
The mean acceleration information (g = delta V / t) is 
higher 20 % than current R94 (figure 17). Time 
duration depends on stiffness and mass. When the 
stiffness increases, the time duration decreases, the 
mass stays the same. 
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Figure 17: Acceleration level comparison 
 
We have seen that PDB provides lower acceleration 
pulse than full width; however that test is able to 
generate in the same time acceleration and intrusion 
both parameters responsible for fatal and serious 
injuries (figure 18). This combination makes this test 
closer to real life accident. 
 

 
Figure 18: combination of intrusion and 
acceleration in the same time. 
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Dummy criteria 
 
Even if dummies are not good tools to give an 
evaluation of severity due to dispersion, these one 
seams to confirm what we have seen before. PDB test 
can be severe for some categories of vehicles, 
especially old generations of light cars (that is going 
to disappear in a near future). A rating color 
classification has been used to illustrate the higher 
severity for a light car from the old generation and a 
family car from the new generation (Figure 19).  

 
Figure 19: Dummies criteria for different offset test 
configurations. 
 
However, recent generation of vehicles with high 
compartment strength, fitted with high performance 
restraint system is not sensible to this increasing 
severity (full data are available).  
 
Partner protection analysis 
 
In order to take advantage of all the potential for 
energy absorption of both cars, their structure must 
interact correctly. Limiting energy deficiency is now 
something that is generally accepted and leads to 
better structural interaction.  
 
Barrier and front unit deformation comparison 
 
Even if it is not the first priority, PDB definition 
allows checking and in the future assessing partner 
protection. In addition to test all vehicles at a more or 
less constant equivalent energy speed (EES), PDB is 

the ability to check the front unit aggressiveness. 
Bottoming out of the barrier face in case of stiffer 
front-ends of the larger vehicles is avoided as it is 
proved by tests performed (figure 21). 
 

Figure 20: front deformation of 2000 kg family 
vehicle against current ODB barrier 
 

 
Figure 21: front deformation of the same family 
vehicle against PDB barrier  
 

To reach the desirable intrusion level, the engine 
compartment has to absorb a certain amount of 
energy. Usually this is achieved through different load 
paths which absorb energy and transmit the load from 
the front to the occupant compartment. These load 
paths are designed and tuned against two types of 
obstacles: full width rigid barrier or soft deformable 
barrier. So far tests carried out on deformable barrier 
showed bottoming out phenomenon. This means that 
the front end design is not controlled by the barrier 
stiffness because the structure collapses with the help 
of the rigid wall behind the barrier. In all cases the 
obstacle is far from representing a car front unit. 
That’s why structural behaviour in car to car accidents 
is different. Barrier shape is completely different; the 
current barrier deformation does not contribute to 
improve partner protection. No chance to detect front 
unit homogeneity, at the end of crash, all vehicle 

 R94 – 60 km/h 

PDB – 60 km/h 

Current R94 
 Familly Car Light Car 
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deformations are completely flat smoothed by the 
rigid wall (Figure 20 and Figure 22).  

By which, front unit deformation resulting from PDB 
test is fully different. Bottoming out of the barrier face 
in case of stiffer front-ends of the larger vehicles is 
avoided. As it is proved by tests performed (figure 21 
and figure 23). 

  
Figure 22: front deformation against current ODB 
barrier of a super mini car  
 

 
Figure 23: front deformation of the same super mini 
car against PDB barrier  
 
Barrier analysis 
 
PDB test procedure puts under control the energy 
absorbed by vehicle, the barrier is supposed to 
represent the vehicle we want to protect. 
In the opposite of current offset test procedures 
proposed for compatibility assessment: car impact 
against weak deformable obstacle (with bottoming out 
phenomenon), the barrier deformation can be 
investigated. As we have seen before, against a rigid 
wall or soft barrier, the various load paths are not 
working the same way as they do in car to car 
interaction (figure 20 / 21- figure 22 / 23). The 
deformation process is at displacement dependant, 
whereas in car to car, the deformation is at pressure 

dependant. A car impact on a rigid wall might seem 
more simple: unfortunately it is not representative of a 
car front block and far from real world accident 
observations. 
Current barrier can not be investigated, only the front 
face of the PDB barrier is able to give vehicle front 
end information (force and geometry). 
 
Super Mini Car 2 (Figure 24):  
Weak and multiple load paths car do not penetrate the 
barrier. Forces are well distributed. Front deformation 
is homogeneous. Unfortunately, this soft stiffness 
design tends to disappear with self protection and 
reparability requirements.  
 

 
Figure 24: PDB deformation corresponding to the 
weak super mini car (SMC2) with lower load path 
 
Super Mini Car 1 (Figure 25):  
Stiff longitudinal with weak cross beam penetrates the 
barrier. Forces are badly distributed. Cross member is 
not able to spread the force coming from the 
longitudinal. The surface in front of the load path is 
not in line with its stiffness. Deformation is 
unhomogeneous. 
 

 
Figure 25: PDB deformation corresponding to the 
stiff super mini car (SMC1) without lower load path. 
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Family Car 2 (Figure 26):  
Forces generated by stiff longitudinal are well 
distributed by the cross beam. However, this one over 
crushed the barrier compare with lower load path. 
Front deformation is homogeneous in front of the 
cross beam, but quite inhomogeneous in height.  
 

 
Figure 26: PDB deformation corresponding to the 
stiff family car (FC2) without advanced lower load 
path. 
 
Family Car 1 (Figure 27):  
High forces generated by longitudinal and subframe 
are well distributed on a large surface. No over 
crushed between upper and lower load paths. 
Deformation is homogeneous. 
 

 
Figure 27: PDB deformation corresponding to the 
stiff family car (FC1) with advanced lower load path.  
 
The PDB barrier is able to detect local stiffness but 
also transversal and horizontal links among load 
paths. The barrier records front cross member, lower 
cradle subframe, pendants linking position and 
stiffness that improve vehicles compatibility. That’s 
why, assessment proposed for the future will be based 
on deformation because information is inside. 
 
 

POSSIBLE ASSESSMENTS 
 
As we have seen before, the test protocol allows 
checking simultaneously the two parts of 
compatibility: 

- self protection coming from vehicle 
analysis and dummy criteria 

- partner protection coming from barrier 
deformation  

After having defining the test procedure and the 
obstacle, a set of relevant criteria have to be fixed in 
order to keep under control front end and passenger 
compartment design over the market production.  
 
Self protection  
 
Today, self protection assessment is very well known. 
According to current ECE R94 and EEVC WG16 
proposal, assessment would be based on dummies 
criteria and intrusion measurements such as 
dashboard, firewall and A pillar (Figure 28).  
 

 
Figure 28: Assessment comes from dummy readings 
and intrusion 
 
Partner protection 
 
The problem today is to find common criteria that will 
be representative of this phenomenon in order to put 
this item under control.  
In term of design, one way to achieve structural 
interaction is to offer a front surface which is 
homogeneous in stiffness over a surface which is large 
enough. To illustrate this point, we have to imagine 
that we put a rigid plane between both cars. The 
concept of the wall is to have a homogenous stiffness 
over a large surface. To achieve this result, the 
stiffness on the front block must be distributed along 
multiple load paths. Having this is not enough, as they 
cannot ensure that the stiffness is homogeneously 
spread over the front surface.   
The PDB deformation already showed its capacity to 
verify the behaviour of new vehicles in regard to the 
partner protection targets. There is an assessment 

11
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(PPAD) calculated by PDB software that can be 
loaded from the EEVC WG15 Website. However, this 
assessment is not yet ready to be introduced as partner 
protection criteria. 
 
Investigation area  
 
Investigation area is different from the recorded area 
represented by the total front PDB surface. 
According to geometrical measurements of European 
fleet and essential load paths needed for good 
structural interaction (upper rail, cross beam and 
subframe), the investigation area was fixed between 
200 mm and 700 mm ground clearance in height (Z 
axis) (Figure 29 / 30).  
In Y axis, the area depends on the width of the 
vehicle. To avoid boundary effects, 100 mm margin in 
left and 150 mm in right are applied for LHD, the 
opposite for RHD.  
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Figure 29: Geometrical data (ground clearance) of 
70 % of the European fleet  
 

 
Figure 30: Investigation area. 
 
Possible basic criteria (mid term) 
 
The current formula given by the PDB Software V1.0 
that we have seen before is little bit difficult and mix 

geometry effects as well as stiffness effects without 
dissociating both. That’s why; we propose a 
comprehensive approach, separating geometry from 
stiffness. 
 

 
1- ADOD: Average Depth Of Deformation 
2- AHOD: Average Height Of Deformation 
3- HP: Homogeneity Parameter 

Figure 31: possible partner protection parameters 
 
Results show that AHOD are less sensible to the 
tested car and similar to AHOF approach. ADOD is 
link to the front stiffness of the car and rise up with 
the mass. HP is supposed to detect local penetration in 
the front barrier face that indicates bad homogeneity. 
First results seem to confirm that using average could 
be the wrong direction. 
However, it is too early to introduce a partner 
protection assessment. Further working is required 
before proposing a set of criteria. 
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Figure 32: AHOD, ADOD and HP in Right Hand 
Drive. 
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Figure 33: AHOD, ADOD and HP in Left Hand 
Drive. 

 
Left hand drive and Right hand Drive results are very 
close; the PDB face deformation is not so much 
influenced by the driving position and tested side, in 
other words, by the gear box and engine position. 
 
Future working 
 
These tests will be accompanied with a car-to-car test 
in order to validate the PDB deformation. 
Due to the necessity of self-protection and the wide 
range of vehicle’s size, mass and stiffness, we have to 
define and fix a limit for compatible design. 
 
 
 
POSSIBLE STEPS FOR PROGRESSIVE 
COMPATIBILITY INTRODUCTION (Figure 34) 
 
First step solution- short term- : Improving and 
harmonize Self Protection level 
 
As a first step, the French proposal is to replace the 
current ODB barrier by the PDB one in regulation. 
The first effect of the progressive barrier is the ability 
to test all vehicles at a more or less constant 
equivalent energy speed (EES). In this first phase, 
assessment remains focused on self-protection. PDB 
barrier introduction will be able to improve self 
protection of light vehicles (overloaded) without 
increasing heavy ones due to energy capacity 
absorption. The test severity is in line with the speed 
proposed by the EEVC WG16, higher than the current 
European regulation (56kph) and fixed for all cars 

Self protection is already assessed for a long time 
from dummy criteria. The proposal suggests adding 
intrusion level investigation.  
Dummies criteria limits are the same than the current 
ECE R94 and integrity of the passenger compartment 
could be assess with the help of intrusion level in 
different part of the front compartment.  
 

 
Figure 34: Possible steps towards compatibility 
harmonisation 

 
Second step solution -mid term- : Partner 
protection introduction 
 
We hope that partner protection will be ready at this 
time. All criteria and investigations will be based on 
the barrier deformation. PDB barrier is able to detect 
local stiffness but also transversal and horizontal links 
among load paths. It looks like car to car accident or 
test analysis, except that in this case, the barrier 
deformation is investigated instead of the car’s. An 
aggressive vehicle would be identified by large and 
non homogeneous deformation.  
Furthermore, this proposal could generate higher 
deceleration pulse combined with higher intrusion. 
However, further researches are necessary. 
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Third step proposal- long term- : introducing 
Mobile PDB 
 
To be closer to real life accident, the PDB could be 
fixed on a mobile trolley as Australia investigated 
three years ago. A quick energetically approach 
clearly shows than this test due to conservation of 
momentum associated to different energy absorbed in 
the barrier allows to progressively switch from a light 
car overload to a heavy car partner protection test.  
However and before proposing this test as a 
regulation, we have to investigate it.   
 

 
Figure 35: Possible long term proposal 

 
CONCLUSION 
 
After having compared the different offset test 
proposed, considered current and future generation of 
cars in Left Hand Drive and Right Hand Drive, it 
appears to us that test with current barrier is not 
adapted to new compatibility requirements.  
It conducts to an inhomogeneous fleet due to non 
adapted deformable element. Furthermore, rising up 
test speed without changing deformable element could 
become very dangerous for compatibility issue and 
does not represent an answer for heavy / light vehicle 
compartment strength harmonisation. Furthermore, 
current barrier deformation does not allow 
investigating partner protection. 
 
Harmonisation of offset test severity is considered by 
several passive safety experts as the main priority, the 
most effective way and probably the first step towards 
compatibility. Unfortunately, as we have seen before, 
unstable obstacle, bad reproducibility and bottoming 
out make tests with current barrier far from this 
objective. That’s why, the replacement of the current 
deformable barrier by the PDB one is becoming the 
first priority. On the same time, checking light car 
compartment strength is proposed; test speed would 
be fixed at 60 km/h corresponding to WG16 
suggestion.  
This proposal would be able to check both self and 
partner protection and easy to introduce as a 
regulation.  
 

However, in a first step, only self protection will be 
assessed. It is too early to introduce partner protection 
assessment, criteria are not yet ready. Further 
investigations are needed; several international task 
forces are working in that direction.  
However, aggressiveness assessment is achievable 
from the barrier deformation. The studies in progress 
confirm that statement. The concept, close to real life 
car to car collision clearly shows the capacity of the 
front unit to be aggressive or not. A basic assessment 
could be introduced in a second step. 
 
The development of future vehicles with respect to 
these targets would result in a compatible fleet.  
Moreover, considering the time taken to renew all the 
vehicles, it is necessary to propose measures that 
change too often to avoid rupture in the fleet. 
To conclude, even if the PDB offset test doesn’t 
generate high deceleration pulse, test procedure is 
fully representative of real world accident because it 
combines acceleration and intrusion and would 
become a restraint-system dimensioning test 
associated with intrusion. 
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ABSTRACT 
 
     This paper describes the usage of MADYMO 
simulations in improving frontal crash sensor 
calibration. MADYMO simulations were conducted 
in the frontal impact program to improve the sensor 
calibration. In developing the advanced frontal 
impact restraint system using dual stage inflator, 
sensor calibration is very important. Late firing of the 
first stage inflator and large time delay between first 
and second stage time-to-fires increased occupant 
injuries. In the early version of sensor calibration, the 
initially given TTF’s were not satisfied in some test 
speed conditions due to late first stage TTF and large 
time delay. Therefore, in order to determine the 
correct required TTF’s, MADYMO simulations were 
used. First, the dual stage inflator was modeled as 
having two stages, which are primary and secondary 
stages. Then, MADYMO simulations were conducted 
by giving time delay between first and second stages 
of inflator model. Through simulations, the required 
TTF’s were determined, which produced the injury 
values meeting the customer targets, and it was found 
that the relatively large time delay could be used in 
the low speeds. With the new required TTF’s and the 
relatively large time delay in low speeds, sensor 
calibration was repeated. The recalibration was found 
to satisfy the required TTF’s from the MADYMO 
simulations. A sled test was conducted in the worst-
case condition and the injury results met the 
regulation limits. 
 
INTRODUCTION 
 
     In developing the advanced frontal impact airbag 
restraint system using dual stage inflator, sensor 
calibration is very important. Late firing of the first 
stage inflator and large time delay between first and 
second stage TTF’s increase occupant injuries due to 
large momentum changes. And, in sensor calibration, 
some trade-off can happen between different 
conditions. This kind of situation happened in one 
program. The initial sensor calibration did not satisfy 

 
 
 
 
 
 
 
 
 
 
 
 
 
the deployment logic in some conditions. In order to 
improve sensor calibration which meets the 
deployment logic, MADYMO simulations were 
conducted. As the first step, two MADYMO inflator 
models have been made. One is the primary stage 
inflator model and the other is the secondary stage 
inflator model. Therefore, two inflator models can be 
fired independently in the same way as the real dual 
stage inflator. By doing so, any time delay between 
the primary and secondary stages can be given. The 
next step was the droptower test and simulation. 
Through this process, the validated airbag model has 
been made. Then, MADYMO simulations were 
conducted according to the initial sensor calibration.  
Injury values from MADYMO simulations were 
reviewed to decide the new required TTF’s and the 
direction for sensor calibration which meets the 
deployment logic. Based on the MADYMO 
simulation results, the new required TTF’s and the 
direction for sensor calibration have been decided 
and the worst-case condition has been chosen to be 
tested, which guarantees the injury performance in 
other conditions. The sled test has been conducted 
with the worst-case condition and the injury 
performance has been confirmed to meet the sensor 
calibration direction and the deployment logic. 
 
MADYMO Simulations for Frontal Crash Sensor 
Calibration Improvement 
 
     MADYMO was used to improve the frontal crash 
sensor calibration which initially did not meet the 
required TTF’s and deployment logic. In this study, 
only the passenger side has been considered because 
the passenger side injuries were more critical to 
sensor calibration than the driver side injuries. 
 
Deployment Logic 
 
     For 50th %ile-unbelted condition, the deployment 
logic required the low output at 18 mph and the high 
output at 22mph. The speed range between 18 mph 
and 22 mph was the gray zone which means that the 



                                                                                                                                              Pang 2

low or high outputs can be allowed.  The high output 
is required in 25mph-50th-unbelted-RH 30 deg 
Angular condition.  
 
Initial Sensor Calibration 
 
     Initial sensor calibration was given to be 
reviewed. For the high output, the fixed time delay of 
5msec was applied between the primary and 
secondary stages. However, the initial sensor 
calibration did not meet the requirements in 18mph-
50th %ile-unbelted, 22mph-50th %ile-unbelted and 
25mph-50th-unbelted-RH 30 deg Angular conditions 
as shown in Table 1. 
 

Table 1.   
Initial Sensor Calibration Results 

 

As seen in Table 1, the max TTF of unbelted stage 1 
in 18mph-50th-unbelted-0 deg condition did not meet 
the RTTF. In 22mph-50th-unbelted-0 deg condition, 
the low output is fired because the time delay 
exceeded 5msec. In 25mph-50th-unbelted-RH 30 deg 
condition, the max TTF in unbelted stage 2 did not 
meet the requirement which needs the high output. It 
was mentioned by the sensor calibration engineer that 
if the time delay of 15 msec in 22mph-50th-unbelted 
condition is allowed for high output, all conditions 
can be satisfied. 
 
Inflator Modeling 
 
     In order to do MADYMO simulations with the 
various time delays, inflator modeling is needed 
which has two stages. Inflator modeling having two 
separate stages starts from the tank test  pressure 
curves. Figure 1 shows the tank test pressure curves 
of high and low outputs considered.  The tank 
volume was 60 liter. For the high output tank test 
pressure curve, the time delay of 5 msec was used. 
For the low output, the time delay of 120 msec was 
used for disposal purpose after firing the first stage. 
The primary stage inflator model is obtained from the 
low output tank test pressure curve through MTA 
analysis. The secondary stage inflator model is 

obtained by using both the high and low output tank 
test pressure curves and through MTA analysis. 
 

 
 
Figure 1.  Tank Test Pressure Curves. 
 
Figure 2 shows the mass flow rate curves of the 
primary and secondary stage inflator models obtained 
through MTA analysis. 
 
 

 
 
Figure 2.  Mass Flow Rates For High and Low 
Outputs. 
 
In order to prove that the mass flow rates are correct, 
the MADYMO tank simulations are conducted using 
the mass flow rates obtained through MTA analyses. 
For the MADYMO tank simulations, a 60 liter tank 
model was used.  Figure 3 shows the comparison 
between tank test pressure curves and tank simulation 
pressure curves. From Figure 3, it is proved that the 
mass flow rates obtained through MTA analyses are 
valid. 
 

 
 

Figure 3.  Comparison Between Tank Test And 
Tank Simulation Pressure Curves. 

Test 
Condition

Required 
TTF 

(msec)
Min TTF

Normal 
TTF

Max TTF
Required 

TTF 
(msec)

Min TTF
Normal 

TTF
Max TTF

18mph-50th-
unbelted-0 

deg.
23 17 19 26 23+120 29 35 35

22mph-50th-
unbelted-0 

deg.
18 16 18 18 18+5 24 29 31

25mph-50th-
unbelted-

RH 30deg.
27 23 24 25 27+5 25 28 145

    Did not meet the RTTF.

Unbelted Stage 1 Unbelted Stage 2
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Droptower Tests and Simulations 
 
     To obtain the validated airbag models, droptower 
tests and simulations are conducted. Figure 4 shows 
the droptower testing picture. 
 

 
 
Figure 4.  Passenger Airbag Droptower Testing. 
 
From the droptower tests, the acceleration, velocity 
and displacement of the drop mass are measured.  To 
obtain the validated airbag models, droptower 
simulations are conducted using a droptower model 
as seen in Figure 5. 
 

 
 
Figure 5.  Passenger Airbag Droptower 
Simulation Model. 
 
During droptower simulation, the acceleration, 
velocity and displacement of drop mass in the 
droptower model are correlated to the ones from the 
droptower test by changing the parameters in the 
model. The parameters adjusted were the effective 
area of vent hole according to bag pressure change 
and gas leakage amount through connection  parts 
according to bag pressure change.  Therefore, the 
airbag models are dependent on the bag pressure and 
independent of time. Figure 6 shows the correlated 
acceleration, velocity and displacement curves for 
high output.  For the high output airbag model, the 
primary stage inflator model is fired first and then the 
secondary inflator model is fired with the time delay 
of 5 msec.  For the low output airbag model,  the 
primary stage inflator model is fired first and then the 

secondary inflator model is fired with the time delay 
of 120 msec.  
 

 
 
Figure 6.  Droptower Correlation For High 
Output. 
 
The validation levels of airbag models are checked 
by the validation statistics S/W which is internally 
developed by Key Safety Systems. The validation 
static number of “0” means the perfect matching of  
the simulation curve against the test curve. The large 
validation static number means poor matching 
between curves. If the average validation statistic 
number is below 0.15, the validation level is 
considered acceptable. In the passenger airbag 
models considered here, the average validation 
statistic number of low output airbag model was 
below 0.15 and the average validation statistic 
number of high output airbag model was also below 
0.15. Both were considered acceptable. Since the 
airbag models from droptower simulations are 
independent of time and dependent on airbag 
pressure, the airbag models can be incorporated into 
MADYMO sled models without concerning TTF’s. 
 
MADYMO Sled Model Simulations 
 
     In the initial sensor calibration, there were issues 
in 18mph-50th-unbelted-0 deg, 22mph-50th-unbelted-
0 deg and 25mph-50th-unbelted-RH 30deg Angular 
conditions. In 18mph-50th-unbelted condition, the 
max TTF of 26 msec in the unbelted stage 1 needs to 
be investigated through MADYMO simulation. In 
22mph-50th-unbelted condition, all TTF’s in unbelted 
stage 2 need to be investigated through MADYMO 
simulation. For the 25mph-50th-unbelted-RH 30 deg 
Angular condition, the high output is required. 
Therefore, MADYMO simulations are not needed 
and the sensor calibration needs to be improved to 
change the max TTF of 145 msec to within 30 msec 
which guarantees the high output with the fixed time 
delay of 5 msec. Considering the above, the 
MADYMO simulation matrix has been made as 
shown in Table 2. 
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Table 2.   
MADYMO Simulation Matrix 

 

 
 
Madymo simulation was conducted for the 18mph-
50th-unbelted-26msec-146msec condition. The injury 
bar chart is shown in Figure 7. As seen in Figure 7, 
all injuries were below 80% of the FMVSS 208 FRM 
limits. 
 

 
 
Figure 7. Injury Plot for 18mph-50th-unbelted-
26ms-146ms 
 
For the Madymo simulations of 22mph-50th-unbelted 
conditions, two more cases were added to Table 2 to 
investigate the wide range of time delay. Two added 
items to Table 2 were the “22mph-50th-unbelted-
18ms-36ms” and “22mph-50th-unbelted-18ms-38ms” 
conditions. Therefore, seven conditions were 
simulated for the “22mph-50th-unbelted” condition. 
For Madymo simulations, the validated Madymo sled 
model of “22mph-50th-unbelted-15ms-135ms” was 
used. Table 3 shows the injury differences between 
the validated Madymo model simulation, sled test 
and barrier test in the “22mph-50th-unbelted-15ms-
135ms” condition. From Table 3, it is noticed that the 
Ncf and neck compression were the concerns in 
22mph-50th-unbelted condition. In the Ncf and neck 
compression, the validated Madymo model over-
predicted against the sled test results and the sled test 
results over-predicted against the barrier test results. 
 

Table 3.  
Comparison Between Validated Madymo 

Simulation, Sled And Barrier Test Results In 
22mph-50th-unbelted-15ms-135ms Condition 

 

 
The reason why the sled test results over-predicted 
against the barrier test results is that the Lexan 
windshield is used in the sled test and there is 
pitching motion in the barrier test. The Lexan 
windshield is much stiffer than the glass windshield 
of the vehicle. Also, the vehicle pitching motion in 
the barrier test minimizes the head contact with the 
windshield. Considering these facts, MADYMO 
simulations were conducted using the validated 
MADYMO model to investigate the maximum 
allowable time delay in 22mph-50th-unbelted 
condition. As pointed out before, seven conditions 
were simulated. In determining the maximum time 
delay, the Ncf, neck compression and HIC15 were the 
critical injuries which were considered here and may 
be produced from head contact with the windshield. 
Table 4 shows the Madymo sled model simulation 
results.  As seen in Table 4, HIC15, Ncf and neck 
tension were the responses which need to be 
investigated. Figure 8 shows the variation in HIC15, 
Ncf and neck compression according to TTF’s 
variation. Considering Figure 8, Madymo simulation 
with “18ms-33ms” produces HIC15, Ncf and neck 
tension which are below 100% of the FMVSS 208 
FRM limits. However, considering over-prediction in 
Table 3, the TTF condition of “18ms-36ms” is 
considered to produce HIC15, Ncf and neck tension 
which are below 100% of the FMVSS 208 FRM 
limits, in sled and barrier tests. Therefore, the TTF 
condition of “18ms-36ms” was chosen for the sled 
test to confirm the injuries. 

Madymo Sled Barrier

HIC36 451 403 264

HIC15 451 403 241

Nce 0.754 0.609 0.494

Ncf 1.041 0.877 0.775

Nte 0.293 0.457 0.279

Ntf 0.367 0.269 0.392

NT (N) 423 819 1517

NC (N) 4646 3751 3044

Chest 3ms (g) 29.3 38 32.3

Chest Defl. (mm) 17.4 7.5 6.5

Femur left (N) 5456 4340 5062

Femur right (N) 4979 4369 3728
   Exceeded FRM limits.
   Exceeded 80% of FRM limits.

1st TTF (msec) 2nd TTF (msec)

18mph-50th-unbelted 26 146

22mph-50th-unbelted 16 24

22mph-50th-unbelted 18 28

22mph-50th-unbelted 18 29

22mph-50th-unbelted 18 31

22mph-50th-unbelted 18 33
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Table 4. 
MADYMO Simulation Results With 

Different Time Delays In 22mph- 
50th-unbelted Condition 

 
Speed 22mph 22mph 22mph 22mph 22mph 22mph 22mph

Dummy 50th 50th 50th 50th 50th 50th 50th

Belt unbelted unbelted unbelted unbelted unbelted unbelted unbelted

Primary 16 ms 18 ms 18 ms 18 ms 18 ms 18 ms 18 ms

Secondary 24 ms 28 ms 29 ms 31 ms 33 ms 36 ms 38 ms

HIC36 178 259 267 272 405 389 654

HIC15 125 213 221 216 405 389 654

Nce 0.244 0.547 0.496 0.568 0.62 0.689 0.908

Ncf 0.249 0.85 0.695 0.84 0.886 0.893 1.284

Nte 0.178 0.168 0.188 0.172 0.352 0.22 0.309

Ntf 0.273 0.333 0.336 0.327 0.331 0.362 0.452

Neck Tension (N) 346 93 381 193 336 637 484

Neck Comp. (N) 990 3369 3056 3497 3820 4244 5593

Chest 3ms (g) 32 29.7 30.9 31.2 32.6 31.2 33.5

Chest Def. (mm) 17 18.5 18.4 18.5 19.3 19.1 19.7

Femur left (N) 5519 5418 5471 5453 5484 5486 5511

Femur right (N) 4944 5020 5030 5019 5014 5043 5033

     Exceeded 80% of FMVSS 208 FRM limits.
     Exceeded 100% of FMVSS 208 FRM limits.  
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HIC15

Ncf

Neck Comp

 
 

Figure 8.  Comparison In HIC15, Ncf And Neck 
Compression. 
 
Confirmation Sled Testing 
 
     The confirmation sled testing has been conducted 
with the “22mph-50th-unbelted-18ms-36ms” 
condition to identify the injuries. Table 5 shows the 
sled test and Madymo simulation results. It is seen 
from Table 5 that Madymo simulation under-
predicted Ncf by 13% and over-predicted neck 
compression by 9% against the sled test. When 
considering Table 3, the TTF condition of “18ms-
36ms” may be OK to meet the FMVSS 208 FRM in 
the barrier test. However, the TTF condition of 
“18ms-33ms” was chosen for safety which shall 
guarantee all injuries in the barrier test below 80% of 
the FMVSS 208 FRM limits.  Therefore, the worst 
case in 22mph-50th-unbelted condition which the 
sensor calibration should satisfy was the “18ms-
33ms” which gives the time delay of 15 msec in the 
speeds below or equal to 22mph. Initially the fixed 
time delay of 5msec had to be met by the sensor 
calibration. 

Table 5. 
Madymo Simulation Vs. Sled Test 

Results In 22mph-50th-unbelted-18ms-36ms 
 

 
 
Renewed Sensor Calibration 
 
     As mentioned before, the fixed time delay of 
5msec caused the issues in 22mph and 25mph-RH 30 
deg angular conditions and the late TTF caused issue 
in 18mph. After Madymo simulations and 
confirmation sled test, the maximum time delay of 15 
msec could be given in 22mph-50th-unbelted 
condition. Also the 1st stage TTF of 26ms could be 
confirmed in 18mph-50th-unbelted condition. 
Therefore, the RTTF of 18mph became 26ms and the 
time delay of 15ms could be allowed in the speeds 
below or equal to 22mph. However, the fixed time 
delay of 5ms was kept in the speeds above or equal to 
22mph.  With these new conditions, the sensor 
calibration was repeated. Table 6 shows the new 
calibration results in 18mph-50th-unbelted, 22mph-
50th-unbelted and 25mph-50th-unbelted-RH 30 deg 
angular conditions. 
 

Table 6.   
2nd Sensor Calibration 

 

 

Madymo Sled

HIC36 389 279

HIC15 389 279

Nce 0.689 0.626

Ncf 0.893 1.009

Nte 0.22 0.19

Ntf 0.362 0.408

Neck Tension (N) 637 311

Neck Comp. (N) 4244 3864

Chest 3ms (g) 31.2 38.4

Chest Def. (mm) 19.1 20.8

Femur left (N) 5486 4225

Femur right (N) 5043 3470

   Exceeded 100% of FMVSS208 FRM limits.
   Exceeded 80% of FMVSS208 FRM limits.

Test 
Condition

Required 
TTF 

(msec)
Min TTF

Normal 
TTF

Max TTF
Required 

TTF 
(msec)

Min TTF
Normal 

TTF
Max TTF

18mph-50th-
unbelted-0 

deg.
26 19 25 26 26+120 139 145 146

22mph-50th-
unbelted-0 

deg.
18 18 20 20 18+15 22 24 29

25mph-50th-
unbelted-RH 

30deg.
27 16 16 18 27+5 18 18 20

Did not meet the RTTF.

Unbelted Stage 1 Unbelted Stage 2
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In Table 6, it is noticed that the normal TTF and 
maximum TTF of 1st stage in 22mph did not meet the 
RTTF. Therefore, MADYMO sled simulations were 
conducted to confirm the injury values in 22mph-
50th-unbelted-20ms-24ms and 22mph-50th-unbelted-
20ms-29ms conditions. 
 
2nd Madymo Sled Model Simulations 
 
     As mentioned above, Madymo sled model 
simulations were conducted in the above two 
conditions. The injury results are shown in Table 7. 
As seen in Table 7, all injuries were below 80% of 
the FMVSS 208 FRM limits. Therefore, the RTTF of 
1st stage in 22mph can be changed from 18 msec to 
20 msec. In that case, the yellow colored cells in 
Table 6 can be removed.  With the 2nd sensor 
calibration , there were no issues in other speed 
conditions. Therefore, the 2nd sensor calibration could 
be finalized, producing acceptable injury values in all 
speed conditions. 
 

Table 7.   
2nd Madymo Simulation Results In 22mph-50th-

unbelted Conditions 

 
 
CONCLUSIONS 
 
     In this work, dual stage inflator modeling was 
very important to give time delays between the 1st 
and 2nd stages of inflator. Even if the validated 
Madymo sled model is used, the Madymo sled model 

simulation results should be carefully analyzed with 
sled and barrier test results to judge over-predicted or 
under-predicted injury numbers. Through Madymo 
sled model simulations, the RTTF of 1st stage could 
be changed from 23 msec into 26 msec in 18mph-
50th-unbelted condition. In the 22mph-50th-unbelted 
condition, Madymo sled model simulations allowed 
the time delay of 18 msec between 1st and 2nd stages 
and the sled test result confirmed it. However, the 
time delay of 15 msec was chosen for safety. With 
the maximum time delay of 15 msec allowed in the 
speeds below or equal to 22mph, the 2nd sensor 
calibration was successful in all conditions except the 
1st stage  RTTF confliction in 22mph. Through the 
Madymo sled model simulations, the original RTTF 
of 18 msec could be changed to 20 msec without any 
injury issues. Therefore, Madymo sled model 
simulations could guide the sensor calibration 
successfully in all conditions. 
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Speed 22mph 22mph

Dummy 50th 50th

Belt unbelted unbelted

Primary 20 ms 20 ms

Secondary 24 ms 29 ms

HIC36 267 273

HIC15 222 270

Nce 0.341 0.647

Ncf 0.537 0.79

Nte 0.159 0.236

Ntf 0.278 0.316

Neck Tension (N) 414 28

Neck Comp. (N) 2103 1599

Chest 3ms (g) 29.8 31.82

Chest Def. (mm) 17.9 19.2

Femur left (N) 5431 5455

Femur right (N) 5006 4591
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ABSTRACT

In July 1994 it became mandatory for Australian
coaches to have three point seat belts in all passenger
seats. This was the final part of a safety package that
introduced improved rollover strength, improved
emergency exits and other occupant protection
initiatives. These measures followed two horrendous
Australian bus crashes in 1989.

In Australia it is now common for groups, such as
schools, to insist on coaches with three point seat
belts for long trips.

The technical, operational and behavioural issues
associated with three point seat belts on coaches are
reviewed. Estimates of the effectiveness of these
features in coach crashes are discussed.

INTRODUCTION

A serious downside with international harmonization
of vehicle safety standards is that it too easily
provides a “feel good” comfort zone for regulators
and policy-makers. Sometimes it takes high media
coverage of a tragedy to provide the political
motivation to go beyond lowest common
denominator (harmonization) and set a new world-
leading benchmark in road user protection standards.
Such a situation happened in Australia and led to the
introduction of retracting three point seat belts on all
passenger seats of new coaches.

Early in 1989 Australia was in the process of
committing to international harmonization of coach
occupant protection, with the intention of introducing
a new Australian Design Rule based on ECE
Regulation 80.  In essence this required that coach
seatbacks be strong enough and have energy
absorbing properties to be able to ‘catch’ an occupant
seated to the rear, and hence safely restrain them in a
severe frontal impact.

However, late in 1989 two separate coach crashes
occurred  which resulted in 19 fatalities in the first
crash and 35 in the second crash.  Both were head-on

crashes (the first with a heavy truck, the second
between two coaches) in New South Wales on a two-
lane national highway with a speed limit of 100km/h.

On-scene reviews by federal and state vehicle safety
experts concluded that a regulation based on ECE 80
would not have been effective in these crashes.

Initial calculations indicated that nothing less than
three point seat belts with a 20g crash force capability
would offer adequate protection. This lead to the
development of Australian Design Rule 68 (ADR 68)
which became mandatory for all Australian coaches
built from July 1994. Route service (urban) buses are
exempt from ADR 68.

A Federal Office of Road Safety (FORS) Regulatory
Impact Statement prepared in 1992 states that bus
manufacturers and operators were critical of the
proposed ADR and cited cost and weight penalties
inherent in the package (FORS 1992). More than a
decade later it is evident that those initial concerns
were unfounded and acceptance of this rule by
government, industry and road users is reportedly
high.

In recent years consumer demands (particular school
excursion/tour groups) have brought about a need for
retro-fitting packages and/or phasing out of older
coaches not fitted with three point seat belts.

Surprisingly, this Australian initiative has not been
widely adopted internationally. Some researchers and
regulators continue to debate the technical feasibility
and consumer acceptance of three point seat belts on
coaches, despite the use of such systems in Australia
for more than 10 years

DYNAMIC TESTING OF PROTOTYPE SEATS
AND SEAT BELTS

When ADR 68 was legislated coach seat
manufacturers were initially reticent to conduct the
necessary development work to produce seats which
complied with the ADR. This had the potential to
delay or abort the introduction of ADR 68 because, if
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complying seats were not available, then coach
manufacturers and purchasers could legitimately have
requested indefinite delays in the introduction of the
rule.

To prevent this occurring, the New South Wales
Roads & Traffic Authority (RTA) made an offer to
coach seat manufacturers that there would be no fees
for testing and assessment of their developmental
prototype seats by the RTA Crashlab research and
test facility. Initially manufacturers were reluctant to
take up this offer.

Once the industry realised that the offer was for a
limited time and that it involved considerable cost
savings then successful collaborative development
and test programs commenced. It wasn’t long before
enough seat manufacturers took up the offer to ensure
the availability of ADR 68 seat and seat belt products
in Australia.

Another widely held industry perception was that the
more than doubling of the seat strength required
would lead to significant increases in the weight of
seats, which in turn, would reduce passenger capacity
(FORS 1992). This would have affected the
economics of coach travel.

Some of the early prototype seats did indeed get
heavier. Manufacturers tried to meet the new
standards by ‘beefing up’ (strengthening) the existing
product with additional steel bracing.

These “beefed up” prototypes did not perform well in
the testing process. Coach seat designers therefore
decided to start with a ‘clean sheet’ and modern
design tools.  Taking this approach, seat
manufacturers soon came up with seats which were
more than twice as strong,  weighed less  and were
not significantly more expensive (excluding the cost

of seat belts) to produce than the original product.

Before ADR 68, Australian coach seats typically
weighed 30 to 35 kg per pair. The latest Australian
seats weigh as little as 25kg per pair with seat belts.
For comparison, U.S. seats without seat belts are
reportedly in the order of 40 kg per pair.

When ADR 68  was introduced there were
approximately five coach seat manufacturers in
Australia.  For various reasons there are now two
major suppliers of coach seats in Australia
(McConnell and Styleride), with one of the bus
manufacturers, Autobus, producing some of their
own seats. Reportedly a very small number of bus
seats are imported.

Besides new coaches, there is now also a relatively
active retrofit program for ADR 68 seats in Australia.

Seat sales

Based on advice from the two major manufacturers of
coach seats in Australia it is estimated that, since
1994, between 4,000 and 5,000 coaches have been
fitted with ADR 68 seat and seat belt packages.

McGuire et al (2002) reported that, as at 2001, in
New South Wales, 60% of registered buses (route
service buses and long distance coaches) had been
built before 1994 .  This suggests that in 2001 about
40% of all registered coaches should have been fitted
with ADR 68 seat and seat belt packages. Based on
the turnover of the fleet, it is estimated that, currently,
more than 60% of Australian coaches have ADR 68

Figure 1. Wall/floor mounted bus seat with
integral three point seat belts (Styleride)

Figure 2. Floor mounted bus seat with integral three
points seat belts (McConnell)
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seat and seat belt packages. Importantly, new buses
typically travel three times further each year than
buses that are ten years or older (FORS 1992).
Therefore the total annual kilometres for buses
equipped with three point seat belts is likely to be
much higher than 60% of all long-distance bus travel
in Australia.

New coach purchases

The necessary lead time for the introduction of ADR
68 may have allowed some coach operators to order
additional new buses for delivery before July 1994,
so that they could avoid having the buses fitted with
seat belts. There was reportedly a flurry of pre July
1994 coach building and a short term downturn in the
manufacture of new buses following July 1994.

At around the same time the introduction of
significantly cheaper air travel in Australia led to a
further downturn in the requirement for new coaches.
The competition from airlines also meant that some
coach operators ceased business. As a result a cheap
source of pre-July 1994 coaches came onto the
Australian market. This may have resulted in a
temporary setback in the uptake of coaches with three
point seat belts.

CRASH PERFORMANCE

Fortunately, up to the time of writing, there has been
no repeat of the catastrophic 1989 crashes in
Australia.

Since 1994 there have been several serious bus
crashes but no seat belt wearing occupant has been
reported as receiving fatal or disabling injuries in any
of these crashes.  Paradoxically, the lack of serious
coach crashes has resulted in a low level of in-depth
investigation of coach crashes since 1994.

One reported crash to a coach occurred in a
predominately frontal impact with the crash pulse
assessed as equivalent to a 6g peak deceleration.

This coach was built in 1996 had 52 seats with three
point seat belts.  It was fully occupied and according
to the tachograph was travelling at approximately 85
km/hr when it impacted a culvert. Post-crash
inspection of the vehicle indicated that 47 of the 52
occupants were wearing their seat belts at the time of
the crash.  The two fatalities occurred from an
unrestrained, sleeping relief driver who was thrown
forward and his head struck the base of a seat.  The
second was a 12 year old child sleeping in the aisle.
The remaining three unrestrained occupants had
impacts with the seats ahead of them.

In another sideswipe crash between a truck and a
coach, only one coach occupant received significant
injury.  In that case, the occupant (who was a tour
guide) was unrestrained and was thrown forward into
the footwell of the coach where their lower leg was
partially amputated by intruding objects.

Further details of these and other crashes of coaches
fitted with seat belts will be available in time for
presentation at the ESV Conference in June 2005.

The Regulatory Impact Statement (RIS) that was
prepared for ADR 68 did not attempt to estimate the
effectiveness of three point seat belts on buses
(FORS 1992). Instead the RIS indicated that the costs
of building buses to ADR68 would be offset if the
trauma cost were reduced by 20% to 41% (for a range
of assumptions that have subsequently turned out to
be too conservative).

Given the lack of severe coach crashes since 1994
and the lack of in-depth studies it is not possible to
estimate the effectiveness of three point seat belts
from Australian data. An estimate can, however, be
made from US reports that have evaluated school bus
crashes (Paine 2004, Peder 2002).

Crashes potentially influenced by lap/sash seat
belts

Lap/sash seat belts could be expected to reduce
injuries in frontal, side and rollover crashes of buses.
Of crashes in which US school bus passengers were
killed, 33% were frontal collisions and 26% were
side collision (NHTSA 2002) . The number of
rollovers (without prior frontal or side collision) is
unknown but is no more than a few percent. It is
therefore estimated that about 60% of all bus crashes
in which passengers are injured could be expected to
be influenced by lap/sash seat belts.

Effectiveness of three point seat belts in relevant
crashes

NHTSA estimates that lap/sash seat belts would be
50% effective in reducing passenger fatalities in
frontal crashes (NHTSA 2002). No estimate is given
for other crash configurations but the authors note
“properly used lap/shoulder belt systems have the
potential to be effective in reducing fatalities and
injuries in other (non-frontal) crashes. Belt systems
are particularly effective in reducing ejection in
rollover crashes” (NHTSA 2002).

Assuming these values also apply to Australian long
distance coaches then three point seat belts could be
expected to save about 30% of all fatal and serious
injuries to coach occupants. This is within the range
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for cost effectiveness derived by FORS (1992) and
based on very conservative assumptions about costs.
This indicates that the lighter, cheaper seats that are
now being installed in Australia are cost effective on
long-distance coaches. This is regarded as a bonus
because the original justification for ADR 68 was
based, in part, on public expectation of higher
standards of safety for coach passengers (FORS
1992).

These estimates are based on the assumption that all
coach occupants wear their seat belts. Additionally it
is noted that unrestrained occupants become a hazard
to restrained occupants in severe crashes. Seat belt
wearing rates are therefore an important factor in the
continued success of the coach safety improvements.

SEAT BELT WEARING RATES

When the ADR 68 package was first introduced in
Australia in 1994, the New South Wales Department
of Transport (DOT), in conjunction with the RTA,
committed to introduce programs to encourage high
seat belt wearing rates, once coaches became
available with seat belts.

It was envisaged that the seat belt wearing programs
would be based on aircraft safety style briefings at
the commencement of a journey.

There were already a number of activities which were
prohibited on coach travel, and which, if breached,
meant that a passenger would be offloaded, that is,
they were essential conditions of travel.  These
included:-

- no alcohol consumption

- no smoking, etc.

It was planned to give a briefing where passengers
were told that it was a condition of travel that the seat
belt be kept fastened at all times, unless they were en
route to a onboard rest room.

The planned briefings were to be standardized video
presentations, where the development and supply of
the videos was to be undertaken by the RTA.  Where
video facilities were not available on a coach
(anticipated to be extremely rare for new coaches),
then a standard briefing would be required to be read
by the driver.  As the bus regulator, the DOT had the
authority to make it a condition of operation that
these briefings were given at the commencement of a
journey.

Unfortunately organisational changes within both
departments during the 1990s meant that these
commitments were not implemented. Furthermore we
are not aware of any objective observational studies

of the use of seat belts in coaches in normal charter or
inter-city coach operations in Australia.

School bus trial

In a review of school bus safety in Queensland in
2001 by the School Transport Safety Task Force, the
prospect of seat belts on school buses was examined.

Despite receiving evidence to the contrary, the
Taskforce recommended a gradual introduction of
seat belted buses into the school bus fleet.

In response to the recommendation, the Queensland
government conducted a trial between January and
June 2003.  Seat belts were fitted to 12 school buses
operating on long, steep and very steep routes in
Queensland.  An automatic mechanical/electronic
seat belt wearing detection system was developed and
fitted to six of the buses (Roper 2003).  It had a
switch in each seat belt buckle to determine whether
the belt was fastened.  Cabling was used from each
individual buckle to data logging equipment at the
rear of the bus.

Wearing rates varied widely from 14% to 89% with
an average of 45%.  Encouragement to wear the belts
by teachers and parents had little effect on
compliance.  Teachers and parents interviewed and
surveyed showed a tendency to significantly over-
estimate wearing rates.

Overall, the study reported:-

- The seat belt wearing rates recorded by this new
system during the trial were generally low, even
in areas of high encouragement.  This indicates
that some form of regulation is required to
persuade students to wear the seat belts.

- The low wearing rates may also be the result of
the design of the seats and belts, with many
students reporting that they were uncomfortable
and difficult to take on and off.  This is
compounded by the attempts of students to move
around and talk to their peers around the high
back seats.

- The misconceptions in the school community
about seat belt wearing rates on the buses show
that parents and schools are often unaware of
what occurs on the school bus.  This also
indicates that there is a need for these groups to
be more involved in the issue of school bus safety
in order to increase wearing rates.

- Ultimately seat belts will not provide any safety
benefits on school buses if they are not worn by
the passengers.  The results of this (Queensland)
study show that the issue of seat belts on school
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buses is a complex one, requiring commitment
from government, bus operators, schools,
parents and students to achieve an effective
compliance system.

Ultimately, the findings of this study identified many
issues concerning the mandatory installation of seat
belts on selected school buses.

Given the nature of the expert submissions made to
the Queensland School Transport Safety Taskforce
(that there are much more effective areas in which to
spend money to improve safety of transport of
children to and from school) this is probably a good
outcome.

Wearing rates in Australian coaches

The information on wearing rates from those very
few coach crashes that have been investigated shows
a very wide disparity.  The 1996 Tenterfield case
showed a wearing rate of 47 out of 52(90%), whereas
(unpublished) Police anecdotal records of several
other coach crashes indicate wearing rates of less
than 20%.

As stated earlier, no objective scientific observational
studies have been conducted of seat belt wearing
rates on coaches in Australia.

Three point seat belt equipped coaches were provided
for delegate transportation to social functions at the
1996 ESV Conference in Australia, and ICrash 2002
in Australia.  During these trips two of us observed
wearing rates of well under 50%, despite the
conference attendees being mostly experienced crash
injury researchers.

It appears that the situation is very similar that of car
seat belts in the mid-1960s - the technology has been
sorted out but users are unaware of the severe injuries
that can be sustained by (and due to) unrestrained
occupants in crashes of relatively low severity.

There is clearly a need for an education program to
encourage seat belt wearing by coach occupants.

CONCLUSIONS

During the research for this paper it became evident
that registration and certification systems in Australia
were no longer capable of easily identifying the
individual or collective compliance of buses and
coaches with individual design rules.  What this
means is that in any review of their relative safety, it
is difficult to conduct comparative analysis of their
performance.

In terms of monitoring the usage and effectiveness of
seat belts on coaches in Australia, it became clear that
there are no:-

- objective scientific observational studies of the
usage of seat belts on coaches in normal use, and

- routine evaluations of the usage of seat belts on
coaches involved in injury causing crashes in
Australia.

However, it is likely that typical wearing rates are
low (maybe 20%) and plans, developed in the early
1990s, to encourage coach occupants to wear seat
belts should be resurrected. The need for such a
program was notably absent from an RTA paper on
heavy vehicle safety issued in 2003. The paper
mentioned the widespread availability of seat belts on
coaches but failed to acknowledge the potential
problem of low wearing rates (RTA 2003).

Initial concerns about the cost and weight of seats
fitted with three point seat belts have proved to be
unfounded. The breakthrough was to abandon
traditional seat designs and to develop new seats
using modern engineering design tools. The resulting
seats, fitted with seat belts, are no heavier (actually
lighter in some cases) and not significantly more
expensive than their predecessors. The importance of
this outcome should not be underestimated - the
potential benefits of seat belt restrained coach
occupants has been achieved without increasing the
cost of coach travel in Australia.

Australian coach seat suppliers report that typical ‘no
frills’ ADR 68 seats with integrated seat belts but no
accessories weigh approximately 25kg for a double,
whilst a top of the range ADR 68 seat with
accessories (recliner, footrest, trays etc.) weighs in at
30kg.  This is significantly less than the 40kg
typically reported for a double coach seat without
seatbelts in North America.

The favourable weight and cost issues make it all the
more surprising that this proven measure has not
been more widely adopted elsewhere in the world
The “not invented here” syndrome can lead to
unfavourable outcomes for road safety.
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ABSTRACT 

 

Over the past few years, the demands on future 
vehicle generations concerning pedestrian 
protection improvement have been discussed 
especially in various European and Japanese 
automobile committees, consumer protection 
organizations and by legislation. These 
discussions led to, amongst other activities, 
government regulations for Europe and Japan, 
which prescribe various testing which verifies 
pedestrian protection. In order to fulfill the 
prescribed head impact tests, a certain stiffness 
characteristic of the bonnet is necessary, which 
can be achieved besides passive means with an 
active bonnet lifting device. They consist of a 
sensor system, which detects the pedestrian 
impact, and an actuator system, which lifts the 
bonnet.  

In this article, the main focus will be on the 
development of a sensor system including the 
discussion of requirements arising from 
legislative specifications and OEM market 
trends. Furthermore, typical test and simulation 
procedures are presented which provide the input 
for algorithm development. A central point 
regarding algorithm performance is the 
capability of pedestrian detection, especially 
under consideration of different temperatures, 
mounting and production tolerances and an 
inhomogeneous front end stiffness distribution. 
The differentiation of pedestrian collisions from 
misuse objects (e.g., stone- and bird-impact, 
parking dent) is also an important aspect, 
because a high misuse activation rate has a 
negative influence on customer satisfaction. This 
item will be also discussed. 

 

 

 

 

 

INTRODUCTION 

 

In order to fulfill the legal requirements from the 
European directive 2003/102/EC on pedestrian 
protection which will come into effect 2005 (phase I) 
and 2010 (phase II), passive as well as active 
protection measures can be used. Design solutions 
must be found for the bumper, the front end and in 
particular the bonnet in order to provide the capability 
for kinetic energy absorption without exceeding load 
limits for the pedestrian. This in turn requires an 
appropriate (low) vehicle structure stiffness in 
conjunction with a necessary deformation space. A 
protection concept which has been frequently 
examined concentrates on the lifting of the bonnet 
before the head impacts the vehicle in order to 
provide the necessary energy absorption capability in 
this area. Apart from the actuators, which are lifting 
the bonnet, this active protection system also requires 
sensor technology to recognize and classify the 
collision object.  

A holistic approach is a fundamental requirement of 
developing an active pedestrian protection system. 
Among other things this means that suitable actuators 
need to be developed dependant on the sensor 
technology's performance. The possibility of the 
actuators' reversibility must be more or less 
comfortably characterized according to the detection 
safety of activation and misuse loading cases. Sensor 
systems which supply little information about a 
collision object can necessitate a high level reversible 
actuator, in order to avoid a garage stop after misuse 
activation and to ensure customer satisfaction. On the 
other hand, a sensor with high differentiation 
capabilities could be combined with a pyrotechnical 
actuator, because misuse activation probability is low. 
This relationship is visualized in Fig. 1. 
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Figure 1. Relationship between sensor and 
actuator capabilities. 

A further decisive point is the time required by 
the sensor system to generate a decision to 
activate (time to fire, TTF). The shorter the TTF, 
the lower the requirements of the actuators 
regarding the positioning time. 

Against this background it seems desirable to use 
predictive (pre crash) sensors for pedestrian 
detection. Since this however does not seem 
realistic before 2010 due to the technological 
challenges which have to be mastered, in short 
term the sensing of contact via force or 
deformation in the bumper area will be a 
considerable solution. 

 

CONTACT SENSORS SYSTEMS 
REQUIREMENTS 

 

Contact sensor system requirements can be split 
up into the ability to recognize collision objects 
and therefore also the differentiation or 
classification of those, and requirements 
regarding sensor integration into the vehicle. 

 

Differentiation / Classification 

 

The most important requirement is the ability to 
classify the object of collision which comes 
about depending on the necessity of 
differentiating between the deployment or 
activation loading case (fire) and a misuse 
loading case (no-fire).  

Legal Requirements or Specifications

An activation loading case based on current 
regulations must be recognized and the 

protection system must be activated. In future, Europe 
must obey the EC directive 2003/102/EC for 
pedestrian protection [1] in connection with document 
2004/90/EC (technical prescriptions for the 
implementation of article 3 of directive 2003/102/EC) 
[2]. Therefore, the lower leg impact should be 
considered as a basic activation loading case.  

Field Stability 

An activation loading case in the field and in the 
approval tests should be detected. Due to part II, 
chapter I, section 1.1.2 of document 2004/90/EC 
which states that 

"All devices designed to protect vulnerable road users 
shall be correctly activated before and/or be active 
during the appropriate test. It shall be the 
responsibility of the applicant for approval to show 
that the devices will act as intended in a pedestrian 
impact" 

it seems appropriate to design lower limit impactors, 
which are able to provide impact characteristics of the 
smallest relevant pedestrian for verification of active 
systems. In case these impactors are not available or 
the sensor algorithm is not proven to activate 
automatically at higher impact energy in case it does 
in the lower limit case, full scale crash tests with the 
dummy of a 6 year old child, the 5 %ile-woman, the 
50 %ile- and 95 %ile-man can be conducted. 
However, the correlation between human and dummy 
regarding mechanical characteristics in a pedestrian 
accident is an open issue which needs to be examined 
further in future. 

Frontal Crash Detection 

An erroneous activation must be avoided if the safety 
of the vehicle's occupants becomes endangered. This 
could be the case for example during a car to car 
crash or the impacting of an obstacle. A raised bonnet 
which has not been secured further could possibly 
penetrate the passenger compartment.  

Misuse Stability 

Erroneous activation during a vehicle collision for 
example with stones, snow drift or a traffic beacon 
(traffic sign) should be avoided in order to ensure 
customer satisfaction. This point becomes significant 
particularly with non-reversible actuator systems, 
when an erroneous activation would require a visit to 
the garage afterwards. Misuse objects with a high 
probability of being involved in accidents are listed in 
Table 1. 
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Table 1. 

Important misuse objects 

Snowdrift, snow hill
Tree, branch on street (after storm)
Big deer (red deer, wild boars,...)
Traffic sign, traffic light
Fence, barrier grid,...
Traffic beacon, pylons, post
Ball
Stone  
 

Physical collision parameters such as collision 
speed, mass and shape of collision object and 
front end deformation characteristics (point of 
contact, intrusion, intrusion speed) can be 
considered as differentiation criteria. In addition 
to the choice of differentiation criteria, the 
relevant thresholds must be determined, in order 
to distinguish the activation loading cases from 
the misuse cases. Usually parameters of the 
collision object (e.g. mass) cannot be determined 
directly, but rather indirectly via energy, 
deformation or dynamic characteristics on the 
front end. Vehicle speed can be processed as 
additional information from an ABS system via 
the CAN-Bus. 

Activation thresholds for the collision speed can 
be derived based on statistical investigations for 
the distribution of injury severity and the 
frequency of pedestrian and cyclist accidents. 
Regarding injury severity, it can be seen that at a 
collision speed of 20 kph to 30 kph, the majority 
of pedestrians and cyclists (around 80%) remain 
uninjured or only minimally injured (MAIS 1), 
whilst approximately 20 % casualties suffer 
injuries of severity MAIS 2 to 4 [5]. The risk of 
having lethal injuries in this speed range is 
however almost zero. An upper threshold for the 
activation speed range came about due to the fact 
that already almost 95% pedestrian and cyclist 
collisions occur under 60 kph. The majority of 
all pedestrian and cyclist accidents are therefore 
covered by protection systems, which work in 
this velocity range [4]. However, precise 
examination – also with consideration of legal 
requirements – needs to be carried out in order to 
establish appropriate upper and lower velocity 
thresholds for the protection system activation. 

 

 

 

Vehicle Integration 

 

Integration into a vehicle places further requirements 
onto a contact sensor system: 

Adaptability to Varying Levels of Stiffness on the 
Front End 

Usually the bumper area of a vehicle is not built 
homogeneously throughout the width, but rather, 
shows certain features e.g. openings in the foam for 
the tow hook and parking sensors or changes in the 
outer paneling geometry. These variations in 
constructive design lead to differing stiffness 
distribution of the bumper over the whole vehicle 
width. This can lead to different sensor signals being 
measured at different impact positions with the same 
collision object. A contact sensor system should be in 
a position to take these variations into account. 

Adaptation to Varying Operating Temperatures 

Temperature changes to the front end lead to a change 
of the mechanical characteristics. This leads for the 
same collision object to different sensor signals at 
high or low temperature compared to the signal 
obtained at room temperature (see section 3.2). These 
effects must also be taken into account by the sensor 
system and must not lead to an erroneous activation. 

Service Life 

The sensor system must work throughout the lifecycle 
of the vehicle. Requirements arise regarding ageing, 
environmental conditions, vibration, petty damage 
etc., according to each automobile manufacturer's 
specifications.  

Insensitivity Compared with Installation and 
Manufacturing Tolerance 

The operativeness of the sensor system may not be 
impaired due to the variation of component 
characteristics, e.g. variations of the hardness of the 
bumper foam and the sensor's position tolerance. 

Electro-Magnetic Compatibility 

The sensor system's reliability performance must not 
be impaired by electro-magnetic radiation. 

Design Neutrality 

The sensor system should be able to be integrated into 
the vehicle without influencing the exterior. 
Modifications to components which are not visible 
and placed on the inside are however allowed but they 
should be kept to a minimum. 
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FIBER OPTIC CONTACT SENSOR (FOS) 

 

Before choosing an appropriate sensor system 
for active pedestrian protection, the requirements 
listed in the previous section need to be 
considered. The fiber optic contact sensor shows 
a system which correspond with the 
requirements in a particular way. The signal is 
not influenced by electro-magnetic waves and 
minor position deviations. Changes in 
temperature and a different distribution of 
stiffness of the front end can be taken into 
account.  

 

Setup 

 

The sensor itself is made up of a number of 
synthetic optical fibers, which are surrounded by 
light absorbing material, see Fig. 2.  

 

 
Figure 2. Set up of fiber optical sensor. 

 

Operating Principle 

 

The sensor's operating principle is based on the 
effect of micro bending. Each optical fiber is 
covered by a reflective coating, in order to 
minimize the losses during light transfer. By a 
specific treatment process, the coating is 
partially removed from the fiber. This results in 
an amplification or reduction of the light 
intensity compared to a reference state, 
depending on the bending direction, see Fig. 3. 

 

 
Figure 3. Micro bending principle. 

 

A constant loss of light exists with straight fibers 
which extends on upward flexion and decreases on 
downward flexion. The rate of loss is directly related 
to the direction of the fiber flexion and the height of 
the rate of loss is proportional to the strength of the 
curvature. The light intensity is converted in an 
optoelectronic interface into a voltage signal which is 
directly in proportion to the curvature in the sensitive 
area of the fiber. 

 

Sensing Area on 
Bumper (e.g. 16 
Sensor segments)

Sensing Area on 
Bumper (e.g. 16 
Sensor segments)

 
Figure 4. Sensor tape with single segments 
integrated in bumper foam. 
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The whole contact sensor is made up of 
individual sensor segments, see Fig. 4. With 
simple calibration methods the assigned bend 
angle for each sensor segment can be determined 
from the voltage signals. The foam deformation 
can be calculated via a geometric correlation 
from the bend angles occurring during operation.  

 

System Concept and Operating Method 

 

The conceptual set up of the protection system 
and the operating method are to be described as 
follows. Fig. 5 shows the principle set up of the 
system. 

Should the vehicle collide with an object, the 
deformation of the front end leads to bending of the 
sensor segments, which in turn, as described in the 
previous section, results in a change in light intensity. 
The measurement of light intensity change takes place 
on the reception side of the FOS-loop. These signals 
are called up constantly on a millisecond cycle. 
Voltage signals are generated from the light signals 
via an optoelectronic interface from which the 
relevant angle can be calculated, by means of 
calibration data. The processing of the angle data in 
the algorithm then provides the bumper deformation. 
The deformation of the front end and the sensor strip 
is dependant on the collision speed, the mass and the 
mechanical set up of the collision object. The 
characteristics of the collision object can be 
determined from the sensor signal by an appropriate 
algorithm. 

 

 
Figure 5. System set up. 

 

Data is passed on to the evaluation electronics as 
the whole bumper is scanned in a millisecond 
cycle, so that immediate data processing is 
possible in real time. A fire or no-fire decision 
can therefore be made within the required time. 
A typical requirement is that the trigger time – 
the time of the first contact of the collision object 
until the fire or no-fire decision – is less than 
10ms for higher collision speeds. Higher trigger 
times can also be accepted in cases of lower 
speeds due to pedestrian kinematics. But the set 
up times of the actuators system must always be 

considered when determining the trigger times. Due 
to the condition, both times are linked to one another 
so that their sum cannot be larger than the time of the 
first contact of the pedestrian with the vehicle to the 
head impact on the bonnet. 

If the algorithm reaches a trigger decision, the 
actuators are controlled by the system's electronics 
and the energy required for triggering or releasing is 
delivered. 

 

Contact sensor, integrated 
into passive protection 
measures for leg area 

Evaluation with 
algorithm in IPPS-
electronics  

Actuators for lifting 
of motor bonnet 

Sensor signal Control 
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SYSTEM DEVELOPMENT 

 

During system development, three types of tests 
can be conducted in order to generate a database 
for algorithm development: Drop tower tests to 
gain experience about the basic performance of a 
sensor system in a specific frontend followed by 
impactor tests to check system performance e.g. 
in case of a lower leg impact. By the aid of full 
scale crash tests, results regarding the system 
performance can be obtained, which are as close 
to the real accident scenarios as possible with the 
currently available testing technology, see also 
[3].  

Each test scenario can also be investigated in 
numerical simulation, which is especially 
advantageous in case when extensive parameter 
studies have to be considered. 

Fig. 6 visualizes the development process. 

Step 1
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System Engineering Process

 
Figure 6. Development process. 

 

Full Scale Crash Tests 

 

In order to analyze the sensor behavior in real 
accidents, crash tests can be performed. In Fig. 7 two 
typical scenarios are shown: The left side shows a 
pedestrian collision (upper part of Figure) with the 
associated sensor signal (lower part). On the right side 
a misuse object (traffic beacon) is presented, again 
with the associated signal. 

 

6 year old child dummy Traffic beacon
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The signal diagrams in Fig. 7 show a different 
shape for the dummy and the misuse object, 
which can be used to derive criteria for 
differentiation and classification of collision 
objects. According to the mass and stiffness 
distribution of a collision object, a specific object 
kinematics and deformation of the bumper 
occurs, which is reflected in the sensor signals.  

For the dummy, one can observe a continuously 
increasing signal amplitude up to approximately 
10 ms, then a short constant amplitude followed 
by a second increase and finally a slow degrease 
phase. The first increase is associated with the 
effect of the first dummy leg coming into contact 
with the bumper, followed by the impact of the 
second one, which results in the second signal 
increase.  

A completely different signal is generated by the 
traffic beacon. Here, one can observe a short 
contact duration due to the elasticity of the 
beacon and the relative low "effective" mass 
acting onto the frontend.  

If one considers the frontend and collision object 
as a dynamic system, the first natural frequency 
– which depends on the bumper stiffness and the 
colliding mass – is different. This is also 
reflected in the sensor signals in form of the 
contact duration. 

 

Impactor Tests 

 

Impactor tests are typically used to gain 
information about the system behavior in case of 
lower leg impacts (Fig. 8).  

 
Figure 8. Impactor test configuration.  

 

Furthermore, they are used to investigate the 
influence of different operating temperatures. Results 
of these tests are shown in Fig. 9, which indicate a 
clear temperature dependence of the frontend 
deformation and the signal amplitude. However, this 
effect can be compensated in the algorithm. 
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Figure 9. Temperature dependence of frontend 
deformation. 

 

 

System Simulation 

 

With the aid of numerical simulation, important 
questions can be clarified in the engineering process. 
Simulation has a particular advantage compared to 
testing in the determination of head impact times, due 
to the availability of validated human models, which 
represent accident kinematics better than test 
dummies. Another important advantage is the 
possibility to carry out extensive parameter studies at 
low cost, e.g. regarding different dummy postures, 
point of impact, collision speed, etc. 

In order to support pedestrian protection system 
development by numerical simulation, a process chain 
was established, which connects different simulation 
programs, see Fig. 10. FE-codes like PAMCRASH or 
LS-DYNA are used for mechanical simulations, 
MATLAB/Simulink for support of algorithm and 
electronic development and own developed codes for 
sensor simulation. 
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Figure 10. Simulation process chain. 

 

A standard task of simulation is the 
configuration of the energy absorption foam 
insert for passive lower leg protection. For active 
pedestrian protection systems special attention 
has to be paid to sensor integration, which 
necessitates in some cases model updates in 
order to represent the sensor in an appropriate 
way. A typical Finite Element Model is shown in 
Fig. 11. 

 

 
Figure 11. Simulation model. 

 

Algorithm-Development 

 

The significant element of the sensor system is 
the analysis of the data and it's evaluation and 
assessment in an algorithm which is as robust as 

possible. The objective is to establish optimized 
triggering criteria for the system. At the same time, 
aspects which have influence on the cost of the 
system as a whole are considered with respect to 
manufacturing and cost optimization. Close 
coordination between sensor development and 
algorithm development is necessary in order to, for 
example, minimize the number of individual sensor 
segments but simultaneously guarantee data or 
information density which is needed for a robust 
algorithm.  

At the current development stage of the generic 
algorithms developed at Siemens Restraint Systems, 
the data is processed as follows: An offset correction 
is applied to the voltage raw data by means of various 
filter functions. The correlation between voltage 
signal and angle is ascertained from the calibration 
undertaken of the individual sensor segments so that 
the angle information per segment is available as an 
input variable size for the algorithm. If the angle 
value exceeds a starter threshold, the intrusion and 
further derived rates are calculated, amongst which, 
criteria which are proportional to the mass of the 
collision object. The decision about the activation or 
non-activation of the pedestrian protection system can 
only be made after the trigger thresholds for the 
individual criterion have been determined. Fig. 12 
shows this process again schematically. 

 

Raw data 

Algo- 
start 

Vol t age 
output 

Offset 
corre c tion 

Angle  value 

Intr u sion 
crit e rion 

Mass propo r tional 
criterion 

High pass 
filter 

Calibr a tion 

Intrusion- 
based crit e ria & 

Dec ision Start 
thres h old? 

 

Figure 12. Algorithm set up. 

 

The system performance is shown in Table 2. A broad 
range of misuse objects can be distinguished from 
activation load cases. Due to different collision 
velocities which are associated with a different 
deformation speed of the frontend, different activation 
times are obtained. However, a smaller collision 
velocity results also in a larger head impact time, 
which means that for a given actuator time (which is 
usually not velocity dependent) the "benefit" of low 
collision speeds can be given to the sensor system. 
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The currently discussed requirement of 10 ms 
TTF at 40 kph collision velocity is met by the 
FOS system. 

 

Table 2.  

Activation times for several load cases 
Collision object Velocitiy [kph] Worst case TTF [ms] Requirement
6yod 15 16 Fire
6yod 20 13 Fire
6yod 25 11 Fire
50%ile 20 13 Fire

40 9 Fire
Small leg impactor 20 16 Fire

40 8 Fire
Lower leg impactor 20 14 Fire

40 7 Fire
Snow drift 20 - 50 No fire No fire
Small animal 20 - 55 No fire No fire
Ball 20 - 80 No fire No fire
Hammer induced excitation No fire No fire
Road testing 0 - 80 No fire No fire
Curb 60 No fire No fire  
 

 

CONCLUSION 

 

The work carried out shows that a high amount 
of classification potential exists with the fiber 
optic sensor system and an algorithm correctly 
adapted to the vehicle. Misuse load cases can be 
differentiated between activation load cases. 
However, the more a misuse object approaches a 
pedestrian regarding its mass and stiffness 
distribution, the more difficult the differentiation 
will naturally be. When a borderline case object 
falls with its mechanical properties into the 
category of a pedestrian, a sensor system will no 
longer be able to differentiate between the 
misuse object and the pedestrian. 

Since there is a high information content in the 
fiber optical sensor signal, there is far greater 
classification potential with this kind of system 
than with contact sensor systems, which are e.g. 
equipped with a simple switch and a constant 
threshold. 

Further studies show that regarding the 
transferability of the fiber-optic sensor system 
and the algorithm on other vehicles, this is 
possible with relatively small changes since the 
algorithm parameters needed to be adapted are 
few. 

 

 

 

REFERENCES 

 

[1] Directive 2003/102/EC of the European 
Parliament and of the Council of 17 November 2003 
relating to the protection of pedestrians and other 
vulnerable road users before and in the event of a 
collision with a motor vehicle and amending Council 
Directive 70/156/EEC. Official Journal of the 
European Union, L 321/15 

[2] Commission decision of 23 December 2003 
on the technical prescriptions for the implementation 
of Article 3 of Directive 2003/102/EC of the 
European Parliament and of the Council relating to 
the protection of pedestrians and other vulnerable 
road users before and in the event of a collision with a 
motor vehicle and amending Directive 70/156/EEC. 
Official Journal of the European Union, L 31/21 

[3] Matsui, Yasuhiro; Wittek, Adam; Konosu, 
Atsuhiro. 2002. Comparison of Pedestrian Subsystem 
Safety Tests Using Impactors and Full-Scale Dummy 
Tests. SAE Technical Paper Series 2002-01-1021. 
Warrandale, PA 

[4] Medizinisch Hochschule Hannover, TU-
Dresden, BAST, FAT/VAT. GIDAS - German In-
Depth Accident Study. Data from 1999 till 2003 

[5] Otte, Dietmar: Unfallforschung. Seminar. 
Aschaffenburger Safety Update 2003. 7.-May, 8th, 
2003, Aschaffenburg, Germany 

 

Scherf 9 



COMPARATIVE ANALYSIS OF FMVSS 208 SLED AND DYNAMIC DECELERATION PULSE 
CHARACTERISTICS 
 
Jai Singh 
Biomechanical Engineering Analysis & Research, Inc. 
United States 
 
John Perry 
Autodyne, Inc. 
United States 
Paper Number 05-0028 
 
ABSTRACT 

 
Equivalent half sine approximations derived 

from accelerometer data for Federal Motor Vehicle 
Safety Standard (FMVSS) 208 dynamic compliance 
testing and other substantially similar non-FMVSS, 
non-New Car Assessment Program (NCAP) tests 
were characterized in terms of amplitude, circular 
frequency, time duration and displacement.  The 
results were compared and contrasted with the 
idealized and actualized FMVSS 208 sled 
deceleration pulses.  A total of 346 dynamic tests and 
83 sled tests were considered.  For the passenger 
vehicle subset of the FMVSS 208 dynamic test 
population these parameters were 224.98 ± 30.39 
m/sec2, 34.11 ± 4.57 sec-1, 94 ± 13 msec and 0.619 ± 
0.089 meters respectively.  For the multipurpose 
vehicle subset of the FMVSS 208 dynamic test 
population theses parameters were 246.17 ± 43.61 
m/sec2, 37.78 ± 6.38 sec-1, 86 ± 15 msec and 0.557 ± 
0.100 meters respectively.  The differences in all 
parameters between the two classifications were 
significant (p < 0.00004).  For the dynamic frontal 
impact population en toto the valuations of these 
parameters for the passenger vehicle classification 
were 225.10 ± 29.07 m/sec2, 34.26 ± 4.26 sec-1, 93 ± 
12 msec and 0.612 ± 0.085 meters respectively 
whereas for the multipurpose vehicle classification 
they were 243.82 ± 43.37 m/sec2, 37.50 ± 6.28 sec-1, 
86 ± 15 msec and 0.560 ± 0.102 meters respectively.  
The differences in all parameters between the two 
classifications were significant (p < 0.0001).  The 
corresponding parameters for the target half sine 
deceleration pulse of the FMVSS 208 sled test are 
168.73 m/sec2, 25.12 sec-1, 125 msec and 0.839 
meters.  The sled half sine deceleration pulse 
substantially underestimates the characteristic mean 
response obtained from the half sine equivalents of 
dynamic tests. 
 
INTRODUCTION 
 

The full-width engagement perpendicular 
impact of a vehicle under consideration into a fixed, 

rigid, massive barrier has long served as a means of 
assessing frontal impact protection.  This form of 
testing, in the United States, has been codified in the 
form of Federal Motor Vehicle Safety Standard 
(FMVSS) 208.  Prior to the consideration and 
implementation of other testing configurations under 
this standard, the FMVSS 208 compliance test 
consisted of a 48 KPH (30 MPH) closing speed 
impact of an instrumented test vehicle under the 
above-described conditions.   With the ubiquitous use 
of supplemental restraint systems (SRS) in the 
vehicle fleet, the issue of air bag aggressivity has 
arisen as a potential cause of serious or lethal injury 
to certain segments of the general populace.    The 
underlying necessity for rapid testing of alternative 
(depowered) frontal air bag systems has served as a 
basis for the implementation of an alternative 
compliance procedure.  This alternative procedure 
consists of a non-impact test in which the vehicle 
under consideration is rigidly mounted to a sled and 
the sled is subjected to the half sine pulse described 
by equation (1) in which deceleration is in units of 
m/sec2. 
 

( ) π ⋅⎛ ⎞= − ⋅ ⎜ ⎟
⎝ ⎠

168.73
0.125

tx t Sin   (1). 

 
The sled and the test vehicle, as a consequence 

of rigid coupling, experience the deceleration shown 
by equation (1).  Explicit integration of equation (1) 
over the pulse duration results in a solution for the 
change in speed incurred of -13.427 m/sec (30.04 
MPH).  Implicit integration of equation (1), followed 
by the application of the initial condition of 
( )0 0x = followed by explicit integration over the 

pulse duration results in a solution for the 
displacement over which the pulse is applied.  This 
displacement is -0.839 meters (33.0 inches).   
 

The sled pulse is bounded, as per stated 
requirement, by both a maximum and a minimum 
corridor.  The maximum corridor is defined by a 
linear change in acceleration from 0 G at 5 msec to -
16 G at 55 msec, a plateau at -16 from 55 msec to 70 



msec and a linear change to 0 G at 120 msec.  The 
minimum corridor is defined by a linear change in 
acceleration from -2 G at 0 msec to -18.2G at 40 
msec, a plateau at -18.2 G from 40 msec to 85 msec 
and a linear change to 0G at 130 msec.  The 
maximum and minimum acceleration corridors are 
ideal in nature, which if matched exactly would result 
in change in speed of -10.23 m/sec (-22.83 MPH) and 
-16.08 m/sec -(35.96 MPH) respectively.  In that 
these corridors are ideal and that the actual pulse is 
half sine in form, one may utilize the former to 
determine the characteristics of the closest 
approximating ideal half sine pulses with the same 
respective impact durations and onset/end times.  
These curves, for the maximum and minimum 
corridor, provide changes in speed of -11.737 m/sec 
(-26.255 MPH) and -14.660 m/sec (-32.793 MPH) 
respectively.  The derivation of these results is shown 
in Appendix A and the results are shown in Figure 1. 
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Figure 1.  Acceleration corridors, target half sine 
pulse and admissible half sine pulses for the 
FMVSS 208 sled test.  
 
Lumped Mass Model 
 

Lumped parameter (LP) models have been 
utilized for a number of years in evaluating the 
collision response of motor vehicles.  The simplest of 
these models treats the total vehicle mass as a single 
lumped parameter.  The vehicle frontal structures are 
modeled as a single uniaxial linear spring 
characterized by a spring constant k.  The half sine 
collision pulse is the characteristic response of the 
single lumped mass linear spring uniaxial model 
subjected to dissipative function F with particular 
solution Ct where C is a constant.  This dissipative 
function is necessary for removal of the oscillatory 
nature of motion associated with the LP model.  
Furthermore, it allows for kinematic modeling of the 
collision pulse over half of the full sine wave period.  
For full-width engagement front to rigid, fixed, 
massive barrier impacts, the system is subject to the 

initial conditions of ( ) 00x t v= = and ( )0 0x t = = .  
This model is shown in Figure 2. 
 

 
Figure 2.  SDOF lumped mass and linear spring 
model of the FMVSS 208 compliance test. 
 

The equation of motion for this system is given 
by the following second order differential equation. 
 

( ) ( )mx t kx t F+ =    (2). 
 

The solutions for the system displacement, 
velocity and acceleration, as derived in Appendix B, 
are given by equations (3-5) respectively. 
 

( )
2 2

o impact o

impact

v T vtx t Sin t
T
π

π

⎛ ⎞⋅ ⋅
= ⋅ + ⋅⎜ ⎟⎜ ⎟⋅ ⎝ ⎠

  (3). 

 

( )
2 2
o o

impact

v vtx t Cos
T
π⎛ ⎞⋅

= ⋅ +⎜ ⎟⎜ ⎟
⎝ ⎠

   (4). 

 

( )
2

o

impact impact

v tx t Sin
T T
π π⎛ ⎞⋅ ⋅

= − ⋅ ⎜ ⎟⎜ ⎟⋅ ⎝ ⎠
   (5). 

 
The solution for the homogeneous part of 

equation (3) can be substituted into the corresponding 
unforced response of equation (2) in order to solve 
for the circular frequency in terms of the system 
parameters m and k. 
 

n
k
m

ω =    (6). 

 
Equation (5) can be rewritten by noting that the 

peak acceleration occurs when the sine function 
obtains a value of unity resulting in a solution of 

00.5p nA v ω= − ⋅ ⋅ . 
 

m
k 

( ) 00x t v= =
( )0 0x t = =

x +



( ) ( )sinp nx t A tω= ⋅ ⋅    (7). 
 
Collision Pulse Modeling 
 

Huang [2002] proposed a method for deriving 
the solution for the amplitude and the circular 
frequency for the equivalent half sine pulse for a 
given acceleration-time history obtained from a 
vehicle fixed accelerometer.  Implicit in this 
formulation is the consistency between the vehicle 
fixed accelerometer time history and the dynamic 
center of mass deceleration.  Integrating equation (7) 
implicitly results in the solution for the velocity-time 
history. 
 

( ) ( ) ( ) 1cosp
n

n

A
x t x t dt t cω

ω
= = − ⋅ ⋅ +∫   (8). 

 
Again, the velocity solution is subject to the 

initial condition of ( ) 00x t v= = resulting in the 
following solution for c1. 
 

( ) 0 1 1 00 p p

n n

A A
x v c c v

ω ω
= = − + → = +   (9). 

 
The velocity solution, obtained following the 

substitution of equation (9) into equation (8) is shown 
by equation (10). 
 

( ) ( ) 0cosp p
n

n n

A A
x t t vω

ω ω
⎛ ⎞

= − ⋅ ⋅ + +⎜ ⎟
⎝ ⎠

  (10). 

 
The implicit integration of equation (10) results in 
displacement solution given in equation (11). 
 

( ) ( )

( )ω
ωω

= =

⎛ ⎞
− ⋅ ⋅ + + ⋅ +⎜ ⎟

⎝ ⎠

∫
0 22 sinp p

n
nn

x t x t dt

A A
t v t c

  (11). 

 
The constant of integration c2 can be shown to 

be equal to zero by imposition of the initial condition 
of zero displacement at time t = 0. Imposition of the 
boundary condition of zero velocity at the time of 
maximum displacement, tm, results in the following 
form of equation (10). 
 

( ) ( ) 00 cosp p
m n

n n

A A
x t t vω

ω ω
⎛ ⎞

= = − ⋅ ⋅ + +⎜ ⎟
⎝ ⎠

  (12). 

 
The amplitude is thus: 

 

( )
0

1
n

p
n m

v
A

Cos t
ω
ω

− ⋅
=

− ⋅
   (13). 

 
Imposition of the displacement boundary 

condition at time t = tm results in the solution for the 
circular frequency. 
 

( ) ( ) ( )02
1m

m p n m m
n n

t
x t A Sin t v tω

ω ω

⎛ ⎞
= ⋅ − ⋅ ⋅ + ⋅⎜ ⎟⎜ ⎟

⎝ ⎠
 (14). 

 
Substitution of equation (13) into equation (14) 

results in the following solution: 
 

( ) ( )
( ) ( )( )0

1
1

m n m n m

m n m n m

x t t Sin t
v t t Cos t

ω ω

ω ω

⋅ − ⋅
= −

⋅ ⋅ ⋅ − ⋅
  (15). 

 
Equation (15) can be solved numerically for ωn 

and the result can then be substituted into equation 
(13) to solve for the peak acceleration Ap.   
 

An alternative procedure, which avoids the use 
of an iterative solution for the circular frequency, 
follows that proposed by Varat and Husher [2003].   
The subject implementation of this formulation 
reduces to one in which the only system unknown 
was the impact duration Timpact.  Equation (7) can be 
integrated following substitution of the definition of 
the amplitude in terms of the circular frequency and 
initial velocity and the initial condition of the speed 
at impact at time t = 0 can be substituted in order to 
solve for the constant of integration. 
 

( )
π

π π

=

⎛ ⎞⋅ ⋅⎛ ⎞⋅
− ⋅ + +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

0
impact p impact p

impact

x t

T A T AtCos v
T

 (16). 

 
Integration of equation (16) followed by the 

application of the initial condition of ( )0 0x t = =  
results in the solution for the displacement. 
 

( )
π

ππ

=

⎛ ⎞⋅ ⋅⎛ ⎞⋅
− ⋅ + ⋅ +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

2

02
impact p impact p

impact

x t

T A T AtSin t v
T

 (17). 

 
Implementation of the boundary condition of 

( ) 0impactx t T= = allows for the development of a 

solution for the amplitude in terms of the initial 
velocity and the impact duration.   



 
0

2p
impact

v
A

T
π⋅

= −
⋅

    (18). 

 
Varat and Husher [2003] utilized the velocity 

boundary condition of ( ) 0mipactx t T v v= = + ∆ in 

deriving their kinematic relationships.   
 

In the subject investigation, in order to match 
the previously derived pulse modeling and LP 
modeling work, the boundary condition of the 
occurrence of peak deflection at the time of zero 
velocity following impact was utilized.  Substitution 
of this boundary condition, ( ) maximpactx t T x= = and 

equation (18) into equation (17) results in the 
following solution for the impact duration in terms of 
the maximum displacement and initial velocity. 
 

max

0

2
impact

x
T

v
⋅

=     (19). 

 
Equation (19) can be solved for given the 

maximum displacement from doubly integrated 
vehicle fixed accelerometer data and the a priori 
known velocity.  The results can then be substituted 
into equation (7), equation (16) and equation (17) to 
solve for the acceleration, velocity and displacement 
time history for the half sine model. 
 

( ) 0 sin
2 impact impact

v tx t
T T
π π⎛ ⎞⋅ ⋅

= − ⋅ ⎜ ⎟⎜ ⎟⋅ ⎝ ⎠
   (20). 

 

( ) 0 0

2 2impact

v vtx t Cos
T
π⎛ ⎞⋅ ⎛ ⎞= ⋅ +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

   (21). 

 

( ) 0 0

2 2
impact

impact

T v vtx t Sin t
T
π

π

⎛ ⎞⋅ ⋅ ⎛ ⎞= ⋅ + ⋅⎜ ⎟ ⎜ ⎟⎜ ⎟⋅ ⎝ ⎠⎝ ⎠
  (22). 

 
This formulation for the half sine model allows 

for the exact matching of the test vehicle change in 
speed (from the initial impact velocity to zero) and 
peak displacement solutions between the half sine 
pulse model and the single degree of freedom LP 
model.   
 
Existing Concerns Regarding the 208 Sled Test 
 

A number of concerns have been raised in 
regards to the use of the FMVSS 208 sled protocol in 

lieu of the full-scale barrier impact test [Hollowell et 
al., 1999].  These concerns include but are not limited 
to the inability, by means of sled testing, of 
evaluating vehicle frontal structural collision 
performance, the evaluation of occupant frontal crash 
protection, the evaluation of the actual timing of the 
frontal crash supplemental restraint systems and the 
inability to asses injury modalities associated with 
vehicle intrusion.  In the context of kinematic 
constraints, differences exist between the FMVSS 
208 dynamic and sled test protocols.  In the former, 
the impact speed is fixed as being 48.0 ± 0.8 KPH 
(29.8 ± 0.5 MPH).  The manner in which a particular 
test vehicle absorbs the kinetic energy associated 
with this barrier impact speed (i.e. deceleration 
characteristics) is dependent on the structure of the 
test vehicle.  The sled test, conversely, provides for a 
fixed non-impact deceleration pulse that produces a 
change in speed of 48.3 KPH (30.04 MPH) under 
ideal implementation.  Therefore, in both cases, 
discounting restitution for the barrier impact, the test 
vehicle undergoes a change in speed of 
approximately 48 KPH but the manner in which that 
change in speed occurs is markedly different. 
 
OBJECTIVES 
 

The primary objective of the subject study was 
to perform a population based analysis on the 
publicly accessible FMVSS 208 dynamic and 
equivalent research dataset for model years 1990 
through 2005 in the context of quantifying the 
equivalent half sine acceleration pulse parameters 
and comparing the results to the FMVSS 208 sled test 
implementation.   
 
METHODS 
 

The NHTSA Vehicle Crash Test Database 
(VCTB) was queried for FMVSS 208 dynamic, 
FMVSS 208 sled and research tests matching the 
FMVSS 208 dynamic impact configuration and 
impact speed.  Data was obtained for tests from fiscal 
years 1990 through 2005.  For dynamic tests, the year 
range of 1990 through 1998 was utilized for 
consistency with previous studies [Hollowell et al., 
1998; Hollowell et al., 1999].  Data from FMVSS 
208 dynamic testing for fiscal years 1999 through 
2005 was also considered in order to provide for the 
most current data and to evaluate the temporal effect, 
if any, regarding the introduction of the alternative 
test procedure on the equivalent half sine acceleration 
pulse parameters.  Full-scale perpendicular front to 
rigid or load-cell equipped barrier impacts were also 
considered.  The set of tests for this category was 
limited to those in which the barrier impact speed 



was consistent with the FMVSS 208 dynamic 
requirements.  For each dynamic collision test, UDS-
1992 formatted data was imported into NHTSA’s 
Plot Browser software program.  Accelerometer data 
from the longitudinal (X) axis of a vehicle fixed 
accelerometer was filtered using a 60 Hz low-pass 
filter as per Society of Automotive Engineers (SAE) 
J211 standard.  Filtered accelerometer data was then 
exported in {time, acceleration} format into a text file 
and then imported into a symbolic mathematics 
program [Mathematica v 5.0; Wolfram Research, 
Champaign, Illinois, USA].  Maximum deflection 
was determined from the double time integration of 
the accelerometer data.  The half sine acceleration 
pulse parameters were determined using the 
relationships described previously.  Tests in which 
the velocity-time history exhibited positive valued 
velocities following separation from the barrier face 
were excluded from the subject study.  Also, tests in 
which the Newton-Raphson iterative method failed to 
converge for the solution to the circular frequency 
utilizing Huang’s [2002] method were excluded.  

 
Sled deceleration data was obtained in the same 

manner as for the dynamic tests.  X-axis acceleration 
data was filtered using a 60 Hz low-pass filter and 
compared against the idealized half sine pulse and 
maximum/minimum trapezoidal corridors for 
consistency.   

 
All statistical testing was conducted using either 

the Analyze-It [v. 1.72; Analyze-It Software, Ltd; 
Leeds, UK] add-in for Excel [Microsoft Corporation; 
Redmond, Washington, USA] or with the S-Plus [v. 
6.0; Insightful Corporation; Seattle, Washington, 
USA].  Certain charts were generated using 
SigmaPlot [v. 7.101; SPSS; Chicago, Illinois, USA]. 

 
RESULTS 
 
Dataset Characterization 
 

A total of 447 tests were considered.  Of these 
tests a total of 364 tests were dynamic and 83 were 
sled tests.  Of the total number of dynamic tests, 265 
tests were conducted under FMVSS 208 contract and 
99 tests were under research contract.  A total of six 
FMVSS 208 dynamic and 12 research tests were 
excluded in accordance with the criteria stated in the 
Methods section.  The total number of dynamic tests 
considered was thus 346.   
   

An evaluation of the total number of tests 
conducted under FMVSS 208 contract revealed an 
average of 31 tests conducted between fiscal years 
1990 through 1997 with a drop noted for fiscal years 

1996 and 1997.  This can be contrasted to the average 
number of tests per fiscal year between 1998 and 
2005 of 13 tests.  This latter figure, however, may be 
more indicative, particularly for fiscal years from 
2003 through 2005, of availability of test data from 
the VCTB rather than the total tests actually 
conducted.  The total number of FMVSS 208 tests 
conducted per fiscal year and the distribution of these 
tests between the dynamic and sled protocols is 
shown in Figure 3. 
 

 
Figure 3.  Total number of FMVSS 208 tests 
conducted on a fiscal year basis.  Dynamic tests 
are limited to those that were involved in 
perpendicular impacts with rigid barriers.  The 
first fiscal year during which the alternative sled 
test protocol was utilized was 1998.  The data is 
discrete but is shown connected in a piecewise 
linear fashion for ease of visualization. 
 

 
The total number of sled tests exceeded the total 

number of dynamic tests, per fiscal year, for every 
year following the introduction of the optional sled 
test protocol except for fiscal years 2003 and 2004.  
Over the same range of fiscal years (i.e. 1990 through 
1997 contrasted to 1998 through 2005) the yearly 
average of the number of research tests meeting the 
criterion set forth in the Methods was 2 and 10 
respectively. 

 
The total number of FMVSS 208 dynamic tests 

involving passenger vehicles varied between 17 (FY 
1996) and 35 (FY 1991) with a large drop noted for 
all fiscal years following 1996.  The total number of 
research tests involving passenger vehicles remained 
relatively low (N ≤ 6) for fiscal years prior to and 
including 1996, increased over the years of 1997 
through 1999 and returned to a relatively low count 
for subsequent years.  The total number of FMVSS 
dynamic tests involving multiple purpose vehicles 
(MPVs) peaked in 1992 with 16 vehicles tested, 
retained a relatively constant value of  8 or 9 vehicles 
per fiscal year between 1993 and 1996 and dropped 
for all subsequent years.  The total number of other 
dynamic tests involving MPVs followed the general 



trend observed for passenger vehicles with the 
number of vehicles increasing from 3 vehicles for 
fiscal year 1997 to 8 vehicles for fiscal years 1998 
and peaking at 12 vehicles for fiscal year 1999.  The 
number of MPVs tested for subsequent years was 
variable.  These results are shown graphically in 
Figure 4. 
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Figure 4.  Distribution of dynamic tests by type 
(FMVSS 208 v. other) and by vehicle type (PV v. 
MPV). 
 
Pulse Modeling 
 

The method proposed by Huang [2002] did not 
ubiquitously provide estimates for the half sine 
amplitude and circular frequency that allowed for the 
correct reconstruction of the a priori barrier impact 
speed and displacement.  As an example of the 
differences in the resultant equivalent half sine 
models produced, consider NHTSA test number 
v2463.  This test was the FMVSS 208 dynamic 
compliance test for the 1997 Chrysler Sebring 
Convertible.  The impact speed, time of peak 
displacement and value of peak displacement were 
13.11 m/sec, 74.16 msec and 0.611 meters 
respectively.  Numerically solving equation (15) and 
using the result to solve equation (13) resulted in a 
solution of -262.63 m/sec2 for the equivalent half sine 
acceleration pulse amplitude and 23.60 sec-1 for the 
equivalent half sine acceleration pulse circular 
frequency.  Conversely, use of equations (19), (18) 
and the relationship between the amplitude, circular 
frequency and initial velocity resulted in a solution of 
-220.96 m/sec2 for the equivalent half sine 
acceleration pulse amplitude and 33.70 sec-1 for the 
equivalent half sine acceleration pulse circular 
frequency.  The equivalent half sine waves, overlayed 
upon the filtered test data, are shown in Figure 5. 
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Figure 5.  Equivalent half sine acceleration 
approximations generated by use Huang’s method 
(Method 1) and the modified Varat and Husher 
method (Method 2) overlayed upon the test data 
from NHTSA test number v2463. 
 

Determination of the change in speed incurred 
by the test vehicle by integration of each of the 
equivalent half sine acceleration pulses over the pulse 
duration resulted in a solution of -22.26 m/sec for 
Huang’s method and 13.11 m/sec for the modified 
Varat and Husher method.  The displacement during 
the pulse was calculated as being -1.482 meters and -
0.611 meters for each method respectively.  

 
FMVSS 208 Dynamic Tests 
 

The mean and standard deviation of the peak 
deflection from the double integrated vehicle fixed 
accelerometer data, equivalent half sine acceleration 
pulse amplitude, equivalent half sine acceleration 
pulse circular frequency and equivalent half sine 
acceleration pulse duration were determined per 
fiscal year for the FMVSS 208 dynamic tests 
following categorization of individual tests into the 
appropriate vehicle class (passenger vehicle vs. multi 
purpose vehicle).  The results are shown in Figures 6-
9.  Mean values are shown as the top of the 
corresponding bar for each vehicle class for each 
fiscal year for which test data was available.  
Standard deviations are shown as error bars 
positioned above the mean values.  Mean valuations 
for which no error bars are shown represent data 
obtained from single tests.  Fiscal years for which no 
mean value is shown indicate the lack of 
corresponding test data.   
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Figure 6.  Means and standard deviations of peak 
deflections per fiscal year for FMVSS 208 

dynamic tests. 
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Figure 7.  Mean and standard deviations of half 
sine amplitudes per fiscal year for FMVSS 208 
dynamic tests. 
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Figure 8.  Mean and standard deviations of half 
sine circular frequencies per fiscal year for 
FMVSS 208 dynamic tests. 
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Figure 9.  Mean and standard deviations of half 
sine durations per fiscal year for FMVSS 208 
dynamic tests. 
 

For the passenger vehicle classification the 
population peak defection, equivalent half sine 
acceleration pulse amplitude, equivalent half sine 
acceleration pulse circular frequency and equivalent 
half sine acceleration pulse duration were (mean ± 
SD) 0.619 ± 0.089 meters, 224.98 ± 30.39 m/sec2, 
34.11 ± 4.57 sec-1 and 94 ± 13 msec respectively.  
For the multi purpose vehicle classification the 
population valuations of these parameters were 
(mean ± SD) 0.557 ± 0.100 meters, 246.17 ± 43.61 
m/sec2, 37.78 ± 6.38 sec-1 and 86 ± 15 msec 
respectively.  It should be noted that the mean value 
provided for the half sine pulse duration is a 
parameter determined from the population of the 
individual tests and is not an explicit implementation 
of equation (19) with the circular frequency assigned 
as being mean population value.  The differences in 
the population means for all parameters between the 
passenger vehicle and multi-purpose vehicle 
classification were significant (p < 0.00004).  Given 
the dearth of FMVSS 208 dynamic test data for fiscal 
years including and subsequent to 1997, a multiple 
comparison ANOVA analysis based upon each 
individual year being treated as a factor could not be 
conducted.  A stratified regression analysis based 
upon test vehicle classification and test vehicle fiscal 
year with respect to the first fiscal year for which the 
alternative sled protocol was utilized (coded as an 
indexed variable) revealed a statistically significant 
difference (p = 0.024) for the equivalent half sine 
acceleration pulse amplitude for multi-purpose 
vehicles (pre-sled test implementation: 252.20 ± 
44.55 m/sec2, N = 53; post-sled test implementation: 
223.32 ± 31.75 sec-1, N = 14). 
 
Pooled Dynamic Dataset 
 



The population means of the relevant 
parameters between the set of FMVSS 208 dynamic 
and the set of tests not conducted under FMVSS 208 
contract but having substantial similarity in 
accordance with the requirements set forth in the 
Methods section were compared prior to performing 
an analysis on the joint dataset.  A segregated single 
factor ANOVA analysis was conducted for passenger 
vehicles and multi-purpose vehicles separately.  The 
differences in the means between the FMVSS 208 
dynamic and non-FMVSS 208 tests for the equivalent 
half sine acceleration pulse amplitude, equivalent half 
sine acceleration pulse circular frequency and 
equivalent half sine acceleration pulse duration were 
not significant (p > 0.13) for both passenger vehicles 
and multi-purpose vehicles except for the peak 
deflection parameter for passenger vehicles 
(p=0.023).  The peak deflection for tests conducted 
under FMVSS 208 dynamic and for those not 
conducted under the same were 0.619 ± 0.089 meters 
(N=191) and 0.590 ± 0.062 meters (N=58) 
respectively.  The means and standard deviations for 
the peak deflection, equivalent half sine acceleration 
pulse amplitude, circular frequency and pulse 
duration for the combined dataset are shown on a per 
fiscal year and vehicle category basis in Figures 10-
13.  
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Figure 10.  Means and standard deviations of peak 
deflections per fiscal year for the combined 
dynamic test database following categorization. 
 

Fiscal Year

1990 1992 1994 1996 1998 2000 2002 2004

H
alf

sin
e 

A
cc

el
er

at
io

n 
M

ag
ni

tu
de

 (m
/s

ec
2 )

0

50

100

150

200

250

300

350

PV mean 
MPV mean 

 
Figure 11.  Mean and standard deviations of half 
sine acceleration amplitudes per fiscal year for the 
combined dynamic tests database following 
categorization. 
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Figure 12.  Means and standard deviations of half 
sine circular frequencies per fiscal year for the 
combined dynamic test database following 
categorization. 
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Figure 13.  Mean and standard deviations of half 
sine pulse durations per fiscal year for the 
combined dynamic test database following 
categorization. 
 



For the passenger vehicle classification, the 
valuations of these parameters for the entire dynamic 
dataset were 0.612 ± 0.085 meters, 225.10 ± 29.07 
m/sec2, 34.26 ± 4.26 sec-1 and 93 ± 12 msec 
respectively.  For the multi-purpose vehicle 
classification, the valuations of these parameter for 
the entire dynamic dataset were 0.560 ± 0.102 meters, 
243.82 ± 43.37 m/sec2, 37.50 ± 6.28 sec-1 and 86 ± 15 
msec respectively.  There were no significant 
differences noted for any of these parameters for each 
vehicle classification for vehicles tested prior to the 
utilization of the alternative sled test protocol and 
subsequent to the same (p > 0.18) except for the 
equivalent half sine amplitude for the multi purpose 
vehicle classification (p = 0.038).  The equivalent 
half sine amplitude for multi purpose vehicles tested 
prior to and subsequent to the inception of the 
alternative sled test protocol were 252.20 ± 44.55 
m/sec2 (N = 53) and 234.17 ± 40.31 m/sec2 (N = 46) 
respectively.  The differences in these parameters 
were significant when compared between passenger 
vehicles and multi purpose vehicles (p < 0.0001 for 
all parameters).  
 
FMVSS 208 Sled Tests 
 

The sled tests en toto generally followed the 
confines of the established maximum/minimum 
trapezoidal deceleration corridors.  The results of the 
sled tests, shown per fiscal year conducted, plotted 
against the acceleration corridors and the target half 
sine pulse are shown in Figures 14-19.   
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Figure 14.  FMVSS 208 sled tests conducted for 
fiscal year 1998 overlayed on the acceleration 
corridors and idealized target half sine pulse. 
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Figure 15.  FMVSS 208 sled tests conducted for 
fiscal year 1999 overlayed on the acceleration 
corridors and idealized target half sine pulse. 
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Figure 16.  FMVSS 208 sled tests conducted for 
fiscal year 2000 overlayed on the acceleration 
corridors and idealized target half sine pulse. 
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Figure 17.  FMVSS 208 sled tests conducted for 
fiscal year 2001 overlayed on the acceleration 
corridors and idealized target half sine pulse. 
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Figure 18.  FMVSS 208 sled tests conducted for 
fiscal year 2002 overlayed on the acceleration 
corridors and idealized target half sine pulse. 
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Figure 19.  FMVSS 208 sled tests conducted for 
fiscal year 2003 overlayed on the acceleration 
corridors and idealized target half sine pulse. 
 

Specific tests, as referenced within the figures, 
revealed significant deviations from the acceptable 
corridors for the first two years of implementation of 
the sled testing protocol.  The underlying basis for 
these deviations, while being unclear from an 
analysis of the data alone, appeared to have been 
mitigated for sled tests conducted for fiscal years 
2000 through 2003.  Another class of deviation from 
the acceptable corridors, again cited on a test-specific 
basis in the figures, consisted of undershooting the 
segment of the maximum corridor in the vicinity of 
the transition from the plateau deceleration to the 
linearly decreasing region at approximately 70 msec. 
 
DISCUSSION 

 
An examination of Figure 3 reveals a 

significant drop in the total number of  FMVSS 208 
dynamic tests available for model years subsequent to 
fiscal year 1996 when compared to fiscal years 1990 
through 1996.  A total of zero tests were available for 
a number of years (1999, 2005) whereas other years 

during this range contained either only one (2000, 
2004) or two tests (2002, 2003).  Furthermore, the 
alternative sled test procedure was utilized for the 
majority of vehicles tested under FMVSS 208 for 
fiscal years 1998 through 2002.  Therefore, the 
frontal impact response and actual frontal 
supplemental restraint system timing for the majority 
of vehicles tested for frontal impact compliance for 
these years remains unknown with an exception 
noted for the subpopulation of sled tested vehicles 
also tested under similar conditions for research, 
compliance procedure development and for the 
NCAP.  A relevant issue, which unfortunately can 
not be addressed based on the subject data alone, is 
whether or not the dearth of dynamic frontal impact 
compliance data is secondary to the number of tests 
actually conducted or secondary to availability of test 
data released by the OCR. 

 
In the ideal scenario it would have been 

preferable to have vehicle specific tests conducted in 
a pairwise manner with one test being conducted 
under the dynamic test protocol and the other being 
conducted under the sled test protocol.  This would 
have allowed for a direct comparison of both the 
injury metrics and the characteristics of the 
deceleration pulse as a function of test protocol.  The 
data from such testing, if it was in fact conducted, is 
not generally available.  Even excluding this factor, 
the potential differences between the actual vehicle 
specific frontal supplemental restraint system timing 
and the imposed uniformed time of deployment of 
the frontal supplemental restraint system under the 
sled test protocol would render ineffective any 
comparison between the two protocols based upon 
injury metrics.  As a result, the comparison between 
the population based characteristic deceleration 
pulses and the subject sled deceleration pulse was 
deemed as being the only satisfactory method for 
comparing the severity of each protocol.  The 
equivalent half sine collision pulse model from 
dynamic test data was employed secondary to the use 
of the half sine pulse for the alternative sled test. 

  
The half sine is the characteristic response of 

the single lumped mass linear spring model subject to 
the dissipative force and initial conditions as 
described in the Introduction.  This model, while 
being appropriate for field and reconstructive studies 
in that the parameter of interest in these studies is the 
directional vehicle change in speed, has limitations 
for modeling the detailed deceleration response for 
FMVSS 208 dynamic collision tests.  The limitation 
arises from the inability of the subject SDOF model 
to replicate the local extrema of the acceleration-time 
history that characterize test data obtained from 



actual impact testing.  The acceleration-time history 
of NHTSA test v2463 as shown in Figure 5 is 
characteristic of this phenomenon and was observed 
for the subject data en toto.  This response is 
characteristic, from a uniaxial modeling perspective, 
of the multiple lumped mass nature of current vehicle 
frontal structures.  The various local extrema, which 
are also observable as peaks in the total barrier force 
response from New Car Assessment Program (NCAP) 
tests, are secondary to impulsive deceleration and 
shortening of the vehicle frontal structure, engine and 
vehicle structures between the engine and firewall 
[Wood and Mooney, 1997].  The use of the SDOF 
response, and thereby model, implies appropriateness 
for characterization of the relevant aspects of the 
collision pulse.  Within this context, the SDOF model 
can be fitted to match the uniaxial change in speed 
(to zero) and time duration of the actual deceleration 
pulse.   

 
Hollowell et al., [1998, 1999], in their 

evaluation of potential compliance tests for frontal 
impact collision protection, characterized 
deceleration pulses based upon the acceleration levels 
and pulse durations.  Testing modalities that had low 
acceleration levels and long pulse durations were 
characterized as being soft whereas those with high 
acceleration levels and short pulse durations were 
characterized as being stiff.  While specific 
quantitative guidelines were not proposed for these 
qualitative descriptors it was noted that on the basis 
of average acceleration and pulse duration that a 
substantial difference was noted between the FMVSS 
208 dataset from 1990-1998 and the FMVSS 208 
sled test deceleration pulse.  The findings of the 
subject study, consistent with the cited prior studies, 
do reveal a substantive difference between the sled 
pulse and the equivalent half sine approximation 
mean response of the population of vehicles tested 
dynamically.  The response characteristics of vehicles 
tested dynamically under FMVSS 208, vehicles 
tested dynamically under conditions substantially 
similar to FMVSS 208 and the idealized sled pulse in 
terms of the half sine acceleration, pulse amplitude, 
circular frequency, duration and the corresponding 
displacement are shown in Table 1. 
   

Table 1. 
Impact and sled test characteristics 

Test 
Type 

Ap 
(m/sec2) 

ωn 

 (sec-1) 
Timpact 
(sec) 

Deflection 
(m) 

208D 230.49 
± 35. 57 

35.06 ± 
5.38 

92 ± 
14 

0.603 ± 
0.096 

Research 230.43 
± 34.75 

35.18 ± 
5.12 

91 ± 
13 

0.598 ± 
0.092 

208S 168.73 25.13 125 0.839 

The finding of significant differences in the 
equivalent half sine parameters between passenger 
vehicles and multi-purpose vehicles is indicative of 
the generally stiffer response of the latter.  This 
finding is consistent with prior studies [Hollowell and 
Gabler, 1996; Gabler and Hollowell, 1998]. 

 
The lack of equivalence between the equivalent 

half sine parameter quantification proposed by Huang 
[2002] and that based upon the modified 
methodology of Varat and Husher [2003] is an 
unexpected finding in that the formulation of the 
former reduce to that of the latter with the explicit 
imposition of the boundary constraints and 
substitution of the definition of the circular frequency 
in terms of the impact duration.  In that consistency 
was noted between the two formulations in regards to 
quantification of the half sine parameters, the 
differences in the results can not be attributed to 
miscoding of the algorithms proposed by Huang 
[2002].  A further evaluation is needed to determine 
the underlying source of the differences in the two 
algorithms for those tests in which the same result 
was not determined. 
 
CONCLUSIONS 
 

The quantitative parameterization of the half 
sine pulse utilized for the FMVSS 208 sled test 
substantially underestimates the mean equivalent half 
sine approximation response for both passenger 
vehicles and multipurpose vehicles tested under 
FMVSS 208 dynamic and substantially similar 
barrier impact modalities. 
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APPENDIX A 
 

The general form of a half sine pulse as a 
function of peak amplitude A, pulse duration T and 
time shift τ is given by equation (A1). 
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sinp

t
x t A

T
π τ⎛ ⎞⋅ −

= ⋅ ⎜ ⎟
⎝ ⎠

  (A1). 

 
The closest approximating ideal half sine pulse 

that is admissible in regards to the maximum 
trapezoidal corridor is determinable by enforcement 
of the acceleration values at the start and end of the 
maximum corridor plateau.   
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  (A3). 

 
Equating equations (A2) and (A3) with the 

substitution of τ = 0.005 seconds and solving for the 
pulse duration T results in T = 0.115 seconds.  
Substitution of this solution into equation (A2) results 
in the solution for the amplitude as being Ap = -
160.313 m/sec2.  Therefore the equation for the 
closest approximating ideal half sine pulse that is 
admissible based upon the requirements of the 
maximum corridor is: 
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  (A4). 

 
Equation (A4) is valid temporally over the 

region {t: 0.005 sec ≤ t ≤ 0.120 sec}.  Explicit 
integration of equation (A4) over this duration results 
in a uniaxial change in speed of - 11.737 m/sec (-
26.255 MPH).  Implicit integration of equation (A1) 
results in the solution for the velocity.   
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For the FMVSS 208 sled test, the constant of 

integration c1 can be determined by substitution of 
the initial condition ( )0 0x = into equation (A5). 
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Substitution of equation (A6) into equation (A5) 

and implicitly integrating the results in the 
displacement solution. 
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  (A7). 

 
Explicit integration of the velocity solution over 

the appropriate temporal limits of integration results 
in a solution for the total displacement of -0.669 
meters (-26.3 inches) that occurs over the pulse 
duration. 
 



The closest approximating half sine pulse that is 
admissible in regards to the minimum trapezoidal 
corridor is determined by first noting that pulse 
duration must equal 0.130 + (2 / 0.405) * 10-3 
seconds and that the time-shift is - (2 / 0.405) * 10-3 
seconds.  The amplitude can be determined by noting 
that the first time derivative of the half sine 
acceleration pulse (i.e. the jerk) must be less than or 
equal to the first time derivative of the rising leg of 
the trapezoidal deceleration bounding function over 
{t: -(2 / 0.405) * 10-3 ≤ t < 0.040 seconds}.  
Enforcement of the equality constraint between the 
two time derivatives at the lower time limit results in 
the following relationship where the period and the 
time-shift are in units of msec and the constant term 
on the right of the second equality is in units of 
G/msec: 
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  (A8). 

 
The solution for the amplitude is Ap = -170.651 

m/sec2.  The solution for the half sine pulse thus 
becomes: 
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Explicit integration of equation (A9) over the 

temporal limits results in a uniaxial change in speed 
of - 13.365 m/sec (- 29.897 MPH).  Explicit 
integration of equation (A5) following substitution of 
the appropriate definitions for the amplitude, time-
shift and duration results in a displacement of -0.983 
meters (-38.7 inches). 
 
APPENDIX B 
 

The displacement solution to the second order 
differential equation of motion of equation (2) is 
determinable by the sum of the homogenous and 
particular solutions. 
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The coefficients A, B and C can be determined 

from the system initial and boundary conditions.  
Substitution of the initial displacement condition into 
equation (B1) results in the solution of A = 0. 
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The velocity solution is obtained by taking the 

first time derivative of equation (B1) following 
substitution of equation (B2) for the coefficient A. 
 

( ) ( )n nx t B Cos t Cω ω= ⋅ ⋅ ⋅ +   (B3). 
 

The period of the waveform is related to the 
circular frequency of the sinusoid by equation (B4). 
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Substitution of equation (B4) into the velocity 

solution of equation (B3) results in the following: 
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The coefficients B and C can be solved for 

simultaneously by implementing the initial condition 
for the velocity of ( )0 ox v=  and the desired 

boundary condition of 0
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Substitution of the definition of B from 

equation (B7) and C from equation (B8) into the 



solutions for the displacement, velocity and 
acceleration result in the following: 
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The half sine pulse employs only half of the full 

period.  Using the relationship of Tperiod = 2 * Timpact, 
equations (B9-B11) can be rewritten as: 
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ABSTRACT  

The National Highway Traffic Safety 
Administration’s (NHTSA’s) program for hydrogen, 
fuel cell, and alternative fuel vehicles is focused on 
providing critical safety information on hydrogen-
powered fuel cell and internal combustion engine 
(ICE) vehicles.  Safety information is vital to support 
the launch of the FreedomCAR Program, a 
cooperative automotive research partnership between 
the U.S. Department of Energy (DOE) and the U.S. 
Council for Automotive Research (USCAR), whose 
members include Ford Motor Company, General 
Motors Corporation, and DaimlerChrysler 
Corporation.  FreedomCAR was announced in 
January 2002 by Energy Secretary Spencer Abraham, 
and is designed to advance the development of fuel 
cell vehicles and hydrogen fuel infrastructure.  The 
program was initiated as part of the President’s goal 
to reduce U.S. dependence on foreign oil, improve 
vehicle efficiency, and reduce vehicle emissions.  
The President’s Hydrogen Fuel Initiative, announced 
in 2003, expands on the FreedomCAR Program to 
make fuel cell vehicles a practical and cost-effective 
choice for large numbers of Americans by 2020.    
The President’s proposed federal budget for fiscal 
year 2006 includes tax incentives for the purchase of 
fuel cell vehicles.  NHTSA’s safety initiative will 
complement these efforts by conducting risk 
assessment studies of hydrogen fueled vehicles, and 
developing test and evaluation procedures for safety 
assessment using suitable performance criteria.  The 
risk assessment studies will quantify potential 
failures that could indicate unsafe conditions. 
 
Corollary efforts by NHTSA address fuel economy 
and international harmonization of global technical 
regulations (GTR) for hydrogen vehicles.  The 
agency will assess gasoline equivalency for fuel cell 
vehicles, and analyze potential increases to fleet fuel 
economy.  NHTSA will also work with its 
international counterparts to determine the content of 

regulations pertaining to fuel cell and internal 
combustion engine (ICE) hydrogen vehicles. 
 
This paper describes the safety issues that have been 
identified as unique to hydrogen-powered vehicles 
and the approach and timeline that NHTSA will 
pursue to address these issues. 
 
INTRODUCTION 

Ensuring that hydrogen ICE and fuel cell powered 
vehicles provide a level of safety comparable to that 
of other vehicles currently in use in the United States 
requires a substantial research effort.  Hydrogen-
powered vehicles will utilize many advanced and 
unique technologies that have not been tested in the 
transportation environment.  Many manufacturers, 
however, are substantially investing in producing and 
marketing these vehicles in the near future.  Very 
little data are available concerning their safe 
performance because so few exist; they are typically 
prototypes handled by specially trained personnel.  
As these vehicles are deployed in the fleet, the safety 
of hydrogen as a fuel and the safety of alternative 
fuel vehicles in crashes becomes an issue of 
significant concern.  A failure to adequately address 
safety concerns in the earliest stages of development 
could have a negative impact on the deployment of 
this new technology.  
 
APPROACH 

Following the announcement of the FreedomCar 
program in 2002, NHTSA began collecting 
information on the status of hydrogen vehicle 
technology and drafting a plan to address hydrogen 
and fuel cell safety for passenger vehicles. 
 
An agency-wide working group was established to 
coordinate activities in the areas of international 
harmonization, research, regulation, and enforcement 
relative to hydrogen fueled vehicle safety.  This 
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group also coordinates activities with the Department 
of Transportation (DOT) Hydrogen Fuels Working 
Group, which consists of representatives from all 
modes of DOT, and with the Department of Energy, 
the FreedomCar and Fuels Codes and Standards 
Technology Team, and the Office of Science and 
Technology Policy’s Hydrogen and Fuel Cell 
Interagency Task Force.  
 
In the fall of 2002, NHTSA began meeting with 
vehicle manufacturers to discuss hazards, risks, and 
safety considerations particular to hydrogen-fueled 
vehicles.  As of January 2005, NHTSA had met with 
five manufacturers to discuss these issues.  In June 
2004, NHTSA obtained clearance from the Office of 
Management and Budget to send a letter to ten 
vehicle manufacturers requesting that they 
voluntarily provide written information on their 
safety strategies.  In July 2004, NHTSA published its 
research plan, which was developed in part from the 
interchange conducted with industry over the 
previous year and a half, in the Federal Register for 
public comment.  These documents, and the 
manufacturer and public responses to them, may be 
downloaded from the DOT docket. [1] 
 
PROBLEM DEFINITION 

The unique safety challenges presented by hydrogen 
and fuel cell vehicles fall into four broad categories: 
 
First, the characteristics of hydrogen as an energy 
carrier differ from those of conventional vehicle fuels 
like diesel and gasoline.  Hydrogen also has unique 
handling requirements, as compared to other 
alternative fuels, such as natural gas (CNG).   
Hydrogen is colorless, odorless, burns without 
producing a visible flame or radiant heat, and is 
difficult to contain.  It has a minimum ignition energy 
an order of magnitude lower than that of other 
hydrocarbon fuels (.02 millijoules) and a much wider 
flammability range (4 to 75 percent volume in air).  
The quenching gap, which is the largest passage that 
can prevent flame propagation when filled with a 
flammable mixture, is smaller than that of methane, 
propane, and gasoline, requiring tighter tolerances to 
prevent flame propagation.  Unlike CNG, hydrogen 
can cause significant deterioration in fuel system 
components by diffusing into steel and other metals, 
causing a phenomenon known as “hydrogen 
embrittlement.” As a result, the metal will break or 
fracture at a much lower load or stress. 
 
Second, hydrogen storage methods are different from 
storage methods for other fuels.  One of the main 
safety concerns is the safe onboard storage of 

hydrogen.  There are a variety of very different 
technologies used for storing the hydrogen fuel, from 
very high pressure gas storage, to cryogenic liquid, 
solid metal hydrides that require complex thermal 
management systems for charging and discharging 
hydrogen, liquid chemically bonded forms that 
produce highly alkaline spent fuel waste, and on-
board reformulation systems that produce the 
hydrogen from hydrocarbon fuels.    High-pressure 
storage carries the risk of fuel tank rupture and 
missile damage.  Liquid hydrogen is cryogenic (-253 
degrees Celsius) and requires special tanks, 
insulation, and venting systems, to maintain liquid 
conditions.  The hazard from a leak or spill is the 
potential for cryogenic burns and fires. 
 
Third, fuel cells are electrical devices, but they 
operate differently than batteries, which are power 
storage devices.   Fuel cell vehicles operate at high 
voltage, and in some cases are equipped with 
auxiliary propulsion batteries, so that the issues of 
electrical shock, isolation, and ignition of 
surrounding materials such as plastics must be 
studied as well. 
 
Finally, passenger compartment integrity and crush 
zone design in hydrogen and fuel cell vehicles may 
be tied to a significantly different mass distribution 
and stiffness than that of current conventional 
vehicles.  An analysis and forecast prepared by the 
Massachusetts Institute of Technology compares a 
1996 baseline vehicle to 11 advanced vehicle designs 
with varying drivetrain options projected for MY 
2020 and concludes that overall vehicle weight will 
not be reduced, but propulsion systems will be 
heavier and structural and body components will be 
lighter [2].  The volumetric envelope of the 
propulsion system components will differ as well, 
and 4 different packaging options have been 
identified that alter the mass distribution when 
compared to vehicles today [3]. 
 
OBJECTIVES 

The objective of this research program is to 
ultimately ensure that hydrogen and fuel cell vehicles 
attain a level of safety equivalent to that of 
conventionally fueled vehicles.  Current Federal 
motor vehicle safety standards (FMVSS) for fuel 
system integrity do not address the unique 
characteristics of hydrogen and fuel cells discussed in 
the previous section.  Industry and government codes, 
standards, and regulations are still in the very early 
stages of development and would benefit greatly 
from real world risk assessment.  Similarly, 
development of test procedures and suitable 
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performance criteria are critical in order to quantify 
potential failures and resulting unsafe conditions as 
these vehicles are operated in the real world. 
 
CURRENT BASELINE STATUS OF 
HYDROGEN-POWERED VEHICLES 

A report published in February 2004 by the 
Department of Energy identifies over sixty passenger 
vehicle models (1994 – 2003) fueled by hydrogen [4].   
Although many of these vehicles can be classified as 
experimental or concept vehicles, some are 
production prototypes, in use in demonstration fleets 
and available for public ride-and-drive events.  These 
vehicles range from compacts to minivans to SUV’s.  
Fuel storage options are onboard reformulation of 
gasoline or hydrocarbon fuels, high-pressure 
compressed hydrogen, cryogenic liquid hydrogen, 
sodium borohydride, and metal hydrides.  Vehicles 
may have additional batteries or ultracapacitors to 
buffer power delivery. 
 
Honda has a production prototype vehicle, the FCX, 
on the road in California that is self-certified as 
meeting all existing FMVSS and has been crash 
tested in front, offset, side and rear crash modes 
without failure of the fuel system or occupant 
protection requirements.   The vehicle incorporates 
several safety features not required by current 
FMVSS.  If any front, side or rear impact is severe 
enough, the control unit automatically shuts off the 
flow of electricity from the fuel cell module and the 
capacitor module.  In less than a second, there is no 
current in the high voltage cables.  Each hydrogen 
tank contains three internal safety valves.  One 
prevents backflow of hydrogen during refill, another 
shuts off flow of hydrogen when signaled by the 
power control unit, and the third is a temperature 
activated relief device designed to release all 
hydrogen through a line and out the back of the 
vehicle until the tanks are empty, which could take up 
to five minutes if the tanks are full.  In addition to the 
in-tank safety valves, several sensors are located 
along hydrogen lines to detect any possible leak.  If a 
leak is detected, the power control unit stops the flow 
of hydrogen from the tanks.  The vehicle is also 
equipped with a manual shut-off valve inside the 
right wheel well.  NHTSA will need to test these 
safety systems and determine whether regulations 
specifying performance criteria are required.  The 
Japanese government intends to have regulations in 
place in 2005 addressing the safety of these vehicles, 
with a commercialization goal of 2010. 
 

NHTSA’S RESEARCH PLAN AND RELATED 
ACTIVITIES 

Subject to the availability of research funds through 
the Department, NHTSA will continue to develop 
research plans and begin program implementation in 
FY 2005.  This program will have several elements: 
 
Outside Activities 

Review and or participate in development of 
applicable industry codes and standards, public 
outreach, and safety information collection. 

National/International Voluntary Standards 
Organizations, Codes and Standards 
- NHTSA reviewing Society of Automotive 

Engineers (SAE) Recommended Practices J2572, 
J2578, J2579, J2600, J2601. 

- NHTSA reviewing Canadian Standards Association 
(CSA) America HGV standards. 
- NHTSA participating in International Organization 
for Standardization (ISO) activities. 

Expand Outreach to the Public Safety 
Community 
Obtain input and feedback from first responder 
experts from the fire service, emergency medical 
service, traffic law enforcement and involve public 
safety professionals in formulation, development, and 
post-implementation evaluations of codes and 
standards. 

Information Collection 
Collect real world safety performance and vehicle 
specification data from: 
Demonstration vehicles -  
- DOE demonstration program 
- DOT/Federal Transit Administration bus 
demonstration program – Three 30-foot fuel cell test-
bed buses were developed in conjunction with DOE, 
and work on two 40-foot transit buses has begun.   
- California Fuel Cell Partnership program – 
Collaboration between vehicle and equipment 
manufacturers, fuel suppliers, and government to 
prepare the market for commercialization of fuel cell 
vehicles. 
- EPA/DaimlerChrylser/UPS Fuel Cell Delivery 
Vehicle Initiative, announced May 2003.  
Collaborative project in which UPS will operate 
package delivery vehicles powered by hydrogen fuel 
cells supplied by DaimlerChrysler, beginning late 
2003 and continuing in 2004.  The EPA will supply a 
hydrogen refueling station at its Ann Arbor facility. 
This is the first use of fuel cell technology in a 
commercial delivery fleet in North America. 
- California South Coast Air Quality Management 
District - Development and demonstration of vehicles 
with ICE using hydrogen fuel and development of 5 
hydrogen refueling stations. 
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- General Motors’ Washington DC fuel cell preview 
program launched in May 2003, is a Washington-
based fleet of hydrogen-powered vehicles providing 
up to 10,000 test-drives of GM’s HydroGen3 fuel cell 
prototype, fueled by the nation’s first hydrogen 
station.  The two-year program will provide test 
drives for legislators, regulators, environmentalists, 
and other policy makers.  
- General Motors’ HydroGen3 vehicles will operate 
in FedExpress service in Tokyo, Japan. 
- Toronto City and Hydrogenics Corporation three-
year project demonstrating hydrogen and fuel cell 
technology for mobile and stationary power.  
Manufacturer data - 
- Follow manufacturer development of hydrogen and 
fuel cell vehicles (BMW, DaimlerChrysler, Ford, 
General Motors, Honda, Hyundai, Mazda, Nissan, 
Toyota, Volkswagen) 
 
Vehicle Safety Research 

Powertrain, vehicle fuel container, and 
delivery system performance testing (vehicle or 
fuel system mockup) 
Effectiveness of safety systems: 
- Evaluate performance of pressure relief devices, 
thermal and electrical management systems for tanks, 
fuel cells and batteries, purging of fuel cell and lines, 
and discharge of residual voltage in fuel cell stack. 
Leak Detection: 
- Measure hydrogen leakage and concentrations in 
and around fuel system over time.  Test passive vs. 
active ventilation systems. 
- Determine suitable surrogate for hydrogen that is 
safe for leak detection and vehicle crash testing 
program. 
Fire Exposure: 
- Conduct vehicle buck ignition and flammability 
tests through controlled releases of hydrogen and 
electrical arcs at various severed locations in tubing 
between onboard storage tanks and fuel cell stack. 
Using a vehicle underbody buck, conduct pool fire 
testing, similar to the ECE-R34 test for plastic fuel 
tanks for gasoline. 
- Conduct material flammability tests with a 
hydrogen flame. 
- Conduct self-ignition tests to determine if external 
debris or particulate matter can cause ignition of 
venting hydrogen. 
Road hazards exposure: 
- Conduct tests to determine vulnerability of 
components/packaging to road debris. 

Refueling system performance testing 
 Leakage: 
- Conduct tests to monitor hydrogen leakage from 
vehicle/fueling system interface.  

Spark/grounding: 
- Evaluate static electricity/spark suppression 
mechanisms on vehicle and fueling station. 

Full vehicle performance testing 
Crash: 
- Run series of crash tests to determine compliance 
and/or obstacles to compliance with Federal Motor 
Vehicle Safety Standards (FMVSS) 208, 214, 302, 
and 305. 
- Determine comparable areas of fuel system integrity 
not covered under existing FMVSS 301, 303, and 
304. 
Leakage: 
- During operation and while parked, measure 
hydrogen leakage and concentrations inside and 
outside the vehicle over time.  Test passive vs. active 
ventilation systems and performance of recovery or 
conversion systems to remove hydrogen. 
Electrical isolation of fuel cell, cooling system and 
auxiliary batteries: 
- Conduct tests to determine electrical isolation of the 
entire high voltage system and its components (fuel 
cell, batteries, cooling system) pre- and post crash 
and after several charge/discharge cycles of the 
propulsion system. 
- Determine appropriate safety factor for electrical 
isolation for fuel cells, battery packs, ultra capacitors 
and other electrical, high-energy storage devices 
(current requirement under FMVSS 305 is 500 
ohms/volt).  (NOTE:  Some manufacturers indicate 
that this level is not attainable in certain systems.) 
Incident Management: 
- Determine any special post crash handling 
requirements for vehicle occupants, public safety 
personnel, towing, storage, or disposal. 
- Review California Fuel Cell Partnership emergency 
response guide and other available responder training 
materials. 
Special Crash Investigations Program: 
 - In-depth investigations of any real world incidents. 
Recycling: 
- Coordinate with EPA and identify toxic/hazardous 
materials used in the manufacture of vehicles. 
Corporate Average Fuel Economy (CAFE) analysis 
and evaluation: 
- Determine appropriate gallon equivalent of 
hydrogen.  NHTSA is statutorily required to set 
hydrogen gasoline gallon equivalency (GGE) factors 
by the Alternative Motor Fuels Act, as amended.  In 
1996, NHTSA issued a final rule entitled  
“Manufacturing Incentives for Alternative Fuel 
Vehicles” (49 CFR 538.8), establishing a GGE value 
for internal combustion engine (ICE) hydrogen 
vehicles.  NHTSA is in the process of determining 
the applicability of the hydrogen ICE equivalency 
value to hydrogen fuel cell vehicles. 
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- Assess hydrogen vehicle fuel economy levels.  
Since the agency is required to set fuel economy 
standards at the maximum feasible level for each 
model year, it is necessary for the agency to 
investigate and analyze the potential increases in fuel 
economy attributable to hydrogen vehicles.  To 
accurately project fuel economy increases, NHTSA 
must understand the critical path of various fuel cell 
designs, and the technological challenges 
manufacturers face with each model. 
- Review work by Japan Automobile Research 
Institute (JARI) and others to determine appropriate 
methodology to utilize for hydrogen fuel economy 
measurement during fuel economy testing. 

International Regulations/International Policy 
and Harmonization 
Assess need for regulation based on research test 
results and safety performance of passenger cars, 
multipurpose vehicles, trucks, and buses. 
- Goal- Development of performance based Global 
Technical Regulations (GTR) for Hydrogen/Fuel Cell 
Vehicles. 
- Participation in the UN/Economic Commission for 
Europe (UNECE) World Forum for Harmonization 
of Vehicle Regulations (WP.29) Hydrogen/Fuel Cells 
Working Group. 
- Cooperation with Canada, the European Union and 
Japan on the development of safety regulations for 
hydrogen fueled vehicles under bilateral cooperative 
agreements with those regions.  Identify best safety 
approaches and conduct joint research and testing. 

- Cost, weight and lead time impacts of alternative 
fuel vehicles 
 
RESEARCH TIMELINE 

Tables 1 – 5 provide the timeline that will be 
followed in assessing the safety performance of 
hydrogen, fuel cell and hybrid vehicles (i.e., those 
using auxiliary batteries or ultracapacitors) and 
subsystems.  Availability of test vehicles, 
components and hydrogen fueling stations is critical 
to the success of this assessment.  Current costs for 
hydrogen-powered vehicles exceed $1,000,000 per 
unit.  Fuel cell stacks for vehicles range in price from 
$250,000 to $1,000,000.  NHTSA is working closely 
with manufacturers and other stakeholders in the 
hydrogen economy to cost share resources and testing 
through cooperative agreements, and by “piggy-
backing” safety testing onto other programs.  For 
example, manufacturers may provide vehicles in 
order to share the cost of testing, or demonstration 
fleets may provide “retired” vehicles for testing prior 
to disposal. 
 
The results of this assessment may be used as input to 
regulations (GTR, FMVSS) that minimize the 
potential for harmful events or outcomes caused by 
loss of fuel system integrity. 
 
The following timelines are proposed and subject to 
change: 
 

 
Table 1.  Component level testing – Powertrain, vehicle fuel container, delivery system performance testing 
(tanks, or fuel system mockup) 
 

 YEAR 1 YEAR 2 YEAR 3 YEAR 4 
1.1) Determine suitable surrogate 
for hydrogen that is safe for leak 
detection and vehicle crash testing  
(Helium or Nitrogen?) 

 
 

√ 

   

1.2.) Destructive testing of 
(a) compressed and liquid H2 tanks 
 
(b) Other hydrogen storage 
Similar to FMVSS 304 testing 

√ 
 

√ 
 
 
 

 

√ 

 

1.3.) Evaluate methods for leak 
detection √ 

   

1.4.) Evaluate thermal and 
electrical management systems for 
fuel cells, batteries, ultracapacitors  

   

√ 

      

√ 
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1.5.) Evaluate effectiveness of 
safety systems for shutting down 
hydrogen flow, strategies for 
controlled and rapid release of 
hydrogen (venting and blowdown), 
purging of fuel cell and lines 

     

√ 

    

√ 

  

1.6.) Fire Exposure – 
 
(a) Vehicle buck ignition and 
flammability through controlled 
release of hydrogen, electrical arcs 
 
(b) Pool Fire – ECE-R3 test 
 
(c) Material flammability 
 
(d) Autoignition testing  

  
 
       √ 

 
 
 
 
 
 
 

 
 

√ 

 

 
√ 

 

         √ 

1.7) Road Hazards Exposure  
Vulnerability of packaging/ 
components road debris 

   √ 

 
Table 2. On board refueling system performance testing – Conduct tests on up to 35 identified vehicle 
platforms, fueling station architecture currently unknown – Identify and test at available fueling stations. 

 
 YEAR 1 YEAR 2 YEAR 3 YEAR 4 
2.1) Evaluate communication to 
prevent overpressure, leakage 

 

√ 

 

√ 

 

√ 

 

√ 

2.2) Evaluate effectiveness of 
spark suppression/grounding 

 

√ 

 

√ 

 

√ 

 

√ 

 
Table 3.  Full vehicle performance testing – Conduct crash, static pre and post-crash hydrogen leakage, 
electrical isolation tests, develop post -crash handling/EMS procedures.  Coordinate with EPA on recycling 
issues.  Destructive testing on 3 vehicles per year, non-destructive testing on available demonstration vehicles.  
Assume cost share with manufacturer or other stakeholder. 

 
 YEAR 1 YEAR 2 YEAR 3 YEAR 4 
3.1) Crash - Procure at least one 
representative vehicle model per 
year and conduct front, side rear 
occupant protection and fuel 
system integrity crash tests 
(FMVSS 208, 214, 300 series - 
requires 3 vehicles per test series) 

 

√ 

 

√ 

 

√ 

 

√ 

3.2) Leakage - Measure/monitor 
during operation while 
parked/garaged test active 
ventilation systems and 
performance of H2 recovery or 
conversion systems  

 

√ 

 

√ 

 

√ 

 

√ 
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3.3) Electrical Isolation of high 
voltage systems pre post crash, 
charge cycling, determine 
appropriate safety factor for 
isolation (currently 500 ohms/volt 

 

√ 

 

√ 

 

√ 

 

√ 

3.4) Incident Management –  
Vehicle, occupants, public safety, 
towing storage, disposal 

 

√ 

 

√ 

 

√ 

 

√ 
3.5) Special Crash Investigations √ √ √ √ 
3.6) Recycling – Coordinate with 
EPA 

 
TBD    

 
Table 4.  Corporate Average Fuel Economy (CAFE) 
 

 YEAR 1 YEAR 2 YEAR 3 YEAR 4 
4.1) Corporate Average Fuel 
Economy (CAFE)  –  
Hydrogen measurement, gallon 
equivalency, rulemaking 
requirements 

 

√ 

 

√ 

 

√ 

 

√ 

 
Table 5.  International harmonization of codes and standards, development of Global Technical Regulation 
for hydrogen fueled vehicles 

 
 YEAR 1 YEAR 2 YEAR 3 YEAR 4 
5.1) Representation at UNECE 
WP 29 (GRPE) 
- Comparative testing of European 
and Japanese requirements 
- Develop global technical 
regulation 

 

√ 

 

√ 

 

√ 

 

√ 

5.2) Cost, weight, and lead time 
impacts of alternative fuel 
vehicles 

  

√ 
 

 

√ 

 

√ 

  
CONCLUSIONS 

Following NHTSA’s discussions with vehicle 
manufacturers and participation with the 
UN/Economic Commission for Europe (UNECE) 
World Forum for Harmonization of Vehicle 
Regulations (WP.29) Hydrogen/Fuel Cells Working 
Group, research in support of draft and adoption of 
global technical regulation should be completed 
within the next three to four years for manufacturers 
to be able to initiate mass production of hydrogen 
vehicles around 2010.  With that timeline quickly 
approaching, the supporting research, if pursued 
aggressively and collaboratively with other interested 
parties to a completion in 2008-2009, could result in 
adoption of a GTR in 2010-2012. 
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ABSTRACT 
 Pelvic fractures account for about 12% of 
injuries suffered in a side impact. Compared to 
patients in MVAs without pelvic injury, those with 
pelvic fracture have more severe injuries and higher 
mortality rates. LC-1 (lateral compression) unilateral 
fractures from direct contact with the door, are stable 
with little internal disruption and may be treated non-
surgically. In contrast, LC-3 bilateral fractures also 
involve injuries to the pelvis on the side opposite that 
which contacted the door, are highly unstable, have 
significant hemorrhage and internal organ damage, 
and must be treated surgically. In several CIREN 
(NHTSA, Crash Injury Research and Engineering 
Network) crash investigations, it appeared that the 
occupant was trapped between the intruding door and 
a non-yielding center console, explaining the fracture 
to the pelvis on the side opposite the door.  
 In CIREN side impact crashes with 15-46cm of 
door intrusion, 29 occupants in vehicles with 
consoles and 9 in vehicles without consoles suffered 
AIS 2 and 3 pelvic injuries (p<0.05). Experimental 
testing with USDOT SID, a pendulum and pre-
crushed door and a fixed and crushing seat, with a 
console, peak accelerations at the pelvis were 24.8g 
due to door contact, and -10.5g due to console 
contact. Removing the console decreased minimum 
acceleration to -3.3g.  When  the seat was mounted to 
a track allowing it to displace laterally during impact, 
into the space occupied by the center console, peak 
pelvic acceleration decreased to 15.3g. Using a 
MADYMO model of the pendulum drop experiment, 
with a finite element door and seat, USDOT SID 
positioned as the passenger, and a door peak velocity 
of 6.6 m/sec, initial nearside dummy lateral (+Y) 
door to pelvis contact force was about 10 x 103 N. As 
the door pushed the dummy against the console, this 
increased  to about 20 x 103N. With no console and a 
laterally translating seat, peak pelvic load decreased 
to about 4 x 103 N, and only one peak was noted. A 
collapsible console and a seat track which allows 
lateral displacement of the seat may help to reduce 
pelvic injury in side impact crashes. 

INTRODUCTION 
 Side impact crashes represented, in 2002, 26% of 
all fatal collisions (second only to frontal crashes) 
with an estimated total of 782,000 nonfatal and 9812 
fatal injuries (1).  Samaha and Elliott (2) reported, 
from a survey of NASS (National Automotive 
Sampling System) that injuries to the chest occurred 
in 39.7% of surviving occupants, followed by injuries 
to the head (25%), the pelvis (11.7%), and the 
abdomen (8.4%). In a study of the 119 crashes 
currently entered in the CIREN database (3), 71 
(60%) of occupants had pelvic fractures of at least 
AIS 2  (Abbreviated Injury Score, (4)). The mortality 
rate from motor vehicle induced pelvic injury ranges 
from 8.6% to 50%, with 25%-35% of survivors 
having unsatisfactory results after treatment (5-8). 
Compared to patients in motor vehicle crashes 
without pelvic injury, those with pelvic injury were 
significantly more injured, had higher blood loss, 
longer hospital stays, more genitourinary injuries, 
and higher mortality rates. 
 LC-1 (lateral compression) pelvic fractures, 
involve structures in direct contact with the incoming 
door. LC-I fractures are stable, may be treated non-
surgically and usually result in little internal 
disruption. In contrast, LC-III fractures involve not 
only injury to structures such as the sacrum or iliac 
wing and pubic ramus on the door side, but also 
structures on the opposite side. The LC-III fracture is 
highly unstable, involves rupture of pelvic area blood 
vessels, has significant associated internal 
hemorrhage, and damage to internal organs, and must 
be treated surgically by stabilization of both the 
anterior and posterior pelvic ring (9). Operative 
treatment of pelvic injuries, particularly open 
reduction and internal fixation is associated with 
significant surgical risk including deep infection, 
nerve injuries, and malreduction. 
 Considering that in a near side impact collision, 
pelvic fracture is usually described as occurring from 
direct contact with the intruding door (2, 10, 11-18), 
it was of interest to study LC-III fractures since they 
include fractures on the side opposite the door, 
implying contact with some other structure in the 
vehicle. In several CIREN crash investigations, an 
example of which is shown in Figure 1, in near-side 
impacts, evidence was found of hard contact of the 
pelvis through the belt buckle into the center console. 
If the center console does play a role in some pelvic 
fractures, the secondary load from pelvic contact 
could be reduced by changing the console structure, 
so that it yields under loading by the pelvis. Further, 
extending this concept, if the seat were permitted to 
move laterally, in a controlled manner, into the space 
occupied by the crushed console, then primary 
impact loads on the pelvis from door contact might 
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also be reduced. The involvement of the console in 
pelvic injury was explored using CIREN data and the 
effects of reducing console stiffness and allowing 
lateral displacement of the seat were studied using 
MADYMO modeling and experimental testing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 (upper)  Example of CIREN crash 
investigation involving side impact showing 
locations of contact with the door and console 
(yellow tape),  (lower), resulting sacral fracture. 
 
METHODS 
General approach 
  We compared the numbers of pelvic fractures, in 
vehicles with and without consoles from CIREN 
crash data. A pendulum impact subsystem 
experiment was performed using a USDOT SID 
dummy (US Dept of Transportation Side Impact 
Dummy), sitting on a vehicle seat and impacted with 
a pre-crushed door. Pelvic accelerations with fixed 
seat-no console, fixed seat-with console, and 
moveable seat-no console conditions were studied. A 
MADYMO (Mathematical Dynamic Modeling, TNO 
Automotive, version, 6.2, Livonia, Michigan) model 
of the pendulum apparatus was developed. Because 
of concerns about the low biofidelity of the 
USDOTSID (19,20), the MADYMO model was run 

using USDOT SID, SIDIIs, ES-2 (European side 
impact dummy) and BIOSID for comparison. 
 
Field Studies of Vehicle Crashes 
 The motor vehicle crash and pelvic injury 
information included in this study was collected from 
several of NHTSA’s CIREN Centers. Crashes in the 
CIREN database are sampled based on the fulfillment 
of several criteria. Among these are that the occupant 
must have been restrained and that at least one injury 
of AIS 3 or greater must have occurred. Each crash 
scene and vehicle investigation conducted by CIREN 
centers follow the data collection format established 
by NASS. Each case was reviewed by a 
multidisciplinary team consisting of a crash 
investigator, a bioengineer, a research nurse, and the 
treating physicians.   
 The crashes selected all involved side impacts 
with focus on injuries to the pelvis of the occupant.  
Each crash site had scaled documentation of the 
roadway, traffic controls, road surface type, 
conditions, and road grade at both pre- and post- 
impact locations. Physical evidence such as tire skid 
marks were located and referenced to establish the 
heading angle and post impact trajectory of the 
colliding vehicles.  A scaled drawing with impact and 
final resting positions was completed to assist in 
calculation of the speed and force at impact. Exterior 
inspections of the vehicle were performed, which 
included detailed measurements of the direct and 
induced damage. For this study, all crash damage 
involved the side of the vehicle. With a contour 
gauge, a damage crush profile was collected and a 
specific Crash Deformation Code (CDC), which 
includes the principal direction of force (PDOF) was 
assigned.  These measurements were entered into 
crash analysis software (Win SMASH, U.S. Dept of 
Transportation) to calculate the change in velocity 
(Delta V) of the vehicle during impact and the energy 
dissipated during the crash event. 
 An inspection of the interior of the vehicle from 
which the injured person had been removed was 
performed to determine points of occupant contact 
and restraint system use.  An examination of the 
restraint system was performed including lap and 
shoulder belts and the air bag, if available, to confirm 
use by the injured occupant. An assessment of the 
integrity of the passenger compartment involved 
measurements of all intruding components, such as 
the door panels.  Comparison measurements were 
obtained from exemplar vehicles or undamaged 
opposite seat positions to calculate the amount of 
component crush.  With Institutional Review Board 
approval, the injuries were assessed by examining the 
patient’s medical records and imaging studies.  
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 For this study we identified 62 occupants in 54 
crashes in vehicles between model years 1998 and 
2004. The study was limited to drivers or front seat 
passengers, and only nearside occupants in crashes 
with a PDOF (principal direction of force) between 8 
and 10 o’clock or 2 and 4 o’clock (approximately 30 
deg from perpendicular to the side of the vehicle) 
which involved pelvic fractures. Field observations 
were made separately to determine whether or not the 
types of vehicles involved had center consoles. 
Center consoles did not include soft or fold down arm 
rests, only relatively rigid center structures protruding 
above seat level. 
 
Experimental testing 
 SINCAP side impact tests performed by the 
National Highway Traffic Safety Administration 
(NHTSA) on vehicles from 1999-2003 were studied 
from data available at www.dms.dot.gov, docket 
3835, where complete reports of each test are posted. 
A total of 165 separate tests were analyzed. From the 
data, mean time histories of door velocity and pelvic 
acceleration were generated to provide a comparison 
from our experiment and modeling to data from 
controlled crashes. 
 The experimental apparatus, shown in Figure 2 
consisted of a pendulum carrying a pre-crushed door , 
a US DOT SID, a seat, and a mechanism to stop the 
motion of the pendulum after dummy impact. A door 
from a 1997 Toyota Celica was selected from 
wrecking yard vehicles (Pull-Apart, Lynnwood WA) 
that had sustained an approximately 90 deg side 
impact with predominant deformation of the door 
located in the rear half. A crushed door is necessary 
to simulate the actual door stiffness during contact 
with the occupant.. 
 The apparatus consists of a simple pendulum 
composed of 2, 4.9 m long sections of 0.15 m x 0.15 
m x 0.006 m (6” x 6” x ¼”) aluminum angle bolted 
together. One end was mounted through a hinge to a 
frame bolted to the ceiling of the lab. The other end 
was pulled upwards by a winch and cable system. 
The door was mounted to the pendulum through an 
apparatus that could change its orientation both 
vertically and horizontally. The top of the arm rest 
was positioned level with the pelvis of the dummy at 
contact. Two springs which could be precompressed 
were used to stop the forward travel of the pendulum 
after contact with the dummy. From 165 US DOT         
NCAP (New Car Assessment Program) tests, the 
mean door peak velocity was 8.1 m/sec (range 2.8-
13.4 m/sec) and maximum intrusion was 34.4 cm, 
with a mean initial door to dummy clearance of 15.1 
cm giving a mean door-to-dummy contact stroke of 
about 19 cm (11). Our pendulum contact velocity was 
6.3 m/sec with a door-to-dummy stroke of 15 cm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 (upper) Schematic diagram of the 
function of the seat. The seat was designed to 
accommodate two conditions, remaining fixed and 
crushing to half its width, or remaining intact and 
displacing half its width (25 cm), with and without 
a center console plate mounted to the right side of 
the seat (not shown). (A) The seat frame has a 
rigid half (away from the door) and a sliding half 
(near the door). The whole seat is mounted on a 
track which allows lateral sliding (B) With the 
seat track locked and the sliding half of the seat 
frame free, the seat crushes under impact with the 
door. (C) With the sliding seat frame locked and 
the seat track free, the whole seat slides laterally 
without significant crushing. (lower) photo of the 
complete apparatus including the door, pendulum, 
DOTSID dummy, and the seat.  
 
 We selected a USDOT SID dummy (S/N 344 
calibrated by Robert Denton, Inc, Michigan) for this 
part of the experiment because it is used in the 
SINCAP tests and therefore allowed a direct 
comparison of TTI and pelvic acceleration from this 
experiment to SINCAP full scale test results. The 
dummy was restrained with a lap and shoulder belt 
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fixed to the seat. Accelerometers were fixed to the 
T4, T8, and T12 rib levels and at the pelvis in the 
standard mounting positions on the dummy. 
 The seat was designed to test the configurations 
of a (standard) fixed seat, which crushed during 
impact (see Figure 1) with and without a console, as 
well as a laterally translating seat with no console. 
The seat frame was constructed so the half away from 
the door was a rigid frame and the half towards the 
door was a moveable frame which could slide over 
the rigid half. This allowed the half of the seat frame 
closest to the door to simulate seat crushing during 
impact, as shown in Figure 1. The rigid part of the 
seat frame was mounted onto a slotted track which 
allowed lateral (Y) displacement. To simulate the 
fixed seat-no console condition, the seat was locked 
to the lateral track and the moveable half of the seat 
frame was allowed to slide into the rigid half frame. 
To simulate the fixed seat-with console condition, an 
aluminum plate, simulating the vertical plane of the 
console into which the hip might be compressed was 
bolted to the seat frame. Finally, to simulate the 
translating seat, the moveable seat half frame was 
locked in its outmost position, and the whole seat 
allowed to slide on the lateral track. In this 
configuration, the seat frame retains its original 
dimension and the whole seat slides laterally. This 
assembly is shown in Figure 2a. The seat track was 
designed to accommodate 25 cm of lateral 
displacement. This was the mean intrusion distance 
found from the CIREN crashes studied and also 
represents a common dimension between seats in 
many vehicles. 
 Data collection was performed at 10 KHz 
(National Instruments, Austin, TX). High speed video 
(Kodak Ectapro,, San Diego, CA) running at 1000 
frames/sec was used capture each impact. Data from 
the accelerometers was filtered using the FIR 100 
filter. Maximum and minimum accelerations from 
each test were determined from the time history and 
the three conditions were compared using a 
nonparametric Wilcoxon signed rank test small 
samples with a significant difference set at p < 0.05 
. 
Development of a MADYMO model of the 
pendulum side impact 
 Since we were limited to using only the US DOT 
SID in the experiment because of availability, a 
MADYMO model was developed with consultants at 
TNO-MADYMO (Livonia, MI). A USDOT SID 
version of the model allowed direct comparison of 
the model, and the experimental results. ES-2, 
BIOSID and SIDiis versions of the model were used 
because of their reported greater biofidelity (19,20). 
 The door was modeled by first testing its local 
stiffness in the following manner. The door was 

mounted horizontally onto a cradle with its interior 
surface facing upwards. A grid, 2cm square, Figure 3, 
was drawn on the surface of the door and the center  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 (upper) Stiffness map of the door used in 
the MADYMO model, (lower) geometric profile of 
the door. 
 
point of each grid located at the crossing of diagonals 
on each square. The door and cradle was mounted to 
the table of a materials testing device.  A 2.5 cm (1 
inch) diameter cylindrical load tip was screwed to the 
base of the load cell. The door was tested 
nondestructively at low loading rate. Door interior 
panels, made of ABS, are relatively insensitive to 
loading rate and can be characterized by quasistatic 
or low rate loading (21). The tests were run under 
displacement control to a maximum displacement of 
2 cm at all grid center point locations. The data was 
collected, at a sampling rate of 1000 Hz, force-
deflection data were plotted, and a stiffness map of 
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the interior door surface panel created. In addition, 
the displacement at which the load first increased 
from zero was defined as the contact point, from 
which a geometric profile map was plotted, Figure 3. 
 The door was represented in the model as a 
series of translational joints of prescribed stiffness 
based on the mechanical testing described above with 
a finite element mesh of shell elements as the door 
contact surface to the dummy. The door surface, 
being coarser, was selected as the master surface and 
finite element meshes were created to coat around the 
dummy's ellipsoid contact surfaces. The seat 
consisted of shell elements, with a center console 
plane, fixed to the reference space. The base of the 
seat was connected to the reference space by a joint 
allowing translation in the Y (lateral) direction, 
representing the seat track. The USDOT SID dummy 
was restrained by a finite element lap belt. The 
seat/dummy friction coefficient was set at 0.3. Both 
the model and experiment represented a passenger’s 
side impact.  
 For the case of the (standard) fixed seat, the seat 
stiffness (for door contact) was 1x 102 N/mm, the seat 
joint was locked (no translation), a console plane was 
added, and the door configuration was as shown in 
Figure 3. For the translating seat, the seat stiffness 
was increased to 1 x 103, the seat joint was unlocked 
with a frictional coefficient of 0.3, along with a shear 
release load of 5000N, and the door panel was flat 
with a narrow arm rest. The pelvic contact forces 
were compared for the two cases studied.  
 
RESULTS 
 
CIREN data 
 For side impacted vehicles with consoles from 
the CIREN database, 41 occupants suffered pelvic 
injuries.  The mean age was 40 years (range 15-89 
years), 33 (80%) were female, 29 (71%) were drivers, 
and 36 (88%) were belted. The mean delta V for 
collisions in this group was 36 kph. Those suffered 
pelvic injuries in vehicles without consoles consisted 
of 21 occupants, with a mean age of 43 years (15-80 
years), of which 11 (52%) were female, 13 (62%) 
were drivers, and 19 (90%) were seatbelted. The 
mean delta V in those crashes was 35 kph. There 
were no significant differences in age, percent 
drivers, percent belted, or mean delta V between the 
two groups. In crashes with between 15 and 30 cm of 
door intrusion, 14 occupants in vehicles with 
consoles and 5 in vehicles without consoles suffered 
AIS 2 and 3 injuries (p<0.05). In crashes with 30-46 
cm of door intrusion, 15 in vehicles with consoles 
and 4 in vehicles without consoles suffered pelvic 
injuries (p <0.05), Figure 4. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4   Number of AIS 2 and 3 pelvic injuries 
in sample of 62 occupants in CIREN nearside 
crashes, at different levels of door intrusion, in 
vehicles with and without center consoles. 
 
Experimental testing 
 The pendulum tests were reproducible with a 
coefficient of variation in peak pelvic acceleration of 
0.074 (standard deviation / mean). Figure 5 shows 
representative pelvic acceleration time histories.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Sample pelvic acceleration-time 
histories from the experimental testing, with a 
laterally moveable seat and no console, a fixed seat 
with  no console, and a fixed seat with a console. 
 
With a fixed seat and no console, the maximum 
pelvic acceleration (due to contact from the door) 
was 28.5g and the minimum (due to the lap belt) was 
-3.3g. With a console plate added, the maximum 
acceleration was 24.8g (not significantly different) 
while the minimum acceleration (due to contact with 
the console) increased to -10.5g (p <0.05). With a 
seat allowing lateral movement upon impact, with no 
console, the maximum pelvic acceleration decreased 
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to 15.3g (p< 0.05) and minimum acceleration 
remained at -3.8g. 
 
MADYMO results 
 For this part of the study, focusing on pelvic 
loads, only results from USDOT are presented to 
show conceptually how the seat and the environment 
can be altered. Results with other dummies were 
similar. Figure 6 provides a comparison of pelvic 
accelerations between the model and experiment and 
with mean data from SINCAP tests. A small amount 
of drag was added in the model to reflect friction in 
the experimental apparatus. With this, the model and 
experiment were in very good agreement, both for 
door velocity and pelvic acceleration. SINCAP 
values were higher with mean peak door velocity of 
11.1 m/sec (mean – 1sd = 8.4 m/sec). Pelvic 
acceleration was also higher. However, SINCAP test 
results had a very wide variation (2.8-13.4 m/sec for 
door velocity and 19-145g for peak pelvic 
acceleration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6  A comparison of pelvic acceleration 
from the experimental pendulum results and the 
MADYMO model of the experiment, both in 
relation to mean values from SINCAP testing. 
 
Figure 7 demonstrates how the pelvis is trapped 
between the incoming door and the console in the 
case with a fixed, deformable seat and a rigid console 
(relative to the pelvis).  The forces generated in the 
two cases are shown in Figure 8. The fixed seat 
results in high door to seat loads and the initial door 
to pelvis contact force (blue) was in the range of 10 x 
103 N. When the pelvis contacted the console, the 
second force on the pelvis peaked at about 20 x 103 
N.  In contrast, with the stiffer translating seat and no 
console, the initial pelvic contact force was much 
lower, about 4 x 103 N and there was no secondary 
force since there was no pelvic to console contact. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 (left) MADYMO model showing (left) 
USDOT on seat with console plane on right side of 
seat (blue plane), door (gold) on left (attached to 
pendulum arm, (green) (right) pelvis trapped 
between intruding door and console.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 Door to seat (solid) and door to pelvis 
(dashed) contact forces, (blue) fixed seat, (red) 
translating seat. 
 
DISCUSSION 
 In the CIREN database of side impacts, 60% 
of occupants suffered at least an AIS 2 pelvic injury 
(3). The most likely mechanism is direct contact of 
the intruding door against the pelvis (10-18). 
However, this mechanism does not explain the 
occurrence of pelvic  injuries  on the  side  opposite  
door-to-pelvis contact. We reviewed CIREN crashes 
and found that there were significantly more pelvic 
fractures to nearside occupants in vehicles with 
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center consoles, and 15-46 cm of door intrusion. 
Experimental testing and modeling demonstrated a 
primary lateral pelvic acceleration due to door to 
pelvis contact and a secondary, opposite acceleration 
due to pelvis contact with the console. Removing the 
console eliminated the secondary acceleration and 
allowing the seat to displace laterally reduced the 
primary pelvic acceleration by about 50%. 
  Unstable pelvic ring fractures are life 
threatening, due to their associated injuries. Bilateral 
pelvic fractures and dislocations are more difficult to 
treat than unilateral injuries with a greater rate of 
complications. Considering the severity of the 
resulting injury, it seems reasonable to maintain the 
useful function of a center console, but simply 
construct it so that it would yield with pelvic contact 
during a side impact.  Further protection can be 
gained by allowing the seat to displace towards the 
center of the vehicle. In this way pelvic force, 
produced from contact with the door, and the center 
console on the opposite side of the pelvis, can be 
reduced. 
 Several studies have provided information 
related to biomechanical criteria for pelvic injury. 
Bouquet, et al (12), based on 11 post mortem human 
subjects (PMHS) tests, proposed for a 50% 
probability of AIS 2 pelvic injury, a deflection 
criterion of 46 mm, a viscous criterion (VC) of 0.62, 
and a force criterion of 7600N.  Tests by Zhu, et al  
(13), on 17 PMHS, showed that for impacts against a 
flat wall at 9 m/sec, criteria resulting in 50% AIS 
pelvic injury probability were, pelvic peak 
acceleration of 65.5g,  VCmax of 1.57, maximum 
force of 8780 N, and average force (which they felt 
was the best criterion) of 5430 N. In SINCAP tests 
we reviewed, mean pelvic acceleration was in the 
range of 80g, well above the estimated thresholds for 
pelvic injury (11). 
 Morris, et al (14) and Allan-Stubbs (15) used 
data from SINCAP tests as a basis for an input door 
velocity and comparison of resulting dummy 
accelerations in their models. Although we used a 
pre-crushed door to simulate the increased stiffness 
of the door during a side impact where the outer 
panel is first deformed against the inner panel, our 
pelvic accelerations, with a peak about 31g, were 
62% lower than those in SINCAP testing. The 
pendulum velocity of 6.3 m/sec in our experiment 
was 43% lower than the 11.1 m/sec mean SINCAP 
absolute door velocity, from the 165 tests analyzed.  
The model and experimental results were in very 
close agreement. While the maximum pendulum 
velocity is limited, we were able to run the model at 
greater impact velocities and show comparable 
results to the SINCAP tests. Also, it should be 
recognized that individual SINCAP tests produced 

wide variations in both peak door velocity (2.8-13.4 
m/sec) and pelvic acceleration (19g-145g). 
 All of the methods of analysis used in this study 
have some limitations. CIREN data, at higher door 
intrusions, supported the role of the console in 
bilateral pelvic injury. However the CIREN data is a 
relatively small sample considering all the 
confounding variables, such as striking vehicle speed, 
vehicle mass, front end rigidity, height of impact, and 
variations in occupant characteristics which occur in 
actual crashes. The USDOT SID used in the SINCAP 
test itself has a reported biofidelity rating for the 
pelvis of only 2.5 (out of 10) (20). The MADYMO 
model was used to study the responses of more 
biofidelic models such as ES-2, BIOSID and SIDiis. 
Since trends were similar, they were not reported 
here. 
 Several strategies have been employed to reduce 
side impact injury. Door side impact beams have 
been required on all vehicles since 1997. Stiffening 
the door reduces both door intrusion velocity and 
overall intrusion distance. Increasing occupant-to 
door distance results in lower door velocity at the 
time of contact (14,15), but there is a limit to the 
allowable increase in vehicle width, with trade-offs 
such as compatability of vehicle size to widths of 
existing roadways and the additional vehicle weight 
that comes with increasing width.  Door padding 
reduces overall pelvic acceleration (13), however, at 
the expense of earlier contact and greater energy 
transfer and compression of the pelvis. Airbags have 
been installed for head and thoracic protection during 
side impacts but not for reducing pelvic loading.  
Modifying the structure of the console is a simple 
design change. If this change can reduce the 
incidence of bilateral, highly unstable pelvic fractures 
in side impacts, it would be of considerable benefit.  
There is a significant difference between a highly 
unstable bilateral pelvic fracture which compromises 
internal organs, involves significant blood loss, and 
must be treated by major surgical intervention, and a 
unilateral, stable pelvic fracture which may be treated 
without surgery. 
 Allowing the seat to displace laterally invokes 
the strategy of using the space available between the 
seats to move the occupant away from the intruding 
door. Several issues which must be resolved include, 
the design of a seat frame which can absorb door 
impact without significant deformation, and which 
can retain the occupant during lateral movement. In 
addition, the interaction between the nearside and 
farside occupants with such a system has not been 
studied, although if the seat is angled slightly 
backwards during its lateral movement, the nearside 
occupant may be made to contact the back of the 
farside seat instead of the farside occupant. 
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Preliminary test results documented in this report do 
suggest that further study of this concept should be 
undertaken. 
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Don’t sleep and drive –  
VW’s fatigue detection technology  
von Jan, T.; Karnahl, T.; Seifert, K.; Hilgenstock, J.; Zobel, R. 
 
 

Summary 
 
This paper takes an in-depth look at an innovative 
driver state monitoring system, which VW has 
developed to assist drivers. The system is designed 
to help drivers manage their physical and mental 
resources properly when they are behind the wheel.  
 
The article begins by explaining the motivation that 
led to the development of the system and then goes 
on to discuss the characteristics of the physical and 
cognitive states under observation as well as the 
system hardware and software components. The 
reader is given an insight into the empirical deriva-
tion of the prediction algorithm. The article also 
presents the results of the initial customer survey.  
 

1 The human factor in car acci-
dents 

 
Human error is known to be a causal factor in many 
accidents. There are, however, various aspects of 
driver error, and an analysis of these aspects can be 
used to derive better engineering solutions for hu-
man-machine interaction. Various proposals have 
been put forward as the basis for an analysis of 
human error including Norman (1981), Rasmussen 
(1982) and Reason (1990). Human error is ex-
plained by shortcomings in perception, interpreta-
tion of information, decision-making, information 
recall and direct performance of an action. How-
ever, general physical and cognitive aspects such as 
attention and fatigue also play an important role, 
because they affect other cognitive processes. The 
driver’s state has a crucial influence on perform-
ance reserves at any point in time and consequently 
on the conditions that determine the driver’s ability 
to operate the vehicle safely.  
 
Accident statistics provide grim evidence of the 
effects that driver fatigue can produce. The percent-
age of accidents caused by fatigue varies between 5 
– 25 % depending on the individual study. One 
essential characteristic of these accidents is the 
disproportionate severity of injuries, as can be seen 
from the graph (Fig. 1). The explanation for this 
phenomenon can be derived directly from the ef-
fects of fatigue. When drivers are tired, they fail to 
take any action at all to avoid an accident (espe-
cially braking or steering). Fatigue impairs percep-
tion and the ability to make the decision to react, 
and it also degrades actual performance of the ac-
tion(s).  
 
 

 
 
 
 
 
 
 
 

 

Fig. 1: Maximum injury in car collisions 

overall in relation to maximum injury in car 

collisions caused by fatigue 

 
These facts motivated the research team at VW to 
investigate driver state recognition systems and 
look for suitable solutions to the problem.  
 

1.1 Driver state recognition as an 
active safety measure  

 
A whole range of improvements in vehicle design 
and the provision of airbags and safety belts as 
standard equipment are safety measures, which 
have helped reduce the effects of accidents on vehi-
cle occupants in general and drivers in particular. 
However, it takes active safety measures to actually 
provide a chance of preventing accidents. Active 
safety systems, which have proven to be effective 
such as ESP and ABS help the driver control the 
vehicle. Driver state monitoring can also be re-
garded as an active safety measure, because the 
goal is to evaluate the driver’s performance re-
sources. It can provide prospective information to 
drivers about their condition, and the vehicle can 
automatically adapt to changes in the driver’s per-
formance capabilities. Other driver assistance sys-
tems can, for example, provide warning in a more 
timely fashion to give the driver more time to react.  
 
There are difficulties with the methods that are used 
to assess the driver’s state and the driver’s fatigue 
level in particular. This in turn creates a problem 
when an attempt is made to test the suitability of 
fatigue recognition technology.  At first, the answer 
to the question “what is fatigue?” appears to be 
quite straightforward. However, research on this 
phenomenon is still incomplete, and it is not possi-



Tycho von Jan 2

ble at this time to provide an exact, quantitative 
assessment of fatigue.  There is no generally ac-
cepted “golden rule” and no fatigue metrics that can 
be used to calibrate a fatigue recognition system 
(Bittner et al., 2000). 
 
There are also limits to the effectiveness of atten-
tion monitoring systems in real-life driving situa-
tions. Monitoring the gaze position or head orienta-
tion is one plausible method, which can be used to 
assess visual attention and ensure that drivers have 
access to essential information. Ease-of-use consid-
erations dictate that the assessment must take place 
without contact and without the need for calibration 
by the driver, and this presents an additional engi-
neering challenge. One fundamental problem with 
this type of measurement is that “looking at some-
thing” does not necessarily mean, “being aware of 
something”.  
 

1.2 What do we mean by attention 
and fatigue 

 
Attention is a concept, which we have all experi-
enced and which seems plausible to us. However, it 
actually refers to a multi-faceted phenomenon. 
Attention is an essential prerequisite, which enables 
a person to select information, which is coming 
from the person’s surroundings, process the infor-
mation and control action (James, 1890). Attention 
can be focused intentionally in an attempt to locate 
information or unintentionally as a result of physi-
cal stimulus. Attention can be focused on one spe-
cific area, or it can be divided to a certain extent 
between several areas. Training and factors such as 
fatigue and motivation can influence the degree to, 
which attention and cognitive resources can be 
divided. Another aspect of attention is vigilance, 
which means maintaining focus. A person needs to 
be vigilant to perform a task over a long period of 
time. All of these factors are important for drivers, 
because they make available the cognitive and 
physical resources needed to carry out an activity.  
 
Fatigue is another phenomenon that influences a 
person’s ability to perform a task on various levels. 
Hacker (1989) defined fatigue as a “state in which 
performance capabilities are temporarily impaired 
by continual activity demands which exceed the 
ongoing capacity to restore performance capabili-
ties.” A dangerous situation occurs when the driver 
of a vehicle suffers from psychological fatigue 
(temporary impairment of information acquisition 
and processing capabilities).   
 
The effects of psychological fatigue manifest them-
selves in four categories: 

(1) physiological (regulation of the vege-
tative and nervous system) 

(2) cognitive (perception and information 
processing) 

(3) motor (behavior) 

(4) subjective (experience) 
 
Changes in the first three categories are generally 
accessible for observation and “objective” meas-
urement, but this is not the case for the subjective 
experience of a fatigued person. In addition, there is 
often no direct correlation between “objective” 
parameters and subjective experience (“Paradoxien 
des Müdigkeitsgefühls”, Hacker, 1980, pp.70ff.).   
 
Because the terms are not clearly defined, the 
boundary between the symptoms and the effects of 
fatigue is not well-defined. In practice, there is 
actually no need to make a theoretical distinction. 
The symptoms and effects of fatigue can be sum-
marized as follows (Tab. 1; refer to FHWA, 1997): 

Tab. 1: Classification of fatigue symptoms 

and effects  

 
Brown (1994) believes that the main effects of 
fatigue are a progressive withdrawal of attention 
from traffic and what is happening on the road 
combined with a more risky approach to decision-
making. 
 
Brown (ibid) suspects that reduced alertness is most 
often the result of eyelid closure, which accompa-
nies fatigue. He also describes another effect of 
fatigue on drivers as “driving without awareness” 
(DWA). When road and traffic conditions are not 
very demanding, the driver’s attention is gradually 
diverted from traffic to distracting thoughts. This 
state of inattentiveness is caused by the fact that 
visual search behavior in the presence of highly 
repetitive and predictable visual stimulus is deter-
mined to an increasing extent by internal oculomo-
tor control (top down) rather than by the actual task 

Category Symptoms and effects of 

fatigue 

physiological • reduced  psycho-
physiological stimulation 

cognitive • reduced alertness and vigi-
lance 

• information processing and 
decision-making takes 
longer 

motor • reaction time increases 
when critical events occur 

• control reactions are more 
variable and less effective 

• reduced preparedness to 
react 



Tycho von Jan 3

at any moment in time. Regarding the practical 
effects of this state, Brown (ibid) concludes that 
DWA will increase the probability of rear end colli-
sions in particular, whereas the likelihood that the 
vehicle will leave the road without another vehicle 
being involved will increase if drivers close their 
eyes. 
 
Knowledge about how fatigue progresses over time 
is vital for the development of a fatigue recognition 
system. Many studies have shown that driver fa-
tigue occurs intermittently. There is not a linear 
increase in fatigue level when drivers with sleep 
deprivation are at the wheel for long periods of 
time. Instead, there is a sequence of episodes in-
volving fatigue and reduced alertness with a general 
tendency towards increased fatigue (e.g. Hargutt & 
Tietze, 2001; Bittner et al., 2000; Richardson et al., 
1997). These findings are in agreement with “clas-
sical” results from general fatigue research, which 
describe repeated short blocks or lapses during 
vigilance tasks interspersed between periods of 
normal performance (Warren & Clark, 1937).   
 
The theoretical explanation for these observations is 
that fatigue does not develop as part of a passive 
process. What we actually see is interaction be-
tween deactivation processes and compensation 
processes. A driver can, for example, react when he 
realizes that he is getting tired and change the way 
he is driving to compensate for the (perceived or 
suspected) impairment of his ability to react. As a 
result, it is much more difficult to demonstrate a 
fatigue-related decrease in performance under real-
istic conditions than during “artificial” trials under 
laboratory conditions. According to Hockey (1993), 
people adopt a performance protection strategy 
when they are doing something that they perceive 
as being important. A modified action strategy can 
to some extent compensate for reduced perform-
ance capabilities. Determining where the limits of 
this ability to compensate lie is subjective and de-
pendent on the situation. The limits vary and are 
difficult to predict.  
 
As a result of interaction between the deactivation 
and compensation processes, fatigue manifests 
itself more as an increasing variability in perform-
ance than a steady decline in performance (Dinges 
& Kribbs, 1991). 
 
The factors, which systematically determine the 
variation between alertness and blockages from one 
minute to the next remain unknown. Technology 
designed to recognize blockages in information 
processing and the activity of drowsy drivers must 
be designed to monitor changes continually (Dinges 
et al., 1998). 
 
A fundamental problem in the validation of fatigue 
recognition technologies is the selection of a suit-
able criterion (Hartley et al., 2000). The difficulty 

stems from the fact that “fatigue” is a vague con-
cept, which is used as a general term to describe 
phenomena, which result from a variety of factors. 
Literature published in English uses the following 
terminology in this context: “fatigue”, “sleepiness”, 
“drowsiness”, “microsleeps”, “attention”, “alert-
ness”, “vigilance“, “hypovigilance”, “performance 
variability”, “error vulnerability” etc. These terms 
or more or less used synonymously.  
 
At first, the answer to the question “what is fa-
tigue?” appears to be quite straightforward. How-
ever, research into this phenomenon is still incom-
plete, and it is not possible at this time to perform 
an exact, quantitative assessment of fatigue level.  
There is no generally accepted “golden rule” and no 
fatigue metrics that you can use to calibrate a fa-
tigue recognition system (Bittner et al., 2000).  
 
2 VW’s approach to 

(in)attentiveness and fatigue 
 
As can be seen from the information presented in 
the previous sections, fatigue in general is a very 
complex phenomenon. It has been the subject of 
intense scientific study, and drowsiness at the wheel 
is a very familiar cause of accidents. Fatigue and 
the resulting microsleeps are merely a subset of the 
potential causes of accidents, which can be traced to 
a lack of fitness or performance capability on the 
part of the driver. From the pragmatic standpoint, 
fatigue and lack of alertness and the effects on 
driving may be summarized under the term inatten-
tiveness. To put it another way, fatigue is one of a 
number reasons for inattentiveness (Brown, 1994). 
Inattentiveness is a major cause of accidents and 
can occur when the driver is reading traffic signs or 
talking with passengers in the vehicle. Unless an 
accident or dangerous incident occurs, the driver is 
unlikely to even notice the inattentiveness. That is 
one of the reasons why our customers perceive 
fatigue to be a more significant problem than inat-
tentiveness. Nearly all drivers can remember a 
situation when they were driving while they were 
tired whether or not they had trouble controlling the 
vehicle as a result of fatigue. This means that a 
system that addresses the general problem of inat-
tentiveness would be more effective in increasing 
traffic safety. Customers are more concerned with 
fatigue and microsleep, and media reports tend to 
reinforce this attitude.  
 
To make a valid assessment or relatively reliable 
estimate of a driver’s fatigue level and provide a 
timely recommendation for action to be taken be-
fore a dangerous situation arises, represents a sig-
nificant challenge (see section 1). Deciding whether 
a driver is paying sufficient attention to traffic is far 
more complicated.  
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What is the best way to assist the driver, give him 
information about his condition and help him drive 
the vehicle? To find an answer to this question, we 
will start by using a pragmatic conceptual model. 
How, for example, can we tell whether persons 
attending a meeting are attentively following what 
is going on or instead have nearly fallen asleep? We 
can find out or at least make a reasonable assess-
ment by watching their faces. Are they looking at 
the speaker’s charts at the front of the room? Are 
they looking out the window or flicking through 
their notes with a bored expression of their faces? 
Do they already have “heavy” eyelids that open and 
close slowly and almost remain closed?  
 
This tells us that one way to assess the fitness level 
of another person or a driver is to observe the face, 
head and eyes. We can draw conclusions about a 
driver’s alertness if we can determine what seems 
to be holding the driver’s attention, what direction 
he has turned his head in or where he is looking. If 
we can determine whether and how a driver’s eye-
lids are moving or whether they are actually closed, 
we can assess whether the driver is tired. The VW 
approach is to transfer this human assessment capa-
bility to a technical system, which vigilantly ob-
serves the driver.  
 
The on-board equipment needed to monitor and 
assess or estimate the driver’s state is as follows:  

• a video sensor (camera), which can 
provide an image of the driver in all 
lighting conditions and with sufficient 
resolution, and image processing soft-
ware as part of the camera, which iden-
tifies parameters such as eyelid opening, 
head position and gaze position.  

• a prediction algorithm, which calcu-
lates or estimates the driver’s fit-
ness/fatigue level based on eye closure 
data 

• logic or an algorithm, which accepts the 
various inputs and provides a suitable 
output to a human-machine  interface.    

 
Proposed solutions for a driver state monitoring 
system, the associated difficulties with the system 
and the resulting technical requirements are pre-
sented below. We will also describe our first on-
board engineering prototype and what our custom-
ers think of this approach.  
 

2.1 Video sensor (camera) and image 
processing 

 
We use a video camera, which is suitable for vehi-
cle-based applications to monitor the driver. The 
camera is positioned so that we can monitor the 
driver’s head and especially the eyes. We want to 
measure the movement of the head, eyes and eye-
lids with the aid of the camera. The output should 

include parameters such as the position of the head 
with relation to the chassis, gaze position parame-
ters and eyelid data. The change in eyelid spacing 
(the distance between the upper and lower eyelid) 
over time can be used to calculate the frequency 
and duration of eyelid motion and other parameters. 
Parameters derived from eyelid motion are then 
used to generate an estimate of the driver’s fit-
ness/fatigue level. An assessment of attentiveness is 
based on head and gaze position. 
 
The on-board system also includes an image proc-
essor, which analyzes the images and performs the 
necessary calculations.  
 
The way in which the camera is integrated into the 
vehicle is largely determined by the cabin design 
and the need to position the camera so that it can 
monitor the head and especially the eyes. The cam-
era’s location, orientation and field of view must be 
adapted to suit the particular vehicle.  
 
Once the system is activated, the image processor 
reads the data that is sent periodically from the 
camera and performs the necessary processing 
steps. The processor must be able to calculate the 
parameters in real time. The system also includes 
light sources to provide adequate illumination under 
all ambient conditions. 
 
The data from the system is fed into a fatigue moni-
toring system and the result (e.g. a warning) is 
passed onto a human-machine interface.  
 
The observation camera system mounted in the 
cabin contains the following components: 

• camera 

• image processor 

• light sources 

 
Similar camera systems and video sensors are al-
ready being used in laboratory trials in a wide range 
of applications. The challenge is to adapt these 
systems to the vehicle and make them suitable for 
use in that environment. We also have to be able to 
produce sufficient quantities of the camera in high 
volume production.  
 

2.1.1 System components 
2.1.1.1 Camera 
 
A camera is mounted in the cabin to supply a video 
signal, which provides an image of the driver’s 
head, the area around the eyes and certain facial 
features to the image processor. The camera is 
connected directly to the processor’s video input, 
and it must meet certain technical requirements 
including for example adequate resolution, frame 
rate and sensitivity.  
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The field of vision must include the driver’s face in 
all seating positions if possible without the need for 
any camera adjustments. The camera must be able 
to accommodate variations in the size, possible 
seating positions and posture of different drivers. 
Body sizes can range from the 5% female to the 
95% male. Possible body and head posture must 
also be taken into account. The camera must offer a 
certain depth of field because the distance between 
the camera and the driver can vary depending on 
the driver’s seating position. The camera’s periph-
eral field of view also must be defined.  
 
Additional simulation and in-vehicle testing are 
required to arrive at a precise definition of the re-
quired field of vision. Fig. 2 shows a sample study.  
  
 

 

Fig. 2: Example - camera integrated in 

the A-pillar, Volkswagen Phaeton 

 

2.1.1.2 Light sources 
 
Light sources are needed to ensure sufficient illu-
mination of the object under all ambient conditions. 
They must be adapted to suit the size and shape of 
the particular vehicle. The amount of light emitted 
in the visible spectrum must be so low that the 
driver does not notice it. The light sources must be 
safe for the eyes, and they must comply with appli-
cable legislation.  
 

2.1.2 Image processing functional 
requirements 

 
The cabin-mounted camera system must essentially 
perform the following functions: 

• It must detect whether someone is sit-
ting in the driver’s seat. 

• It must determine the approximate po-
sition of the driver’s head in space 
(x,y,z). 

• It must provide current eyelid opening 
data in millimeters for both eyes.  Mi-
nor latency is acceptable if an exact 
eyelid opening value is required. 

• A status value should be made avail-
able with very low latency. The status 
should include data on the driver’s cur-
rent position, approximate orientation 
and eyelid opening status.  

• The system must reliably flag meas-
urement dropout or errors. 

• It should provide data on head position 
particularly on the x-y axis (left and 
right rotation) over a wide range and 
within a relatively small angular drift. 
Head orientation in the x-z axis (nod-
ding) over a small range is also impor-
tant.  

• Using the head position as the basis, 
the next step is to determine the gaze 
position relative to a fixed, defined 
cabin element. Qualitative differentia-
tion is required to determine whether 
the driver is looking at the instrument 
panel (multi-function control, radio, 
etc.), looking out at traffic through the 
windshield on the driver’s side, looking 
through the windshield on the passen-
ger side or looking out the side win-
dow.  Testing must be carried out to 
check whether it is possible to reliably 
determine when the driver is looking at 
the inside or outside mirrors.  

• Capability to perform additional functions 
such as driver identification would in-
crease customer benefit.  

Only specific operational criteria will be added to 
this long list of requirements.  
 

2.1.2.1 Operational criteria 
 
The functional requirements must be fulfilled in a 
variety of situations. These operational criteria are 
essentially divided into ambient criteria and person-
related criteria.  
 

2.1.2.2 Ambient criteria 
 
The system must continue to operate reliably re-
gardless of ambient lighting conditions. It must be 
able to handle the full range of light intensity that is 
likely to occur during vehicle operation, ranging 
from total darkness to direct sunlight. The system 
must also be able to handle rapidly changing light-
ing conditions (e.g. travel along a tree-lined road 
with sunlight from the side). On systems that oper-
ate in the near-infrared range, consideration must be 
given in particular to near-infrared interference and 
the effect of the windows in the target vehicle.  

 
The system is designed for use on the road. Typical 
vibration must not impair system reliability or 
cause system failure. 
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During vehicle testing, the system must operate in 
the standard test temperature range without any 
restrictions.  
 

2.1.2.3 Person-related criteria 
 
There must be no dependence on the driver’s physi-
cal appearance including hair style. Ethnic origin 
(Asian, African or Central/South/North Euro-
pean/American), sex, make-up and prosthetic 
changes to the person’s face must not affect system 
performance. We should attempt to provide unre-
stricted functionality for persons wearing glasses, 
and this is currently the most difficult image proc-
essing challenge. Reflections from the lenses or 
frame cause errors during image processing and 
evaluation. The system must be able to measure 
eyelid spacing through glasses even in unfavorable 
lighting conditions. It has to accommodate different 
styles of glasses and lens types (mineral glass, plas-
tic and tinted/untinted lenses) and prescriptions. 
The only exception relates to  sunglasses that filter 
out a significant amount of infrared light.  
 

2.1.2.4 Measuring eyelid opening 
 
Precision measurement of eyelid movements is a 
basic prerequisite for determining the driver’s fa-
tigue level. The distance between the eyelids is used 
for example to calculate lid opening and closing 
speeds, eyelid closure time and blinking frequency. 
It is also used to determine how wide the eye is 
opened and other parameters. The system must 
provide the current distance between the eyelids for 
both eyes at the camera frame rate. Output must not 
exceed a defined latency level.  
 

2.1.2.5 Accuracy 
 
The image-processing unit should be capable of 
detecting the position of the eyelid edges with an 
accuracy of less than one pixel. Variation in meas-
urement errors is particularly critical. Rapidly 
changing measurement errors create major prob-
lems during fatigue monitoring. Key parameters 
such as eyelid opening speed are derived directly 
from the distance between the eyelids, and false 
discontinuity on the blinking curve leads to very 
critical measurement errors. Measurement errors 
that remain constant over time are somewhat less 
critical. A small, constant offset or factor on eyelid 
opening data can be tolerated. 
 

2.1.2.6 Quality indicator 
 
It is important that the system is able to recognize 
and flag unavoidable dropout and large measure-
ment inaccuracies to ensure that the downstream 
unit that monitors fatigue and detects head and gaze 
position does not misuse the data or misinterpret it. 

A differentiated, conservatively designed quality 
indicator should be used for this purpose.  
 

2.1.2.7 Determining the 3-dimen-
sional position of the 
driver’s head 

 
In a number of applications, it is important to know 
the approximate position of the driver’s head. If 
possible, there should be no need for ranging sen-
sors other than the camera. When these criteria are 
met, the camera image along with biometric as-
sumptions (e.g. spacing between the eyes) can be 
used to determine the approximate distance of the 
face from the camera. The distance and the position 
of the face in the camera image can then be used to 
determine the other two coordinates.  
 

2.1.2.8 Status output 
 
The system should provide a status signal, which is 
output in real time or nearly so. This is necessary to 
achieve reliability and an alarm rate, which is ac-
ceptable to the customer in a number of situations, 
which occur when the vehicle is in traffic.  
The table below (Tab. 2) shows a sample status 
value: 
 
Status Description 
Base view The face of the driver is 

in the field of view. Both 
eyes are detected in the 
camera image 

Blink The face of the driver is 
within the field of view. 
The eyes are closed 

Turn out of range The driver has turned his 
head. The head is still in 
the field of view, but the 
eyes are not visible from 
the camera, and the 
distance between the 
eyelids cannot be deter-
mined 

Occlusion The eyes are covered by 
an object, but they are 
otherwise within the 
field of view 

Lateral out of range The driver has moved to 
the side out of the cam-
era’s field of view 

No person No one is within the 
camera’s field of view 

Measurement error The face is in the field of 
view, but the eyes can-
not be located 

Tab. 2: Output of the driver state 
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2.1.2.9 Reliability of the status value 
 
The “Blink” status is used to trigger a warning as 
soon as the driver’s eyes have been closed for a 
certain length of time. Latency must be minimal in 
order to provide timely warning to the driver. The 
fatigue level is determined by measuring the dis-
tance between the eyelids (see section 2.1.2.4). 
Latency is less critical here.  
 
The “Blink” status must be highly accurate. If 
“Blink” remains set for a defined length of time, a 
downstream unit (a suitable HMI) will warn the 
driver. Long blinks will lead directly to a driver 
warning. If the “Blink” status erroneously indicates 
a long blink, a false alarm would be sent to the 
driver. The “Blink” status must never lead to a 
warning if the eyelids were not actually closed for 
the defined length of time. However, long blinks 
should always be detected if possible. 95% of long 
blinks should be detected using the “Blink” status.  
 
This issue presents also a big challenge for the 
image processing functions. The requirements 
placed on other status values are less stringent.  
 

2.1.2.10 Calibration 
 
The system design must ensure that no calibration 
is needed over the system’s lifecycle. However, 
automatic calibration without the need for user 
intervention is acceptable. There should also be no 
need for calibration during installation or service. 
The camera lens aperture angle should ensure that 
there will be an adequate field of view despite the 
usual installation tolerances.  
 

2.1.3 Sensor tests and outlook 
 
The requirements we have outlined for an on-board 
video sensor used for driver state monitoring are 
partially taken from a standard specification list, 
which applies to any new electronic component or 
system, which is to be integrated into a vehicle 
during the course of the development process. VW 
has also conducted a large number of tests in-house 
on video sensor prototypes (Fig. 3 shows an exam-
ple).  
 
Without going into the details of the trials, we 
would at this point like to briefly explain some of 
the problems that still need to be resolved before 
we can consider widespread use of this technology 
in vehicle applications.  
 
The sensor system should work with drivers who 
are wearing glasses. Current image processing 
systems on prototype sensors have the disadvantage 
that they generate false interpretations or reflections 
coming from the lenses or frames. These reflections 
can be confused with the reflections, which nor-

mally come from the pupil, for example, at a time 
when the eye behind the lens may actually be 
closed. The frame can be misinterpreted as the 
upper or lower edge of the eyelid. This could lead 
to generation of false data relating to the spacing 
between the eyelids or the gaze position. 
 

 

Fig. 3: Prototype of a video sensor in a 

VW car 

 
The availability of the sensor signal in all lighting 
conditions poses another problem. What we are 
talking about here is lighting conditions that are 
related to the weather conditions, time of day (sun 
low on the horizon at sunrise or sunset) or ambient 
conditions (e.g. rapid transition between light and 
shadow on tree-lined roads) and differences in 
lighting conditions that are related to geographical 
location.  
 
Whether or not we will see this type of system in 
future cars depends to a large extent on our ability 
to find satisfactory vehicle-based solutions, which 
meet the requirements described above and which 
eliminate the current problems. 
 

2.2 Prediction algorithm 
 
We will now take a look at the methodology, results 
and conclusions from trials, which were conducted 
at VW to determine the driver’s state, and his fit-
ness/fatigue level in particular, using eye closure 
data. An appropriate prediction algorithm was de-
veloped and tested in a vehicle application.  
 

2.2.1 Methods and results 
 
The behavior of drivers suffering from extreme 
fatigue was investigated in a driving simulator 
during the first phase of the project. In addition to 
looking at other driving parameters, the study fo-
cused on blinking and identification of fatigue indi-
cators.  
 
The pilot study, which ended in 2002, demonstrated 
a significant correlation between blinking parame-
ters and fatigue. These results were validated in 
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another trial. The wealth of data available from 
these trials was used to develop a fatigue prediction 
algorithm, which is based on driving and eye pa-
rameters.  
 
In parallel, a prototype sensor was tested and evalu-
ated. Up to that point, complex video analysis was 
needed to accurately detect blinking. The sensor 
was designed to perform this function automati-
cally. A prototypical sensor was used to detect 
blinking. Raw data from the sensor was processed 
and parameterized during the project.  
 
The algorithm was intended to provide accurate 
state evaluations for all drivers if possible. The 
fatigue behavior of a variety of persons was studied 
at different times. A broad, varied sample of drivers 
was selected for the study, which roughly repre-
sented the population of persons holding driving 
licenses in Germany. Trials were conducted at vari-
ous times during the day to ensure that parameter 
differences, which are related to time of day were 
identified. Monotonous travel on a freeway was 
selected to maintain strict control of simulated 
situations and conditions. Otherwise it would not 
have been possible to relate parameter differences 
to a single cause. Thus the results of the study can 
be generalized to apply to various test persons and 
times of the day, but it is only valid for a monoto-
nous stretch of freeway.  
 
A third goal was to establish additional fatigue 
criteria, which were missing from the pilot study. 
For algorithm training, prediction variables that can 
be established in the vehicle have to be linked with 
a fatigue or alertness level criterion. Since no gen-
erally valid measurement standard for fatigue ex-
ists, three different criteria were established to 
compensate for the advantages and disadvantages 
of each criterion. Firstly, the drivers taking part in 
the study were asked to assess their level of alert-
ness. Secondly, following training on a defined set 
of observation criteria, neutral observers used video 
analysis to evaluate driver fatigue. The third “objec-
tive” standard was measurement of brain activity 
(EEG), which was applied in some tests.  
 
A total of 83 persons, who were specifically se-
lected from a large database containing information 
from responses to an ad campaign, took part in the 
series of experiments. The participants appeared for 
testing at three different times during the day: 8 
A.M., 1 P.M. and 10 P.M. Each person drove for 
about two hours on a monotonous stretch of free-
way.  
 
The data collected during the experiments was 
processed and parameterized to provide a basis for 
prediction models (prediction algorithms), which 
use a variety of mathematical methods.  
 
 

The methods used in experiment 1 include:  

• threshold analysis  

• a C5 decision tree 

• multiple regression  

These methods were used to construct the predic-
tion algorithms. The approach taken was to use half 
of the test persons to “teach” the algorithms. The 
other half was used to test the quality of the predic-
tions. The prediction is retrospectively based on all 
data collected during the preceding 60 seconds, and 
it is re-calculated every second (frequency = 1 Hz). 
Sensitivity and specificity criteria taken from signal 
detection theory (Green & Swets, 1966) were used 
to assess the quality of the prediction. To calculate 
the quality of the prediction, the output of the algo-
rithm is categorized into correctly detected, missed, 
correctly rejected and false alarm events. Specific-
ity gives an indication of the extent to, which an 
event was only and exclusively detected when a 
microsleep phase actually occurred. It can also be 
expressed as a percentage value for correctly cate-
gorized event-free time segments. Sensitivity is a 
ratio of the number of correctly identified events 
compared to the total number of events expressed 
as a percentage. 
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Algorithms in this study should have a maximum 
value for sensitivity and specificity.  

Fig. 4 below shows how results were classified. It 
indicates when a prediction is counted as a hit, false 
alarm, correct rejection or missing in relation to the 
5-minute prediction interval. 

Fig. 4: Evaluation of driver’s fatigue rec-

ognition algorithm 

Prediction algorithms were developed and tested on 
the basis of this methodology. The best results were 
achieved when the results of different algorithms 

Micro Sleep Event 
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20 minutes 
= 80 % 

t 

Hits and Missings   
False Alarms and Correct Rejections 
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were merged into one consolidated algorithm. This 
is discussed in more detail in the next section.  

Indicator models were developed during the 2002 
pilot study. Parameters and their fatigue-dependent 
variation were systematized. Experiment 1 was then 
conducted to develop algorithms to predict an im-
manent sleep event. Experiment 2, which followed 
in 2003/2004, was conducted essentially to repeat 
the testing and improve the reliability and validity 
of the algorithms that were developed during the 
previous experiment. A further experiment was 
conducted in 2004 to study the effect of warnings 
on the prediction quality.  

 

Fig. 5: Empirical basis of driver's fatigue 

recognition algorithm 

 
 

2.2.2 On-board implementation 
 
Tests under real driving conditions were carried out 
to evaluate the data processing and algorithm 
framework. The general framework is shown in the 
diagram below (Fig. 6).  

    

Fig. 6: Framework of driver's fatigue recogni-
tion algorithm 

Eye data captured by the video sensor was fed into 
the system. Eye opening as a function of time and 
the parameters derived from that data are used dur-
ing calculation of the fitness/fatigue level. Data 
smoothing has to be performed in order to generate 
meaningful parameters from the raw data signal. 
Then compensation must be added for missing 
input data. After these steps are performed, the 

quality of the input data is adequate to detect blink-
ing events (event detection). A check should be 
made to determine the extent to which data from the 
left and right eye vary. Once eye closing events 
have been identified, they can be parameterized (the 
duration of the blinking event or speed at which the 
eyelid is opened can be determined). The quality of 
the measurement performed on each blinking event 
can then be evaluated. The quality assessment is 
performed during algorithmic processing. Once the 
significant statistical values per event for the pre-
ceding minute have been generated, the data is 
exported to the data pool and is available to the 
algorithm modules for further manipulation.  

Vehicle and ambient data are placed on the CAN 
bus (Controller Area Network) and fed into the 
framework. Vehicle data is used to determine activ-
ity patterns, which can then be used to perform an 
additional check of the fatigue prediction. Ambient 
data such as the time is used to generate the predic-
tion depending on what time of day it is. The pre-
diction takes into account circadian rhythm (our 
internal time-dependent clock). 

Initial development of the prediction algorithm took 
place under controlled conditions in the simulator. 
The effect of warnings and feedback on drivers and 
on the validity of the prediction was also tested in 
the driving simulator before a test series was carried 
out on the road.  

The results of evaluations conducted on the newly 
developed warning system under actual conditions 
were encouraging. The calculation of the quality 
indicator as well as feedback from test drivers who 
gave an assessment of the warning system indicate 
that at the current stage development the system is 
already producing satisfactory results and is some-
thing that customers would like to have.  

In principle, the algorithm is transferable to actual 
behavior in traffic. It is still difficult to capture eye 
data without error when the driver looks away. This 
problem was discovered under real-world condi-
tions where more stimuli were present. It did not 
occur in the carefully controlled environment of the 
simulator.  

It also became clear that the way fatigue progressed 
under actual road conditions was different from 
what was observed in the simulator. Drowsiness 
came on significantly faster in the simulator if the 
assessment is based on the final fitness value of the 
prediction algorithm. Subjective self-assessment by 
the participants indicated that the fatigue level in-
creased over the course of the test drive. Sensitivity 
and specificity calculated on a minute basis were 
both above 90 %. These results show that the proto-
type delivers satisfactory performance.  



Tycho von Jan 10

There is however still scope to improve detection of 
eye behavior for persons who are wearing glasses. 
It is also clear that it is not possible to develop an 
algorithm, which can be used to predict the fit-
ness/fatigue level for the entire driving population. 
Some drivers do not exhibit the type of behavior, 
which indicates fatigue to a sufficient extent, and 
this makes it impossible to develop a universally 
valid assessment. Results of the testing completed 
so far indicate that the fitness/fatigue level could be 
predicted for about 80% of the participants. Ways 
in which a warning could be issued to the rest of the 
drivers when microsleep incidents occur are out-
lined in Section 2.3. 

2.3 Other applications for a camera 
mounted in the cabin to monitor 
the driver  

 
For this group of less-predictable drivers we are 
looking at various scenarios and strategies to gener-
ate a benefit from the fatigue/alertness assistant.  
 
One possibility is to develop a long blink or doze-
off alarm (please refer to section 2.1.2.8). The fa-
tigue/fitness level can be used to produce a warning 
before the driver falls asleep. In contrast, the long 
blink or doze-off alarm does not produce an alarm 
until the eyes have remained closed for a pre-
defined length of time. A high frequency is not 
needed to determine the eyelid spacing sequence. 
The system needs “only” to determine whether the 
eyes are open or closed. However, this decision 
must be made in a very short time, because a warn-
ing must be transmitted to the driver as quickly as 
possible. The danger for the driver and others be-
comes acute once the eyes have closed. False 
alarms are not acceptable, because this would sig-
nificantly reduce confidence in the system and thus 
customer acceptance. This scenario places high 
demands on the image processing function, which 
must be very precise and accurate. Other scenarios, 
which make use of the camera in the cabin to moni-
tor the driver, are shown in Fig. 7. The goal is to 
provide more information on the driver’s alertness 
by determining the head orientation and gaze posi-
tion. 
 

   

Fig. 7: Use concepts for an in-cabin cam-
era 

These use concepts will not be presented in more 
detail in this paper because the applications are still 
under development.  

3 What does our customer 
want? Some results of a cus-
tomer opinion survey 

 
It takes more than a demonstration of technical 
feasibility to achieve a successful transition from a 
research project to a product strategy and from 
there to volume production. Creating a link to the 
customer and the market is at least as important, 
and this is why we used marketing techniques to 
include customer preferences and requirements in 
the project. In collaboration with our market re-
search and product marketing teams, we designed 
and carried out an online questionnaire-based sur-
vey. The advantage of this type of study is the abil-
ity to survey a large number of customers in a rela-
tively short period of time. The disadvantage is that, 
despite the use of today’s computer and animation 
technology, the respondents only get a virtual im-
pression. The customers have not used the product 
or experienced its features, and they can only 
evaluate the concept. The responses do, however, 
provide information about expectations associated 
with the product. They also identify any aversion to 
this type of technology and shed some light on the 
reasons behind this attitude.  
 
In the summer of 2004, a standardized online inter-
view was used to survey 431 Volkswagen and Audi 
drivers in all product segments. The table below 
(Tab. 3) shows the details of the interview sample.  

Tab. 3: Sample population 

In very general terms, the goal was to solicit opin-
ions from our customers on the alertness/fatigue 
assistant. Various usage models were presented 
(refer to Fig. 7). Scenario 1 was given the working 
title “doze off alarm”, Scenario 2, calculation of the 
fatigue/fitness level, was called the “fatigue detec-
tor”, Scenarios 3 and 4 together were called “alert-
ness assistant”. The scenarios 1 and 2 were the best 
accepted ones by the customers surveyed, because 
they were expected as the most helpful functions. 
The approval level for the alertness assistant was 
also high, but clearly behind the doze off alarm and 
the fatigue detector. Respondents were allowed to 
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select more than one item. Another question is 
whether customers accept the idea of having a cam-
era in the cabin to monitor the driver. They were 
specifically asked whether they would accept a 
camera to assess fatigue/alertness and if necessary 
infrared light sources in the vehicle as well. Over 
80% of customers surveyed think that a camera and 
the necessary infrared lighting in the vehicle are a 
good idea. This means that only a minority of those 
surveyed rejected the concept.  

Finally, we can say that there is demand for a fa-
tigue/alertness assistant in markets where there is 
high customer acceptance of technology, such as 
Germany. There is a need to take a critical look at 
the expectations that customers place on this type of 
system. Customers have indicated that the doze off 
alarm is more important than the fatigue detector. 
This function should be available on the system to 
ensure that customers believe that it will provide 
tangible support.  

Authors’ note: 

The technical requirements and specifications re-
garding fatigue detection and monitoring outlined 
in this paper reflect current thinking based on re-
search activities conducted to date. These require-
ments are subject to change based on ongoing and 
future research and development efforts in technical 
disciplines as well as in the behavioral and medical 
sciences. The development of such systems is nec-
essarily an iterative process that can be described 
only in broad terms. Individual results over time 
will determine the nature and content of specifica-
tions that can form the basis of production systems.   
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ABSTRACT 

Compared to cars designed in the 80ies or in the 
early 90ies, new cars exhibit major improvements, 
especially in terms of driver assistance and road 
handling. To quantify the influence of these 
developments on drivers' behavior, a study was 
carried out on a test track with two cars of different 
generations in the summer 2004. 
36 male drivers, from 28 to 52 years old, were 
recruited in the general public to participate to the 
experiment. They were dispatched in two 
homogenous groups. For each group, drivers were 
asked to drive twice the same car: the first time, 
they familiarized freely with the car and the road 
during about one hour ("free driving phase"); three 
weeks later, they were invited to drive on the same 
road as if they were late or in a hurry ("rush driving 
phase"). The track is divided in two portions: a 
"main road" (3.5 km) and a "secondary sinuous 
road" (1.9 km). There is no traffic on the test track. 
Drivers' actions on the car’s controls were recorded 
and synchronized with dynamic parameters and 
video recordings. 
This paper is focused on the influence of car 
modernity and driving consigns on longitudinal and 
lateral solicitations of the car. Driver's behavior is 
analyzed in terms of longitudinal acceleration, 
deceleration (braking) and lateral acceleration 
when negotiating short curves. 
 
Key words: driver behavior adaptation, 
longitudinal acceleration, lateral acceleration, ESP, 
test track, normal driving, emergency driving 

INTRODUCTION 

Most previous studies focused on the effect of one 
driving assistance systems and tend to compare 
driver’s behavior with and without the system. The 
originality of our research is that it takes into 
account not only the global effect of cars’ 
improvements (road handling, vehicle chassis 
including steering wheel assistance, suspension, 
braking, soundproofing...), but also drivers’ 

“psychological” effects (anticipated confidence, 
external aspect, dimension of the tires…) before 
and during driving. 
The effect of cars’ improvement on driver’s 
behavior is not usually quantified. Only a few 
studies were carried out around this important topic. 
For example, Stein Fosser [1] has studied some 
effects of particular measures to improve safety, 
like Antilock Braking Systems (ABS) or airbags. 
He presumed that such systems produce changes in 
behavior that reduce the effects of the measures or 
counteract them entirely. The behavior adaptation 
that follows such measures is often termed "risk 
compensation" and it can partly or completely 
offset the intended safety effects of measures. In 
this same study, the author showed the importance 
of being, or not, aware of the safety measure on 
someone’s car (for example, airbags) which would 
be more important than the measure’s feedback (for 
example, ABS on a slippery road in terms of 
steering performance and braking). 
New cars exhibit major improvements in terms of 
driver assistance and road handling. To quantify the 
influence of these developments on drivers’ 
behavior, a study was carried out on a test track 
with two cars of different generations: Renault 
MEGANE 1 and Renault MEGANE 2 (Figure 1) 
are chosen as an example of cars of 90ies and 
2000ies. The two vehicles have almost the same 
power to mass ratio. By observing several driving 
measures on these cars, it is possible to compare 
the use of them by two homogenous groups of 
drivers. Each subject drives one car twice. 
 

  
Renault MEGANE 1 

(old vehicle) 
Renault MEGANE 2 

(recent vehicle) 
Figure 1. Two experimented cars 
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MATERIALS AND METHODS 

Even this study is related to the effect of car 
improvement on driver behavior in general, 
accidentological stake concerning lateral control of 
vehicles has guided some choices in the 
experimental protocol. For example, in France, 
Loss of control-induced accidents represent 20 % 
of personal injury accidents. This rate is close to 
40 % in curves [2]. A statistical study conducted 
recently by the LAB using real-world accident 
database [3] showed that in accidents with only one 
vehicle: 
• drivers having 25-54 years old represent 52 % of 

accidents, 
• male drivers are implicated in 76 % of the cases, 
• 69 % of accidents happen out of agglomerations, 
• for this kind of accidents, 10 % are fatalities and 

80 % are injured (20 % severely). 
This information is needed for example in the 
choice of drivers’ population, test track 
characteristics… 

Test track driving 

To be able to compare the effect of car 
developments on drivers’ behavior, the track was 
the same for all of them. The road has a length of 
5.4 km - 3.5 km “main road” and 1.9 km 
“secondary sinuous forest road” (Figure 2). Straight 
lines have a maximum length of 350 m and short 
curves have radius from 30 m to 200 m. For safety 
reasons, there is no traffic on the test track. 

STOPSTOP

TravauxTravaux

7070

7070
9090

100100

7070

7070

100100

““Main” roadMain” road

““Secondary” roadSecondary” road

 
Figure 2. Test Track 

• Main road (3.5 km): Figure 3 and Figure 4 
• Secondary road (1.9 km): Figure 5 and Figure 6. 
 

Test vehicles 

The vehicles chosen for the experiment were 
MEGANE 1 and MEGANE 2. MEGANE 1, 
produced in 1998 (approximately 8 years old) is 
selected as an “old” car and MEGANE 2 produced 
in 2004, is selected as a “recent” car. Both cars 
have ABS. The recent one also has ESP (Electronic 
Stability Program). The power of general two cars 
is 66kW (137Nm) and 83kW (152Nm) respectively 
and engine capacity of both of them is 1.6L. 
“General performance” 1  is 140. The general 
performance of recent car is 150, 7 % higher than 
old car. 

Table 1. 
Test Vehicles characteristics 

 MEGANE 1 MEGANE 2 

Birth 1998(8 years old) 2004 

Mileage 55000 km 3000 km 

Engine 
capacity 

1.6L 1.6L 

Power 66kW / 137Nm 83kW / 152Nm 

Equipment 
Air conditioning 

+ABS 
Air conditioning+ 

ABS + ESP 

General 
performance 

140 150 (+7%) 

 
Embedded sensors allow to measure drivers’ 
actions on the car’s controls (steering wheel and 
pedals). These measures are recorded and 
synchronized with dynamic parameters (speed, 
accelerations…) and video recordings. Four 

                                                           
1 criterion based on tire characteristics, aerodynamic, maximum 
speed and time to run 100, 400 or 1000m…, and used by 
Renault dynamic experts 

 
 

 

Figure 3. Main 
straight road 

Figure 4. Main 
sinuous road 

  
Figure 5. Secondary 

sinuous road 
Figure 6. Secondary 

sinuous road 
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cameras and a microphone record events taking 
place inside the car and on the road. 
 

 
Figure 7. Instrumentation of MEGANE 1 

(old vehicle) 
 

 
Figure 8. Instrumentation of MEGANE 2 

(recent vehicle) 
 

 
Figure 9. Example of driving video recording 

Drivers 

36 male drivers (volunteers) participated in the 
experiment. They were recruited according to their 
age, driving license acquisition year and annual 
mileage so as to be representative of drivers 
involved in loss of car control accidents in France. 
Their ages vary between 28 and 52 years old (Table 
2). The license years vary between 10 and 24 years 
(median of 19 years), and their annual mileage is 
between 2000 and 32500 km a year (average of 
17000 km). The sample is divided into two 
homogeneous groups:. nineteen (19) volunteers of 
group 1 were asked to drive MEGANE 1 and 

seventeen (17) volunteers of group 2 were asked to 
drive MEGANE 2. 
In all the Tables, Group 1 means old car 
(MEGANE 1), Group 2 means recent car 
(MEGANE 2). 
 

Table 2. 
Drivers’ characteristics 

 
Age 

(year) 

Driving 
License 
(year) 

Annual miles 
(km/year) 

Group G1 G2 G1 G2 G1 G2 

Minimum 29 28 18 10 2000 2000 

Maximum 52 52 24 23 32500 25000 

Medium 39 39 19 19 20000 16500 

Experimental protocol 

After brief questionnaire and alcohol test, each 
group is asked respectively to drive MEGANE 1 
and MEGANE 2. Each group drives twice 
respectively. At the first time, they are asked to 
drive freely to be familiarized with the car. They 
are free to choose their driving rhythm (“free 
driving phase”). In this phase, they drive first lap 
without data acquisition, and then they have one 
hour for normal driving with a short rest 
(30 seconds) after each lap. This phase allows us to 
collect enough data on the driving style and 
physical state of the subject.  
Three weeks later, they were invited to drive on the 
same road as if they were late or in a hurry (“rush 
driving phase”): they had to drive on the same track 
with a temporal objective they did chose. They 
have not to take unmeasured risk. This phase allow 
to see what margin they keep when negotiating 
curves, and how they will accelerate/decelerate in 
straight road. They were asked to drive 3 laps 3 
times (a short rest after every 3 laps). In conclusion, 
all subjects drove about 16 laps with data 
acquisition: 7 laps for “free driving phase” and 9 
laps for “rush driving phase”. At the end of the task, 
they were interviewed by a psychologist about their 
feelings and their driving experience. 

DEFINITION OF VARIABLES 

Variables can be divided into two dynamics 
groups: speed and acceleration. Acceleration 
variables can be divided in two groups: 
longitudinal and transversal acceleration variables ( 
Figure 10). Both longitudinal and transversal 
acceleration are measured. All variables are 
calculated for each subject and for each lap. This 
paper is focused on eleven variables: 

(Longitudinal) Speed variables 

• VmoyTour : average speed (by lap) 
• VmoyLD : straight road average speed 
• VmoyVG : curve road average speed 
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Longitudinal acceleration variables 

• ALPerc80: longitudinal acceleration 80percentile 
• AccelMax: maximum longitudinal acceleration 

Longitudinal deceleration variables (braking) 

• ALPerc8: longitudinal acceleration 8 percentile 
• DecelMax: maximum deceleration 

Transversal acceleration variables 

• ATPerc92: transversal acceleration 92 percentile 
(left turn) 

• ATMaxG: maximum transversal acceleration 
(left turn) 

• ATPerc4: transversal acceleration 4 percentile 
(right turn). It corresponds also to 96 percentile if 
absolute values are considered 

• ATMaxD: maximum transversal acceleration 
(right turn). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. acceleration variables 
 

STATISTIC TEST 

To study the difference in the use (driving) of the 
2 cars by the 36 volunteers, the eleven variables 
described above are chosen (Figure 11). Pink lines 
mean subjects of group 1 and black lines mean 
subjects of group 2. Red lines mean characteristic 
values of Group 1 and Blue lines mean those of 
Group 2. Bold lines mean average value of each 
group, dotted lines mean plus (minus) of variance 
value of each group. 
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Figure 11. Example data of each variable 

Data selection 

To eliminate bias due to stabilized / not stabilized 
driving rhythm, it was decided for the two driving 
phases (“free” and “rush”) that statistical tests are 
systematically conducted using, in one case all the 
data collected in all laps, and in the other case only 
the data on last laps: the 4 last laps for “free driving 
phase”, the 3 last laps for “rush driving phase”. 

Statistic method 

Generally speaking, to compare performance of 
two cars, comparison of mean is common. This 
method is largely divided into two parts: 
nonparametric and parametric ANOVA. Parametric 
method is used when data are normally distributed, 
otherwise nonparametric method is recommendable. 
To characterize the type of data distribution 
(normality test), “Kolmogorov-Smirnov test” and 
“Sharpiro-Wilk test 1” were used.  
If data are normally distributed, repeated ANOVA 
is used. Otherwise, after Mann-Whitney test for 
each lap is executed, all significances of each lap 
are integrated. Integrated level is made using the 
following formula: 

Integrated p-value= 1-(1-P1)·(1-P2)·…·(1-Pn) 
where p-value corresponds to the Mann-Whitney 
test result when comparing recent car with old one. 
 

Lap (test track) 1 2 … n 
p-value P1 P2 … Pn 

 

RESULTS 

Graphs 

Following graphs give a comparison between the 
real use of the two cars, in the two driving phases, 
and for the eleven variables: 
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Figure 12. VmoyTour 

                                                           
1 Shapiro-Wilk test is appropriate when the number 
of total population is less than 50. 
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Figure 13. VmoyLD 

G1
G2

40

45

50

55

60

65

70

75

80

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

lap

sp
ee

d
 (k

m
/h

)

 
Figure 14. VmoyVG 
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Figure 15. ALPerc80 
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Figure 16. AccelMax 
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Figure 17. ALPerc8 
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Figure 18. DecelMax 
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Figure 19. ATPerc92 
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Figure 20. ATMaxG 
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Figure 21. ATPerc4 
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Figure 22. ATMaxD 
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Statistical Results  

If p-value is less than 0.05 (significance level), 
there is significant difference between the 2 groups 
of drivers. In Table 3, results are described: 
 

Table 3. 
p-value of each variable 

 
p-value of free 
driving phase 

p-value of rush 
driving phase 

Variable 
With all 
data (all 

laps) 

With 
4 last 

laps data 

With all 
data (all 

laps) 

With 
3 last 

laps data 
Vmoy .656* .457* .999* .570 

VmoyLD .075 .086 .561 .380 
VmoyVG .729* .487* .999* .952* 
ALPerc80 .002* .000 .722* .069 
AccelMax .547* .196 .692* .100* 
ALPerc8 .248 .516 .386 .556 

DecelMax .992* .980* .999* .979* 
ATPerc92 .996* .980* .480 .290 
ATMaxG .999* .996* .999* .887 
ATPerc4 .986* .883* .413 .401 
ATMaxD .999* .999* .514 .647 

* means nonparametric repeated ANOVA 
 
• Average speed: in the 2 driving phases, there is 

no significant difference on drivers’ behavior 
between old and recent car for the three speed 
variables (all the lap, straight lines only, curves 
only). That is, we can not say that drivers in the 
recent car tend to drive faster than those in old 
car. For the three last laps of phase1, the average 
of speed of Group 1 is 55.3, 55.8 and 56.4 km/h 
while 57.8, 58.3 and 58.1 km/h in Group 2 
(Table 4). 

• Longitudinal acceleration: in both phases, there 
is no significant difference between two cars in 
AccelMax. The only significant difference 
between these cars is observed in ALPerc80 
parameter (which could be explained by certain 
differences in performance between two cars?) in 
free driving phase, but it is not the case in rush 
driving phase. For example, for the three last laps 
of “free phase”, the average of 80 percentile of 
acceleration of G1was 0.074g, 0.078g and 
0.077g while 0.109g, 0.109g and 0.110g in G2 
(Table 4). It is also interesting to note that for the 
two cars, there is no significant difference on 
maximum acceleration between the two driving 
phases. This could be explained by car 
acceleration “limit” (depending especially on the 
engine power). 

• Longitudinal deceleration: both DecelMax and 
ALPerc8 have no significant difference between 
the 2 groups in both phases, despite the 
difference between braking systems of the 2 cars. 
For the three last laps of phase 1, the average of 
8 percentile of acceleration of G1 was -0.148g, -
0.150g and -0.156g while -0.176g, -0.178g and -
0.176g in G2 (Table 4).  

• Transversal acceleration: In both phases, there 
was no significant difference between two cars in 
all transversal acceleration variables. For 
example, for the three last laps of phase1, the 
average of 92 percentile of lateral acceleration of 
G1 was 0.234g, 0.243g and 0.254g. Those of G2 
were 0.245g, 0.249g and 0.249g (Table 4). 

 
Table 4. 

Average values of free driving phase 

“Free driving phase” 
Variable Group 

4th 5th 6th 7th 
1 54.9 55.3 55.8 56.4 VmoyTour 

(km/h) 2 57.0 57.8 58.3 58.1 
1 59.3 59.7 60.3 60.9 VmoyLD 

(km/h) 2 62.1 62.8 63.5 63.1 
1 51.3 51.7 52.3 52.9 VmoyVG 

(km/h) 2 53.3 54.2 54.7 54.6 
1 .077 .074 .078 .077 ALPerc80 

(g) 2 .106 .109 .109 .110 
1 .217 .219 .213 .229 AccelMax 

(g) 2 .253 .243 .261 .258 
1 -.138 -.148 -.150 -.156 ALPerc8 

(g) 2 -.172 -.176 -.178 -.176 
1 .351 .325 .326 .340 DecelMax 

(g) 2 .355 .371 .365 .363 
1 .230 .234 .243 .254 ATPerc92 

(g) 2 .240 .245 .249 .249 
1 .492 .473 .495 .501 ATMaxG 

(g) 2 .490 .509 .514 .506 
1 -.274 -.275 -.275 -.283 ATPerc4 

(g) 2 -.279 -.291 -.300 -.297 
1 .552 .543 .579 .579 ATMaxD 

(g) 2 .558 .532 .537 .537 
 

Table 5. 
Average values of rush driving phase 

“Rush driving phase” 
variable group 

7th 8th 9th 
1 70.6 72.4 72.8 VmoyTour 

(km/h) 2 69.5 71.4 71.8 
1 76.0 77.8 78.4 VmoyLD 

(km/h) 2 74.0 76.3 76.6 
1 68.6 70.4 70.7 VmoyVG 

(km/h) 2 67.3 69.3 69.8 
1 .124 .120 .120 ALPerc80 

(g) 2 .136 .136 .141 
1 .245 .210 .212 AccelMax 

(g) 2 .252 .250 .250 
1 -.237 -.247 -.268 ALPerc8 

(g) 2 -.250 -.257 -.277 
1 .524 .526 .576 DecelMax 

(g) 2 .492 .492 .517 
1 .434 .451 .469 ATPerc92 

(g) 2 .404 .422 .436 
1 .727 .737 .772 ATMaxG 

(g) 2 .731 .754 .772 
1 -.479 -.508 -.521 ATPerc4 

(g) 2 -.452 -.482 -.497 
1 .842 .862 .912 ATMaxD 

(g) 2 .843 .836 .858 
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DISCUSSION 

With this macroscopic analysis level, we didn’t 
demonstrate significant differences in the use of the 
two different cars, except in maximum longitudinal 
accelerations. However, the comparison between 
average speed in straight lines is at the limit of the 
statistical significativity (p=0.08) which could be 
explained by the probable quite difference between 
car’s performances. This result must be relativized: 
no significant difference between average speed in 
the curves of the test track. In addition, it is 
possible that the presence of an experimenter next 
to the driver in the vehicle, especially in rush phase, 
can induce an over-confidence, and maybe 
unmeasured objective risk. 
It is probable that representation of everyone when 
driving a car for the first time is confirmed or 
infirmed, positively or negatively, with the 
experience (driving). It seems among this study that 
driver, even if he drives a new modern car with 
more assistance systems (vehicle chassis, 
soundproofing, braking) and a better external 
aspect, (aerodynamic shape, dimension of the 
tires…) than old vehicle, he does not have 
systematically a different behavior in both, normal 
(free phase) and hurry driving (rush phase). We can 
assume that global representation before and during 
driving would mostly condition his behavior 
adaptation (with a more or less risk taking) more 
than his just awareness about this or that assistance. 
These interpretations are based in a great part on 
the exploitation of the interviews with the 
psychologist at the end of the driving tasks. For 
example: from the interview with the psychologist 
at the end of “rush driving phase”, some drivers 
were very surprised (positively) by the road 
handling of the old car, which is opposite to what 
they supposed it to be before driving. But of course, 
in all cases, the driving profile or style (“slow”, 
“normal” or “active”) has also an evident influence 
on the use of the vehicle, independently of its 
characteristics. 
As in any test track experiment, some bias can not 
be avoided. People don’t drive their own cars, they 
are asked to drive “freely” or “in a hurry” with an 
experimenter in the car, on a test track they don’t 
know. The “free” phase is very important: subjects 
take one hour to “test” the vehicle, to memorize the 
road and its environment, and also to discuss a little 
with their passenger. We can assume that these bias 
will decrease with time (or laps), and drivers will 
use their own driving habitudes as in real road. 
In this paper, guidelines about drivers’ behavior are 
presented. There is a probability to be exaggerated 
in some variables in rush driving phase. Generally 
people drive their own cars with more care because 
they don’t want to change regularly car accessories 
(like tires or brakes) nor losing money because fuel 
consummation. 

The result of this pilot experiment on the effect of 
car improvements must be taken with care 
regarding to its limits: representativity of drivers 
(especially their number) and the test track (in 
terms of geometry, state of the road…), lack of 
traffic… 
The LAB conducted in 2003 another experiment 
with 83 drivers on a 50 km real road including 
highways and secondary roads. Subjects drove a 
Peugeot 307 vehicle. Even experimental protocol is 
different from the present study, it is interesting to 
observe that the medians of maximum transversal 
acceleration are quite similar: 0.55 g against 0.59 g 
respectively (Figure 23). 
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Figure 23. Comparison with another study 

CONCLUSION 

In the respect of longitudinal acceleration, there is 
significant difference between the use of the 2 cars 
in 80 percentile of longitudinal acceleration 
(ALPerc80) by the 2 groups in “free driving phase”, 
but not in “rush phase”. However, there is no 
significant difference between general driving 
behavior of the 2 groups in speed variables and 
transversal acceleration variables.  
To analyze this part, deeper inspection is necessary. 
In addition, big dispersion between the drivers, 
even in the same Group, are observed at least on 
the eleven variables analyzed in this paper. 
This study using general or macroscopic variables 
such as average speed per lap must be continued by 
a more detailed or microscopic analysis of the 
driver behavior and his strategies when negotiating 
some particular curves for example.  
This study was conducted for instance only with 
objective variables. Further analysis will integrate 
subjective data collected by the psychologist at the 
end of all driving tasks. This would give relevant 
information about the real use of the vehicles and 
how drivers perceive/choose the level of 
solicitations in the two driving tests, and also a 
comparison between the two cars 
Despite the lack of quantitative studies on the effect 
of cars’ improvements, and even if some active 
safety devices or any other driver assistances would 
change their driving behavior, it must be kept in 
mind that improvements in passive safety by 
reducing the number of injuries today allow an 
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important compensation of any perverse effect of 
assistances. 
The first macroscopic results of this study on 
behavior adaptation to car’s improvements shows 
the interest of focusing on the global representation 
of the car than on an isolated effects of this or that 
assistance. 
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ABSTRACT 
 

The paper discusses a design expertise for active 
safety systems with reference to the two-wheeled 
vehicles. The special emphasis is placed on various 
approaches to the anti-lock braking systems. 

Taking into account the specificity of motorcy-
cles, scooters and other two-wheeled vehicles, the 
variants of single and double-channel braking control 
are examined. 

Approbation of developed control strategy has 
been performed through simulation with AMESim 
software. This allowed to consider the very important 
factors like hysteresis losses in brake gears and re-
sponse time of brake drive. In accordance with results 
of virtual testing, the paper proposes an evaluation of 
pre-extreme algorithms for motorcycle anti-lock 
braking systems. 
 
INTRODUCTION 
 

The speedy upgrowth of fleet of two-wheeled 
mobile machines poses the question to enhance es-
sentially the safety for this kind of vehicles. The ap-
propriate methods for handling a problem lie in two 
main areas:    

• Gain in passive safety level during special 
rider's equipment 

• Increase in active safety level using vehicle 
dynamics control systems.  

The second issue is a subject of inquiry under 
discussion. 

One of the first effective engineering solutions 
for motorcycle active safety was the first generation 
of anti-lock braking systems (ABS) entered in 1988 
for BMW K100. This system gained the further de-
velopment in models of ABS II (1993) and ABS III 
(2000) for family of BMW motorcycles [1].  

The ABS evolution shows that it is essential to 
investigate on various aspects of wheel rolling with 
reference to dynamics of two-wheeled vehicles. For 
example, there is the tyre side slip and wheel inclina-
tion, which take place permanently by motorcycle 

braking. This can result in short-term wheel locking, 
with a consequent turnover (by front wheel locking) 
or skidding (by rear wheel locking). The more de-
tailed description of these and other dangerous as-
pects can be found in [2-4]. The question of installa-
tion of advanced active safety systems on the light-
weight two-wheeled vehicles (scooters, choppers) is 
also acute. This can cause in considerable cost in-
crease and in the machine complication. 

It is appropriate to evaluate merits and demerits 
for various active safety systems at designing stage 
on basis of previous simulation results. The presented 
investigation gives a comparative analysis performed 
in AMESim software [5] for some ABS variants. 
 
SUBJECTS OF INVESTIGATION 
 

In relation to the independent front and rear 
brake gears, the variants of single-channel ABS and 
double-channels ABS are possible for motorcycles. 
The single-channel ABS is more simple and cheap 
construction, and it controls only front wheel (see 
Figure 1).  The double-channel ABS controls braking 
process on both wheels (see Figure 2). 

As has been mentioned, the discussed investiga-
tion is based on application of AMESim because this 
software allows creating the vehicle model structures 
with reliable adequacy. Creating the two-wheeled 
vehicle model, the following sub-models can be used. 

 

 
 
Figure 1. Single-channel ABS: 1, 2 – brake gears; 
3 – front brake lever; 4 – rear brake pedal; 5 – 
hydraulic control unit; 6 – electronic control unit; 
7 – wheel speed sensor. 
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Figure 2. Double-channel ABS: 1, 2 – brake gears; 
3 – front brake lever; 4 – rear brake pedal; 5 – 
hydraulic control unit; 6 – electronic control unit; 
7 – wheel speed sensor. 
 

1) Power train (see Figure 3). In that case the ge-
ometry parameters of continuously variable transmis-
sion (CVT) are input data. The CVT application in 
the developed model complies with the real unit for 
scooters and ensures the required moment ratio be-
tween power unit and driving wheel (wheels). 

2) Wheel unit (see Figure 4). These components 
allow simulating the wheel rolling together with re-
duced vehicle mass as well as tribological situation in 
brake gear.  

3) Brake gear (see Figure 5). Brake gear sub-
model is created using basic mechanical and hydrau-
lic elements. These components shape the brake cyl-
inder and all moving parts within brake gear. 

4) ABS components. There are two variants of 
ABS circuits considered for the motorcycle model 
under discussion: with one 3-position relay valve (see 
Figure 6a) and two 2-position relay valves (see Fig-
ure 6b). 

 

 
 

Figure 3. Power train sub-model: 1 – constant sig-
nal on engine port, 2 – engine, 3 – CVT, 4 – con-
version of signal input into a force, 5 – CVT con-
trol signal,   6 –  ideal spring damper system, 7 – 
rotary spring and damper, 8 – gearbox. 

 
 
 

 

 
 
Figure 4. Wheel unit 
sub-model. 

 
Figure 5. Brake gear 
sub-model. 

 

a) 
 
 

b) 
 
Figure 6. ABS sub-models: 1 – relay valves, 2 – 
pressure source, 3 – damping chamber, 4 – relief 
valve, 5 – hydraulic accumulator, 6 – hydraulic 
volume. 
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The combinations of above mentioned sub-
models allow creation of the following ABS variants 
for two-wheeled vehicle models: 

• Single-channel ABS with one 3-position re-
lay valve 

• Single-channel ABS with two 2-position re-
lay valves 

• Double-channel ABS with one 3-position re-
lay valve 

• Double-channel ABS with two 2-position re-
lay valves. 

Figure 7 gives examples of one of the complete 
models. For simulation purposes, such models have 
been connected with ABS algorithm model created in 
MATLAB / Simulink (Figures 7 does not show co-
simulation interface). This co-simulation allows to 
take into account weight redistribution between 
wheels during braking, response time of ABS valves, 
hysteresis losses in brake gears and drive. 

The initial data for simulation procedure, which 
are given in Table 1, have been chosen or calculated 
for motorcycle prototype MMVZ 3.115 (manufac-
tured by Minsk motorcycle and bicycle plant).  

 

Table 1. 
Initial data for simulated two-wheeled vehicle. 

 
Parameter Value 

Maximal engine torque by 90 km/h 12,45 Nm 
Transmission ratio 7,3425 
Full mass of vehicle 203 kg 
Front wheel loading 95,4 kg 
Rear wheel loading 107,6 kg 
Moment of wheel's inertia 0,84 kg⋅m2 

Effective tyre radius 0,295 m 
Piston stroke in brake gear 0,5 mm 
Brake support stiffness 108 Nm 
Hydraulic storage pressure 5 MPa 
Tube diameter 5 mm 
Maximal pressure in brake drive 10 MPa 
Brake fluid  DOT 4 

 
ABS ALGORITHM DESCRIPTION 
 

The subsequent discussion considers two-
wheeled vehicles with anti-lock braking systems 
based on the pre-extreme control algorithms [6, 7]. 

 

 
 
Figure 7. A simplified model example for two-wheeled vehicle: double-channel ABS with 3-position relay 
valve. 
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The investigated variant of algorithm applies a 
gradient control principle based on information about 
the change of dFµх/ds-sign, where Fµх is the longitu-
dinal force within tire-road contact; s is the wheel slip 
(see Figure 8).   

 

 
 
Figure 8. Dependence between longitudinal force 
within tire-road contact Fµх and wheel slip s. 
 

The corresponding pre-extreme algorithm can be 
described for braking mode at follows. The system 
applies signal for the pressure release when the fol-
lowing criteria take place 
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where χ is a control deviation for the pressure re-
lease. The attainment of value χ is evidence for the 
completion of linear section of FµX(s)-curve and for 
the tendency to the approach of an extremum. During 
pressure reduction the system monitors the fulfill-
ment of relations  
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where χ2 is a control deviation for the pressure build-
up. These deviations indicate that the rating value for 
displacement from extremum takes place. If the main 
informational channels [(dFµх/ds)1

m and (dFµх/ds)2
m] 

cannot process the situation with assurance or fall 
out, so the parallel double channels [s1

d  and s1
d] 

come into effect. 
A hardware-based estimation of Fµх force can be 

carried out according to equation 
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where Vs is wheel slip velocity, m – vehicle mass 
reduced  to the wheel, V – vehicle velocity, ω – rota-
tional velocity of a wheel, p – brake pressure, kp – 
transfer ratio "brake moment – brake pressure", J – 
moment of wheel's inertia. To use Equation (5) by 
simulation, the brake pressure and wheel's velocity 
are transmitted to MATLAB/Simulink from      
AMESim; the tire model computes the wheel slip 
velocity. The generalized structure of Simulink-
model is described in [6]. 

In the case of tire side slip, which requires taking 
into account the lateral force within tire-road contact 
Fµy, the function of the sum force is used: 
 

22
yx FFF µµµ +=                            (6). 

 
To improve the reliability of the gradient algo-

rithm, ABS model includes a parallel controller with 
dependence between the force Fµх and the brake con-
trol effort Fc as operating characteristic. The Fµх(Fc)-
curve is of extreme shape and allows to form the con-
trol thresholds through value of (dFµx/dt)/(dFc/dt) (see 
Figure 9). The logical element Σ analyses this ratio 
based on signals from the differentiator units D1 and 
D2. The output of logical element produces signal for 
ABS actuator. 

 

 
 

Figure 9. Parallel ABS controller for gradient al-
gorithm: Fc

d – brake gear control effort required 
by driver, Fc

ABS – brake gear control effort ad-
justed by ABS. 
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SIMULATION RESULTS AND ANALYSIS 
 

Investigations on Hydraulic Functions of ABS  
Components 

 
Because the preliminary stage of investigations 

resulted in synthesis of several ABS variants for two-
wheeled vehicles, the primary task is to evaluate the 
properties of the ABS circuits each in respect to their 
hydraulic functionality. The reason is that such pa-
rameters like response time and hysteresis losses of 
the brake drive influence vastly on efficiency of 
ABS. 

For these purposes, the functions of the follow-
ing main parameters have been monitored during 
simulation procedure in AMESim: 

• Wheel slip 
• Brake pressure 
• Brake forces on wheels 
• Average frequency at braking 
• Maximal work frequency 
• Operating time for brake system. 
Figure 10 gives examples of some obtained de-

pendencies, and the most important evaluation pa-
rameters are included in Table 2.  

 

 

 
 
Figure 10. Examples of time dependencies for 
wheel slip s and brake pressure p (work smooth-
ness testing for single-channel ABS with two 2-
position relay valves). 

 
The operating time is determined by the volu-

metric capacity of brake system. The average ABS 

frequency at braking is required to optimize the con-
struction parameters on the designing stage. The 
maximal work frequency gives functional limitations 
to the ABS control algorithm. 

 
Table 2. 

Evaluation parameters for ABS functions at 
AMESim testing. 

 
Parameter Value 

ABS with 3-position relay valve 
Operating time 0,5 sec 
Average frequency at braking 3,5 Hz 
Maximal work frequency 18 Hz 

ABS with 2-position relay valves 
Operating time 0,48 sec 
Average frequency at braking 4 Hz 
Maximal work frequency 21 Hz 

 
From the results obtained the following conclu-

sions may be deduced. 
1) The value of wheel slip does not exceed the 

level in 0.18 at ABS braking for the tire-road friction 
coefficient corresponding to the dry surface. The s-
value at braking without ABS can reach 0.5, it can be 
dangerous for the motorcycles under discussion. 

2) The system with 2-position relay valves works 
more softly as against the ABS with 3-position relay 
valve. This is connected with the smoothness of 
brake pressure buildup. 

3) The maximal work frequency of ABS lies in 
limits up to 20…25 Hz, which are enough for the pre-
extreme algorithms, especially taking into account 
the small moment of wheel's inertia for motorcycles 
and scooters. 

4) All investigated variants of ABS have the 
comparable operating time, which falls within re-
quirements to the brake performance.  

It should be pointed out that the circuits with two 
2-position relay valves appropriate most of all for the 
light-weight motorcycles. 

 
Investigations on ABS Algorithm 
 

To evaluate the functional properties of an anti-
lock braking system, the models of double-channel 
system with 2- and 3-position relay valves have been 
chosen. The Simulink/AMESim co-simulation of 
two-wheeled vehicle dynamics at emergency braking 
was developed for Fµх(s)-curves complying with the 
dry and wet road surface. The database of road prop-
erties was created for these curves. The braking with 
the side slip on front wheel was also investigated. 

The following characteristics of ABS braking 
have been chosen as the evaluation parameters: 
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• Average work frequency, ν 
• Brake distance changing as compared to 

braking without ABS, ∆Sbr 
• Maximal value of slip, smax. 
Some results are summarized in Table 3. Their 

analysis allows to make a number of conclusions. 
 

Table 3. 
Evaluation parameters for testing ABS properties. 
 

Parameter  ABS with 
2-position 

valves 

ABS with 
3-position valve 

Braking from 90 km/h on dry road,  
side slip angle 0° 

∆Sbr, % -0,55 -0,63 
ν, Hz 0,8 0,5 
smax 0,14 0,3 

Braking from 120 km/h on dry road,  
side slip angle 0° 

∆Sbr, % -0,85 -0,75 
ν, Hz 0,68 0,5 
smax 0,19 0,27 

Braking from 90 km/h on dry road,  
side slip angle 6° 

∆Sbr, % +0,36 -0,16 
ν, Hz 1,32 0,67 
smax 0,136 0,46 

Braking from 120 km/h on dry road,  
side slip angle 6° 

∆Sbr, % +0,66 -0,09 
ν, Hz 1,52 0,43 
smax 0,133 0,44 

Braking from 90 km/h on wet road,  
side slip angle 0° 

∆Sbr, % -24,36 -16,0 
ν, Hz 0,69 0,32 
smax 0,395 0,67 

Braking from 120 km/h on wet road,  
side slip angle 0° 

∆Sbr, % -27,45 -18,80 
ν, Hz 0,55 0,31 
smax 0,33 0,65 

Braking from 90 km/h on wet road,  
side slip angle 6° 

∆Sbr, % +3,45 -2,59 
ν, Hz 2,11 0,4 
smax 0,155 0,36 

Braking from 120 km/h on wet road,  
side slip angle 6° 

∆Sbr, % +3,48 -2,99 
ν, Hz 1,82 0,32 
smax 0,155 0,36 

1) Both of ABS variants with the developed pre-
extreme algorithm achieve in the most of cases the 
small deviation of brake distance from values ob-
tained at braking without ABS. The exceptions take 
place for the emergency braking on wet surface with-
out side slip. In this case the system achieved the 
considerable reduction of brake distance in the range 
from 16 % to 27.5 %. 

2) The work frequency of ABS does not exceed 
2.11 Hz. This is evidence of fact that proposed algo-
rithms can guarantee the sparing consumption of ac-
tuating fluid and the high ergonomic features.  

3) The anti-lock braking system with 2-position 
relay valves operates in the more close-cut slip area 
resulting in the sufficient support of vehicle stability. 
At the same time, both of ABS circuits did not allow 
the momentary wheel's locking for all investigated 
braking processes. 

Hence the developed structural and algorithmic 
solutions, which are applied to the ABS for two-
wheeled vehicles, have the required preliminary ap-
probation and can be considered for the further inves-
tigations, including the constructive realization and 
actual testing. 

 
CONCLUSIONS 
 

The use of anti-lock braking systems on two-
wheeled mobile machines allows enhancing the ac-
tive safety level for this kind of vehicles. But the 
choice of the principle circuits for ABS must take 
into account also the cost factors and the field of ve-
hicle application.  

It can be supposed on basis of the results ob-
tained that the double-channel anti-lock braking sys-
tems can provide the higher safety level because of 
the stability and steerability keeping practically at 
any braking process. 

The results of virtual testing displayed that the 
systems with 2-position valves are more preferable in 
the view of hydraulic assembling and vehicle stabil-
ity. It should be marked that such ABS configuration 
fits with rising of active safety potential thanks to the 
integration of advanced systems like the traction and 
stability control systems on the two-wheeled vehi-
cles. Authors plan to survey this aspect in the future 
works. 
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ABSTRACT 
 

   Numerical simulation of motorcycle-car 

collisions is one of the most effective tools in 

research on motorcycle passive safety, considering 

the diversity of collision configurations. In addition, 

due to the length of analysis time to be considered, 

the multi-body dynamics-based software 

"MADYMO" (MAthematical DYnamic MOdel) 

rather than FEM based software has been adopted as 

a basic simulation tool.  

   In this research, a scooter-type motorcycle model 

for collision simulation was developed. Detailed 

modeling steps of the motorcycle model were 

presented in 18th ESV [1]. This paper presents 1) a 

general description of a motorcycle, car and dummy 

model for collision simulation, and 2) comparisons 

between the FST (Full Scale Test) and a simulation 

in which these models are used. As for collision 

configurations of FST, several of seven basic impact 

configurations recommended in ISO13232 [2], 

which defines test and analysis procedures for 

research evaluation of rider crash protective devices 

fitted to motorcycles, were selected. The 

corresponding simulations were then carried out. As 

a result of validating the model with FST data, the 

dummy kinematics and dummy signals (such as head 

acceleration) obtained in simulations show 

qualitatively good agreement with FST results. 

 

INTRODUCTION 
 

   The aim of this simulation is to develop a tool to 

evaluate rider protective devices and therefore to 

reduce rider injuries when a motorcycle-car accident 

occurs. One feature of motorcycle-car accidents is 

their diversity of collision configurations. In 

ISO13232, 200 configurations are recommended to 

evaluate rider protective devices. Another feature of 

motorcycle-car collisions is that the rider is likely to 

experience secondary impact with the environment 

(such as the road) and therefore the analysis time to 

be considered is much longer than that in car-to-car 

collisions. Considering these specific features, 

multi-body dynamics-based software MADYMO 

was adopted as a basic simulation tool. 

   In this simulation, a scooter-type motorcycle 

model (a prototype test vehicle), a rider dummy 

model and a car model are used (see Figure 1). A 

part of this paper gives a general description of the 

motorcycle, the dummy and the car model. Using 

these models, several simulations of seven basic 

configurations recommended in ISO13232 were 

carried out. On the other hand, corresponding FSTs 

(Full Scale Tests) were also performed. In addition 

to the basic steps of modeling such as component 

tests and barrier tests, these FST data greatly 

contributed to refinement of the simulation model. 

As a result of the validation process, comparisons 

between simulations and FST results are also shown 

herein. 

 

 

Figure 1.  Full simulation model. 
 

MOTORCYCLE MODEL 
 

   Our motorcycle model (see Figure 2), which is a 

rigid model, consists of 21 rigid bodies, 12 movable 

joints and many surfaces. In MADYMO [3], an 

ellipsoid, cylinder, plane and facet surface are used 

for the surface. The surface is attached to the rigid 

body to visualize the model or to calculate the 

contact force. A facet surface, which is an FEM 
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mesh-like surface but not deformable, is used when 

more precise contact force is required. 

 

 
Figure 2.  Motorcycle model. 
 

   Detailed modeling steps of the motorcycle model 

were provided in the previous paper [1]. From that 

time on, several additional component tests were 

performed to determine the contact characteristics of 

the motorcycle in case of rear and side impact. Some 

small ellipsoids were replaced by the corresponding 

facet surfaces to avoid an irrational contact force 

caused by a certain algorithm to generate a contact 

force. 

 

RIDER DUMMY MODEL 
 

   The Hybrid Ⅲ standing model (see Figure 3) in 

MADYMO database is used as a rider dummy model 

because it had been employed in the FST. This 

dummy model is a rigid model with 32 rigid bodies 

and 51 ellipsoids originally, but now some ellipsoids 

have been replaced by the facet surfaces for the same 

reason as in the case of the motorcycle model. In 

addition, the bending characteristics of the neck were 

adjusted by doing pendulum test simulations. 

 

 

Figure 3.  Rider dummy model. 

 
   A helmet model, which is also a rigid model and 

has a fine facet surface, was attached to the dummy 

model. The contact characteristics of the helmet 

model were determined using various conditions for 

the component test. 

 

CAR MODEL 
 

   An existing FE (Finite Element) model was 

appropriated for a car model. This car model (see 

Figure 4) originally had approximately 47,000 nodes 

and 40,000 elements. After re-meshing for the 

purpose of reducing calculation time, it has 

approximately 27,000 nodes and 19,000 elements. 

The four tires are replaced by ellipsoids for the same 

reason.  

 

 
Figure 4.  Car model. 

 
ISO13232 SEVEN BASIC CONFIGURATIONS 
 

   As mentioned before, ISO13232 specifies seven 

basic impact configurations (Figure 5). The impact 

configuration code (such as “413-0/13.4” in Figure 

5) comprises a series of three digits describing the 

car contact point, the motorcycle contact point and 
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relative heading angle, respectively, followed by a 

hyphen (-), the car impact speed, and the motorcycle 

impact speed, respectively in m/s. Researchers are 

recommended to carry out these configurations of 

FST and validate their simulation model using these 

test data. We have already finished several FSTs and 

validated corresponding configurations of the 

simulation model. Hereafter these results are shown. 

                        Figure 5.  ISO13232 seven basic configurations. 
 
FULL MODEL SIMULATION 
 

   Combining the motorcycle, the rider dummy and 

the car model, a full model simulation corresponding 

to each FST was carried out. At first, four basic 

configurations, in which the motorcycle collides 

with the side of the car, were selected. In each case, 

a validation process such as adjusting a contact force 

or a friction coefficient was performed. As a result of 

these detailed and cumulative efforts, our model 

proved to show good agreement in dummy’s 

kinematics and head resultant acceleration data. In 

ISO13232, the maximum allowed tolerances 

between FST and simulation for the dummy’s 

displacement and velocity about its head (helmet) 

and hip point, are specified. In addition, the 

correlation coefficient about the head maximum 

resultant linear acceleration should be calculated. 

Figures 6 to 9 show kinematic comparisons between 

FST and simulation from 0 ms (at which time the 

first motorcycle/car contact occurs) to 500 ms at 

time intervals of 100 ms. Table 1 lists what each 

figure shows. For example, Figure 6 shows a 

kinematic comparison in case of configuration code 

“413-0/13.4”. 
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Table 1. 

List of Figures. 

Configuration
code

Kinematic
comparison

Head
acceleration
comparison

Configuration
diagram

413-0/13.4 Figure 6 Figure 10

413-6.7/13.4 Figure 7 Figure 11

414-6.7/13.4 Figure 8 Figure 12

412-6.7/13.4 Figure 9 Figure 13

not
moving

13.4 m/s

13.4 m/s

13.4 m/s

13.4 m/s

6.7 m/s

6.7 m/s

6.7 m/s

 

 

 

Figure 6.  Kinematic comparison (413-0/13. 4). 
 



                                                                          Deguchi  5 

 

Figure 7.  Kinematic comparison (413-6.7/13.4). 
 

 

Figure 8.  Kinematic comparison (414-6.7/13.4). 
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Figure 9.  Kinematic comparison (412-6.7/13.4). 
 

   These figures show good kinematic agreement 

especially in the dummy’s head and hip point 

position. 

   As listed in Table 1, Figures 10 to 13 compare 

the head resultant acceleration between FST and 

simulation. The blue lines indicate test data and light 

blue lines simulation results. And the same scale is 

adopted for all vertical axes. 

 

 
Figure 10.  Head resultant ACC (413-0/13.4). 
 

 
Figure 11.  Head resultant ACC (413-6.7/13.4). 

 

 
Figure 12.  Head resultant ACC (414-6.7/13.4). 
 

 
Figure 13.  Head resultant ACC (412-6.7/13.4). 
 
   In these figures, fairly good agreement with the 

dummy’s head resultant acceleration is observed. In 

case of 413-6.7/13.4 (Figure 11), the peak timing in 

simulation is slightly later than that in FST. And in 

case of 414-6.7/13.4 (Figure 12), the peak value of 

simulation is far below that of FST, though its 

absolute value is very small compared to other cases. 

In this case, the helmet of the rider dummy had a 
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slight contact with a pillar of the car in FST, but no 

contact in simulation. The reason for the first 

difference is considered mainly that the contact 

between the motorcycle front cowl and the dummy’s 

knee is not fully reproduced. In the second case, the 

contact between the car and the motorcycle front tire 

is considered to be the reason for the difference. 

Although there may be a more elaborate model, thus 

far, our model is considered to have sufficient 

accuracy to predict the dummy kinematics for 

practical use. 

 

CONCLUSIONS 
 

   A scooter-type motorcycle model, as well as a 

rider dummy model, had been developed and some 

modifications were introduced. Using the motorcycle 

model, the dummy model and a car model, Full 

model motorcycle/car collision simulations were 

carried out. In several of the ISO13232 seven basic 

configurations, satisfying agreement in dummy 

kinematics and the dummy head acceleration was 

obtained. This means that an effective tool for 

evaluating rider protective devices is being 

developed. We will continue to validate three other 

cases and improve the model, and to utilize this 

simulation method to effectively evaluate and 

develop rider protective devices. 
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ABSTRACT 

 

Against the background of upcoming intelligent 
safety systems, which also will have an impact on 
passive safety in general and on pedestrian safety in 
particular, all relevant technical measures have to be 
quantified in a combined way in order to find most 
effective solutions. 

The article deals with the introduction of an 
assessment procedure called “Vehicle Related Pedes-
trian Safety - index” (VERPS-index). This test pro-
cedure is exemplarily applied to two very different 
cars. Furthermore, the effectiveness of the uplifting 
hood applied to the front of these two sample cars is 
quantified. 

Our approach consists of four modules: accident 
analysis, numerical simulation of kinematic impact 
parameters, component tests, and quantification of 
pedestrian safety. Current European component tests 
use impact parameters which are set more or less in-
dependent of the vehicle shape [1]. We propose to 
use numerical simulations in order to generate 
vehicle shape dependent test parameters. A weighting 
procedure based on accident statistics is applied to 
evaluate the relevance of each tested point on the 
front of the vehicle regarding its actual impact 
probability in real life. Thus, the VERPS-index is 
able to solve many of the disadvantages of a 
conventional component test compared to a full-scale 
test. 

Based on the VERPS-index we are able to show 
in detail how the pedestrian safety performance 
depends on the vehicle front shape and how it differs 
for adults and children. Technical measures like an 
uplifting hood can clearly improve the safety perfor-
mance. However, their effectiveness strongly de-

pends on the individual vehicle’s front geometry and 
differs for adults and children. 

 

INTRODUCTION 

 

13.8 Million accidents occur every year on Euro-
pean roads. These include 38.000 killed and 1.7 
Million injured people resulting in costs of around 
160 Billion Euros. This corresponds to around 2 % of 
the European gross national product [2]. These 
numbers prompted the Commission of the European 
Community to proclaim the goal to halve the number 
of road accident victims until 2010 [2]. There are 
5.941 pedestrians among the fatalities on European 
roads [3]. This translates in a death rate for the EU 
for 2002 of 15.7 killed pedestrians per 1 Million 
inhabitants. In Australia this figure is 12.3, in the 
USA 16.4 and in Japan 21.8. Within the EU (EU15, 
2002) the rate differs between 6.4 in Sweden and 
32.3 in Portugal. In Poland there are 52 killed 
pedestrians per 1 Million inhabitants [3, 4]. The 
number of killed vulnerable road users may even be 
higher in countries with a beginning motorisation, 
e.g. China. 

The high number of pedestrian accidents justifies 
more safety efforts worldwide. There are different 
possible starting points: 

• avoidance of accidents by measures related to 
infrastructure, education etc. 

• avoidance of accidents by vehicle related, 
active measures 

• mitigation of the consequences of accidents 
by: 

- reduction of accident severity by braking, 
steering, etc. 
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- decrease of the risk inflicted by the pedes-
trian’s first impact on the car by structural 
design or active elements 

- decrease of the dangerousness of the 
secondary impact on the road 

• optimisation of the post crash rescue system 

In the following chapters, opportunities are analy-
sed to assess the safety performance of a vehicle con-
cerning a pedestrian impact.  

 

TEST PHILOSOPHIES 

 

There are two different test philosophies in 
vehicle safety (see Figure 1 and Figure 2). Both of 
them have specific advantages and disadvantages. 

 

Full-Scale Tests 

 

 

Figure 1.  Typical full-scale test, conducted at the 
Technical University of Berlin. 

In full-scale tests the whole accident event is quite 
realistically reproduced. In principle, only the human 
is replaced by an anthropomorphic test device. The 
required dummies are mechanically complex. Addi-
tionally, complex data acquisition is necessary. The 
preparation of each individual experiment is time 
consuming. The reproducibility of full-scale-tests of 
pedestrian-car-crashes is not guaranteed. If conven-
tional, not purpose designed dummies are used, 
biofidelity is questionable [5, 6]. The WAD (Wrap 
Around Distance) can not be reliably reproduced 
compared to PMHS-tests (Post Mortem Human 
Subject). Possibly the use of the newly developed 
POLAR II-Dummy can solve these problems and 

lead to a different perspective of the full-scale test in 
the field of pedestrian safety [7]. 

In principle, numerical simulation has the poten-
tial of a comprehensive assessment. Today, vehicle 
engineers routinely generate detailed numerical ve-
hicle models which can be used to support such a 
process. But available numerical pedestrian models 
are not detailed and validated enough to predict 
injuries accurately. Models which will arise from new 
approaches may be helpful in the future [7, 8]. 

 

Component Tests 

 

Component tests are designed to reproduce just 
the critical part of the whole accident event. A lot of 
additional knowledge is needed to interpret the re-
sults correctly. In a complex context, for example in a 
pedestrian accident, a component test with fixed test 
parameters set independently of the geometry of the 
vehicle’s front may be inappropriate in certain con-
stellations. It is not able to represent these accident 
events detailed enough with all its variations. A num-
ber of national and international expert groups are 
analysing this problem and try to enhance the pro-
cedure which nearly inevitably increase the 
complexity of the test [9]. 

 

Figure 2.  Typical pedestrian related component 
test, conducted on behalf of the Technical 
University of Berlin. 

 

AN ADVANCED ASSESSMENT PROCEDURE 

 

Head impact by far results in the most severe 
accident consequences representing almost all fatal 
injuries in a pedestrian-car-collision. Therefore, our 
approach is focused on it. 
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Numerical simulations can provide knowledge 
about the kinematics of the event for each particular 
car and for diverse impact conditions. The results of 
the simulation are used to control a free flying head-
form test device. The measured acceleration values 
provide the basis for the assessment of a particular 
car. 

Our assessment procedure therefore combines the 
following four modules: 

• accident analysis 

• numerical simulation 

• component test  

• quantification of pedestrian safety 

In order to quantify pedestrian safety and to make 
sure that the results are comparable for all forms of 
vehicles on a linear scale, a Vehicle Related Pedes-
trian Safety index is proposed (VERPS-index). In ad-
dition, it provides the opportunity to assess technical 
measures applied to the car’s front to increase pedes-
trian safety and allows comparison with active safety 
measures applied to the vehicle (e.g. brake assist 
system). 

 

Figure 3. Illustration of the methodology to assess 
vehicle related pedestrian safety. 

Furthermore, the presented method makes it pos-
sible to influence the pedestrian friendliness of a pro-
duct in a very early stage of the vehicle development 

process by possibly making geometry changes with 
minor stylistic or functional effects or by triggering 
the development of additional pedestrian protection 
systems. 

 

Accident Analysis 

 

A statistical analysis of pedestrian accidents 
makes sure, that the input parameters used in the nu-
merical simulations are realistic. It provides the basis 
for all further deductions and needs a regular update. 
“In-Depth”- data of the Medical University of 
Hanover are used [10]. The analysis shows that 90 % 
of all pedestrian accidents occur with a collision 
speed of less than 45 km/h, covering around 70 % of 
the severely injured (AIS3+) and around 95 % of the 
slightly injured pedestrians. In 71 % of all cases the 
pedestrian hits the front of the car. Thereby, 92 % of 
the pedestrians were hit laterally from the right or left 
side. 94 % of these pedestrians were walking or run-
ning the moment prior to the collision. The most fre-
quently injured body parts were the lower extremities 
(35 %) and the head (33 %). Deadly injuries can be 
attributed exclusively to the head impact.  

 

Numerical Simulation 

 

For the analysis of the kinematics of the head 
impact on the front of a vehicle a numerical simu-
lation process has been developed. It is based on the 
multibody simulation tool MADYMO. The pedes-
trian is represented by the Full Body Pedestrian 
Model of TNO. The vehicles are modelled using 
finite elements. The structure of the vehicle’s front is 
represented using a global stiffness. 

Validation of the simulation model was done in 
three ways. At first, calculated longitudinal throwing 
distances were compared to those, which resulted 
from carefully analysed real accidents. At second, the 
kinematics of well documented PMHS-tests and 
simulation results for the primary impact were 
compared. Finally, a very precisely documented real 
accident was used to compare numerical simulation 
results to the real accident conditions (see Figure 4) 
[11]. It could be shown that the simulation model is 
able to represent the primary impact of a pedestrian 
to the vehicle front very well. Thus, the model can 
provide reliable kinematical impact conditions for a 
component test. It is not intended to predict injuries 
with this simulation model. 
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Figure 4.  Reconstruction of a real pedestrian-car 
accident. [11] 

For each set of simulations for a VERPS-rating a 
number of characteristic parameters has to be de-
fined. One group of them describes the impact bet-
ween car and pedestrian (speed of the car, direction, 
speed, and size of the pedestrian, location of the first 
contact between pedestrian and car, angle between 
pedestrian and car) and is independent of the vehicle. 
The combination of these parameters results in 32 
impact constellations for each analysed vehicle model 
(see Table 1). 

Table 1. 

Vehicle specific input parameters. 

input parameter selected values number of 
simulations 

pedestrian size four dummy sizes according 
to TNO-Human-Model 
family; (6y-child, 5% 
female adult, 50% male 
adult, 95% male adult) 

4 

walking velocity 1.5 m/s and 3.1 m/s 2 

angle between 
pedestrian and 
vehicle 

90° and 75° 2 

initial impact 
location of the 
pedestrian 

two positions along the 
vehicle front; central 
(0.0 m), eccentric (0.4 m) 

2 

simulations per vehicle 32 

The other group represents properties of the car 
(geometry of the vehicle front, braking pitch angle). 
Additional parameters can be used to include active 

safety features like brake assistant, pre-crash sensors, 
etc. 

The impact velocity is set to 45 km/h according to 
results of the accident analysis. With the help of the 
accident analysis it can be shown, that the four pedes-
trian sizes used cover 76 % of all involved persons, if 
a tolerance of ± 0.1 m in body height is accepted. 

 

Figure 5.  Calculated head impact positions for 
four pedestrian sizes at vC = 45 km/h. (above: 
vehicle F, below: vehicle G). 

Figure 5 and Table 2 show the calculated head 
impact conditions for two different cars (distance to 
impact position = WAD, impact angle = α, impact 
velocity = vc). The calculated values represent the 
geometry of the analysed vehicles and differ conside-
rably from the European directive [1]. Based on the 
simulation results also the mass of the appropriate 
head impactors can be allocated.  



 
  Kuehn, 5

Table 2. 

Calculated head impact parameters for sample 
cars F and G. 

pedestrian percentile  

6y-old 
child 

5 % 
female 

50 % 
male 

95 % 
male 

he
ig

ht
 

h [m] 1.16 1.52 1.74 1.91 

F [ ] 1.02 1.08 1.15 1.11 

F
k=

W
A

D
/h

 

G [ ] 1.01 1.08 1.14 1.09 

F [m] 1.16-1.20 1.58-1.71 1.92-2.09 2.10-2.27 

W
A

D
 

G [m] 1.16-1.19 1.57-1.70 1.87-2.01 1.97-2.22 

F [°] 52 58.5 55.5 56 

α
  

G [°] 51 55.5 43.5 48 

F 
[km/h] 

35.4 43.9 49.6 49.9 

v c
  

G 
[km/h] 

32.3 46.7 48.2 44.4 

Table 3 shows calculated head masses of the four 
pedestrian percentiles and allocates them to the head-
form masses used in our tests. 

Table 3. 

Calculated head masses and allocation to existing 
test headforms. [11] 

 h [m] calculated 
head mass 

mc [kg] 

allocated headform 
mass 

mh [kg] 

6y old child 1.16 3.5 3.5 (ACEA) 

5 %-female 1.53 4.0 3.5 (ACEA) 

50 %-male 1.74 4.8 4.8 (EEVC WG 17) 

95 %-male 1.92 5.9 4.8 (EEVC WG 17) 

The results of the component tests can be repre-
sented by HIC values (Head Injury Criterion), 
calculated from the measured headform accelerations. 

They show a typical pattern of potentially dangerous 
regions at the vehicle front: 

• parts of the bonnet with little deformation 
space beneath 

• lateral bonnet edge and transition area 
between bonnet and wing 

• bonnet area directly above the firewall 

• lower windscreen frame 

• A-pillars 

• upper windscreen frame and roof frontal edge  

All of these areas are characterized by stiff and 
hence less deformable vehicle structures. The degree 
of exposure of a pedestrian to these regions can differ 
from car to car because of differences in dimensions 
and styling. A test procedure which stringently dic-
tates meeting of specific test limits will unavoidably 
produce meaningless ratings in these areas. 

Because of different vehicle geometries the poten-
tially dangerous areas for the head impact are affec-
ted more or less frequently during a pedestrian 
impact. Some of these areas might be totally irrele-
vant for the head impact of a pedestrian (e.g. upper 
windscreen frame at SUV’s). For that reason a 
weighting of the test results concerning their 
relevance in pedestrian accidents is necessary. 

 

ASSESSMENT OF VEHICLE RELATED 
PEDESTRIAN SAFETY 

 

In the following a Vehicle Related Pedestrian 
Safety Index (VERPS-index) is developed. This 
index assesses the level of safety which a special 
vehicle can provide for the head of a pedestrian who 
is impacted by the front of the car. It allows to assess 
differences between particular vehicle designs and to 
compare technical measures applied to the vehicle 
front. The VERPS-index is the result of the quantifi-
cation module in the proposed methodology (see 
Figure 3). 

 

Derivation of the VERPS-index 

 

The VERPS-index for the frontal impact is 
deduced in three steps from the values Mij measured 
in the component test: 
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1. Mapping of Mij to the degree of performance 
Eij by an evaluation function B(Mij). 

( )MBE ijij =    (1). 

2. Weighting of the degrees of performances Eij 
with relevance factors Ri, WAD and Rj, front, 
deduced from accident analysis. 

ERR ijfrontjWADi ⋅⋅ ,,
   (2). 

3. Summation of degrees of performance for all 
subareas of the vehicle front to the VERPS-
index. 

∑∑ ⋅⋅=
= =

m

i

n

j
ijfrontjWADi ERRVERPS

1 1
,,

     (3). 

To assess the vehicle front it is necessary to 
divide it in subareas. For each of them Mij is 
measured (see Figure 6). Thereby, subindex i 
describes the longitudinal direction of the vehicle 
front and subindex j the transverse one. 

 

Figure 6.  The division of the vehicle front in 
subareas. 

The definition of limit values is an often used pos-
sibility to assess measured values. But it allows only 
a binary assessment. It only distinguishes between 
good (limit met) and bad (limit exceeded). In order to 
derive a more refined evaluation an assessment 
function B can be used to get a functional link 
between measured values M and the degree of 
performance E. For the VERPS-index a functional 
relationship between HIC data and the occurrence of 
severe head injuries (AIS 3+) is used (Figure 7). 

The reduction of a HIC-value by 50 %, e.g. from 
HIC = 4.000 to HIC = 2.000, improves the degree of 
performance E only from EHIC=4000 ≈ 1 to EHIC=2000 = 
0,938 (see Figure 7). In contrast to that an  
improvement from HIC = 2.000 to HIC = 1.000 leads 

to a significant improvement to EHIC=1000 = 0,244; this 
means a probability for the occurrence of severe head 
injuries of 24,4 %. 

 

Figure 7.  Correlation between measured HIC 
data and probability of AIS 3+ injuries (ISP – 
Injury Severity Probability). [based on 12] 

In the second step of the calculation of the 
VERPS-index the degrees of performance Eij are 
weighted with their relevance in accident events. The 
importance of a test point obviously depends on the 
probability of hitting it in real life. In order to deduce 
the relevance factors, “In-Depth”- accident data of 
the Medical University of Hanover are used. The 
relevance factor in the longitudinal direction of the 
vehicle (Ri, WAD) describes the correlation between the 
vehicle specific kinematics factor fK and the size of 
the pedestrian. In the transverse direction of the 
vehicle front an equal distribution for impact 
locations is assumed. This is supported by accident 
data. 

We calculate the VERPS-index separately for 
children younger than 12 years and for adults and 
children older than 12 years. Obviously, other 
separations are possible. Our choice considers the 
different requirements of pedestrian safety measures 
applied to cars for children and adults which result 
from different body heights. By use of the assessment 
function B(Mij) the VERPS-index can be expressed 
as follows: 

∑ ∑=
= =

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
−

⎪
⎭

⎪
⎬

⎫

⎪
⎩

⎪
⎨

⎧

−⋅
m

i j

HIC

WADi

ij

eRVERPS
1

9

1

5,4

1990

500

,
1

9
1

     (4). 

Figure 8 shows the division of the vehicle front 
into subareas and their relevance weights for a 
sample car. 

e
HICij

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
+

−−== 1990

500

5,4
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Figure 8.  Relevance factors in longitudinal 
direction (Ri, WAD) for car F. 

The VERPS-index can run between (nearly) zero 
(no risk for AIS 3+ head injuries) and 1 (maximum 
risk for AIS 3+ head injuries). A car, which has a 
HIC-value of 1,000 in all subareas of its front, would 
have a VERPS-index of VERPS = 0.244. 

The proposed procedure allows to assess vehicle 
fronts on a linear scale within the limits of accuracy 
of the assumptions. 

 

Application of the VERPS-index 

 

The VERPS-index is evaluated for two sample 
cars. It can clearly be seen, that pedestrian safety has 
to be assessed separately for children and adults. 
Pedestrians hit different areas at the vehicle front 
because of their different body heights. This is the 
reason why a particular technical measure can 
positively affect all groups of persons only in 
exceptional cases. 

Two mass-produced vehicles are compared with 
two modification levels of a possible pedestrian 
protection system. The first level represents a 
mechanical system which uplifts the bonnet in the 
rear area by around 0.1 m in case of a pedestrian 
impact. In the second level an airbag system is 
assumed which combines level one measures with an 
energy absorbing device which covers critical areas 
of the A-pillars and the lower windscreen frame (see 
Figure 9). Results can bee seen in Table 4. 

 

Figure 9.  Implementation of a system to uplift the 
bonnet by use of an airbag which also covers the 
A-pillars and the lower windscreen frame. [9] 

Table 4. 

Assessment of different cars and pedestrian 
protection systems by use of the VERPS-index. 

 vehicle F vehicle G 

children 0.54 0.63 production condition 

adults 0.63 0.24 

children 0.22 0.43 uplifting bonnet 

adults 0.60 0.24 

children 0.08 0.11 uplifting bonnet 
combined with an 
airbag adults 0.25 0.17 

For vehicle F the VERPS-index for adults could 
be reduced from 0.63 to 0.25, for children even from 
0.54 to 0.08. The marked reduction of VERPS-index 
for children shows the great potential of active 
structural measures, if they are applied properly with 
respect to pedestrian body height and the vehicle 
dimensions. Head impact areas, which are mainly hit 
by adults, can only be protected with the uplifting 
bonnet and the additional airbag to cover A-pillars 
and lower windscreen frame (see Table 4). 

The VERPS-index of 0.24 for adults of vehicle G 
in production condition is good compared to vehicle 
F. This can be traced back to the fact, that all relevant 
head impact areas for adults are in the windscreen 
area, which is considered uncritically concerning the 
HIC results unless the windscreen frame area or the 
A-pillars are included.  

Because of the vehicle front geometry of car G an 
uplifting bonnet alone can protect only a small group 
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of pedestrians. An additional airbag applied to the 
lower windscreen frame is able to better protect 
smaller adults, but the relevant impact areas for taller 
ones are still not covered. Accordingly the VERPS-
index is only reduced from 0.24 to 0.17. For children 
vehicle G in production condition performs poorer 
than for adults with an VERPS-index of 0.63, 
because they quite frequently hit the firewall and the 
lower windscreen frame with the head. By use of 
active structural measures the VERPS-performance 
can be clearly improved. The VERPS-index 
decreases from 0.63 in series condition to 0.43 for the 
uplifting bonnet alone and to 0.11 for the uplifting 
bonnet with the additional airbag.  

 

OUTLOOK 

 

It could be shown that an index can be formulated 
that allows to assess different vehicles with respect to 
their pedestrian safety on a linear scale. The VERPS-
index allows to compare different vehicles and 
technical measures like the uplifting hood on the 
same vehicle concerning their pedestrian protection 
potential. 

We expect, that it will be possible in the near 
future also to assess active safety measures (e.g. pre 
crash sensing devices, brake assist systems) on the 
same scale. The reduction of the collision speed of a 
vehicle, which can be attained with a certain 
probability depending on the system layout, can be 
included in the VERPS-calculation. The reduced 
collision speed is used as an input parameter for the 
numerical simulation module. This finally results in 
an specific VERPS-index for the analysed car. 

The comparison of different systems using the 
VERPS-index also offers the basis for a benefit-cost 
analysis to identify the most efficient measure in an 
economic sense [11]. 
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ABSTRACT 
 
Abdominal injuries, along with lumbar spine 
fractures, are part of a constellation of injuries 
referred to as "seat belt syndrome".  Geometrical 
characteristics of the pelvis and abdomen of younger 
children place them at higher risk for these injuries.  
Efforts to design restraints that mitigate these injuries 
are limited as no current pediatric anthropomorphic 
dummy (ATD) can accurately quantify the abdominal 
response to belt loading.  This paper describes 
progress on a four-phase project to address this gap 
involving pediatric anthropometrics, real-world 
abdominal injury risk, abdominal biomechanical 
structural response and injury tolerance from a 
porcine model, and development of an abdominal 
insert for the 6-year-old ATD based on these data.  
 
Internal anthropometric measures consisted of 
radiological assessment of abdominal depth, height, 
and circumference at multiple horizontal planes.  
External measures consisted of distances, determined 
by digital photography, taken between skeletal 
markers while the child was seated on a vehicle 
seating apparatus with and without a booster seat.  
 
Field investigation identified three unique kinematic 
patterns resulting in abdominal injury: pre-
submarining where the belt is initially out of position, 
classic submarining where the belt starts in position 
and the pelvis moves under the belt with the torso 
reclined, and submarining/jackknifing where the 
pelvis slides under the belt, and the torso flexes 
forward.   
 
The biomechanical studies developed age- and 
size-based correlations between pediatric swine and 
humans. Biomechanical tests performed using the 
most appropriately sized porcine model will be used 
to define the structural and injury response of the 
pediatric abdomen to realistic loading conditions. 
 

 
INTRODUCTION 
 
The abdomen is the second most commonly injured 
body region after the head/face in young children 
using vehicle seat belts and can be associated with 
significant health care costs and extended 
hospitalization (Durbin et al. 2001; Bergqvist et al. 
1985; Tso et al. 1993; Trosseille et al, 1997).  Injuries 
to this region, along with fractures of the lumbar 
spine, are part of a constellation of injuries known as 
seat belt syndrome (Kulowski and Rost 1956; Garrett 
and Braunstein 1962; Hoy and Cole 1993; Lane 
1994).   
 
Children of all ages are at risk of sustaining seat belt 
syndrome, but the poor fit of the belt in younger 
children likely places them at higher risk than older 
children.  In a case series of 98 children with seat belt 
syndrome, the mean age was 7.3±2.5 years and 72% 
were between 5 and 9 years of age.  (Gotschall et al, 
1998) The exposure of children to adult seat belts is 
large: data from the Partners for Child Passenger 
Safety study, an on-going, child-focused crash 
surveillance system, identify the adult seatbelt as the 
most common form of restraint for passengers age 5 
years and older. (Winston et al. 2004)    
  
Our previous work, based on an analysis of over 
200,000 children in crashes, identified key predictors 
of elevated abdominal injury risk in seat belt- 
restrained child occupants: child age, vehicle type, 
and seat row (Arbogast et al, 2004).  Children 4-8 
years of age were at the highest risk of abdominal 
injury: they were 24.5 times and 2.6 times more 
likely to sustain an AIS2+ abdominal injury than 
those 0-3 years and those 9-15 years, respectively.  
The injury risk for children 4-8 years of age was 6 
and 10 times higher in passenger cars and SUVs, 
respectively, compared to minivans.  No reduction in 
abdominal injury risk was seen with rear seating as 
compared to front row seating.   The role of direction 
of impact on injury risk varied by child age, 
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indicating diverse injury sources influenced by 
developmental differences and changes in restraint 
practices among the age groups.  These findings 
provide a baseline understanding of abdominal injury 
patterns and suggest mechanistic hypotheses to be 
tested with additional in-depth data.  
 
According to the American Academy of Pediatrics 
and the National Highway Traffic Safety 
Administration, the proper restraint for many of the 
children sustaining abdominal organ injuries 
associated with seat belt syndrome (those less than 9 
years old) is a booster seat. There have been 
tremendous legislative, regulatory, and educational 
efforts to increase booster seat use in the recent past.  
Discussion has emphasized the need to ensure 
outstanding impact performance of booster seats 
while at the same time considering how vehicle belt 
systems can evolve to provide protection for this age 
group. In order to evaluate the safety performance of 
these new and emerging restraint technologies, a 
mechanical child surrogate that accurately assesses 
the risk of abdominal injuries in the motor vehicle 
environment is needed. Current pediatric 
anthropomorphic test devices (ATD) are limited in 
this ability.   
 
None of the child frontal crash test dummies 
specified in the Code of Federal Regulations Part 572 
have the ability to make any abdominal injury 
measurements. While several adult frontal impact 
dummies at the research stage have abdominal injury 
assessment capability (Hybrid III with Frangible 
Abdomen and THOR, both in mid-sized male and 
small female dummies), none of the child dummies 
have any instrumentation in the abdominal area. The 
Q series of dummies has taken abdominal biofidelity 
into account by scaling the force-deflection 
properties of the adult abdomen. It is not known how 
well this compares to the properties of real children. 
In addition, the dummies do not have abdominal 
instrumentation. 
 
Rouhana (2002) reviewed abdominal injury criteria 
for various impact modes. Miller et al. (1989) and 
Rouhana et al. (1989) showed that given the low 
velocity nature of the belt to abdomen interaction, 
abdominal compression was well correlated to 
abdominal organ injury. For this reason, both the 
THOR dummies and the Hybrid III Frangible 
Abdomen dummies measure abdominal compression 
as the injury assessment metric.  
 
This paper describes progress on a four-phase project 
to address this gap involving pediatric 
anthropometrics, real-world abdominal injury risk, 

abdominal biomechanical tolerance from a porcine 
model, and development of an abdominal insert for 
the 6-year-old ATD based on these data. The long-
term objective of this 3-year research effort is to 
develop a modification to the current 6-year-old 
Hybrid III anthropometric dummy so that the risk of 
abdominal injury can be accurately assessed in the 
motor vehicle crash environment.  In order to achieve 
this objective, the biomechanical response of the 
pediatric abdomen must be understood.  Traditional 
methods used to measure the impact response of 
adults such as cadaver or volunteer tests are unable to 
be used for children.  As a result, we are utilizing a 
multidisciplinary approach that combines 1) an 
assessment of the anthropometry of the pediatric 
abdomen, 2) analysis of an extensive database of 
real-world crashes involving children who sustained 
abdominal injury, and 3) definition of the 
biomechanical response of the abdomen using a well-
controlled animal model.   
 
METHODS 
 
Anthropometry 
Two methods for obtaining geometry and 
anthropometry were implemented: retrospective 
review of abdominal radiological films and 
prospective measure of anthropometrics and seat belt 
fit parameters on healthy pediatric human volunteers.   
 
Retrospective radiology – With this component, we 
determined abdominal compartment and intra-
abdominal organ measures on a representative 
sample of children who closely approximate the size 
of the 6-year-old ATD. The current 6- year- old ATD 
measures 48 inches in height and 52 pounds. 
According to the current US pediatric growth charts 
produced by the Centers for Disease Control and 
Prevention (CDC, 2000), these measures approximate 
a 50th percentile, 7- year- old child. Intra-abdominal 
geometry of children was determined by examining 
abdominal computed tomography (CT) scans of a 
representative sample of children in the target age 
and weight range.  
 
Subjects were identified via a retrospective review of 
abdominal/pelvic CT scans performed at The 
Children’s Hospital of Philadelphia. An initial review 
of the Department of Radiology database at CHOP 
identified all children from 6-8 years of age who 
underwent abdominal CT scans. The most common 
indications for abdominal CT scanning in children 
include the evaluation of blunt abdominal trauma and 
the evaluation of abdominal pain suggesting 
appendicitis. In order to select a sample of CT scans 
that best approximates the intra-abdominal anatomy 



Arbogast, page 3 

of otherwise healthy children, only CT scans 
performed for suspected acute appendicitis or trauma 
evaluation which demonstrate no significant intra-
abdominal injury were selected. Children with intra-
abdominal free fluid, or solid organ injuries or 
pathology were excluded.  Scans from 35 children 
were included in the study. 
 
Specific inclusion criteria were children age 6-8 years 
of age who weigh between 20.4-27.3 Kg (+10% of 
the Hybrid III 6 year old ATD’s weight). All CT 
scans included were reviewed by a single radiologist, 
board certified in pediatric radiology and experienced 
in the interpretation of pediatric abdominal CT scans. 
 
All radiographs were taken with the children in a 
supine position (on their backs). Using scout views, 
axial and sagittal reconstructions, the following 
measures were obtained on all scans: 
1. Abdominal depth and circumference at level of 

umbilicus and at level of last appearance of the 
anterior ribs. 

2. Transverse width of the abdomen at the level of the 
iliac crests and at the level of the largest anterior-
posterior diameter of the pelvis. 

3. Vertical distance between the end of the 11th false 
rib and the top of the iliac crests. 

4. Abdominal height from diaphragm insertion to 
pubic symphysis, both anteriorly and posteriorly.  

5. Vertical dimension of the pelvis as measured from 
the top of the iliac crests to the most inferior point 
on the ischial tuberosity. 

6. Pelvic inlet – distance from the sacral promontory 
at S1 to the superior aspect of the pubic symphysis 
in the midline sagittal plane  

Examples of these dimensions are contained in the 
appendix.  Means and standard deviations were 
calculated. 
 
Prospective anthropometrics - The specific aim of 
this component of the research study was to describe 
a variety of external anthropometric measures on a 
representative sample of target age children taken on 
a stylized vehicle seat with and without a booster 
seat.   
 
Children eligible for the study were those from 5-9 
years of age presenting to the Primary Care Clinic of 
The Children's Hospital of Philadelphia. Effort was 
made to enroll subjects between 43-47 inches in 
height, and weighing 16-27 kg so that the findings 
were most applicable to the 6-year-old ATD. Any 
child with an existing neurologic, orthopedic, genetic, 
or neuromuscular condition was excluded.  60 
children were enrolled in the study. 
 

On each child, several skeletal landmarks were 
palpated by a research nurse and marked with a small 
bright sticker. The child wore bike shorts and a tight 
fitting T-shirt to facilitate the identification of 
anatomic landmarks and optimize the accuracy of the 
measurements.  The skeletal landmarks included: 
1. ASIS (anterior superior iliac spines) - the anterior 

most portion of the iliac crest of the pelvis 
2. AIIS (anterior inferior iliac spine) - AIIS is found 

immediately below the ASIS and is a bony 
prominence on the lower part of the anterior 
margin of the iliac bone of the pelvis between the 
ASIS and the acetabulum.   

3. Greater trochanter - the lateral most protrusion of 
the proximal femur bone 

4. PSIS (posterior superior iliac spine) - PSIS is the 
upper protrusion on the posterior border of the 
ileum; a readily apparent dimple occurs in the skin 
overlying the PSIS 

5. End of 11th false rib - the end of the bottom most 
rib (11th) on the lateral aspect. 

6. Shoulder joint - right lateral greater tubercle of the 
proximal end of humerus at the center of the 
tuberosity 

7. Knee joint - right lateral epicondyle of the distal 
end of femur at the center of the tuberosity 

8. Ankle joint - right lateral malleolus of the distal 
end of fibula at the center of the tuberosity  

9. Xiphoid (center point of the bottom tip of sternum) 
10. Manubrium (center point of the top edge of 

sternum) 
 

The child was then positioned on the stylized vehicle 
seat in a standardized symmetrical position with their 
head forward and hands at their sides.  (Figure 1) The 
research nurse re-palpated the skeletal landmarks to 
assure proper placement of the markers.   
Photographs were taken with a high-resolution digital 
SLR camera mounted in a standardized location for 
all study subjects and remotely operated from a 
laptop computer.   Photos were taken from the front 
as well as the side. 
 

 
Figure 1: Subject for the prospective anthropometric 
study in the standard position with her head forward 
and hands at her side seated on the full back booster. 
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The stylized vehicle seat was fitted with a transparent 
seat belt representing the geometry of an actual rear 
seat 3-point seat belt.  Front photographs were taken 
with and without the belt.  The belt was applied by 
the research nurse and fitted snugly to the study 
subject.  Once the belt was applied, three additional 
markers were placed on the subject: 
1. Shoulder belt outer (lateral edge of the shoulder 

belt where it crosses the clavicle) 
2. Shoulder belt center (bottom edge of the 

shoulder belt where it crosses the midline) 
3. Superior edge of lap belt (top edge of the lap belt 

where it crosses the midline) 
 
The entire study protocol was repeated for the vehicle 
seat alone and seated on two different belt-
positioning booster seats: a backless booster and a 
fullback booster.  Digital measurements from the 
photos were calculated using SigmaScan Pro image 
analysis software. Specific measures obtained were 
as follows (specific locations described above): 
 
From front view photo: 
• Vertical distance between the xiphoid and a 

horizontal line drawn between the right and left 
ASIS 

• Distance between right and left ASIS bilaterally 
• Vertical distance between a horizontal line drawn 

through manubrium where it intersects with the 
sternum to the bottom edge of shoulder belt along 
the midline of the body. 

• Horizontal distance between a vertical line drawn 
through manubrium where it intersects with the 
sternum and the outer edge of shoulder belt at the 
level of the clavicle 

• Vertical distance between horizontal line drawn 
between the right and left ASIS and superior edge 
of lap belt along the midline of the body  

• Difference in the vertical heights of right and left 
ASIS relative to the seat base 

 
From side view photo: 
• Pelvic tilt (angle formed by the intersection of a 

vertical line and the line connecting the ASIS and 
PSIS) 

• Pelvic angle (angle formed by the intersection of a 
vertical line and the line connecting the ASIS and 
AIIS) 

• Hip angle (angle formed by the intersection of a 
line joining the shoulder joint and greater 
trochanter with a line joining the greater trochanter 
and the knee joint) 

• Vertical distance between the ASIS and the greater 
trochanter. 

• Knee angle (angle formed by the intersection of a 
line joining the greater trochanter and the knee 
joint with a line joining the knee and ankle joint). 

• Tibia/Fibula angle (angle formed by the 
intersection of a vertical line and the line 
connecting the knee and ankle joint) 

 
All measurements were compared across the different 
restraint systems and by size of child (standing 
height, seated height, weight and/or body mass index 
(BMI)). All data obtained in this study were 
continuous in nature. Analyses consisted of the 
calculation of mean, standard deviation, range, and 
interquartile range for each measure obtained.  
 
Crash Investigation review 
Cases of seat belt restrained children in motor vehicle 
crashes who sustained abdominal organ injury were 
analyzed from the Partners for Child Passenger 
Safety (PCPS) Study.  Detailed descriptions of the 
study population and methods involved in data 
collection and analysis have been previously 
published (Durbin et al. 2001).  PCPS consists of a 
large scale, child-specific crash surveillance system: 
insurance claims from State Farm Insurance Co. 
(Bloomington, IL) function as the source of subjects, 
with telephone survey and on-site crash 
investigations serving as the primary sources of data.  
The telephone interviews provide data for a 
surveillance system used to describe characteristics 
of the population including risk factors for injury 
while the crash investigations provide detailed 
mechanisms and sources of injury. 
 
Crashes qualifying for inclusion in the surveillance 
system were those involving at least one child 
occupant < 15 years of age riding in a model year 
1990 or newer State Farm-insured vehicle. 
Qualifying crashes were limited to those that 
occurred in fifteen states and the District of 
Columbia, representing three large regions of the 
United States (East: NY, NJ, PA, DE, MD, VA, WV, 
NC, DC; Midwest: OH, MI, IN, IL; West: CA, NV, 
AZ).  On a daily basis, data from qualifying and 
consenting claims were transferred electronically 
from all involved State Farm field offices to 
researchers at The Children’s Hospital of 
Philadelphia and University of Pennsylvania 
(CHOP/Penn).  Data in this initial transfer included 
contact information for the insured, the ages and 
genders of all child occupants, and a coded variable 
describing the medical treatment received by all child 
occupants.  
 
In order to gain more detailed information about the 
kinematics of the child and the mechanisms and 
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sources of the injury, a subset of these cases was 
chosen for in-depth crash investigation. Cases were 
screened via telephone with the policyholder to 
confirm the medical details of the case.  Contact 
information from selected cases was then forwarded 
to a crash investigation firm and a full-scale on-site 
crash investigation was conducted using custom 
child-specific data collection forms.   
 
Crash investigation teams were dispatched to the 
crash scenes within 24 hours of notification to 
measure and document the crash environment, 
damage to the vehicles involved, and occupant 
contact points according to a standardized protocol.  
The on-scene investigations were supplemented by 
information from witnesses, crash victims, 
physicians, hospital medical records, police reports, 
and emergency medical service personnel.  From this 
information, reports were generated that included 
estimates of the vehicle dynamics and occupant 
kinematics during the crash and detailed descriptions 
of the injuries sustained in the crash by body region, 
type of injury, and severity of injury. Delta v (the 
instantaneous change in velocity) was calculated 
using WinSmash and crush measurements of the 
vehicles involved.   
 
Medical, crash, and child characteristics of 26 cases 
of pediatric abdominal injuries in restrained child 
occupants in frontal crashes were analyzed.  The 
mechanism of each abdominal injury was determined 
by an assessment of the specific location of impact 
and the resultant kinematics.   
 
Development of the Porcine Model 
In order to design an abdominal element for use in a 
dummy, it is necessary to define the structural and 
injury characteristics of the 6-year-old human’s 
abdomen.  The field investigations described above 
allow the study of meaningful clinical outcomes on 
real children in real crashes; however, data obtained 
from these analyses are limited in that the 
engineering input is derived rather than measured 
directly.  An experimental model, in contrast, allows 
the application of an exact loading condition and 
documentation of specific injuries but is limited by 
the knowledge of the exact transfer function between 
the experimental model and the human.    
 
For adults, abdominal characteristics are typically 
determined using human cadavers (Hardy et al. 
2001).  For the child, however, such data are not 
available.  Scaling techniques may be used to 
estimate pediatric force-deflection characteristics 
based on those measured for adults, but these 
techniques require assumptions about age-related 

changes in geometry and material properties that 
remain largely unproven, particularly for the complex 
and inhomogeneous abdomen.  Additionally, injury 
threshold values and the correlations between injury 
criteria and injury outcome cannot be reliably scaled 
from adults to children.  It is necessary, therefore, to 
identify a surrogate that mimics to an acceptable 
degree the child's anatomy, size, organ development, 
and other characteristics and to quantify this 
surrogate's abdominal characteristics. The porcine 
model is reasonably well established for studying 
thoracoabdominal impact and injury response of both 
adults (Stalnaker et al. 1973, Trollope et al. 1973, 
Gogler et al. 1977, Miller 1989, Miller 1991a, Miller 
1991b) and children (Aldman et al. 1980, Mertz et al. 
1982, Prasad and Daniel 1984).  The studies by 
Miller et al. focused specifically on belt loading to 
the abdomen, but used an adult pig.  The other 
studies listed above focused on loading mechanisms 
other than abdominal belt loading (e.g., hub loading 
or air bag loading on an out-of-position occupant).  
Recent research has utilized a pediatric porcine 
model to evaluate the influence of active muscle 
tensing on the structural response of the thorax (Kent 
et al. 2003, 2004) and to study resuscitation of a 
choking child (Woods et al. 2002).  This history 
provides the basis for selecting the pig as a 
reasonable representation of the human abdomen, but 
the porcine model has not been sufficiently 
developed to apply directly to the study of abdominal 
loading to a 6-year-old human.  This study will, 
therefore, identify the porcine age that best correlates 
with the size and development of a human six year 
old and will characterize the abdominal structure and 
injury tolerance of these swine as a reasonable 
approximation of the human child. 
 
This identification was accomplished via an imaging 
and necropsy study, which correlated the geometric 
and mass properties of the pig and the 6-year-old.  
Twenty-five pigs, age 14 days to 429 days, were 
included in the study.  Whole-body mass ranged from 
4 kg to 101 kg.  Females were chosen preferentially, 
and only one male was included in the study.  Over 
30 geometric and inertial characteristics of each 
subject were measured and compared with similar 
characteristics of humans.  Human data were taken 
from four primary sources.  External body 
dimensions were obtained from the GEBOD database 
(Grunhofer 1975, McConville et al. 1980, Clauser et 
al. 1972, Young et al. 1983, and Snyder et al. 1977), 
the University of Michigan data compiled under the 
name “Anthrokids” (Owings et al. 1975, Snyder et al. 
1977, see http://ovrt.nist.gov/projects/anthrokids/), 
and the data from Children’s Hospital of Philadelphia 
collected as part of this project.  In cases of 
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apparently contradictory values, the GEBOD data 
were used preferentially (note that the GEBOD 
database and the Anthrokids database draw from 
overlapping sources, but are not identical).  The 
organ masses for the pigs were compared with data 
compiled by Stocker and Dehner (2002), who list 
average organ weights for children for each year 
from birth through age 19 years. 
 
Since the goal of the necropsy study was to identify 
the best overall representation of the 6-year-old 
human, two functions defining a series of 
characteristics were used instead of a single target to 
identify the most appropriate pig model.  These 
functions included i = 1..5 external measures (f1

i) and 
j = 1..4 internal organ masses (f2

j) .  The external 
parameters considered in f1

 were : 
a. Abdominal depth (at umbilicus) (target = 15.1 cm),  
b. Abdominal breadth (at umbilicus) (target = 18.5 

cm),  
c. Sitting height (defined for the pig as the distance 

from the proximal end of the tail to the cranial 
surface of the head, with the neck in a neutral 
position) (target = 64.5 cm),  

d. Distance in the midsagittal plane from the cranial 
end of the sternum to the umbilicus along the 
ventral surface of the trunk (target = 25.4 cm), and   

e. Trunk weight (target = 11.8 kg). 
 
The organs used for mass comparison in f2 were the 
liver, kidneys, and lungs.  The targets were 660 g 
(liver), 66 g (right kidney), 67 g (left kidney), and 
328 g (both lungs).   
 
The value of each of these parameters for each pig 
was defined as a percentage of the human target.  The 
average percentage of the 5 external parameters was 
then defined as f1

avg, and the average percentage of 
the organ parameters was f2

avg.  Regression equations 
were used to relate f1

avg and f2
avg to the pig’s age, a, 

and mass, m: 
f1

avg = g(a, m)    [1] 
 
f2

avg = h(a, m)    [2]. 
 
A second-order polynomial regression was then 
developed defining the relationship between pig age 
and whole-body mass: 
m = A + Ba + Ca2   [3]. 
 
The pig age and mass that best represent the 6-year-
old human were then determined by setting  
f1

avg = f2
avg = 1     [4] 

 

and minimizing the error in equations [1] and [2] 
simultaneously subject to the constraint imposed by 
equation [3]. 
 
Development of Test Matrix 
There are several factors that could influence 
abdominal force-penetration and injury response to 
belt loading.  The goal with the experimental test 
matrix and fixture was to evaluate as many of these 
factors as practical while limiting the number of test 
subjects required.  The six factors identified for study 
were: 
1. The degree of belt “wrap-around” (i.e., the degree 

of belt-abdomen contact).  The testing will involve 
two conditions: 105° and 160°. 

2. The loading location (upper and lower abdomen).  
Previous research has shown that the upper 
abdomen (primarily solid organs) and the lower 
(primarily hollow organs) exhibit markedly 
different responses to loading (Rouhana 2002).  
The field data component of this project showed 
that most young belted children who sustain 
abdominal injury have those injuries in the lower 
abdomen, but that injuries can occur in either 
location. 

3. The shape of the displacement wave.  A ramp-hold 
wave will be used to define the viscous force 
relaxation (Kent et al. 2003), while a ramp-release 
wave will be used to define injury tolerance. 

4. The presence of active muscle tensing (Kent et al. 
2004). 

5. The magnitude of abdominal compression.  Tests 
will be performed to 25%, 50%, and 65% of the 
unloaded abdominal depth. 

6. The peak deflection rate (3 m/s and 6 m/s).  While 
most of the injuries identified in the field 
component of this study were thought to be 
mechanistically related to deflection magnitude, 
there is evidence in the literature that organs can be 
injured via a viscous mechanism if the rate of 
deformation is sufficiently great.   

 
The conditions chosen for the testing in this project 
are intended to maximize the information gleaned 
while minimizing the number of subjects to be 
sacrificed.  This project is designed as a multi-level 
parametric study with 6 parameters and multiple 
levels of each: belt wrap-around (2 levels), loading 
location (2 levels), waveform (2 levels), muscle 
tensing (2 levels), compression depth (3 levels), 
deflection rate (2 levels).  Inter-specimen variability 
is assessed by repeated tests of all test combinations.  
If all possible combinations of these levels were 
tested, including repeated tests of each combination, 
a total of 2 x 2 x 2 x 2 x 3 x 2 x 2 = 192 subjects 
would be required.  The number of required subjects 
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can be decreased substantially if certain assumptions 
are made about the influence of interactions between 
parameters.  In the proposed test plan, the following 
rationale is used to reduce the number of required 
tests.   
1.  The influence of muscle tensing will be assumed 
to be most pronounced in the maximal wrap-around 
condition.  Since muscle activation will be either 
none or full tetanus, information about intermediate 
muscle effects is not needed. 
 
2.  The effect of muscle tensing in the upper and 
lower abdomen will be assumed to be similar.  
Muscle tensing will therefore not be stimulated in 
tests loading the upper abdomen. 
 
The levels of abdominal compression chosen should 
generate an acceptable distribution of injury and non-
injury outcomes.  Multiple levels of abdominal 
compression are tested since many tests (both with 
and without injury) are required in order to develop 
an injury risk function using censored data.  The 
influence of loading rate will be evaluated to a 
limited extent by performing the 50% compression 
tests with the ramp-release wave at two loading rates.  
Repeated tests on the same subject shall not be used, 
even in the case of the 25% compression tests, since 
some injuries may result from these tests and because 
the initial condition will probably be changed after 
even a non-injurious test.  In previous UVA tests of 
porcine thoracic response, a long-time viscous effect 
and superficial soft tissue damage have made 
repeated tests inappropriate, even when the first test 
did not generate hard tissue injury (Kent et al. 2003).  
There is also the potential to weaken the statistical 
modeling if repeated tests are performed on the same 
subject, since clustering will have to be considered. 
 
Test Methods 
Live anesthetized porcine subjects will be intubated, 
ventilated, instrumented, and positioned for testing 
on a pneumatically driven test table similar in 
concept to that described by Kent et al. (2003, 2004) 
(Figure 2).  Immediately prior to loading, the subject 
will be euthanized, the lungs will be inflated to 
maximal physiological inhalation, and the tracheal 
tube will be occluded.  The tube will remain occluded 
throughout the displacement wave.  The pulmonary 
system will therefore be assumed to be closed during 
the loading and the effects of airflow from the lungs 
will be ignored.  
 
Pressure transducers will be inserted via catheters 
into the abdominal aorta, the thoracic aorta, the 
trachea, and at other locations.  For tests involving 
simulated muscle tension, pairs of external electrodes 

will be positioned bilaterally over the abdomen 
anterolaterally and posterolaterally.  A load 
transducer will be positioned between the subject and 
the table.  Load transducers will also be used to 
measure the applied force on the anterior abdomen.  
Potentiometers will measure anterior-posterior 
displacement of the anterior abdominal wall.  Digital 
video of the tests will be taken and digital still images 
will be used to document test conditions and the 
necropsy findings.  

 
Figure 2. Schematic depiction of loading frame. 
 
Following positioning of the subject on the table, the 
belt will be positioned on the abdomen.  Immediately 
prior to the application of loading, the subject will be 
euthanized using a solution of pentobarbital, a 
barbiturate that affects the central nervous system and 
can therefore be assumed to have no affect on the 
muscles’ response to an external stimulus.  
Immediately after death, the muscles will be 
stimulated when applicable and the displacement 
wave will be applied.  In all ramp-hold tests, the 
displacement will be held until a nominal steady-state 
condition is achieved (i.e., until force relaxation is 
complete).  Viscoelastic structural models will be 
developed for each ramp-hold test (Kent et al. 2003).  
The validity of these models will be assessed by 
using them to predict the measured response in all 
ramp-release tests.  At the completion of the test, a 
detailed necropsy will be performed to document all 
macroscopic thoracoabdominal injuries.   
 
The Institutional Review Boards and Institutional 
Animal Care and Use Committees of The Children’s 
Hospital of Philadelphia, The University of 
Pennsylvania School of Medicine, and The 
University of Virginia approved the conduct of 
relevant components of this project.  All testing will 
be overseen by personnel from the UVa Center of 
Comparative Medicine and Department of 
Emergency Medicine.  All procedures comply with 
the guidelines of the Animal Welfare Act and Public 

Pneumatic cylinder pulls belt 

Potentiometers 

Subject with belt 
passing over 
abdomen 
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Health Policy on the Humane Care and Use of 
Laboratory Animals.  All subjects will be euthanized 
prior to any biomechanical testing.   
 
RESULTS 
 
Anthropometrics 
Retrospective radiology – Radiology films from 35 
study subjects, 18 females and 17 males, were 
analyzed to determine the geometrical measures. The 
average age and weight were 6.9+0.8 years and 
24.4+1.7 kg, respectively.  1 
 
Table 1: Results from the retrospective radiology study 
of 35 subjects. Figures showing these dimensions are 
contained in the Appendix.   

Measure Average 
(cm) 

Std. 
Dev. 

Abdominal depth at umbilicus 13.6  1.3 
Circumference at umbilicus 51.6 4.0 

Abdominal depth at lower ribs 15.0 1.2 
Circumference at lower ribs 54.8 3.5 

Inner distance between iliac crests 
at first appearance 9.0 1.9 

Outer distance between iliac 
crests at first appearance 16.0 1.2 

Transverse dimension of abd. at 
iliac crest first appearance 20.2 1.4 

Inner distance between iliac crests 
at largest AP diameter 7.2 1.1 

Transverse dimension of 
abdomen at largest AP diameter 21.4 1.6 

Right lowest rib to iliac crest 6.5 0.9 
Left lowest rib to iliac crest 6.8 1.0 
Right iliac crest to ischial 

tuberosity 13.9 0.7 
Left iliac crest to ischial 

tuberosity 13.8 0.8 
Lower border of the lung to the 

pubis - anteriorly 24.7 1.6 
Lower border of the lung to the 

pubis - posteriorly 23.1 1.8 
Pelvic inlet 9.0 0.8 

 
Prospective anthropometrics – Anthropometric 
measures from 60 study subjects, 29 females and 31 
males, were obtained. The average age and weight 
were 6.2+1.3 years and 23.7+5.2 kg, respectively.  
Preliminary analysis is complete on 30 subjects and 
several representative measures are shown below.  
 

                                                 
1 This data was presented at the May 2005 Annual 
Meeting of the Society of Pediatric Radiology. 

Figure 3 shows the angle made by the right 
fibula/tibia relative to a vertical line in space.  In 
general, this angle is largest for those children seated 
directly on the vehicle seat followed by those on a 
back less booster, then those on a full back booster.  
A smaller value corresponds to a more comfortable 
position.   
 
The distance between the lateral edge of the neck to 
the lateral edge of the shoulder belt along the line of 
the clavicle is shown in Figure 4.  Again the role of 
the restraint is evident with the backless booster 
providing a vertical “boost” to the child and making 
his stature more adult like.  The shoulder belt guide 
on the full back booster moves the belt even farther 
off the neck. 
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Figure 3: Right tibia/fibula angle (relative to vertical) 
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Figure 4: Distance from lateral edge of the neck to 
lateral edge of shoulder belt at the level of the clavicle. 
 
Crash Investigation  
Twenty-six cases meeting the following selection 
criteria were reviewed and analyzed: seat belt 
restrained child occupant age 4-11 who sustained an 
AIS 2+ abdominal injury in a frontal crash.  Specific 
observations from the cases were as follows:   
• Hollow organ injuries (stomach/intestine) were 

associated with higher delta v (47 kph) than 
those injuries to the solid organs 
(spleen/liver/pancreas/kidney) (26 kph) 

• Belt compression was the primary mechanism of 
injury however the compression derived from 
both the lap and the shoulder belt. 
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• Belt misuse or older designs were predominant 
in those with injury; for example, children with 
the shoulder belt behind the back, automatic 
shoulder belts, and single manual lap belts. 

 
The case review identified three unique kinematic 
patterns that resulted in abdominal injury: pre-
submarining where the belt is initially out of position, 
classic submarining where the belt starts in position 
and the pelvis moves under the belt with the torso 
reclined, and submarining/jackknifing where the 
pelvis slides under the belt, and the torso flexes 
forward.  Three cases are described here for 
illustration. 
 
Case 1 - The case vehicle (1995 Honda Civic) was 
traveling north, vehicle 2 (1996 Mazda MPV) 
directly ahead of the case vehicle. Vehicle 3 (1996 
Mercury Villager) was also traveling north in the lane 
to the right of the case vehicle and vehicle 2. Vehicle 
3 lost control on the wet pavement and entered the 
path of vehicle 2. Vehicle 2 hit Vehicle 3 on the left 
side. Vehicle 2 was rear ended by the case vehicle.  
The PDOF was 0° and the delta v was calculated to 
be 20 kph.  A 7-year-old male was seated in the left 
rear seat restrained by the lap and shoulder belt with 
the shoulder portion of the belt behind his back. 
 
AIS 2+ injuries: 
• Hematoma of the small bowl mesentery (AIS2) 
AIS 1 injuries: 
• Horizontal abrasion to the lower abdomen 
• 2 cm forehead laceration 
Proposed injury source: 
• Submarining with jackknifing - lap belt loading  
MAIS other occupants: 
• Adult restrained driver (AIS 1) 
• Adult restrained right front passenger (AIS 1) 
• 3 year old - booster seat in right rear (none)  

 
Figure 5: Photo of case vehicle damage from Case 1. 
 
Case 2 - Vehicle 2 (1993 Pontiac Sunbird) was 
traveling north on inside lane and rear-ended vehicle 
3 (1997 Honda Accord), traveled over the yellow line 
into oncoming traffic and struck the front of the case 
vehicle (1994 Mercury Grand Marquis). Vehicle 4 

(1992 Jeep Wrangler) was traveling behind the case 
vehicle and struck it in the rear. The case vehicle 
struck a roadside sign with its rear plane before 
coming to a rest.   The PDOF was 330° for the frontal 
impact and the delta v was calculated to be 37 kph.  
A 4-year-old male was seated in the center rear seat 
restrained by the lap belt. 
 
AIS 2+ injuries: 
• Proximal ileal serosa tear of the distal jejunum 
• Several mesenteric hematomas  
• Grade 1 liver laceration.    
AIS 1 injuries: 
• Contusion/ abrasion to forehead 
• Contusion to lower abdominal area 
• Laceration over the right eye.  
Proposed injury source: 
• Pre submarining with lap belt loading  
MAIS other occupants: 
• Adult restrained driver (AIS 2) 
• 2 year old in child restraint in left rear (AIS 1) 

 
Figure 6: Photo of case vehicle damage from Case 2. 
 
Case 3 - The case vehicle (1994 Nissan Sentra) was 
traveling eastbound behind a non-contact vehicle. 
Vehicle 2 (1997 Honda Accord) was traveling 
westbound at about 65mph, when vehicle 2 lost 
control due to hydroplaning after hitting a water spot 
on the road. Vehicle 2 skid sideways into the 
traveling path of eastbound traffic. The non-contact 
vehicle in front of the case vehicle steered to the 
right. The front of the case vehicle was struck by the 
right side of vehicle 2. The PDOF was 330° and the 
delta v was calculated to be 43 kph.  A 7-year-old 
female was seated in the right front seat restrained by 
the automatic shoulder belt and manual lap belt. 
 
AIS 2+ injuries: 
• Lacerated spleen  
• Small liver laceration 
• Epidural bleeding along the skull base 
• Fractured left ribs #9 and #10. 
• Contused right lung 
AIS 1 injuries: 
• Contused right abdominal area  
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• Abdominal abrasion, left side  
Proposed injury source: 
• Classic submarining - lap/shoulder belt loading  
MAIS other occupants: 
• Adult restrained driver (AIS 1) 
 

 
Figure 7: Photo of case vehicle damage from Case 3. 
 
Necropsy Study 
The multiple linear regressions described in 
Equations [1] and [2] were both significant, though 
the age term was not significant in Equation [1].  This 
term was therefore dropped and the forms of 
Equation [1] and [2] used for the subject 
identification were 
f1

avg = 1= 0.217 + 0.0327m  [5] 
and 
 
f2

avg = 1= 0.536 + 0.00266a + 0.0179m [6] 
 
where 
m = -2.5239 + 0.1812a + 0.0017a2  [7]. 
 
Minimizing the error in [5] and [6] subject to the 
constraint imposed by Equation [7] results in a pig 
age and mass of 76.7 days and 21.4 kg as the best 
representation of a 6-year-old human based on the 
external dimensions and masses, and organ masses, 
described earlier.  As shown in Figure B.1 in the 
Appendix, the constraint imposed by Equation [7] 
makes it impossible for the pig to match all 
characteristics of the 6-year-old human.  The age and 
mass chosen, however, do result in a very good 
representation of the set of characteristics chosen for 
comparison (see large dot in Figure B.1).  A visual 
comparison of a to-scale adult human skeleton, a 73.4 
kg pig, and a 21.2 kg pig (i.e., the best representation 
of a 6-year-old) is shown in Figure 8. 
 

 
Figure 8. Visual comparison of adult human, adult pig, 
and chosen pig model (77 days old). 
 
DISCUSSION AND CONCLUSIONS 
 
Abdominal injuries, along with lumbar spine 
fractures, are part of a constellation of injuries 
referred to in the medical literature as "seat belt 
syndrome".  Geometrical characteristics of the pelvis 
and abdomen of young children place them at higher 
risk for these injuries.  Efforts to design restraints that 
mitigate these injuries are limited as no current 
pediatric anthropometric dummy (ATD) can 
accurately quantify the abdominal response to belt 
loading.  This manuscript describes progress on a 
four-phase project to address this gap involving 
pediatric anthropometrics, real-world abdominal 
injury risk, abdominal biomechanical tolerance from 
a porcine model, and development of an abdominal 
insert for the 6-year-old ATD based on these data.  
 
The two sources of anthropometric and geometrical 
data serve several purposes in the overall research 
project.  First they facilitate the identification of the 
relevant porcine model and second they provide 
geometrical guidelines for the development of the 
ATD insert.  Use of the measures to guide the choice 
of the appropriate age animal is discussed below.  
Although the ATD does not have many of the 
skeletal landmarks used in either the retrospective 
radiology or prospective anthropometric studies, 
some measures can be compared to the current ATD 
dimensions.  All ATD measures were taken from the 

25.4 cm 

Best representation 
of 6-year-old 

Adult pig with 50th 
male human 

skeleton overlaid 
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current Hybrid III 6 year old ATD drawing package 
(US DOT, 2002).   
 
Table 2: Comparison of human measures with current 
Hybrid III 6 year old ATD measures taken from the 
ATD drawing package 
Measure ATD 

(cm) 
Human 
(cm)+ 

Diff. 
(%) 

ATD 
source* 

Abdominal 
depth 15.7 13.6 -15% 

 
p.70 

Hip width 21.6 20.2 -7% p.7, U 
Waist circ. 57.2 51.6 -11% p.7, Z 
Sitting height 63.5 61.5 -3% p.7, A 
Stature 114.0 119.5 5% p.7, Q 
Height of 
pelvis 14.3 13.85 -3% 

 
p.70, 71 

Dist. between 
iliac crests 15.3 12.5 -23% 

 
p.71 

+From either the retrospective radiology measurements 
shown in Table 1 or the prospective anthropometrics study 
*Page number and measurement symbol, if noted, from 
Hybrid III 6-year-old ATD drawing package 
 
In addition to the project specific relevance of these 
measures, these data provide critical information 
regarding belt fit and how that improves with age and 
booster seat use and will be summarized in a future 
publication.   
 
Review of the field data provides an understanding of 
the conditions in which abdominal injury occurs in 
seat belt restrained children.  An important finding is 
that abdominal injuries can occur in low severity 
crashes with little injury to the other restrained 
occupants as illustrated by Case #1.  The delta v in 
this case was 20 kph and all other restrained 
occupants (driver, right front passenger, booster seat 
restrained rear seated child) sustained either no 
injuries or only bruising and contusions.   
 
In almost all of the cases reviewed, the abdominal 
injury was due to compression by the belt.  It varied 
whether that compression was due to the lap belt or 
the shoulder belt depending on the likelihood for 
submarining.  This is illustrated in case #3 where the 
child was restrained by an automatic shoulder belt 
and manual lap belt.  The position of the shoulder 
belt and the lap belt anchors was more aft than in a 
traditional manual lap and shoulder belt.  Substantial 
submarining occurred in this case and both belts 
played a role in loading the upper abdomen and 
thorax as evidenced by the spectrum of injuries: liver 
and spleen lacerations, rib fractures, and a lung 
contusion.  The role of belt compression as the 
mechanism of injury confirms the hypothesis 
highlighted in the introduction that the injury 

measure needed to accurately reflect abdominal 
injury risk for children should be deflection based, as 
has been suggested for adults. 
 
Review of the possible kinematics in these cases 
suggested three distinct patterns of movement in the 
crash.  Not all children sustained their abdominal 
injury through the jackknifing over the seat belt, the 
traditional view of how these injuries occur in 
children (Weber 2002).  Although this was the 
suggested kinematics for some as evidenced by 
associated head or facial injury (Case #1), some 
children were injured due to poor initial belt 
placement (Case#2) and some were injured due to 
classic submarining, where the belt starts in position 
and the pelvis moves under the belt with the torso 
reclined (Case #3).  In those cases with poor initial 
belt placement, these children were often restrained 
by a manual lap belt and were scooted forward on the 
seat causing the belt to ride high on their abdomen 
pre-crash.  Several of these cases are being modeled 
using MADYMO in order to more clearly study the 
kinematics and relate it to the velocity and direction 
of belt loading, the amount of head excursion and 
head acceleration.  The extreme stiffness of the 
Hybrid III 6-year-old ATD’s abdomen prevents 
meaningful values of abdominal compression from 
being extracted from the models.   
 
The necropsy component of this project identified the 
pig having an age of 77 days and a whole-body mass 
of 21 kg as the best representation of a 6-year-old 
human.  The finding that both age and mass 
contributed information to a statistical model of 
external body dimensions indicates that pediatric 
pigs, like human children, are not simply scaled-
down versions of adults.  This supports the necessity 
of this type of study since scaling adult data to 
represent pediatric response requires the assumption 
of geometric similitude.   
 
Since one of the end goals of this project is the 
development of an abdominal insert having the 
appropriate structural response, we decided that the 
geometry and inertial properties of the human were 
the most important characteristics to match.  It should 
be noted, however, that other markers of 
development, such as sexual maturity or bone 
ossification, may not show the same age correlation 
between humans and pigs. 
 
It is also important to acknowledge that, while the pig 
is a commonly used and reasonable model of the 
human for many applications, there are some 
important limitations for the study of abdominal 
response to belt loading.  The most obvious are the 
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marked differences in pelvic structure.  These 
differences make the pig a poor model with which to 
study, for example, the kinematics of submarining.  
This study has therefore focused only on those 
situations where the belt is initially mis-positioned 
over the abdomen.  There are also some abdominal 
anatomy differences that are significant.  Some of 
these are discussed in detail by Huelke et al. (1986).  
In the case of abdominal loading using a pig model, 
one important factor to consider is the tethering of the 
abdominal contents.  The quadrepedal nature of the 
pig results in organ tethering that reacts against 
gravitational forces in the dorsoventral direction, as 
opposed to the superior-inferior direction in a 
standing human.  Furthermore, the subjects used in 
these experiments will be tested in a supine position, 
so the organ geometry will not be an exact match of 
the seated human’s.  Another important anatomical 
consideration is the spleen.  In a human, the spleen is 
shaped somewhat like a fist, while the pig’s spleen, 
which is long and thin, has been described as 
“tongue-like”.  The liver is also different in the pig, 
having many “leaf-like” lobes.  Finally, the intestinal 
structure of the pig is different from the human, 
primarily in the arrangement of the ascending colon.  
In the pig, this structure is coiled to form a cone-
shaped mass with its axis oriented dorsoventrally.  
The cecum is at the base of the cone. 
 
The abdominal insert development will follow using 
the information provided by the aforementioned parts 
of the study.  Specifically, a reusable, rate-sensitive 
abdominal insert will be developed for the Hybrid III 
6-year old child dummy following the development 
reported by Rouhana et al. (2001). Initial prototypes 
will utilize equal stress equal velocity scaling for the 
response. The response data from the porcine tests 
will be used for the final design.  
 
Based on the field data analyzed to date, the authors 
anticipate the measurement of abdominal deflection 
and/or functions of deflection will be important for 
the injury assessment part of the project. Therefore, 
initial instrumentation efforts will concentrate on 
deflection measurements.  Data from the porcine 
study will also be analyzed to confirm that hypothesis 
and thereby, drive the injury assessment 
instrumentation included with the new abdomen. If 
the field accident data or biomechanical data indicate 
otherwise, the efforts will be refocused. 
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APPENDIX 
 
Dimensions used for the retrospective radiology anthropometric study 

   
 (a) (b) 
Figure A.1 (a) Depth (AB) and circumference at the level of the umbilicus.  For the circumference, continuation 
across the umbilicus was assumed. (b) Depth (CD) and circumference at the level where the anterior ribs last 
appear. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 (a) (b) 
Figure A.2 (a) At the level of the first appearance of the iliac crests, the widest transverse dimension of the abdomen (K-
L), the inner dimension of the iliac crests (EF), and the outer dimension of the iliac crests (GH). (b) At the level of the 
largest AP diameter of pelvis, the widest transverse dimension of the abdomen (MN) and the inner dimension of the iliac 
crests (IJ). 
 
 

   
 (a) (b) (c)   

  
Figure A.3 (a) From the abdominal AP film, the vertical distance from the most superior points of the iliac crest to lowest 
inflection point of 12th rib anteriorly measured on both the right and left side. (b) the vertical distance from the most 
superior point of the iliac crest to most inferior point of the ischial tuberosity measured on both the right and left side. (c) 
Distance from the sacral promontory at S1 to the superior aspect of the pubic symphysis in the midline sagittal plane  
(defined as plane of inlet in figure).  Figure from Anatomy of the Human Body, H. Gray, 20th Edition, 2000. 
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Results of necropsy study 
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ABSTRACT 
 
A new EEVC Working Group, WG20 (Rear Impact 
test procedure(s) and the mitigation of neck injury), 
was given the task to develop test procedures for 
rear end collisions, with a prime focus on neck 
injury reduction (whiplash). The work is carried out 
in collaboration with the EEVC WG12 (Advanced 
Anthropometry Adult Crash Dummies). WG20 is 
responsible for the definition of the test conditions 
and the overall coordination of this activity. WG12 
is responsible for the selection of an appropriate 
crash test dummy and identification of 
biomechanically based injury criteria with known 
injury risk functions. 
 
WG20 carried out a review of field accident data, 
clinical data, available sled test methods, 
biomechanical research on injury causation and 
human subject dynamic response, proposed injury 
criteria, available impact dummies, and 
instrumentation and dummy positioning methods. 
The findings of the WG20 review provide the basis 
for the future work of the group and are summarised 
here. 
 
WG20 has a work programme to develop and 
validate a test procedure to assess the geometry of 
head restraints as a first stage in their approach to 
whiplash injury mitigation. In the longer term a 
sled-based dynamic assessment of injury risk or seat 
performance will be developed and validated. 
 
WG12 has defined draft biofidelity requirements for 
rear impact crash test dummies and will evaluate 
the available rear impact dummies against these 
requirements once they are finalised. This paper 
summarises the chosen biofidelity requirements and 
the criteria by which they were selected. It also 
outlines the further work programme of the group to 
evaluate and validate biomechanically based injury 
criteria for rear impact crash testing. 
 
 
 

INTRODUCTION 
 
No regulatory test exists in Europe to assess injury 
risk in rear impacts, in particular low severity rear 
impacts. A number of accident studies and claims 
statistics coming from the insurance industry clearly 
indicate that low-speed rear impact can lead to neck 
injuries causing long-term disablement and 
discomfort. These injuries, often referred to as 
whiplash injuries, are usually classified as AIS 1 
(Abbreviated Injury Scale). 
 
Outside of the regulatory framework a number of 
organisations have been investigating WAD injury 
(Whiplash Associated Disorder). Two EC projects 
have supported some areas of this work. A rear 
impact, sled based test procedure, against which to 
assess vehicle seats has been proposed to GRSP and 
ISO. As of the year 2000, the EEVC had not 
developed a viewpoint on rear impact and WAD 
type injury. As a result, the EEVC Steering 
Committee asked EEVC WG12 to create an ad hoc 
Working Group to investigate the possibility of 
developing an EEVC view on rear impact and 
WAD injury. 
 
The ad hoc Group [EEVC WG12, 2002] found that 
there was a significant amount of research data 
available and that interesting and promising 
research projects were ongoing. It recommended 
that the EEVC Steering Committee start up a new 
activity with the aim of developing a proposal for a 
new European regulatory test for whiplash injury 
(AIS1 neck injury) protection in rear impacts. 
 
The EEVC Steering Committee formed a new 
Working Group, WG20, to develop and evaluate a 
test procedure, or range of test procedures, suitable 
for regulatory use. The test procedures should have 
a prime focus on neck injury reduction, but should 
give due regard to the potential for injuries to other 
body regions. The EEVC Steering Committee also 
gave WG12 additional terms of reference regarding 
the selection of an appropriate crash dummy and 
injury criteria for a rear impact test procedure. 
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This paper will summarise a state-of-the-art review 
of rear impact accidents and injuries undertaken by 
the members of EEVC WG20. This review will 
form the basis for the further work of the Group. 
The paper will also summarise the work of WG12 
to develop biofidelity requirements for a rear impact 
dummy and to evaluate the suitability of existing 
dummies that have been proposed for use in rear 
impact test procedures. 
 
Finally, the paper will outline the further work 
programmes of the two Groups. 
 
EEVC WG20 STATE-OF-THE-ART REVIEW 
 
As its first action, EEVC WG20 undertook a review 
of the current state of knowledge on rear impact 
accidents and injuries. This review built upon and 
updated the work of the WG12 rear impact ad hoc 
group [EEVC WG12, 2002]. A summary of the 
findings of the review is given in the sections 
below. 
 
Accident Data and Insurance Statistics 
 
From accident data and insurance statistics the 
impact severity in rear impacts is relatively well 
known, both when the occupants are uninjured and 
when they report whiplash injury. From crash 
recorder data at Folksam, obtained from a single 
make of car, it was found that long-term WAD 
symptoms are rare at mean accelerations below 3 g 
[Krafft et al., 2001; Krafft et al., 2002; Kullgren et 
al., 2003]. The finding is also supported by several 
volunteer test studies [McConnell et al., 1995; Ono 
and Kaneoka, 1997; Siegmund et al., 1997]. Based 
on accident statistics from several countries, the 
majority of whiplash injuries are reported in crashes 
at medium impact severity, typically at a change of 
velocity between 10 and 15 km/h. Women have 
about twice the injury risk compared to men [Krafft, 
1998; Hell et al., 1999; Ydenius and Kullgren, 
2001; Berglund, 2002]. Most of the reported 
injuries were short-term injuries where the 
occupants recovered within a couple of weeks 
[Spitzer et al., 1995]. 
 
Furthermore, there is knowledge regarding the 
impact severity when occupants sustain more long-
term WAD symptoms. Based on crash recorder data 
from real world accidents (from a single car make), 
the average change of velocity and the mean 
acceleration was quantified [Krafft et al., 2001]. 
Those injuries leading to WAD symptoms lasting 
more than one month was found to occur at 
approximately 20 km/h and 5 g respectively, while 
those recovering within a month had approximately 
10 km/h and 4 g respectively. The average values 
for occupants classified as WAD Grade 2 and 3 
[Spitzer et al., 1995] was approximately 16 km/h 

and 5 g. Therefore a proposed test speed and 
acceleration will vary, depending on whether the 
test is focusing on all reported whiplash injuries or 
on the more severe ones. 
 
At higher impact speeds there is an increased risk of 
uncontrolled seat back deflection or failure, with an 
attendant risk of serious injuries. A seat-back 
deflection test or a high-speed test could be added 
to cover this situation. To ensure that sub-
optimisation is avoided, a low severity test could 
also be added.  
 
Current accident data show similar trends world 
wide (except deviations from different social 
security and insurance systems in various 
countries). 
 
Biomechanics 
 
WAD injury symptoms are well documented, but 
the injuries causing the acute symptoms are not 
completely known. The relation between acute 
injury and chronic pain is also not fully understood. 
The kinematics of the head and neck during rear 
impact is relatively well known. Derived from the 
known kinematics, a number of biofidelity 
requirements have been formulated and were used 
as a basis for the development of several rear 
impact dummies. 
 
Several injury criteria have been suggested. Three 
principal ways of verifying injury criteria were 
identified: 
1. By identification, in the clinic, of the actual 

acute injury that causes chronic pain. This 
would probably tell us which injury mechanism 
is the cause and give an indication as to which 
injury criterion to use. 

2. An alternative would be to evaluate proposed 
criteria against experimental data where certain 
injuries have been caused and where injury 
threshold levels can be identified (this will 
however leave an uncertainty about the 
relationship between the observed injuries and 
the symptoms experienced by living patients). 

3. By high quality evaluation of injury criteria 
against field accident data. Reconstruction crash 
tests and computer modelling may be used in 
parallel. 

 
Some currently proposed injury criteria are 
acceleration based, like NIC [Boström et al., 2000]; 
velocity based (T1 rebound velocity); displacement 
based like, for instance, IV-NIC [Panjabi et al., 
1999] and NDC [Viano and Davidsson, 2001]; or 
load based, like Nkm [Muser et al., 2000] and LNL 
[Heitplatz et al., 2003]. A few of these proposed 
injury criteria, e.g. NIC, have been used in different 
versions and this must be taken into account when 
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making comparisons. The International Insurance 
Whiplash Prevention Group (IIWPG) uses a 
combination of such measurements in a seat 
performance criterion. An injury criterion that 
correlates to injury risk is a requirement for a future 
test procedure. It would however be possible to 
identify such a criterion even if the injury and injury 
mechanism is not fully known. (Medical symptoms 
can often be treated even if the origin of the 
symptom is not fully understood.) The term WAD 
Risk Assessment Parameters (WAD-RAP) was 
introduced as a replacement for “injury criteria” in 
the present situation where the actual injury causing 
the WAD symptoms is unknown. 
 
From a regulatory perspective it is essential that 
there is a good correlation between the WAD-RAP 
and risk. Any given WAD-RAP should be 
accompanied by a risk function. Some recent 
findings, verified according to method 3 above, 
indicate that NICmax and Nkm fulfil these 
requirements [Eriksson and Kullgren, 2003; Linder 
et al., 2004]. These findings are based on data from 
a few Toyota car models. A wider data sample 
covering more car models as well as an evaluation 
of the applicability of the criteria in sled testing 
would be desirable. 
 
Dummy Development 
 
Currently, the dummies that are most likely to be 
useful for rear impact testing, are the BioRID II 
[Davidsson et al., 1999] and the RID2 [Cappon et 
al., 2001] or RID3D [Cappon et al., 2003]. Each of 
these has been based on a different set of biofidelity 
requirements [Philippens et al., 2002]. A third 
alternative for rear impact is the American frontal 
impact dummy prototype, THOR, which has been 
evaluated with partly promising results. The 
BioRID II has the advantage of being more 
established and more widely used in automotive 
industry, while the RID is more recently released. 
The prototype RID3D is a further development of the 
RID2 with improvements in the rebound phase and 
in ramping. One advantage of the RID2 / RID3D is 
that it has a slightly more comprehensive 
instrumentation capability, with a lumbar load cell, 
and is intended to be able to handle oblique 
impacts. 
 
All three dummies still have practical limitations, 
which are likely to be solved throughout the course 
of their use. There is an ongoing world wide 
evaluation of the dummies, which has lead to 
stepwise adjustments. This process is expected to 
make them acceptable for use in a regulatory 
framework. Appropriate setting up and certification 
procedures are also evolving during this evaluation 
process. The Hybrid III, although it is being used 
world wide, is not considered suitable for low 

severity rear impact testing due to its limited 
biofidelity in low-speed rear impact conditions 
[Philippens et al., 2002]. 
 
For head restraint geometry evaluation the H-point 
machine was extended with a Head Restraint 
Measuring Device (HRMD) which is used in a 
rating procedure by the Research Council for 
Automobile Repairs (RCAR) [RCAR, 2001]. 
Various versions of the H-point machine exist and 
the difference between the versions requires 
investigation. 
 
Car and Seat Design 
 
Vehicle structures are reported to have become 
stiffer since the mid 1990s and this trend in 
increasing stiffness is continuing [Muser et al., 
2000; Avery and Zuby, 2001]. This may be due to 
enhanced crash performance driven by, among 
other requirements, the low speed insurance impact 
test and high speed frontal impact regulatory and 
consumer tests, and may have lead to an increase in 
whiplash type injuries. Although some attempt 
could be made at the local softening of perimeter 
structures of the vehicle, the biggest gains in 
mitigating whiplash injuries are expected to come 
from the enhancement of seat back and head 
restraint performance. 
 
Within seat design, good head restraint geometry 
has been shown to be important in mitigating soft 
tissue neck injuries [Farmer et al., 1999], although 
occupant kinematic control and effective energy 
management have also been shown to be of 
importance. Seat back yield-strength has increased 
and along with other parameters is coincident with a 
rise in reported injuries. Current research suggests 
that where high seat back yield strength is used in 
conjunction with ‘good’ head restraint geometry a 
reduction in injuries is observed. 
 
New, improved head restraint and seat systems have 
been shown to be effective at improving the neck 
injury protection in terms of a reduction in 
insurance claims. For such systems to be effective, 
energy absorbing capability could be employed to 
reduce occupant energy whilst controlling head and 
thorax motion, and good head restraint geometry 
could be utilised to control head kinematics early in 
the crash event (by gaining early contact between 
head and head restraint). 
 
Any future dynamic whiplash test assessment may 
have to feature a range of impact velocities to 
prevent sub-optimisation of these systems. 
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Test Procedures 
 
Several proposals for procedures for whiplash 
protection assessment in rear impact have been 
proposed or implemented in different fora (e.g. ISO, 
IIWPG, SRA, ADAC, EuroNCAP, NHTSA) in 
recent years. Static as well as dynamic test 
procedures have been developed. Most of the test 
procedures have the same origin and are gradual 
upgrades that have been included as new knowledge 
has become available. 
 
Most of the procedures include a dynamic sled test 
of the seat using a modern rear impact dummy. The 
speed changes proposed are typically 15 to 16 km/h, 
and in some cases additional tests in the range 10 to 
30 km/h have been proposed. The low-speed tests 
are intended to avoid sub-optimisation and the high-
speed tests are proposed for evaluating seat 
integrity. Currently, a generic acceleration pulse is 
commonly used and several injury criteria or 
assessment parameters have been suggested. A 
static geometrical head restraint rating is currently 
used by RCAR [RCAR, 2001]. 
 
Ongoing and Finalised Research Programmes 
 
A number of ongoing or finalised research 
initiatives, relevant for the development of a rear 
impact test procedure, were identified: 
• EU Whiplash I (finished); 
• EU Whiplash II (on going at the time of the 

review, now finished); 
• Swedish research programs (Chalmers 

University, Folksam, Swedish Road 
Administration, Volvo Car, Saab Automobile); 

• The International Insurance Whiplash 
Prevention Group (IIWPG). The objective of 
this working group is to develop dynamic test 
procedures to evaluate and compare seat/head 
restrain designs; 

• ISO (on going). A test procedure was finalised 
during 2004, but it does not include a decision 
on a crash dummy nor on any injury criterion; 

• OSRP/USCAR (on going). The Occupant 
Safety Research Partnership of the United 
States Council for Automotive Research has 
conducted a rear impact evaluation program to 
compare the BioRID II and Hybrid-III 
dummies; 

• NHTSA is working on upgrades of FMVSS 
202 and 203. An evaluation of the currently 
available dummies was carried out; 

• UK spinal injury: volunteer and dummy testing 
plus human and dummy modelling, including 
the derivation of design target corridors; 

• ACEA: repeatability and reproducibility of 
proposed rear impact whiplash protection test 
procedures. 

• Examples of other active research laboratories: 

o TU Graz, Austria 
o Allianz ZT, Germany 
o ETH, Switzerland 
o Medical College of Wisconsin, USA: 

PMHS tests, thesis on facet injury 
mechanism 

o Wayne State University, USA: PMHS 
tests, thesis on facet injury mechanism 

o JARI, Japan: volunteer tests, thesis on 
facet injury mechanism 

o MacInnis Engineering, Canada: volunteer 
tests, dummy evaluation 

 
 
Conclusions from the State-of-the-Art Review 
 
• Rear impact and WAD-type (Whiplash 

Associated Disorder) injury is a serious 
problem in terms of both injury and cost to 
society. A lot of work has taken place in trying 
to quantify the problem and determine effective 
means of injury and cost reduction. The WAD 
symptoms are well documented, but the actual 
injury remains to be established, although 
several injury locations and injury mechanisms 
have been suggested. The dynamic motion of 
the human head-neck system during a low-
speed rear impact is known from volunteer test 
data.  

• To date, several special test dummies and test 
devices have been developed for the assessment 
of WAD injury and several test procedures 
have been developed, both static and dynamic. 

• Both mean and peak acceleration appear to be 
important crash severity parameters together 
with delta-v. 

• Women have about twice the injury risk 
compared to men. 

• Energy absorbing seats, active head restraints 
and good head restraint geometry all seem to be 
beneficial, based on claims evidence. 

• Multiple test severities must be considered to 
avoid optimisation for a single condition and to 
test seat integrity at higher severity. 

• The proposed WAD risk assessment 
parameters NICmax and Nkm appear to correlate 
to real world risk of WAD causation and risk 
curves have been presented based on field 
accident findings from a limited number of car 
models from a single manufacturer. Further 
work is therefore needed before a WAD risk 
assessment parameter (LNL, Nkm, T1-rebound 
velocity, NIC, NDC, IV-NIC, etc.) can be 
finally established. The exact injury site has 
still not been established and thus, no 
biomechanical explanation to the injury 
causation is available. A biomechanical 
evaluation of an injury criterion is not expected 
in the near future. 
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• Injuries other than neck injuries and impact 
types other than pure rear impacts need to be 
considered in the definition of the test 
procedure. 

• The BioRID II and the RID2/RID3D are the best 
suited dummies for rear impact whiplash 
prevention testing. 

 
EEVC WG12 REAR IMPACT DUMMY 
BIOFIDELITY REQUIREMENTS 
 
In order to respond to the request by the EEVC 
Steering Committee to select an appropriate dummy 
and injury criteria for the WG20 rear impact test 
procedure, WG12 adopted a work plan consisting of 
the following steps: 
 
• Identification of the expected use of the 

dummy in the new test procedure, and the 
constraints following from this for the dummy 
such as anthropometry, reproducibility, 
durability, required adjustments, and so forth; 

• Development of biofidelity impact response 
requirements for low severity rear impact 
loading of the spine (including the rebound 
phase), defining how the dummy should behave 
both in kinematic and dynamic responses in 
agreement with human volunteers and/or 
PMHS; 

• Review of biomechanical evidence that may 
support the use of various injury criteria for 
neck injury assessment, including definition of 
measurements to be taken by the dummy; 

• Review of existing dummy designs and 
performance with respect to the requirements 
developed by WG12. This will lead to a 
recommendation on the best dummy to use for 
the WG20 rear impact test procedure. 

 
Rear Impact Dummy Biofidelity Requirements 
 
Of these tasks, the development of biofidelity 
requirements for a rear impact dummy is the most 
advanced. The criteria for the selection of rear 
impact biofidelity test conditions included: 
• The availability of the full data set; 
• Quality of the test set-up and instrumentation; 
• Reproducibility; 
• Relevance of the test conditions, loading 

condition and velocity change; 
• Distribution of subject anthropometry, gender 

and age; 
• The number of tests and test subjects. 
 
Nineteen sets of rear impact volunteer and PMHS 
data that could be used to define biofidelity 
requirements for a rear impact dummy have been 
assessed. To date, five data sets have been chosen 
and documented in detail. They include four 
volunteer and one PMHS test programme with a 

variety of impact conditions. Even this small 
sample of biofidelity test conditions gives rise to a 
large number of biofidelity requirements. The draft 
biofidelity test conditions and requirements are 
summarised below. 
 

GDV / Allianz (Whiplash II) 
 
GDV and Allianz undertook two series of five rear 
impact sled tests with five volunteers, two male and 
three female, as part of the Whiplash 2 EC project. 
The mean age of the subjects was 35 years (18 to 
43), their mean height was 1.67 m (1.57 to 1.78 m) 
and their mean mass was 74 kg (60 to 95 kg). The 
impacts had a delta-v of 7 and 9 km.hr-1, with a 
peak acceleration of 35 and 40 m.s-1 respectively. 
 
A specially designed yielding seat, with a head 
restraint, was used (see Figure 1). Accelerometers 
and film markers were attached to the head and T1. 
Head angular accelerations were also measured. 
 

 
 
Figure 1: The GDV / Allianz sled, volunteer and 

yielding seat. 
 
Response parameters included: 
• Head centre of gravity (CG) trajectory (2D) 
• Head flexion angle 
• T1 trajectory (2D) 
• T1 flexion angle 
• Head CG acceleration 
• Head angular acceleration 
• T1 acceleration 
 
 

JARI 
 
These volunteer tests were carried out 1997 and 
1998 at the Japanese Automobile Research Institute 
(JARI) and are summarised in [Davidsson et al., 
1999]. Seven healthy male volunteers (25 ± 4 years 
old) of approximately 50th percentile stature were 
exposed to a total of 28 rear impact deceleration 
sled tests at delta-v’s of 1.9 to 2.6 m.s-1 (7.0 to 9.3 
km.hr-1) and mean peak decelerations of 36.2 to 
39.0 m.s-2. 
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Both standard car seats (13 tests) and a rigid ECE 
Regulation 16  bench (15 tests) were used. In 22 
tests a standard driving posture was used (see 
Figure 2) and in six tests the subject was leaning 
forward 10° from the standard driving posture at the 
time of impact. No head restraint was used in any of 
the tests. 
 

 
 
Figure 2: Schematic of the JARI sled, volunteer 

and Regulation 16 seat. 
 
Film markers were mounted at the head, T1 sternum 
and iliac crest, and accelerometers were fitted to the 
head and T1. The location of the accelerometers and 
film targets (except the iliac crest marker) relative 
to the occipital condyle was determined from X-ray 
images of the instrumented volunteer. A Tekscan 
pressure sensor mat with 48 x 40 cells each 10 x 10 
mm square covered the seat back surface. 
 
Biofidelity requirements (mean ± σ) were 
developed for: 
• Linear and angular displacements of the head, 

T1, occipital condyle and iliac crest; 
• Head angular acceleration and T1 and pelvis 

linear accelerations 
• Upper neck forces and moments. 
 

TRL 
 
TRL performed a series of rear impact tests with ten 
male volunteers with a mean age 26.4 years, height 
of 1.79 m and weight of 77.5 kg [Roberts et al., 
2002; Hynd et al., 2004]. A rigid seat based on the 
ECE Regulation 44 bench  was used, with the seat 
back raised to support the shoulders and a head 
restraint added (Figure 3). 
 
A sled-to-sled impact system was used, with a block 
of aluminium honeycomb used between the sleds to 
give the desired acceleration pulse. The delta-v was 
1.9 m.s-1 (7 km.hr-1) and the acceleration was 
limited to approximately 20 m.s-2. 
 
Film markers and accelerometers were placed on 
the head and T1 and an accelerometer was placed 
on the sacrum. Seat back and head restraint inertia-
compensated forces were measured and a Tekscan 
5315 mat was used to measure seat back pressure 
distribution. 
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Figure 3: Schematic of the TRL seat back and 
head restraint, showing the force plates, load 

cells and inertia compensation accelerometers. 
 
Biofidelity corridors were developed according to 
the method of EEVC WG9 [Roberts et al., 1991]. 
Corridors were developed for: 
• Head and T1 linear and angular displacements; 
• Head, T1 and pelvis linear accelerations. 
Seat back pressure distributions versus time are also 
available for qualitative assessment of the seat back 
interaction of rear impact dummies. 
 

Allianz ZT / Chalmers 
 
The kinematic responses of four volunteer subjects 
(in five tests) with anthropometry close to the 50th 
percentile male were extracted from a larger 
database with 13 subjects (subset 7V) [Davidsson et 
al., 1998]. A custom made seat (see Figure 4) was 
mounted on a stationary sled which was impacted 
by a second sled. The delta-v was 1.9 m.s-1 
(7.0 km.hr-1), with a peak acceleration of the target 
sled of about 33 m.s-2. 
 
The seat back consisted of four stiff panels covered 
by 20 mm thick soft Tempur foam and 30 mm thick 
medium Tempur foam and all covered with the 
same cloth fabric as used in a Volvo car seat. The 
seat back and head restraint were all mounted on 
springs to give the same stiffness characteristics as 
a Volvo 850 car seat, and the seat base was a 
standard cushion from a 1993 Volvo 850. 
 
Head, T1 and iliac crest accelerations were 
measured and film markers were placed on the seat 
back frame, head, T1, shoulder, upper torso, chest, 
knees and H-point. 
 
The following biofidelity response requirements 
were defined (mean ± σ): 
• Head x and z displacement with respect to the 

sled co-ordinate system; 
• T1 x and z displacement with respect to the 

sled co-ordinate system; 
• Head relative to T1 x and z displacement; 
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• Head angular displacement with respect to the 
sled co-ordinate system; 

• T1 angular displacement with respect to the 
sled co-ordinate system; 

• Head relative to T1 angular displacement; 
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Figure 4: Schematic of the volunteer and AZT / 

Chalmers seat. 
 
 

LAB (Whiplash I) 
 
Six acceleration sled tests were performed with 
three different PMHS subjects [Bertholon et al., 
2000]. A rigid seat, without headrest, was subjected 
to a rear impact with an impact velocity of 10 
km.hr-1 and an acceleration of 160 m.s-2 (Figure 5). 
 

 
 

Figure 5: LAB sled acceleration pulse. 
 
The subjects, all male, had a mean age of 80 years, 
height of 1.64 m and weight of 50 kg. The subject 
was strapped to the seat at the thigh, pelvis and 
thorax. 
 
The subjects were instrumented with accelerometers 
on the head and film markers placed on the head, 
and T1. Biofidelity requirements (mean ± σ) were 
defined for: 

• Head angle with respect to the sled co-ordinate 
system; 

• Head angle with respect to a rotating T1 co-
ordinate system; 

• T1 angle with respect to the sled; 
• Head CG x- and z-displacement with respect to 

a rotating T1 co-ordinate system; 
• T1 x- and z-displacement with respect to the 

sled; 
• Head CG x- and z-acceleration; 
• Head angular acceleration. 
 
Summary of Rear Impact Biofidelity 
Requirements 
 
To date, five rear impact volunteer and PMHS test 
conditions have been selected by EEVC WG12 to 
define biofidelity requirements for rear impact 
dummies. The test conditions and biofidelity 
requirements, in the form of target corridors, are 
being documented in detail so that they can be 
reproduced with the candidate dummies for the 
WG20 rear impact test procedure. 
 
FUTURE WORK 
 
WG20 
 
WG20 are considering the development of a 
geometric assessment of head restraints (which may 
be a static test, a dynamic test, or both) as a first 
stage in the mitigation of injuries in low-speed rear 
impacts. In the longer term, the Group will develop 
a sled-based test procedure for the dynamic 
assessment of seat performance. 
 

Geometric Test Procedure 
 
Several groups have raised concerns regarding the 
repeatability and reproducibility of the 3D-H 
machine and HRMD, used in some current test 
procedures for the static geometric assessment of 
head restraints. WG20 have planned a work 
programme to evaluate the variability in the 
geometric evaluation of head restraints using these 
tools and to isolate the sources of any variability. 
Potential sources of variability may be the test tools, 
the test procedure or variability in the seats. The 
programme will also assess the influence of lumbar 
support and seat back angle. A cost-benefit study of 
the implementation of a geometric requirement for 
head restraints in Regulation is also in progress. The 
EEVC Steering Committee have set a one year time 
frame for the development of a geometric test 
procedure. 
 

Sled-based Test Procedure 
 
The second, longer term task for WG20 is the 
development of a sled-based rear impact test 
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procedure. Issues that need to be considered in the 
development of such a procedure include: 
• Impact pulse – vehicle specific or generic, 

delta-v and acceleration profile. These should 
be defined by knowledge of injury-causing real-
world accident characteristics. 

• Seat mounting and restraint systems – how the 
seat should be mounted to the sled (e.g., is it 
necessary to reproduce the vehicle floor pan 
accurately?), whether generic or vehicle-
specific restraint systems, such as seat-belts and 
pre-tensioners, should be fitted and deployed. 

• Cost-benefit analysis. 
 
Recommendations on the dummy and injury criteria 
to be used for the test procedure will be made by 
EEVC WG12. A two year timescale for the 
development of a dynamic sled-based test 
procedure has been set by the EEVC Steering 
Committee. 
 
WG12 
 

Whiplash Dummy Selection 
 
WG12 have been tasked with recommending a 
dummy for the WG20 rear impact test procedure. 
Rear impact biofidelity requirements have been 
drafted and the candidate rear impact dummies will 
be evaluated against these requirements. However, 
there are many requirements for a test tool other 
than biofidelity. The following will also be 
considered by WG12 (some are dependent on the 
parameters of the test procedure that the dummy is 
to be used in, so close collaboration will be 
maintained with WG20): 
• Dummy size and gender; 
• Dummy posture and seat interaction; 
• The velocity and acceleration range at which 

the dummy will be used; 
• Sensitivity, repeatability and reproducibility. 
 
Also important in the choice of a rear impact 
dummy is the selection of biomechanically based 
injury criteria. Currently, WG12 is collating 
detailed information on the injury criteria that have 
been proposed in the literature, including 
determining a single definition of how each 
criterion is calculated as this has often changed over 
time. It is important to understand these changes 
when evaluating the biomechanical evidence 
presented for the criteria. This understanding will 
form the basis for evaluating the proposed injury 
criteria and for selecting and validating injury 
criteria to be used in the WG20 sled test procedure. 
 
CONCLUSIONS 
 
The EEVC Steering Committee has formed a new 
Working Group, WG20, with the aim of developing 

a test procedure, or test procedures, to be proposed 
as a new European regulatory test for whiplash 
injury protection in rear impacts. The test 
procedures should have a prime focus on neck 
injury reduction, but should give due regard to the 
potential for injuries to other body regions. WG12 
has been tasked with recommending a dummy and 
injury criteria for the WG20 test procedures. 
 
WG20 has reviewed the background information 
that is available and is to develop and validate a 
geometric approach to head restraint assessment as 
the first stage of their approach to whiplash injury 
mitigation. In the longer term, they will develop and 
validate a dynamic, sled-based test procedure to 
stimulate further a reduction in the incidence of 
whiplash injuries. 
 
WG12 has developed draft biofidelity requirements 
for a rear impact dummy. The available rear impact 
dummies will be evaluated against these 
requirements once they are finalised. Work has also 
started on the evaluation and validation of a 
biomechanically based injury criterion for rear 
impact crash testing. 
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ABSTRACT 

The Insurance Institute for Highway Safety (IIHS) 
began publishing side impact crashworthiness evalua-
tions for consumer information in 2003. The test on 
which the evaluations are based uses a barrier repre-
senting the ride height and front-end geometry of a 
pickup truck or sport utility vehicle. In this test a sta-
tionary vehicle is struck laterally by a 1,500 kg mov-
ing deformable barrier traveling at 50 km/h. In de-
termining the impact severity for the test, the goal 
was to select an impact velocity that would both drive 
improvements in side impact protection and dis-
criminate between vehicles in the current fleet offer-
ing varying levels of protection. 

In the present study the Simulating Motor Vehicle 
Accident Speeds on the Highway (SMASH) computer 
program was used to obtain delta Vs for vehicles tested 
in the IIHS side impacts. These were compared with 
delta V estimates calculated using the principle of con-
servation of momentum. The delta Vs calculated from 
the IIHS tests were compared with those from injury-
producing side crashes in the National Automotive 
Sampling System (NASS) to see how the severity of 
the IIHS test compares with real-world side crashes. 

Analysis of 49 side crashes conducted by IIHS indi-
cates that, overall, SMASH calculations produced 
delta Vs within 5 km/h of the delta V determined using 
the conservation of momentum principle. The SMASH 
delta Vs ranged from 18 to 31 km/h, and the average 
delta V was 24 km/h. The maximum occupant com-
partment crush in these tests ranged from 27 to 46 cm. 
Comparison of delta Vs and maximum crush measures 
from the 1998-2003 NASS data files indicates that 30-
55 percent of real-world front-to-side crashes with 
seriously injured nearside occupants and 10-25 percent 
of the crashes with fatal injuries to nearside occupants 
are less severe than the IIHS side impact test. 

INTRODUCTION 

Between 1992 and 2001 the demand for pickup 
trucks and sport utility vehicles (SUVs) pushed their 
sales up from 26 to 41 percent of all vehicles sold in 

the United States (Automotive News, 1993, 2002). 
By 2003 pickups and SUVs comprised almost one-
third of the registered passenger vehicles in the U.S. 
fleet (R.L. Polk & Co., 2004). In 2004 these vehicles 
represented 45 percent of the vehicles sold in the 
United States (Crain Communications Inc, 2005).  

Data from the Fatality Analysis Reporting System 
(FARS) from 1998 to 2003 show two-vehicle side 
impact crashes result in approximately 4,000 struck 
vehicle occupant fatalities per year in the United 
States (National Highway Traffic Safety Administra-
tion, 2004). In 2003 pickups and SUVs comprised 59 
percent of the striking vehicles in these fatal crashes. 
Real-world crash investigations also have shown that 
pickups, SUVs, and vans are disproportionately in-
volved as striking vehicles in side impact crashes in 
which the occupants of the struck vehicle sustained 
serious and fatal injuries (Augenstein et al., 2000; 
Lund et al., 2000; Thomas and Frampton, 1999; 
Zaouk et al., 2001). Previous research by Nolan et al. 
(1999) and Rattenbury et al. (2001) suggests the ele-
vated ride height of pickups and SUVs contributes to 
their overrepresentation in real-world side impact 
crashes where the struck vehicle occupants sustain 
serious or fatal injuries. 

In 1999 the Insurance Institute for Highway Safety 
(IIHS) began developing a new side impact test to 
evaluate occupant protection in passenger vehicles 
struck by a truck-like barrier. The moving deform-
able barrier (MDB) used in this side impact test, the 
IIHS barrier (Figure 1), was designed to match the 
front-end geometry and ride height of pickups and 
SUVs (Arbelaez et al., 2002). By the end of 2002 
IIHS began evaluating vehicles in its side impact 
consumer information program. In the IIHS test a 
1,500 kg barrier strikes a stationary vehicle at 50 
km/h. The impact severity for the test was established 
through a series of tests in which the impact angle, 
velocity, and mass of the striking MDB was varied 
(Dakin et al., 2003). The impact mass and velocity 
selected for the IIHS test were chosen to drive im-
provements in side impact protection while still pro-
viding discrimination among vehicles in the current 
fleet offering varying levels of protection.  
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Figure 1. Top and side cross-sectional views of IIHS 
barrier; all measurements are in millimeters. 

Crash severity often is described by a vehicle’s 
change in velocity (delta V) during the crash; delta V 
is the primary metric used to quantify crash severity in 
the National Automotive Sampling System (NASS) 
database. Since 1997 delta Vs for crashed vehicles in 
NASS have been estimated from measures of vehicle 
crush using the Simulating Motor Vehicle Accident 
Speeds on the Highway (SMASH) computer program. 
In the present study SMASH was used to obtain com-
parable estimates of delta Vs of vehicles subjected to 
the IIHS side impact test. The purpose was to under-
stand how well these field procedures estimate the 
actual delta Vs calculated using the conservation of 
momentum principle and, by comparison with NASS 
cases, to see how the severity of the IIHS test com-
pares with real-world side impact crashes.  

To obtain another perspective on how the IIHS test 
relates to real-world side impacts, maximum occu-
pant compartment crush measures from the IIHS test 
were compared with crush distributions for injury-
producing crashes in the NASS database.  

METHODS 

A total of 37 different vehicle models were subjected 
to 49 side impacts with the IIHS barrier at 50 km/h. 
These impacts were conducted according to the IIHS 
“Crashworthiness Evaluation Side Impact Crash Test 

Protocol” (IIHS, 2004). Delta Vs for these vehicles 
were calculated using the NASS measurement proto-
col and the SMASH (Version 1.3) damage-only algo-
rithm. SMASH results were averaged for each of the 
12 models subjected to repeated tests. The vehicle 
and barrier crush specifications and crush measures 
used in the SMASH program are shown in Appendi-
ces A, B, and C. The SMASH size category used to 
describe each vehicle was based on its wheelbase, 
and the SMASH stiffness value was set equal to the 
size category, per NASS protocol. The size and stiff-
ness categories for the IIHS barrier were set to the 
values used in SMASH for “movable barriers” (size 
and stiffness = 10). In SMASH there is no deforma-
tion energy attributed to vehicles categorized as mov-
able barriers (i.e., for a side impact test the delta V 
estimate for the struck vehicle does not take into ac-
count the deformation of the striking barrier). To cor-
rect the delta V output for the known deformation of 
the barrier, the energy absorbed by the deformable 
barrier was calculated using the measured crush at 
the height of the barrier’s bumper element along with 
the known crush strength of the barrier’s main core 
(310 kPa). The adjusted delta V for the struck vehi-
cle, ∆V2, was calculated using the following delta V-
energy relationship: 

2
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where, 

∆V1 = SMASH-calculated struck vehicle delta V 
(MDB size and stiffness = 10); 

∆V2 = energy-adjusted delta V for struck vehicle; 

E1 = SMASH-calculated energy for struck vehicle 
(MDB size and stiffness = 10); and 

E2 = E1 + barrier energy calculated from crush measures. 

The adjusted delta V estimates from SMASH then 
were compared with the delta V calculated using the 
principle of conservation of momentum and the 
maximum vehicle delta V recorded by on-board ve-
hicle accelerometers.  

Delta Vs from real-world crashes were extracted 
from the 1997-2003 NASS data files for side impacts 
involving two vehicles in which there were no ejec-
tions of struck vehicle occupants or rollovers. NASS 
cases were selected based on the following criteria: 

• Struck vehicles were restricted to 1990+ model 
years; 

• Collision Deformation Classification (CDC) cod-
ing that represents crashes with struck vehicle 
damage distribution to the occupant compartment; 
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this includes CDC lateral damage classifications 
areas D (distributed), P (occupant compartment), 
Y (occupant compartment and front one-third of 
vehicle), and Z (occupant compartment and rear 
one-third of vehicle); 

• Principle direction of force was limited to 8-10 
o’clock for impacts to the left side of the vehicle 
and 2-4 o’clock for the right side impacts; and 

• Crashes in which struck-side occupants sustained 
injuries. 

The 1997-2003 NASS data contained a total of 9,993 
vehicles with reported side structure damage, of 
which 1,799 met the crash conditions described 
above. Of those 1,460 vehicles had delta Vs com-
puted using the SMASH damage-only algorithm. In 
this study the NASS data were used to relate SMASH 
delta Vs to injury levels. 

RESULTS 

Delta Vs calculated using the SMASH damage-only 
algorithm for the IIHS side impact crashes are listed by 
vehicle type in Tables 1-3, along with delta Vs calcu-
lated using conservation of momentum and actual 
delta Vs recorded by vehicle accelerometers. Figures 
1-3 show postcrash side deformation on vehicles from 
each of the three vehicle categories used in this study. 
For all but two of the vehicle models tested, the delta 
V calculated using the principle of conservation of 
momentum was within 1 km/h of the maximum lateral 
delta V recorded by on-board vehicle accelerometers. 
Overall, the SMASH delta Vs computed for the vehi-
cles in this study were within 5 km/h of the delta Vs 
calculated using the conservation of momentum and 
those recorded by the accelerometers mounted in the 
occupant compartment of the struck vehicles. The 
SMASH delta Vs for the small and midsize cars and 
small SUVs tested in the IIHS side crashworthiness 
evaluation program ranged from 18 to 31 km/h; the 
average SMASH delta V was 24 km/h. 

Table 1. 
Delta Vs calculated for small four-door cars in side 

crashes with a 1,500 kg IIHS barrier at 50 km/h 
 Delta V (km/h) 

Year, make, and model 
Conserv. of 
momentum 

Vehicle 
accel. SMASH 

2004 Kia Spectra 25 25 29 
2004 Nissan Sentra 26 26 31 
2005 Dodge Neon 26 26 28 
2005 Ford Focus 26 27 26 
2005 Saturn Ion* 26 27 24 
2005 Toyota Corolla* 26 27 28 

Average 26 26 28 

*Based on average results of two tests 

Table 2. 
Delta Vs calculated for midsize four-door cars in 

side crashes with a 1,500 kg IIHS barrier at 50 km/h 
 Delta V (km/h) 

Year, make, and model 
Conserv. of 
momentum 

Vehicle 
accel. SMASH 

2004 Acura TL 23 23 24 
2004 Chevrolet Malibu* 24 24 24 
2004 Dodge Stratus 24 21 26 
2004 Honda Accord* 24 24 25 
2004 Hyundai Sonata 24 24 27 
2004 Jaguar X-Type 23 23 24 
2004 Lexus ES 330* 23 22 21 
2004 Mazda 6 24 24 28 
2004/05 Mitsubishi Galant* 23 24 22 
2004 Saab 9-3 24 25 22 
2004 Saab 9-5 23 22 23 
2004 Saturn L Series 24 24 25 
2004 Suzuki Verona 23 23 26 
2004 Toyota Camry* 24 25 26 
2005 Mercedes C 240 23 24 20 
2005 Nissan Altima 24 23 28 
2005 Subaru Legacy* 24 25 21 
2005 Volvo S40 24 24 21 

Average 24 24 24 

*Based on average results of two tests 

Table 3. 
Delta Vs calculated for small SUVS in side crashes 

with a 1,500 kg IIHS barrier at 50 km/h 
 Delta V (km/h) 

Year, make, and model 
Conserv. of 
momentum 

Vehicle 
accel. SMASH 

2002/03 Land Rover 
Freelander* 

23 24 24 

2003 Ford Escape* 23 24 20 
2003 Honda CR-V* 23 25 21 
2003 Honda Element 23 23 21 
2003 Hyundai Santa Fe 22 22 18 
2003 Mitsubishi Outlander 23 23 22 
2003 Saturn VUE 23 24 20 
2003 Subaru Forester* 24 25 23 
2003 Suzuki Grand Vitara 24 25 24 
2003 Toyota RAV4 24 25 24 
2004 Toyota RAV4 24 24 23 
2005 Ford Escape 23 24 19 
2005 Honda CR-V 23 24 20 

Average 23 24 21 

*Based on average results of two tests 

 
Figure 1. Example of postcrash deformation of small 
car (2005 Dodge Neon) following IIHS test 
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Figure 2. Example of postcrash deformation of midsize 
car (2004 Toyota Camry) following IIHS test 

 
Figure 3. Example of postcrash deformation of small 
SUV (2003 Ford Escape) following IIHS test. 

Maximum struck vehicle crush measured in the IIHS 
crash tests ranged from 27 to 46 cm, with an average 
maximum crush of 37 cm for all vehicle models. Ta-
ble 4 shows the crush ranges for the small and mid-
size cars and the small SUVs tested.  

Table 4. 
Distribution of maximum vehicle crush 

 Maximum crush (cm) 
Vehicle type Range Average ± st. dev 
Small cars 37-42 40 2 
Midsize cars 27-46 38 6 
Small SUVs 29-40 34 4 

All IIHS tests 27-46 37 5 

The delta Vs, maximum vehicle crush, and occupant 
injury data from the 1997-2003 NASS data files were 
weighted according to NASS guidelines. Figure 4 
shows the cumulative distribution of the delta Vs from 
the weighted NASS cases by maximum abbreviated 
injury scale (MAIS) level for nearside struck occu-
pants. The average delta V for the vehicles tested was 
24 km/h; the calculated delta V for the IIHS test using 
the principle of conservation of momentum would be 
25 km/h, assuming that both vehicles are of the same 
mass and the striking vehicle is traveling at 50 km/h. 
Based on a 25 km/h delta V reference, the IIHS test is 
more severe than 45 percent of the crashes with MAIS 
2+ injuries, 30 percent of the crashes with MAIS 3+ 
injuries, and 10 percent of the real-world front-to-
nearside struck occupant fatalities (Figure 4).  
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Figure 4. Cumulative distribution of delta Vs in two-
vehicle front-to-nearside crashes; highlighted IIHS test 
delta V of 25 km/h represents the delta V for striking 
and struck vehicles of equal mass. 

Figure 5 shows the cumulative distribution of the 
maximum struck vehicle crush from the weighted 
NASS cases by MAIS level for nearside struck occu-
pants. The NASS cases considered for the maximum 
crush versus injury comparison were not restricted to 
cases in which delta V was determined; this restric-
tion was used only for the delta V versus injury com-
parison. Given a maximum crush value of 37 cm as a 
reference value for the IIHS test, the IIHS side crash 
test is more severe than 60 percent of the crashes 
with MAIS 2+ injuries, 55 percent of the crashes with 
MAIS 3+, and 25 percent of the real-world front-to-
nearside crashes with struck occupant fatalities. 
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Figure 5. Cumulative distribution of maximum struck 
vehicle crush in two-vehicle front-to-nearside crashes; 
highlighted 37 cm maximum crush line represents the 
average maximum crush from IIHS side impact tests. 

DISCUSSION 

On average the SMASH delta Vs for vehicles sub-
jected to the IIHS side impact differed from the delta 
Vs calculated from conservation of momentum and 
those recorded by vehicle accelerometers during each 
crash test by only 1-2 km/h. However, the SMASH 



Arbelaez 5 

delta Vs had a much wider range (18-31 km/h) than 
the delta Vs based on the conservation of momentum 
(22-26 km/h) The SMASH reconstructions in this 
study indicate that the SMASH damage-only algo-
rithm can be off by as much as 20 percent for an in-
dividual vehicle.  

Analysis of delta Vs and maximum crush values from 
the IIHS tests indicates the test severity is on the low 
end of real-world crashes resulting in fatalities (75-90 
percent of fatal crashes appear to be more severe), 
but it is well into the distribution of crash severity 
resulting in serious injury (30-55 percent of serious 
injuries occur in less severe crashes). These results 
indicate that the majority of serious injury and fatal 
side impact crashes are occurring at significantly 
higher crash severities than currently are being evalu-
ated in either federal regulation or consumer informa-
tion tests. Of the NASS cases included in this study 
with fatal nearside occupants, more than half have 
maximum deformation of the vehicle side structure of 
at least 50 cm, which corresponds to approximately 
one quarter of a typical vehicle width.  
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APPENDIX A. Specifications for vehicles subjected to IIHS side crash test 

Test ID Vehicle type Vehicle year, make, and model 
Wheelbase 

(cm) 
Length 

(cm) 
Width 
(cm) 

Mass 
(kg) 

1 Small 2004 Kia Spectra 261 448 174 1,484 
2 Small 2004 Nissan Sentra 254 452 171 1,375 
3 Small 2005 Dodge Neon 267 444 171 1,396 
4 Small 2005 Ford Focus 262 445 169 1,412 
5A Small 2005 Saturn Ion 262 469 171 1,432 
5B Small 2005 Saturn Ion 262 469 171 1,424 
6A Small 2005 Toyota Corolla 260 453 170 1,372 
6B Small 2005 Toyota Corolla 260 453 170 1,360 
7 Midsize 2004 Acura TL 274 481 184 1,798 
8A Midsize 2004 Chevrolet Malibu 270 478 178 1,656 
8B Midsize 2004 Chevrolet Malibu 270 478 178 1,657 
9 Midsize 2004 Dodge Stratus 274 486 179 1,612 
10A Midsize 2004 Honda Accord 274 481 182 1,635 
10B Midsize 2004 Honda Accord 274 481 182 1,615 
11 Midsize 2004 Hyundai Sonata 270 475 182 1,674 
12 Midsize 2004 Jaguar X-Type 271 467 179 1,816 
13A Midsize 2004 Lexus ES 330 272 486 181 1,754 
13B Midsize 2004 Lexus ES 330 272 486 181 1,747 
14 Midsize 2004 Mazda 6 268 475 178 1,616 
15A Midsize 2004 Mitsubishi Galant 275 484 184 1,730 
15B Midsize 2005 Mitsubishi Galant 275 484 184 1,731 
16 Midsize 2004 Saab 9-3 268 464 175 1,635 
17 Midsize 2004 Saab 9-5 270 483 179 1,781 
18 Midsize 2004 Saturn L Series 271 484 174 1,635 
19 Midsize 2004 Suzuki Verona 270 477 182 1,721 
20A Midsize 2004 Toyota Camry 272 480 180 1,636 
20B Midsize 2004 Toyota Camry 272 480 180 1,626 
21 Midsize 2005 Mercedes C 240 271 453 173 1,708 
22 Midsize 2005 Nissan Altima 280 488 179 1,613 
23A Midsize 2005 Subaru Legacy 267 473 173 1,683 
23B Midsize 2005 Subaru Legacy 267 473 173 1,685 
24 Midsize 2005 Volvo S40 264 447 177 1,654 
25A SUV 2002 Land Rover Freelander 256 445 180 1,780 
25B SUV 2003 Land Rover Freelander 256 445 181 1,805 
26A SUV 2003 Ford Escape 262 439 178 1,723 
26B SUV 2003 Ford Escape 262 439 178 1,736 
27A SUV 2003 Honda CR-V 262 454 178 1,703 
27B SUV 2003 Honda CR-V 262 454 178 1,700 
28 SUV 2003 Honda Element 258 430 182 1,773 
29 SUV 2003 Hyundai Santa Fe 262 450 182 1,955 
30 SUV 2003 Mitsubishi Outlander 263 455 175 1,731 
31 SUV 2003 Saturn VUE 271 461 182 1,759 
32A SUV 2003 Subaru Forester 253 445 174 1,613 
32B SUV 2003 Subaru Forester 253 445 174 1,610 
33 SUV 2003 Suzuki Grand Vitara 248 418 178 1,680 
34 SUV 2003 Toyota RAV4 249 425 174 1,592 
35 SUV 2004 Toyota RAV4 249 426 174 1,629 
36 SUV 2005 Ford Escape 262 444 178 1,800 
37 SUV 2005 Honda CR-V 262 460 178 1,760 
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APPENDIX B. Struck vehicle crush measures for vehicles subjected to IIHS side crash test 

  Struck vehicle crush measures (cm) 
Damage 
length 

Test ID Vehicle year, make, and model C1 C2 C3 C4 C5 C6 (cm) 
1 2004 Kia Spectra 7 33.5 41 41 37 0 194 
2 2004 Nissan Sentra 11 35.5 41 41.5 37.5 7 171 
3 2005 Dodge Neon 16 33 40.5 40 34 0 177 
4 2005 Ford Focus 16 31 36 37 30 14 164 
5A 2005 Saturn Ion 5 36.5 39.5 34.5 26 0 161 
5B 2005 Saturn Ion 6 33 40 25.5 15 0 182 
6A 2005 Toyota Corolla 17 33 38 38 32 0 176 
6B 2005 Toyota Corolla 16 32 37.5 38 35 4 175 
7 2004 Acura TL 0 34.5 38 38 26 0 204 
8A 2004 Chevrolet Malibu 2 31 37 38 29 0 182 
8B 2004 Chevrolet Malibu 6 32 37 38 32 0 182 
9 2004 Dodge Stratus 20 38 40 38 27 0 180 
10A 2004 Honda Accord 7 36 43 39 33 3 185 
10B 2004 Honda Accord 8 38 42 39 31 0 185 
11 2004 Hyundai Sonata 8 38 44 43 33 0 187 
12 2004 Jaguar X-Type 10 37 40 41 29 0 183 
13A 2004 Lexus ES 330 4 27.5 38 30 25 0 186 
13B 2004 Lexus ES 330 4 30 38 30 28 0 175 
14 2004 Mazda 6 26 41 45 42 37 12 163 
15A 2004 Mitsubishi Galant 2 24 30 31 29 15 177 
15B 2005 Mitsubishi Galant 13 28 30.5 33 26.5 0 186 
16 2004 Saab 9-3 0 24 31 32 24 6 184 
17 2004 Saab 9-5 0 35 42 37.5 31.5 0 177 
18 2004 Saturn L Series 8 36 42 31 20 0 173 
19 2004 Suzuki Verona 3 36 43 41 32 0 190 
20A 2004 Toyota Camry 10 34 42 41 31 0 188 
20B 2004 Toyota Camry 7 27 37 36 30 1 194 
21 2005 Mercedes C 240 0 22 24 27 21.5 0 184 
22 2005 Nissan Altima 8 38 44 46 36 0 178 
23A 2005 Subaru Legacy 4 26 27 26.5 23.5 0 184 
23B 2005 Subaru Legacy 6 27.5 29.5 29 24.5 15 177 
24 2005 Volvo S40 8 24.5 33 33 29 0 177 
25A 2002 Land Rover Freelander 19 33 39 37 23 2 181 
25B 2003 Land Rover Freelander 19 32 41 38 27 3 169 
26A 2003 Ford Escape 10 24.5 30.5 29 22 0 176 
26B 2003 Ford Escape 11 24 31 29 21.5 0 178 
27A 2003 Honda CR-V 12 28 32 28 20 1 193 
27B 2003 Honda CR-V 0 19 30 32 21 0 191 
28 2003 Honda Element 5 22 29 29 19 0 193 
29 2003 Hyundai Santa Fe 10 24 32 31 22 0 176 
30 2003 Mitsubishi Outlander 15 31 38 36 28 0 185 
31 2003 Saturn VUE 19 28 33 28 19 0 180 
32A 2003 Subaru Forester 10 28 30 30 19 2 195 
32B 2003 Subaru Forester 10 29 30 28 18 4 195 
33 2003 Suzuki Grand Vitara 21 38.5 40 36 25 0 163 
34 2003 Toyota RAV4 19 30 28 37 23 1 192 
35 2004 Toyota RAV4 15 28.5 30.5 31.5 28 0 171 
36 2005 Ford Escape 12 24.5 30 28 21.5 0 171 
37 2005 Honda CR-V 8 24 34 32 26.5 15.5 172 



Arbelaez 8 

APPENDIX C. Moving deformable barrier crush measures for IIHS side crash tests 

 
 

Moving deformable barrier crush measures (cm) 
 Damage 

Length 
Test ID  C1 C2 C3 C4 C5 C6  (cm) 
1  11 6 8 6 3 2  160 
2  8 3 5 5 6 9  160 
3  8 2 2 0 0 6  160 
4  9 6 8 8 5 10  160 
5A  5 4 4 4 4 6  160 
5B  7 6 6 4 5 8  160 
6A  6 5 6 6 5 3  160 
6B  5 5 7 6 4 4  160 
7  10 9 8 8 8 5  160 
8A  10 8.5 9 8 9.5 17  160 
8B  10 5.5 6 5 6.5 11  160 
9  8.5 4 5 5 2 6  160 
10A  3 1 0 2 -1 1  160 
10B  7.5 3 5 7 7 7.5  160 
11  12 7 6 5 5 8.5  160 
12  9.5 4 7 8 8 14  160 
13A  6 5 8 9 10 13.5  160 
13B  4 4 6 8 9 12  160 
14  6 7.5 8.5 10 9 10  160 
15A  10 13.5 16 16 13.5 10  160 
15B  10 11 13 14 12 10  160 
16  13 8 10 10 10 13  160 
17  16 6 7 6 8 10.5  160 
18  7 4.5 4.5 5 8 17  160 
19  8.5 6.5 7.5 7.5 5.5 9.5  160 
20A  8.5 6 7 8 8 8.5  160 
20B  8.5 9.5 11 11 10.5 11  160 
21  15 12 14 17 14 13  160 
22  6 3.5 2 1.5 2 3  160 
23A  8 10 14.5 14 9 8  160 
23B  2 7 11 11 6 9  160 
24  12 6 8 8 8 5  160 
25A  6 2.5 2 3.5 4.5 7  160 
25B  10.5 4.5 3.5 4.5 7 8  160 
26A  6 5.5 10.5 13 14.5 14.5  160 
26B  5.5 5.5 9 11.5 13.5 14.5  160 
27A  8.5 10 11 12 13 10  160 
27B  7.5 9 10.5 12 13.5 13  160 
28  12 7.5 11 13 9.5 16.5  160 
29  6.8 4 8.5 10.5 12 13.5  160 
30  4.5 1 1 1.5 3.5 10.5  160 
31  3.5 3 5 7 8.5 8.5  160 
32A  6 4 4.5 6 8.5 10.5  160 
32B  6 3 4 4.5 7 12  160 
33  6.5 1 0.5 0 3 12  160 
34  0 -1 0.5 2 5 4.5  160 
35  8 5 6 6 8 6  160 
36  11 10 16 16 15 10  160 
37  0 0 2 4 6 3  160 
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ABSTRACT 
 
The effectiveness of child restraint systems has been 
very well proven in the case of frontal collision but 
the performance of the protective devices in side-
impact situation were not, as yet, clearly 
demonstrated.  
This research was aimed at the development of a 
numerical method to simulate the behavior of a child 
passenger restrained in a protective device in the case 
of a vehicle side impact, considering vehicle body 
deformation. The model was mainly based on a 
multi-body method. However the side wings of the 
child restraint system and the vehicle body have been 
modeled by the finite-element technique, to allow for 
a better representation of the contacts between the 
child dummy, the restraining device and the structure 
of the vehicle and to make possible the simulation of 
the vehicle body deformation, based on available side 
impact test data. The model had been validated for 
side impact and we have used it to study the 
influence of the intrusion against the child dummy 
behavior in the case of side impact. 
The intrusion influence is most important for the 
head injury criteria, being proportional with the 
impact speed. The study of various installation 
configurations showed that the usage of ISOFIX 
lower anchorages offers the best protection for the 
head, followed by the lower flexible anchorages and 
vehicle belt installation. The intrusion influence is 
most important when the child restraint system is 
installed using the vehicle safety belts, the results 
being much higher than for the case where the 
intrusion is not considered. Chest deceleration is less 
influenced by the intrusion and the three considered 
installation configuration give similar results. 
Although the results of the project successfully 
responded to the initial objectives, the model is 
offering a lot of possibilities of improvement, 
development and exploitation. 
 
INTRODUCTION 
 
Children are the most innocent victims of road 
accidents and therefore their protection is a major 
issue for all involved in automotive safety. 

The effectiveness of the specialized child restraint 
systems was well proved in the case of frontal 
collision, where regulations, standards and test 
procedures are available. As a result of educational 
campaigns, most child restraint systems are now 
installed on the rear seat of the vehicle so that vehicle 
body deformation influence for the child occupant 
injuries was considerably reduced in the case of 
frontal impact. Table 1 illustrates the trend of the 
gradually increasing rear seat placement of the child 
restraint system (Stern, 1998). 
 

Table 1. 
Child Seat Distribution by Row  

(from Stern, 1998) 
 

Year 88 – 90 91 – 93 94 - 96 Total 
Front 40 % 41 % 34 % 38 % 
Rear 59 % 59 % 66 % 62 % 

 
However, the performances of these protective 
devices in side-impact situation were not, as yet, 
clearly demonstrated. The applicable regulations are 
only stipulating that the child passenger should be not 
ejected from the car in the case of a side impact and 
crash data shows that they are side impact situations 
when the child restraint system is unable to offer 
sufficient protection, resulting in serious injuries or 
even the death of the child occupant. The FARS data 
shows that in U.S.A., 1,317 children between the 
ages of zero to twelve have been killed in motor 
vehicle crashes in 1999 and 31.89 percent of them 
were involved in side impact crashes. Of these, 
children seated on the side nearest to the impact 
represent 55 percent of the fatalities (NHTSA, 2002). 
Canadian statistics side impact accident data 
confirms that this is the most dangerous position in 
the vehicle. Moreover, the vehicle body intrusion is 
very important especially when the child restraint 
system is positioned on the outboard nearside to the 
impact place (Howard, Rothman, Moses McKeag, 
Pazmino – Canizares et al., 2003).  
Thus this project was aimed at the development of a 
numerical method to evaluate the influence of the 
intrusion on the behavior of a child passenger 
restrained in a protective device placed on the 
nearside to the impact place, in the case of a vehicle 
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lateral collision, considering different installation 
possibilities and impact speeds. 
 
METHODOLOGY 
 
General Approach 
 
Child restraint system, vehicle body vehicle, child 
dummy, belts and anchorages models have been built 
using finite element and multi-body techniques. The 
MADYMO software was chosen to build the model 
because it reduces the computational time and the 
related cost, allows the use of already validated 
dummy models from the MADYMO library and 
makes possible the comparison with other 
simulations created with the same software. The side 
wings of the child restraint system and the vehicle 
body have been modeled by the finite-element 
technique, to allow for a better representation of the 
contacts between the child dummy and the restraining 
device and the structure of the vehicle and to make 
possible the simulation of the vehicle body 
deformation, based on available side impact test data.  
The reverse engineering method (Monclus-Gonzales, 
Eskandarian, Takatori et al., 2001; Zaouk, Marzougui 
and Kan, 1998) was used to obtain the necessary 
constructive data, because the manufacturer 
information is generally proprietary. 
The model was then evaluated for side impact against 
available similar test data. 
Finally model exploitation was conducted to assess 
side impact simulation with and without considering 
the intrusion and for different installation 
configurations and impact speeds. 
Because the majority of tests and studies have been 
done using three years old dummies and moreover, 
the available test results to evaluate the model being 
obtained for the Hybrid III three years old child 
dummy, this model was chosen for the comparative 
study. 
 
Models 
 
The Hybrid III 3-years-old child dummy numerical 
model is available in MADYMO Data Base (TNO 
Automotive, 2003) and has been validated by TNO 
for frontal loading. The model consists of 28 
ellipsoids while certain head regions are built using 
the finite elements method. The contact between head 
and thorax is defined by default but additional 
contacts have been defined: between both femurs; 
between each femur and the abdomen, the thorax, the 
neck and the head; between both tibias; between each 
tibia and the neck and the head; between both arms; 
between each arm and the neck and the head.  The 
child dummies were positioned in the child restraint 

system by applying the gravitational force on the 
dummy, which allowed for an equilibrium state. 
In agreement with the chosen child dummy model, 
the required child seat is the convertible restraint 
system designed for use by infants and toddlers. The 
Cosco Touriva child seat was chosen, for which test 
results and a specimen were available for analysis. 
The central region of the child seat was built using 
multi-body technique and the child seat side wings 
have been reconstructed using finite elements, to 
allow for a better representation of the contacts 
between the child dummy and the restraining device 
and between the side wings of the child restraint 
system and the vehicle interior. 
The child restraint system was placed on the outboard 
nearside to the impact place and the following 
installation configurations were considered: vehicle 
safety belts, lower anchorage belt system and 
ISOFIX system. A supplementary top tether was also 
used (figure 1).  
 
 

           
 
a.  Vehicle safety belts b.  Lower anchorages        

belt system 

                
 

c.  ISOFIX anchorages d. Top tether 
 

Figure 1.  Child restraint system installation. 
 
The child restraint system harness, lower anchorage 
belt system straps and vehicle safety belt 
characteristics have been measured or adapted from 
the available literature data (TNO Automotive, 
2003). The straps were represented using MADYMO 
belt segments. The child restraint system attachments 
(release button and the harness retainer clip), vehicle 
safety belt anchorages and ISOFIX anchorages were 
built by ellipsoids.  
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The available test results (vehicle side impact test and 
child restraint system test) were obtained from a 
Pontiac Grand Am 1999, so this vehicle model was 
chosen for the simulation. Vehicle body dimensional 
characteristics and constitutive material properties 
were measured or experimentally determined on a 
similar vehicle and its components. The rear bench 
and the front seats were represented using ellipsoids 
and were linked to the reference space using point 
restraints (a combination of three mutually 
perpendicular parallel springs and dampers), to allow 
their displacement for the case of the side impact. 
Vehicle side frame, rear doors, rear panel, rear shelf, 
rear glasses and rear doors glasses were built by finite 
element, to allow for a better representation of the 
contacts between the vehicle interior and child 
dummy and child restraint system side wings and to 
make possible the simulation of the vehicle body 
deformation, based on available test data (figure 2).  
 
 

 
Figure 2.  Vehicle model. 
 
Simulation 
 
To simulate the side impact, a lateral acceleration 
field (figure 3) and the gravity field were applied to 
the child dummy and to the child restraint system. 
The lateral acceleration field complies with SNCAP 
(Side impact – New Car Assessment Program) 
specifications and had been used during the tests 
performed by NHTSA in 2001 (Sullivan, Willke and 
Brunner, 2001). The lateral acceleration field 
corresponds to an impact speed of 33,8 km/h (21 
mph), with a peak acceleration of 26 g (255 m/s2).  
The simulation results are compared with the results 
of the above-mentioned tests, performed with a 
Hybrid III 3-years-old child dummy seated on a 
Cosco Touriva child seat installed on a Pontiac Grand 
Am 1999, using the vehicle safety belts.  

 
Figure 3.  Side impact pulse (adapted from 
Sullivan, Willke et Brunner, 2001). 
 
Model Exploitation 
 
The model exploitation was conducted to compare 
the behavior of the child dummy model in the case of 
the side impact both with and without considering the 
intrusion, based on the available test data (the 
intrusion profiles measured as a result of the NCAP 
side impact tests at a 900 angle and 62.1 km/h actual 
test speed, NHTSA, 1999). 
Because full finite element models are large in terms 
of CPU time consumption, the vehicle deformation 
was simulated using the MADYMO’s prescribed 
structural motion feature.  
The project considered three impact situations: 

- 900 side impact at 33.8 km/h without 
intrusion. 

- 900 side impact at 33.8 km/h with the 
intrusion profiles recalculated based on 62.1 
km/h available intrusion profiles (using the 
simplified energetic balance between 
deformation energy and kinetic energy). 

- 900 side impact at 62.1 km/h with the 
acceleration pulse recalculated based on 
33.8 km/h available pulse (using the 
equations of motion and considering the 
same impact duration). 

The following installation configurations were taken 
into account: 

- Vehicle safety belt installation, with and 
without top tether. 

- Lower anchorages belt system. 
- ISOFIX system. 

 
EVALUATION RESULTS 
 
The simulation results were compared with the 
results of the above-mentioned tests, performed by 
NHTSA in 2001 and with the Injury Assessment 
Reference Values (IARV), stipulated by FMVSS 208 
and FMVSS 213.  These injury parameters are for 
frontal impact and may not accurately reflect the risk 
of injury in side impact and the corresponding Injury 
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Assessment Reference Values should be used for 
reference purposes only. Figures 4 and 5 illustrate the 
comparisons of the variation of head acceleration and 
thorax acceleration. Test variations were calculated 
based on the available test signals (NHTSA Vehicle 
Crash Test Database). 
 
 

 
Figure 4.  Comparison of head acceleration 
variation. 
 

 
Figure 5.  Comparison of thorax acceleration 
variation. 
 
The comparison of head acceleration curves shows 
good reproduction of the experimental data. 
However, the comparison of the thorax acceleration 
curves shows a time lag between the two peaks and a 
less progressive variation at the beginning, for the 
simulation curve. These discrepancies are the results 
of using standard MADYMO belt model for both 
harness straps and vehicle safety belts straps because 
MADYMO standard belt model has fixed 
attachments points and cannot reproduce the effects 
of slip on the dummy model. As a result, some 
differences between the tested belt and harness and 
the belt and harness model behaviour are possible. 
The effect is not important for the head acceleration 
since the peak is related here to the contact between 
the dummy head and the door panel and the two 
curves coincide at this point. For the thorax 

acceleration, the peak is given by the brutal stop of 
chest movement caused by the restraint forces in the 
harness and in the belts and thus detail of belt and 
harness model is very important for this value.  
Table 2 presents the maximal values of some injury 
parameters. The maximal head acceleration was 
calculated based on the available test signals 
(NHTSA Vehicle Crash Test Database). The 
simulation results were generally very close to the 
experimental data.     
 

Table 2. 
Evaluation results 

 
Injury parameter Simulation Test IARV 
HIC 15 1001 1085 570  
HIC unlimited 1001 1085 1000  
Thorax deflection, 
mm 

6,14 3,56 34 

Thorax acceleration, 
3 ms, m/s2 

639 646 
540 
589 

Head acceleration, 
m/s2 

1193 1582 
- 

 
INTRUSION INFLUENCE ASSESSMENT 
 
Safety belts installation without top tether 
   
Figure 6 illustrates the model during the simulation 
of the side impact at 62.1 km/h with intrusion when 
the child restraint system is installed using vehicle 
safety belts. 
 

 
 
Figure 6.  Side impact simulation at 62.1 km/h 
with intrusion. 
 
The compared parameters were: 

- Head injury criteria: HIC15 and HIC 
unlimited, 
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- Maximal head acceleration and head 
acceleration variation, aH, 

- Maximal thorax acceleration with a duration 
of at least 3 ms, aT , thorax acceleration 
variation and chest deflection, dT, 

- Neck axial forces, FZ (compression and 
tension) and flexion and extension moments 
about the occipital condyles, MY, 

- Biomechanical neck injury predictors 
(tension-extension NIJ TE, tension-flexion 
NIJ TF, compression-extension NIJ CE and 
compression-flexion NIJ CF). 

Table 3 and figures 7 and 8 illustrate the comparisons 
when the child restraint system is installed using 
vehicle safety belts but without top tether.  
 

Table 3. 
Injury parameters comparison, safety belt 

installation, no top tether 
 

No 
intrusion 

With intrusion IARV 

Parameter 
33.8 
km/h 

33.8 
km/h 

62.1 
km/h 

- 

HIC 15 1001 2271 7450 500 
HIC 1001 2271 7450 1000 
Nij TE 1.615 1.885 1.439 1 
Nij TF 0.242 0.294 0.760 1 
Nij CE 0.625 0.300 1.168 1 
Nij CF 0.706 0.422 0.338 1 
Fz , N 1251 1721 1591 2340 
-Fz , N 1276 558 514 2120 
My , Nm 13.8 13.7 28.9 - 
-My , Nm 29.0 29.3 29.4  - 
dT, mm 6.14 11.81 19.04 34 
aT, m/s2 639 678 969 540 / 589 
aH, m/s2 1193 1925 3577 - 

 
The intrusion influence is very important for the head 
injury parameters, the results being much higher than 
seen in the case when the intrusion is not considered 
(up to 600 % for HIC15 and HIC unlimited and near 
to 200 % for head maximal acceleration) and they are 
proportional to the impact speed. The IARV’s are 
largely exceeded when the intrusion is considered. 
The peak is reached sooner when the intrusion is 
considered, being related to the moment when child 
dummy’s head hits the door panel (figure 7). 
Thorax deceleration is also influenced by intrusion 
but here the differences are smaller, up to 60 % when 
the impact at 62.1 km/h is simulated. The results are 
greater than the IARV. The peak is reached almost at 
the same time when the intrusion is considered, 
compared to the collision without intrusion, because 
it is more related to the restraint forces in belts and 

harness than to the impact between the child dummy 
and the vehicle body (figure 8). Thorax deflexion is 
also proportional to the impact speed but the IARV is 
not exceeded. Neck injury parameters are not clearly 
influenced by intrusion but the IARV for neck 
predictors is exceeded in tension-extension in all the 
cases while the neck forces are under the limits.  
 

 
 
Figure 7.  Safety belt installation, no top tether: 
head acceleration variation. 
 
 

 
 
Figure 8.  Safety belt installation, no top tether: 
thorax acceleration variation. 
 
Safety belts installation with top tether 
 
The vehicle safety belt installation with top tether is 
analyzed in table 4 and figures 9 and 10. 
The same trends noticed before can be observed in 
this case too for the head injury criteria, being much 
higher than in the case when the intrusion is not 
considered (up to 700 % for HIC15 and HIC 
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unlimited and more than 200 % for head maximal 
acceleration) and they are proportional to the impact 
speed. The IARV’s are exceeded in all the cases for 
HIC15 and for HIC unlimited when the intrusion is 
considered. 
 

Table 4. 
Injury parameters comparison, safety belt 

installation, with top tether 
 

No 
intrusion 

With intrusion IARV 

Parameter 
33.8 
km/h 

33.8 
km/h 

62.1 
km/h 

- 

HIC 15 848 1454 6584 500 
HIC 848 1454 6584 1000 
Nij TE 0.704 1.330 2.740 1 
Nij TF 0.431 0.413 0.667 1 
Nij CE 0.390 0.681 2.618 1 
Nij CF 0.205 0.203 0.217 1 
Fz , N 863 1005 1834 2340 
-Fz , N 380 971 420 2120 
My , Nm 6.9 15.1 19.7 - 
-My , Nm 13.0 23.8 68.9 - 
dT, mm 9.03 13.45 21.53 34 
aT, m/s2 605 586 1007 540 / 589 
aH, m/s2 1337 1704 3220 - 

 
The maximum for the head acceleration is again 
reached sooner when the intrusion is considered, 
being again related to the moment when child 
dummy’s head hits the door panel (figure 9). 
 

 
 
Figure 9.  Safety belt installation, with top tether: 
head acceleration variation. 
 
Thorax acceleration variations show a larger time lag 
between peaks in this case, probably induced by top 

tether’s supplementary restraint forces and moment 
of rotation (figure 10). 
 

 
 
Figure 10.  Safety belt installation, with top tether: 
thorax acceleration variation. 
 
Practically the intrusion has no influence on the 
thorax deceleration at lower impact speed but an 
increase of about 40 % can be observed when the 
impact speed is higher. Thorax deflexion is also 
proportional to the impact speed but the IARV is not 
exceeded. 
Intrusion generally gives now an increase of all neck 
injury parameters, probably caused by the top tether 
which induces supplementary restraint forces that 
make possible a larger head rebound. The IARV is 
exceeded especially for the extension neck predictors 
in the case of 62.1 km/h side impact. 
In conclusion, when the child restraint is installed 
using vehicle safety belts, the intrusion causes lethal 
head injuries to the child occupant and serious 
injuries for the chest and the neck.   
 
Lower anchorage belt system and rigid ISOFIX 
installations 
 
The comparative results of the simulations at 33.8 
km/h side impact speed, without and with intrusion, 
when the child restraint system is installed using 
lower belts and rigid ISOFIX system, are presented in 
table 5 and 6 and figures 11 to 14.  
The intrusion influence is very important for the head 
injury criteria, especially for lower belt anchorages 
The IARV’s is exceeded for lower belt anchorages 
with 200% increase for the HIC unlimited and a 500 
% increase for the HIC15. When ISOFIX anchorages 
are used, only the HIC15 is higher than the allowed 
limit. Head maximal acceleration is almost double for 
lower belts anchorages when intrusion is simulated 
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but the influence is not important in the case of 
ISOFIX anchorages. 
 

Table 5. 
Injury parameters comparison, lower anchorage 
belt system installation, 33.8 km/h impact speed 

 

Parameter 
No 

intrusion 
With 

intrusion 
IARV 

HIC 15 899 3042 500 
HIC 899 3042 1000 
Nij TE 1.320 1.657 1 
Nij TF 0.475 0.223 1 
Nij CE 0.569 0.489 1 
Nij CF 0.037 0.196 1 
Fz , N 1138 1670 2340 
-Fz , N 262 619 2120 
My , Nm 11.3 9.7 - 
-My , Nm 23.7 24.0 - 
dT, mm 10.00 11.38 34 
aT, m/s2 578 696 540 / 589 
aH, m/s2 1266 2239 - 

 
Table 6. 

Injury parameters comparison, rigid ISOFIX 
installation, 33.8 km/h impact speed 

 

Parameter 
No 

intrusion 
With 

intrusion 
IARV 

HIC 15 379 859 500 
HIC 379 915 1000 
Nij TE 1747 1.849 1 
Nij TF 0.370 0.552 1 
Nij CE 0.197 0.738 1 
Nij CF 0.199 0.400 1 
Fz , N 1059 1783 2340 
-Fz , N 106 835  2120 
My , Nm 13.7 9.9 - 
-My , Nm 37.6 35.7 - 
dT, mm 12.75 14.96 34 
aT, m/s2 848 728 540 / 589 
aH, m/s2 919 1149 - 

 
The head acceleration variations show a small time 
lag for the case of lower belts installation (figure 11). 
The main peaks coincide for ISOFIX installation but 
the intrusion gives a second pronounced peak that 
corresponds to the second impact between dummy 
head and the door panel. The first peak is related to 
the primary contact between dummy head and door 
panel surface. The second impact is caused by the 
rigidity of the ISOFIX anchorages that forces the 
child dummy to remain in the vicinity of the 
deformed door panel and to bend forward, entering 

into contact again with the deformed door panel front 
surface (figure 12).  
 

 
 
Figure 11.  Lower anchorage belt system 
installation: head acceleration variation. 
 

 
 
Figure 12.  Rigid ISOFIX installation: head 
acceleration variation. 
 
Thorax acceleration variation curves show some time 
lag, especially for the case of lower belts installation, 
and some fluctuations occur too (figure 13 and 14).  
 

 
 
Figure 13.  Lower anchorage belt system 
installation: thorax acceleration variation. 
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Figure 14.  Rigid ISOFIX installation: thorax 
acceleration variation. 
 
Thorax deceleration is less influenced by the 
intrusion but the IARV’s are almost always 
exceeded. The increase in thorax deflection when the 
intrusion is considered is minor and the IARV is not 
exceeded.    
Intrusion causes increase of neck forces, which are 
very important in the case of ISOFIX anchorages 
installation but the results are still within the allowed 
limits. Neck moments are not clearly influenced by 
the intrusion. Neck biomechanical injury predictors 
are larger for the ISOFIX installation when intrusion 
is considered but the trend is not clear for lower belts 
anchorages installations and the IARV is exceeded 
only in tension-extension. 
In conclusion, when the child restraint is installed 
using lower belts anchorages or ISOFIX anchorages, 
the intrusion causes large increase of the head injury 
criteria, more pronounced for lower belts installation. 
Thorax and neck injury parameters are less 
influenced by intrusion. 
 
CONCLUSIONS 
 
This project was aimed at the development of a 
numerical method to evaluate the intrusion influence 
in the case of the simulation of vehicle side impact. 
Child restraint system and vehicle body model have 
been built using multi-body technique combined with 
the finite element method, to allow for a better 
representation of the contacts between the child 
dummy, the restraining device and the structure of 
the vehicle and to make possible the simulation of the 
vehicle body deformation, based on available side 
impact test data. The model was evaluated against 
similar test results and simulations results were 
generally in agreement with the experimental data. 
When the child restraint system is installed using 
vehicle safety belts, the intrusion influence is very 
important for the head injury parameters, the results 
being much higher than in the case when the 

intrusion is not considered. The peak is reached 
sooner when the intrusion is considered, being related 
to the moment when the child dummy’s head hits the 
door panel. Thorax deceleration is also influenced by 
intrusion but here the differences are smaller, 
especially when the top tether is used. The time lag 
for thorax acceleration is less pronounced than for 
head acceleration, because it is more related to the 
restraint forces in the belts and harness than to the 
impact between the child dummy and the vehicle 
body. However, when the top tether is used, the time 
lag between peaks is larger, probably because of the 
top tether’s supplementary restraint forces and 
supplementary induced moment of rotation. Thorax 
deflexion is also proportional to the impact speed. 
Neck injury parameters are increased when the top 
tether is used and the intrusion is considered, 
probably due to the supplementary restraint forces 
that make possible a larger head rebound. 
In the case of lower belts and ISOFIX installation, 
intrusion increases the head injury criteria, more 
pronounced for lower belts installation. Head 
maximal acceleration is almost double for lower belts 
anchorages when intrusion is considered but the 
influence is not important for the case of ISOFIX 
anchorages. The head acceleration variations show a 
small time lag in the case of lower belts installation. 
The main peaks coincide for ISOFIX installation but 
the intrusion causes a second pronounced peak that 
corresponds to the second impact between dummy 
head and the door panel. Thorax deceleration and 
thorax deflection are less influenced by the intrusion. 
Thorax acceleration variation curves show some time 
lag, especially for the case of lower belts installation, 
and the curves also show some fluctuations when the 
intrusion is considered. Intrusion also increases neck 
forces, which are very important in the case of 
ISOFIX anchorages installation. Neck biomechanical 
injury predictors are higher for the ISOFIX 
installation when intrusion is considered. 
The model is now offering a lot of possibilities of 
improvement, development and exploitation and 
other developments aim to evaluate different child 
dummies responses in the case of various side impact 
and frontal collision configurations.  
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ABSTRACT 
 

Compatibility is an issue that relates to the 
improvement of vehicle safety. After frontal and side 
impact self protection, partner protection, a key 
component of compatibility, represents the next step 
forward for passive safety improvement. 
Compatibility is complicated to achieve, because it 
requires world-wide industry to take steps in a similar 
direction. A harmonized approach is difficult to 
achieve because many differences in vehicle makes 
and models between the various fleets around the 
world exist. This leads to incompatibilities between 
vehicles in a global sense: Asian markets have a high 
market share of very small cars, the American market 
is characterized by a high proportion of LTVs and 
SUVs and the European market is somewhere 
between the American and the Asian markets.  

It is obvious that a lot of requirements need to be 
fulfilled by a compatibility regulation which is; 
beneficial to the customer, which is scientifically 
meaningful, refers to front and side-impact and which 
is applicable for all markets and, last but not least, is 
considered to be fair by all manufacturers. 

ACEA is not in the position to suggest a solution 
meeting all these requirements. However, some test 
results and observations which could contribute to a 
solution are presented in this paper. 

The focus of most proposed compatibility 
procedures is to improve structural interaction in 
collisions involving passenger cars. A couple of 
conditions exist that influence the definition of a 
geometric zone for structural interaction. A zone for 
structural interaction has to ensure maximal 
interaction between passenger vehicles with other 
passengers vehicles, SUVs/LTV’s and trucks (to be 
supported by under-run protection systems) can be 
achieved. This could represent a first step in 
increasing compatibility within vehicle fleets. 
Structural interaction is, in fact, the principle 
requirement for compatibility before the issue of 
stiffness can be solved. Keeping this in mind, ACEA 
drafted a road map chartering the path toward 
improved compatibility, which is presented in this 
paper.  
 

INTRODUCTION 
 
Accident Findings 
 

There are two main areas of interest when 
discussing accidents: Single vehicle accidents and 
vehicle-to-vehicle accidents. In single vehicle 
accidents, the object is mainly rigid. All deformation 
energy has to be provided by the vehicle itself. In car-
to-car accidents, both opponents provide deformation 
energy and the technical challenge is to enhance the 
interaction of both objects so that all available 
deformation energy is dissipated in a collision. 

There is a clear finding in Europe and in the U.S 
regarding the distribution of single vehicle accidents 
and vehicle-to-vehicle accidents. Single vehicle 
accidents are of very high statistical significance and 
have to be taken into account when discussing partner 
protection and compatibility.  
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Figure 1: Distribution of car-to-car accidents, car-
to-truck accidents and single vehicle accidents in 
Germany 2003 (StBA). 

 
German data clearly indicates that single vehicle 

accidents are very relevant when considering fatalities 
Figure 1.  
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Figure 2: Distribution of car-to-car accidents, car 
to light and heavy truck accidents and single 
vehicle accidents in France 2003 (LAB). 

 
The same observation holds true for France, 

approximately 50% of the fatalities occur in single 
vehicle accidents Figure 2. 
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Figure 3: Distribution of car-to-car accidents and 
single vehicle accidents in Italy 2002 (ISTAT). 
 

The situation is a little different in Italy regarding 
fatalities in single vehicle accidents and car-to-car 
accidents. Both accident configurations are of nearly 
equal relevance. In the Italian statistics, all 
participants in traffic accidents are included 
(pedestrians and motorcyclists are included). This 
explains the high percentage of “others” Figure 3.  

When considering occupants that sustain injuries 
of lower severity only, the opposite observation is 
true. Car-to-car accidents are of higher statistical 
relevance than single vehicle accidents when 
considering less severe injuries. Severe injuries are 
somewhere in between, close to the distribution of the 
fatalities. The distribution of collision objects for 
occupants injured in accidents involving long term 
consequences can be estimated to more closely reflect 
the distribution for fatalities than for slight injuries. 
Unfortunately, the official statistics do not provide 
this information. 

Both sides of car safety (self- and partner- 
protection) should be taken into account when 

discussing safety enhancement. European car industry 
started its own compatibility research with the 
unanimous understanding that compatibility means an 
enhancement of overall safety of cars without 
compromising the existing safety level of cars 
provided to the cars’ own occupants (self protection). 
The figures above, which reflect the accident 
environment in most developed countries, prove that 
a good balance between self and partner protection is 
a pre-requisite for an enhancement of the protection 
of passenger vehicle occupants. 

 
Measuring Self Protection 

 
Self protection is generally evaluated in crash 

tests and the dummy loads measured in the tests often 
form the basis of the safety evaluation. These 
parameters describe the risk faced by an occupant 
during a collision in the configuration tested. In fact, 
no vehicle occupant will ever be involved in an 
accident in a configuration identical to the crash-test. 
What is the real-world safety benefit e.g. of a rigid-
barrier impact for an occupant involved in a collision 
with a tree? Is the amount of deformation energy 
available for this pole impact the same? Of course 
and unfortunately, the energy, dissipated in the front-
end in a rigid barrier impact is an upper limit for the 
deformation energy available for an impact with a 
pole or tree. The tree may strike one longitudinal and 
miss the other, or the tree may strike the vehicle 
between the longitudinals. The deformation energy 
available within the longitudinals would not be 
available in this case as it is unlikely the cross beam 
could transmit the loading to both longitudinals. 

When a rigid barrier is used, the amount of 
energy absorbed by the car is easily measured. It is 
almost equal the kinetic energy of the car before the 
crash (neglecting rebound). All energy has to be 
absorbed by the car, because the barrier does not 
absorb any energy. This was the reason that EES, the 
Energy Equivalent Speed, was formulated. The EES 
is the speed a car needs in an impact against a rigid 
barrier to absorb a certain amount of deformation 
energy. 
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The EES is a first approximation about the 

amount of self protection provided by a car. A couple 
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of restrictions which apply to the statement 
mentioned above must be taken into account. 
However, it is a basis to ensure that a certain level of 
self protection is provided. 

It was already mentioned that the EES can be 
easily calculated for a rigid barrier impact. However, 
barriers with deformable elements are being discussed 
for compatibility testing that absorb energy as well. 
The consequences this has for the EES have to be 
investigated. 

 
Three types of barriers have to be distinguished: 
 

• Zero Deformation Energy Barrier ZDEB.  
This is, in-fact, a rigid barrier, as used in the U.S. 
 
• Limited Deformation Energy Barrier LDEB. 
This is a barrier that provides deformation energy, but 
the car will bottom out the barrier and the barrier 
behaves like a rigid-barrier at the end of the collision. 
(ECE R94 in Europe) 
 
• Unlimited Deformation Energy Barrier 

UDEB.  
This is a barrier that provides sufficient deformation 
energy, so that the car will never bottom out the 
barrier. This barrier never behaves like a rigid barrier. 
 

 
Each of these barrier types are used or available 

as research tools. There are well known facts about 
these barrier types: 

 
■ Zero deformation energy barrier energy ZDEB: 

■ Induces simultaneous/homogenous 
deformation-shear loads not activated 

■ Cross-beams are not credited 
■ Not representative of real-world car-to-car 

impact 
 

■ Limited deformation energy barrier LDEB: 
■ Barrier provides shear loading only in the 

early stages of deformation, until 
bottoming-out occurs 

■ To maximize energy dissipation within the 
barrier, wide load distribution in vertical 
direction is beneficial 

 
■ Unlimited deformation energy barrier UDEB:  

■ Barrier always provides sheer load  
■ Car will never bottom out barrier 
■ Barrier never behaves like a rigid object 
■ Is not representative of impacts with rigid 

objects 
 

The purpose of this paper is not to discuss all 
these issue in depth. This list is also not complete. It 

only shows the main implications for compatibility. 
The question that has to be answered is; what is the 
influence of each barrier type on the EES?  

 

 
Figure 4: Energy distribution in the front-end of 
the car and in the barrier when the deformation 
characteristics of both objects can be described 
using triangular force-deflection-curves. 

 
Figure 4 outlines the problem. A car, tested 

against a deformable barrier needs less deformation 
of its own structure to dissipate it own kinetic energy 
than a car tested against a rigid barrier. This means 
that the deformable barrier collision test self 
protection to a low degree than collision against the 
rigid barrier. The relationship between barrier 
stiffness and the self protection level of the car are 
easily computed using the following formulae. 
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Assuming there is force equilibrium at the interface 
between the car and barrier (action and reaction), the 
deformation travel of the car and the barrier is 
reciprocally proportional to the stiffness of the car 
and barrier, respectively. This allows the computation 
of the energy for a triangular force-deflection-curve. 
From this, the proportion of Dcar compared to the total 
energy of the crash is easily computed. 
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For rigid barriers, ccar is negligible and the car has 

to absorb 100% of the deformation energy. If both car 
and barrier are similar, then only 50% of the kinetic 
energy has to be absorbed by the car. For a very deep 
barrier with unlimited available deformation energy, 
very stiff cars may deform the deformable element to 
a very large extent. In this case, little energy would be 
dissipated through deformation of the vehicle 
structure. High stiffness is not penalized by this 
barrier.  

This can easily be transformed into the notion of 
EES. Considering the Barrier Impact Speed BIS, the 
following computation holds: 

 
 
 
 
 
 
 
 
 
 
 
So, what remains in terms of self protection, 

when a barrier impact speed of 56km/h is used?: If 
both the car and the barrier have of the same stiffness, 
the EES (desribing the level of self protection) 
decreases to 40km/h. 

Another question, often raised when discussing 
these different barrier types, is the question of mass 
influence. LDEBs, like the European R94 barrier, are 
often blamed for containing a mass dependency. The 
barrier provides a limited amount of deformation 
energy. A larger car, which has more kinetic energy 
at a given barrier impact speed BIS, receives a 
smaller percentage of its initial kinetic energy through 
deformation of the barrier than a small car. In 
absolute terms, both cars can absorb the same amount 
of energy but this amount represents a higher 
percentage of the initial kinetic energy of the small 

car. So, small cars are tested at a lower EES than 
large cars. Figure 5 gives the relation. 
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Figure 5: Mass influence of EES in LDEB barriers 
which provide a limited amount of deformation 
energy. 
 

In the formula, previously presented, it was clear 
that the UDEBs (barriers providing an unlimited 
amount of deformation energy) provide deformation 
energy to the car depending on the stiffness of car and 
barrier: 
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This formula clearly depends on stiffness. 
Unfortunately, there is a relationship between 
stiffness and mass, because car designers are not free 
to design cars with unlimited amounts of deformation 
travel. Therefore current cars have a similar degree of 
available deformation travel, which is nearly the same 
for all mass classes. This creates the mass influence 
for the UDEBs. 
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deformation travel of cars is limited. This influence is 
described in the following figure 6. 
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Figure 6: The inter-dependency between mass and 
EES for cars designed for collisions against LDEB 
barriers and ZDEB, respectively.  

 
Concluding this section, the following can be 

stated: 
 

A vehicle with lower available deformation travel  
has higher front-end forces and will be tested at a 
lower EES by an UDEB, a barrier providing an 
unlimited amount of deformation energy. As all of 
today’s cars have nearly the same deformation travel 
(40cm...70cm), larger cars are stiffer than smaller cars 
and therefore will be tested at a lower EES level. This 
means that they will provide a lower self protection 
level.  

Avoidance of bottoming out costs a high price 
leading to a reduction in self protection in single 
vehicle accidents and vehicle-to-vehicle collisions.  

Referring to the bulkhead principle, compartment 
collapse can be avoided up to the sum of the EES of 
both vehicles in fixed barrier collisions. This is 
achievable because there is sufficient deformation 
energy available within the front-ends of both 
vehicles for this particular crash configuration.  

If the EES of one of the vehicles is reduced, the 
maximum closing velocity, up to which achieving 
compatibility can be considered realistic, would be 
reduced as well [1]. 

  
 

Steps toward Partner Protection - 
The Stiffness of the Crossbeam 
 

ACEA conducted no own research on a special 
barrier, nor does ACEA wish to establish its own one. 
The main focus of ACEA is to discuss and evaluate 
the existing ideas of compatibility barriers. The 
member companies of ACEA do not have a common 
position on one barrier type or assessment procedure. 
The position of ACEA is that the current knowledge 

is not sufficient to make this decision. The calculation 
given in the previous paragraph is an example of such 
research. It is pure physics, so no decision was taken 
within ACEA about this issue. The common position 
of all partners is that self protection must not be 
compromised. The path to achieve this goal is still 
under discussion. 

Besides the question, which barrier is the most 
appropriate one resulting in a maximum increase in 
safety, there is also the question of side effects that 
has to be studied carefully. So ACEA performed two 
test series. 

A Rover 75, which was already tested in the 
previous EUCAR-project on compatibility, was tested 
by ACEA with three different crossbeams: A 
stiffened crossbeam, a serial crossbeam and a 
weakened crossbeam (Figure 7,Figure 10 and Figure 
13). The idea was that homogeneity of front 
structures is beneficial. A crossbeam improves the 
distribution of forces exhibited by the front-end of a 
car and therefore the homogeneity, at least on the 
level of the longitudinals. This offered the 
opportunity to check how test procedures under 
consideration evaluated this change in front-end 
design. 

Two barriers were used: The barrier designed by 
TRL with two deformable honeycomb layers of 
150mm each and 125*125 mm² load cells, the FWB. 
The barrier, designed by French researchers, using a 
deformable layer with increasing stiffness, the PDB. 

The results to these tests were presented to EEVC 
and IHRA to make them available to the scientific 
public. A brief overview of the results is given. 

 

 
 

Figure 7: Rover 75 with a strengthened crossbeam. 

 
After the crash with the full-width barrier, the 

crossbeam was deformed and creased in the middle 
Figure 8. 
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Figure 8: Rover 75 with a strengthened crossbeam 
after crash with FWB. 
 

A surprising result was that the strengthened 
crossbeam was not stiff compared to the barrier. This 
indicates that our opinion about “stiff” crossbeams 
has to be revised with regard to load distribution. 

 
 

Figure 9: Rover 75 with a strengthened crossbeam 
after crash with PDB. 

 
The same figures are provided for the serial and 

weakened crossbeams: 
 

 
 

Figure 10: Rover 75 with a serial crossbeam. 

 

 

Figure 11: Rover 75 with a serial crossbeam after 
test with FWB. 

 

 
 

Figure 12: Rover 75 with a serial crossbeam after 
test with PDB. 

 

 
 

Figure 13: Rover 75 with a weakened crossbeam. 
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Figure 14: Rover 75 with a weakened crossbeam 
after crash with FWB. 

 
It is not possible to provide the many different 

observations that could be derived from this test 
series. Only the main findings are reported: 
Both barriers, when visually inspected, showed an 
imprint that reflected the different stiffness of the 
crossbeams.  

When observing the deformation of the FWB, the 
visual inspection showed clearly the deeper imprint in 
the barrier by the stiffer crossbeam. After scanning 
the imprint, results showed that the strengthened 
crossbeam deformed 43.5% of the assessment area 
more than 150mm, the serial crossbeam only 28.2% 
and the weakened layer only 22.8%. (the assessment 
area was located between 330mm and 580mm of 
ground clearance).  

 

 
 

Figure 15. Rover 75 with a weakened crossbeam 
after a test with the PDB. 

 
The PDB distinguished the three crossbeams, when 
the deformation of the longitudinals was considered. 
The strengthened crossbeam induced a longitudinal 
deformation of 427mm, the serial crossbeam 354mm 
and the weakened 178mm. This was an evident result, 
because the stiffer the crossbeam, the more load the 
crossbeam can distribute to the longitudinals and the 
more the longitudinals will deform.  

Although this indicated that the barriers behaved 
in an manner expected, all other assessment 
procedures under consideration (PDB assessment and 
TRL homogeneity assessment) failed [2,3].  

This raised the question of the validity of force 
and/or deformation measurement. This was the 
reason, to conduct a second test series, discussing the 
reproducibility of the data. The question was whether 
the assessment procedures failed, because they were 
wrong or in a certain way misleading or because the 
data were too biased due to measurement problems, 
so that a test procedure is not able to derive a valid 
result.  

 
Steps toward Partner Protection 
The Reproducibility of Test Results in the FWB 
and PDB configuration 

 
Full Width Test FWB 

A full width test was already conducted at TRL 
in the United Kingdom. So another test was 
conducted at UTAC in France. The test was in fact a 
reproducibility test, examining the test procedure 
itself, the assessment procedure and the definition of 
the test procedure, whether another test institute is 
able to regain the results. 

The test conditions were: 
• Overlap 100% 
• Speed 56km/h 
• Load Cell Wall 16x8 Matrix @ 125mm2 
• Deformable Face of Aluminum Honeycomb 
• Barrier Faces  

150 mm @ 0.34 MPa  
150 mm @ 1.71 MPa 

• Ground Clearance 50mm TRL and 80mm UTAC 
The different ground clearance was consequence of 
the fact that the test procedure had changed during the 
performance of the two tests. Another difference 
between the two tests was the different ride height of 
the two cars. This resulted in a difference in impact 
point with respect to the grid of load cell attached to 
the rigid wall. The difference in impact point, 
measured with respect the lower edge of the load cell 
grid, was 46.5mm. The difference in impact points 
with respect to the ground was 16.5mm. In the TRL 
test, the car impacts the wall 46.5mm higher within 
the load cell grid than in the UTAC test. In other 
words, the assessment area of the TRL test was 46mm 
lower than in the UTAC test. The load cells were 
square with the dimension of each side equal to 
125mm. 46.5mm reflects around a 30% overlap of the 
load cell in the vertical direction. This may have had 
implications for the force measurement. The 
implications for the deformation measurement can be 
considered to be negligible.  
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Figure 16: Reproducibility test - Rover 75 against 
a full width barrier.  

 
Visual inspection of both barriers shows similar 

deformation behavior. Although there were 
differences in ride height, the imprints of the sub-
frame, longitudinal and crossbeam were seen in both 
barriers. The deformation based results appear 
reliable, Figure 16. The force based results may be 
influenced by the difference in vehicle ride-height 
and barrier deformation. 

The same holds true for the cars, Figure 17 and 
Figure 18. Visual inspection of both cars reveals a 
similar structural behavior. In both cars, similar 
welding spots of the Rover75 longitudinal failed. 

 

 
 

Figure 17: Deformation of the Rover 75, tested in 
full width test at TRL. 

 

 
 

Figure 18: Deformation of the Rover 75, tested in 
full width test at UTAC. 

 

 

 
Figure 19: Force contour plots of the Rover 

75, tested in full width test.  
 
The imprint in the layer looks similar, but the 

force contour plots show differences. Figure 19 shows 
that longitudinal in the UTAC-test was deformed to a 
lesser degree than in the TRL-test, explaining the 
higher forces in TRL-test. But this is not reflected by 
compartment acceleration. The deceleration curves 
are similar, besides a difference in the peak 
acceleration over a time interval of 10 ms duration 
Figure 20. 

 

 
 

Figure 20: Acceleration plots of the Rover 75, 
tested in full width test. 

Due to the differences seen in the force contour 
plot, a reaction of the homogeneity criterion would be 
expected. But the homogeneity criterion does not 
react significantly. The relative homogeneity is 
similar for both tests, although the TRL test shows a 

TTeesstt  aatt  TTRRLL

TTeesstt  aatt  UUTTAACC 

TTeesstt  aatt  TTRRLL

TTeesstt  aatt  UUTTAACC
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slightly better homogeneity Figure 21. The same 
holds true for the adjusted Average Height of Force 
AHOF. It was adjusted to the ride height differences 
mentioned above. The values for the AHOF were 
411mm and 420mm for the test at UTAC and TRL, 
respectively. 

 

 
Figure 21: The relative homogeneity of the Rover 
75, tested in full width test.[2]  

 
There is an instability of the barrier deformation 

as well. The deformation of the barrier (vehicle 
imprint) is described by a cumulative curve in Figure 
22. This describes the percentage of the assessment 
area which was deformed in each cumulative depth 
increment, from the wall to the front-face of the 
barrier (assessment area 1600mm wide with a lower 
limit at 330mm and an upper limit at 580mm). At 
150mm (the interface plane between the two layers) 
this curve describes the percentage of the assessment 
area that has a completely deformed second layer. 
The assessment area corresponds to row 3 and 4 of 
the load cell wall (for a load cell wall ground 
clearance of 80mm) and the width covers all load 
cells hit by the longitudinals and in those in between. 
For force measurement, this adjustment was not 
possible.  

 

 
 

Figure 22: The deformation of the Rover 75, for 
tests carried out at UTAC and TRL, respectively.  

Figure 22 shows a significant difference between 
the two cars, especially in the range of 20mm to 
200mm. This has to be examined further on, because 
there is an expectation that deformation is a stable 
value. This test series indicates that this is not always 
the case. 

 

 
 

Figure 23: The dummy load of the driver of the 
Rover 75, tested in full width test. 

 
Dummy loads were not the main focus of this test 

series but they were measured and documented in 
Figure 23and Figure 24. Roughly speaking, HIC and 
neck criteria are similar and the other body regions 
show differences, which are substantial in some 
cases.  

 

 
Figure 24: The dummy load of the passenger of 
the Rover 75, tested in full width test. 

 
Progressive Deformable Barrier PDB 
 

A Rover 75 test with PDB, conducted by ACEA 
at UTAC, already existed. So a second test was 
conducted at TRL in accordance to the PDB-test 
procedure. 
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Figure 25: The deformation of the Rover 75, tested 
in the PDB configuration. 

 
There are clear differences in the deformation of 

the car. These are partially due to the car itself. The 
welding spots in the two cars, which were both 
manufactured in the same year, were different. So for 
all FWB-tested cars and the UTAC-PDB tested car, 
some of the welding spots failed.  

 

 

 
 

Figure 26: The longitudinal of the Rover 75, tested 
with PDB.  

The upper picture shows the behavior of the car tested 
at UTAC. This corresponds to the behavior of all 
longitudinals in FWB-testing. The lower picture 
shows the behavior of the car tested at TRL. The 
position of the welding spots was different for this 
car. 

 

 
 

Figure 27: The total force of the Rover 75, tested 
by PDB. 

 
The total force plots, Figure 27, show slight 

differences which reflect the fact that the longitudinal 
behaved differently in both tests. The calculated 
energy was calculated based on the volume of the 
barrier deformation. These differences indicate that 
there are slight differences in deformation as well. 
Unfortunately, for the PDB, a curve comparable to 
Figure 22 is not available. However, there is a 
contour plot of the deformation available, Figure 28.  
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Figure 28. The deformation of the PDB against 
Rover 75. 

 
The deformation plots reflect the different 

deformation modes of the longitudinals as shown in 
Figure 26. A higher degree of deformation of the 
longitudinal member means less penetration into the 
barrier which results in more being applied to the 
right edge of the PDB, which is loaded during the 
rotational phase of the car. 

 

 

 
 

Figure 29. Results to different assessment metrics, 
derived from the PDB-test against Rover 75. 

 
Although the imprint looks different, the 

assessment does not react significantly. 
The TRL test was scanned by TRL and by 

UTAC. The scans were similar, so that scanning can 
be understood as a stable measurement at a given 
barrier deformation. 

When observing both vehicles (post-crash), the 
behavior of the longitudinals is clearly reflected by 
the deformation of the cars, Figure 30.  

 

 
 

Figure 30. Post crash photographs of Rover 75’s 
crashed at UTAC and TRL in the PDB 
configuration.  

 
 

 
 

Figure 31. The dummy loads measured in the 
PDB-tests involving the Rover 75. 

 
There are large differences noted for the head, 

neck and chest injury criteria for the two tests, with 
worst injury criteria differing by 30.9% and 39.9%, 
for the driver and passenger respectively. However, in 
all cases the test measurements did not exceed the 
EEVC limits. 

These repeatability and reproducibility tests 
showed a couple of interesting results that were not 
obvious in the beginning. Together with the tests 
carried out with the Rover 75 with different 
crossbeams, they raised a lot of questions with regard 
to an assessment procedure to adequately predict the 
structural interaction potential of passenger cars.  

 
The Roadmap 

Together with these technical problems, there are 
a couple of problems that are related to the different 
traffic situation in the U.S., in Europe, in Asia and in 
the developing countries. The interests of car 
manufacturers diverge, depending on their model-
mix. However, since more and more manufacturers 
tend to sell the most models in most world-markets, 
these differences diminish. Last but not least, there is 
also a concern about impacts with trucks. A car 
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structure should be able to interact with a truck under-
run protection system. These are the conflicts of goals 
that have to be solved by a compatibility test 
procedure. 

Car mass and the type of car (e.g. passenger car, 
MPV, Mini-Bus, SUV etc) reflect customer demand. 
It is the unanimous position of automotive industry 
that compatibility requirements should be made in 
such a way that customer demand can be fulfilled in 
the future as well. A restriction of mass, for example, 
is unacceptable and makes no sense as long as trucks 
are still on the road. This statement is also true 
considering the structural design of a car. 
Requirements should address the vehicle performance 
and not restrict design possibilities.  

 

 
Figure 32: The dimensions of the challenge of 
compatibility. 

 
Together with the dimensions of the car under 

consideration, the characteristics of all potential 
impact objects have to be taken into account as well. . 

 

 
Figure 33: The opponents to be taken into account, 
when dealing with the challenge of compatibility. 

 
Figure 33 shows the complexity of the challenge 

to improve compatibility. The idea is not to request a 
solution to all open questions in one big step. 
However, it is a reminder, not to worsen the situation 

in one of these configurations, when improving the 
situation in another configuration. 

When looking at the players (or stakeholders), 
things become even more complicated, Figure 34. 
There is a lot of world-wide expectation with regard 
to compatibility with many parties contributing to 
compatibility research and decision making. This 
contribution has a multi-facetted political back-
ground,  

Figure 35. 
 

 
Figure 34: The players. 

 

 
Figure 35: The political back-ground and the 
restrictions for the players. 
 

In addition to the differences within the current 
fleets in different regions of the world, there is also 
different experience in crash testing and different 
research emphasis, Figure 36. 
 

 
Figure 36: The current situation of convergence 
between the players. 
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Taking all of these different aspects into account, 
ACEA tried to find a step wise approach for 
compatibility. These are issues which are very 
difficult to achieve without compromising other 
goals, such as management of front end forces within 
the fleet. It is evident that this will never be solved 
completely, because force requirements between a car 
of 2000kg and above are definitely different to the 
force requirements of a car of 800kg. The details are 
discussed in former ESV papers by the authors. An  
agreement was made within the automotive industry 
at the very beginning, that improving structural 
interaction is the most appropriate first step to 
improve compatibility. It seems to be possible to 
achieve this goal without compromising other goals. 
The goal of structural interaction is in line with the 
ideas in the U.S.A. 
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Limitation of Front-
end resistance
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Figure 37: The Road Map. 

 
CONCLUSIONS 
• Single vehicle accidents remain a highly relevant 

collision mode which should not be neglected. 
• Self protection should not be compromised by 

compatibility requirements. 
• Tests with deformable barriers have to ensure 

that the self protection level of the vehicles tested 
is not reduced. For any mass class, for large and 
small cars. 

• Mass dependent tests should be avoided. 
• Tests should be able to detect stable crossbeams 

as a contribution to homogeneity. 
• Current assessment procedures are not able to 

detect stable crossbeams. 
• Assessment procedures have to be studied 

carefully, how they drive the development of the 
fleet. 

• Reproducibility tests showed that there are still 
deficits as far as force measurement and 
deformation measurement is concerned. Further 
research is required in this area. 

• The ACEA reproducibility test series is a worst 
case scenario. Repeatability tests with absolutely 

identical case vehicles at the same test institute 
should follow. 

• Customer demand and, as far as possible, 
manufacturers choice regarding design should 
not be inhibited by compatibility requirements. 
Requirements should describe effects not 
prescribe design. Governmental requirements 
must be performance and not design-based. To 
encourage and not stifle innovation, government 
standards must regulate vehicle performance, but 
not vehicle design measures.   

• Compatibility requirements should be introduced 
stepwise and in a world wide harmonized 
manner, because only a harmonized approach is 
able to result in compatibility fleet across the 
various world markets.  
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ABSTRACT: 

ESP, the Electronic Stabilization Program, was 
offered by Volkswagen and AUDI, because 
predictions showed a high potential for injury 
mitigation through accident avoidance. This 
encouraged both companies, to offer ESP for most 
of their vehicles, beginning with the Audi A2/A3 
and VW Golf. Adding ESP would make the 
vehicles more expensive.  The decision to offer 
ESP was a courageous one, especially in the A2/A3 
and Golf segments where price was and is a major 
consideration for customers. So it was clear that the 
accident performance of vehicles equipped with 
ESP had to be very carefully and thoroughly 
studied by Volkswagen and AUDI accident 
research teams. 

The result of this research exceeded expectations. 
The accident research teams had to increase their 
projections with every new study. Today, it can be 
stated that ESP is the most effective safety measure 
after the safety belt, even more effective than the 
airbags. 

The main figures are: ESP, provided by 
Volkswagen and AUDI, can prevent 80% of all 
skidding accidents. This means that ESP has a high 
potential to prevent roll-over accidents. There is an 
additional potential of ESP, because it will change 
pole-side-impact into pole-frontal-accidents. This is 
still a dangerous accident, but much less dangerous 
than pole-side-impacts. If only the avoidance effect 
of ESP is taken into account, it can be stated from 
accident experience (not projections) that more 
than 80% of all skidding accidents can be 
prevented by ESP. This is a new dimension, if 
compared with passive safety. While a passive 
safety measure can prevent injuries, ESP prevents 

the accident from occurring. The driver does not 
realize that he just avoided a situation, that might 
have been fatal without ESP. In Germany, this 
finding would mean that 35% of all vehicle 
occupant fatalities could be prevented: Not just 
reduced to minor injuries, but actually prevented. 
Secondary effects of injury mitigation, as 
mentioned before not taken into account. So 35% is 
a lower limit of the expected effect. 

These findings show that the future development of 
vehicle safety will be driven by accident avoidance 
much more than by injury mitigation. Rating 
systems of passenger vehicles should take this into 
account. Regulation, compliance testing, and rating 
systems like the different international NCAP 
organisations should also take this into account.  

Accident avoidance is always the better solution. 
Future development should reflect this widely 
accepted philisophy. NCAP-ratings should make 
sure that a „best pick“ is really a best pick based 
primarily on  accident avoidance and not just with 
respect to  injury mitigation. 
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INTRODUCTION 

Vehicle safety during all stages of product 
development and production has always been 
common practice at Volkswagen. Accident 
research in combination with the development of 
products  that offer high levels of passive and 
active safety has a high priority in this process.  

Since passive safety has been the focus of vehicle 
development in the past, remarkable progress has 
taken place in this field that has led  to a high 
standard of performance in  passenger vehicles. 
Vehicle designs have brought about dramatic 
decreases in  the injury risk to vehicle occupants. 

Over  the last several  years, advances in 
electronics have increased the feasibility of vehicle 
systems that help the driver to prevent accidents. 
Early examples of such systems are ABS (Antilock 
Braking System) – in more recent vehicles, ESP 
(Electronic Stabilization Program) can be seen as 
the most notable example of such active safety 
measures. In contrast to passive safety measures, 
such systems do more than just reduce  the overall 
risk of injury. They influence accident diversity and 
thus change the requirements for future safety 
developments.  

To gain more knowledge about those changes, the 
VW group operates teams of experts, consisting of 
engineers, physicians and psychologists to analyse 
accidents involving recent VW vehicles. Accident 
reconstruction provides initial information 
regarding the probable cause of the accident.  

In addition to these activities, representative 
accident data from several national and 
international sources is analysed in depth to gain a 
better appreciation of the incidence of potentially 
critical situations. 

Several studies from various groups involved with 
traffic safety have proven the benefits of ESP in 
preventing accidents. Thus, as a result of the 
increasing size of the portion of the vehicle fleet 
equipped with ESP, the distribution of different 
accident types will change significantly in the years 
to come. Brake assist systems (BAS) are a further 
example of features that will influence real-world 
accident scenarios. Comparable effects can be 
expected from other active safety systems expected 
to be introduced in passenger vehicles over the 
coming years. 

These changes in accident scenarios give reason to 
re-think recent test configurations and new test-
methods that are currently under discussion. 
Accident research will have to answer the question, 

if current methods are able to handle future tasks 
and bring about an  increase traffic safety.  

This paper will  offer an overview of, how the 
benefits of  these new systems must be taken into 
account during the discussion of future regulations 
and consumer testing. ESP performance will bring 
about  positive changes which can already be 
observed in Germany. This should be a starting 
point of a general discussion regarding future goals. 

GIDAS ACCIDENT DATA 

The analyses in this paper are based on data 
supplied by GIDAS (German In Depth Accident 
Study). The advantages of this database are two-
fold: (1) the number of cases is high enough to 
provide statistically significant results, and (2) each 
case is documented in great detail, permitting in-
depth-analyses where required. 

GIDAS is a unique project involving the German 
government and the motor vehicle industry. The 
cornerstone of the GIDAS-project was laid in 1973 
and based on the recognition that official statistics 
were not sufficient to answer important questions 
that arise during accident research. For this reason, 
the German Federal Highway Research Institute 
(“Bundesanstalt für Straßenwesen”, BASt) initiated 
a project, in which interdisciplinary teams analysed 
highway accidents from a scientific perspective – 
independent of the objectives and needs of law 
enforcement.  The project underwent an important 
change in 1985, when the choice of the accidents 
for detailed analysis began to follow a random 
sampling plan. 

A second major improvement took place in 1999  
when  GIDAS was expanded to include cooperation 
with BASt and the German Association for 
Automotive Technology Research (“Forschungs-
vereinigung Automobiltechnik e.V.”, FAT). For 
this purpose, a second team was established at the 
Technical University of Dresden. Currently, the 
sampling criteria are as follows: 

• road accident 

 

Figure 1. GIDAS Research Areas in Dresden 
and Hanover. 
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• accident site in Hanover City and 
County or Dresden City and County 

• accident occurs when a team is on duty 

• at least one person in accident injured, 
regardless of severity 

The data collected is entered in a hierarchical 
database. Depending on the type of accident, each 
case is described by a total of 500 to 3,000 
variables, e. g accident type and environmental 
conditions (record Umwelt), vehicle-type, mass, 
drive train and the type of road it was on (record 
Fzg), the age, size, hours on the road and injury 
data for all persons involved (record Persdat and 
Verlueb). Each accident is reconstructed in detail 
including  the  pre-collision-phase. Available 
information includes  initial vehicle and impact 
speed, deceleration as well as the collision 
sequence. 

This database is representative of German national 
accident statistics, whereby severe cases are 
slightly over-represented. The database that 
Volkswagen accesses currently contains as many as 
19,300 cases, involving 34,400 vehicles and 49,500 
people, 26,700 of which were injured. 

SINGLE CASE ANALYSIS AT VW-GROUP-
ACCIDENT-RESEARCH 

The Volkswagen Group formed one brand research 
teams at AUDI in Ingolstadt and another at VW in 
Wolfsburg. One reason to initiate brand accident 
investigation was the lack of accident data for 
newer vehicles. Figure 2 shows the phase-in of new 
models into the GIDAS database. Statistical 
analysis of  accidents with newest models can only 
be performed if the number of cases in the database 
is sufficient to provide reliable results. The 
example of the VW-Golf,   one of the top sellers in 
the German market, shows that this process takes 
about 5 years. 

This leadtime means that the potential for technical 
improvements based on real-world accident data 
would be delayed by at least 5 years. These teams 
consist of engineers, physicians and psychologists.  
The multi-disciplinary nature of the teams permits  
a comprehensive understanding of the accidents 
investigated These accident investigations also 
include a technical analysis of vehicle structure and 
suspension as well as  a complete reconstruction of 
the accident sequence, including the medical 
analysis of injuries and the injury causing factors as 
well as a  detailed understanding of accident 
causation through physical and psychological 
analysis of the accident scene and in-depth 
interviews with the persons involved. The basic 
elements of such accident research are shown in 
figure 3. 

Figure 3. Accident Research at Audi and 
Volkswagen 

To help guarantee the best data qualit,y both teams 
are on call 24 hours a day, seven days a week to 
allow an timely on-scene investigation and 
documentaion of evidence and debris.  

LATERAL AND FRONTAL POLE COLLISIONS 

In 2002 in Germany approximately 25% of all 
passenger car fatalities were attributable to pole 
impacts  (2002: 1577 deaths, 9636 severe injuries ). 
The majority of this accident type shows a 
stereotypical course of events in which the driver 
first looses control of the vehicle and after skidding 
with the vehicle rotating around the z axis a lateral 
pole/tree collision follows at the side of the road. 
The cause of the “loss of control” is often driver  
inattention.  

The consequences of such accidents are dramatic as 
indicated by the incidence fatalities. From a 
technical perspective, the side structure of any 
passenger vehicle must be viewed as that part of a 
passenger vehicle having the smallest deformation 
space, as much as  vehicles width is necessarily 
limited. Only limited deformable structures with a 

Number of VW-Golf in VW-GIDAS-Database (1995-2003)
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Figure 2: Number of VWGolf Models in 
GIDASData 
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limited capacity to absorb impact energy can be 
provided. Figure 4 shows a comparison between 
the deformation space available in  frontal and 
lateral structures of a passenger vehicles.  

In lateral pole collisions, the distance between 
occupant and impacting pole is less than 30cm. It is 
within the narrow confines of this space in which 
energy absorption and moderate occupant 
acceleration combined with sufficient survival 
space to be accomplished in order to minimize the 
risk of injury. This conflict  between energy 
absorption through deformation and survival space 
is easier to resolve in frontal impacts where more 
than 1m space is left between the bumper and the 
occupant’s head. So much more structure can be 
used to optimize the deceleration process. In frontal 
impact situations considerably more deformable 
structure can manage a significant part of the  
impact energy. In addition,  restraint systems 
optimize occupants kinematics and help to absorb 
additional energy. 

Despite these physical limitations, this collision 
type has been the focus of vehicle design for many 
years, in order to decrease the injury risk of lateral 
collisions. These efforts resulted in remarkable 
increases in levels of vehicle safety by improving 
lateral strength together with the introduction of  
additional safety equipment such as side airbags in 
the thorax region and curtain airbags. Consumer 
testing and legislation helped to encourage these 
improvements with which an optimized level of 
passive safety has been achieved.  

It must be noted that this accident type represents a  
challenge for safety design.  Figure 5 depicts the 
risk of head injury in lateral and frontal pole 
impacts.  

Both tests were performed with the same vehicle 
type. In the frontal impact test a Hybrid III-Dummy 
was used, in  the lateral test a EuroSID side impact 
dummy was selected.  

Figure 5 shows head acceleration over time in a 
29km/h 90° lateral pole impact and a 35 km/h full 
frontal pole impact. Considering the amount of 
kinetic energy involved,  the frontal impact can be 
seen as the more severe event because the impact 
velocity is significantly higher than  the speed in 
the lateral configuration. Two physical 
characteristics highlight the difference between 
these accident types:  

• given the lower impact energy,  the 
peak head acceleration is significantly 
higher than in the frontal impact. 

• the time between impact and peak 
acceleration is much shorter than in 
frontal impacts. 

The first characteristic results from a direct contact 
of the occupants head with the impacting pole. In 
this particular example a head airbag was between 
head and pole which reduced occupant injury risk. 
The risk of injury associated with such contacts can 
only be mitigated if the vehicle is equipped with 
airbags that help protect the head. 

The second characteristic indicates that the time to 
deploy side airbags is very short in comparison 
with the time available for a front airbag to deploy. 

In a frontal pole test at 35km/h, the vehicle is 
moderately deformed and experiences moderate 
deceleration. With the exception of  the lower 
extremeties, occupants usually do not have contact 
with vehicle structures.  The restraint system 
(airbag, safety belt, knee padding) can decelerate 
the passenger over a longer distance than side 
structures can in side impacts. 

 

Figure 4. Deformable Areas in frontal and 
lateral Collisions. 
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Figure 5. Head Acceleration in Pole to Side and 
Frontal Pole Collisions. 
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Figures 6 and 7 show the deformation of the test 
vehicle in the frontal impact test. At maximum 
crush the compartment is completely intact. Figures 
8-10 show the vehicle structure in the lateral test 
configuration. The deformation is more severe. The 
intrusion into the compartment indicates a 
comparatively high risk of injury for occupants 
within the inpact area. 

In a side impact with a pole at 29km/h the occupant 
on the struck side is in a free flight with 29km/h 
against a rigid obstacle. Considering that the door 
structure cannot be completely crushed,  the 
distance remaining for occupant deceleration is 
approximately 0.1-0.15m (pelvis, abdomen, chest) 
and a little bit more for the head. The restraint 
systems (airbag, padding) have only this small 
distance available in which to absorb the 
occupant’s kinetic energy. The deceleration phase 
must be complete within 40-50ms. Up to 40ms the 
vehicle has moved approximately 0,3m. The 
deformation phase ends 0.15s after initial contact 
with an intrusion of appr. 0.5m. 

The severity of these side pole impacts and their 
risk for the occupants is evident. The ability of 
passive safety measures to reduce this risk is 
limited by the lack of space as mentioned above. 

 

INFLUENCE OF ESP ON ACCIDENT DIVERSITY 

In Germany the number of fatalities decreased 
dramatically during the last decade as shown in 
figure 11. This continuing trend is strongly 
influenced by efforts to increase traffic safety by 
improving the passive safety of passenger vehicles.  

 

Figure 6. First Contact between the Frontal 
Structure and the Pole. 

 

Figure 7. Maximum Deformation of the Frontal 
Structure. 

 

Figure 8. First Contact between the Pole and the 
Door 

 

Figure 9. End of Occupants Deceleration. 

 

Figure 10. Maximum Intrusion in the Pole Test 
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The latest prognosis for fatalities in 2004 in 
Germany indicates a reduction of approximately 
13% as compared to 2003. The absolute number of 
fatally injured passenger vehicle occupants 
decreased from 3774 in 2003 to approximately 
3300 in 2004. The number of all accidents during 
this period did not change significantly indicating 
that technical measures in passenger vehicles can 
take credit for a significant share of this trend.  

After ESP emerged in 1995 as a optional feature in 
larger and more expensive vehicles, VW decided in 
1998 to make ESP available for a majority of its 
models. Thus ESP is becoming a standard feature 
in a large number of vehicles in the companies’ 
model lines This increasing numbers of ESP-
equipped vehicles within the fleet in several 
European markets is shown in Chart 12. The 
highest share of ESP in new vehicles can be 
observed in Germany where about 64% of all 
passenger vehicles sold in 2004 were equipped 
with ESP.  

It is important to note that the influence of ESP is 
just beginning to become apparent in accident 
statistics. New vehicles with ESP represent only a 
small share of the entire fleet in which ESP is still 
comparatively rare. This is also true for the side 
impact head airbags passive safety systems. Thus 
typical accident configurations addressed by ESP 
will remain quite relevant in the next years to 
come.  

ESP must be viewed as an initial step for the 
transition from passive to active safety in passenger 
vehicles. Several industry and  insurance studies 
and analyses by highway administration institutes 
have already demonstrated the apparent remarkable 
ability of ESP to reduce the incidence of fatalities 
in “loss of control” accident situations. The 
efficiency of the system was stated to be about 50% 
with respect to the reduction of severe accidents 

and up to 80% in reducing accidents in which 
skidding was the initiating event.  

 

These estimates are corfirmed by a retrospective 
analysis of real-world accident data. The first 
estimates of the effectiveness of ESP were  
performed by VW in 1998.  These findings where 
exceeded dramatically by field observations after 
system introduction.  

The beneficial effect of ESP appears to have been 
verified The next step must be to quantify its 
influence and then to project this on the universe of 
acccidents to be expected in the future. 

Figure 14 shows the diversity of passenger vehicle 
accidents in rural areas by accident type when only 
accidents with injuries to occupants of passenger 
vehicles of at least MAIS 4+ are considered. The 
analysis is based on VW-GIDAS data.  The chart 
indicates that in Germany “Leaving the Road” is 

Decrease of Annual Traffic-Fatalities in Germany
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Figure 11. Decrease in Traffic-Fatalities in 
Germany 1991-2004. 
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Figure 12. Equipment Rates for ESP in Europe 
as estimated by Robert Bosch AG. 

 

Figure 13. Influence of ESP on Skidding. 



Zobel 7 

 

 

 

the most dangerous accident category that is, 
responsible for more than 50% of all severe injuries 
in rural areas. 

This results include accidents involving specific 
infrastructural characteristics of German rural roads 
that are often lined with trees. In many of these 
“Leaving the Road” accidents, the initial event led 
to a pole impact with the consequences described 
above. 

Assuming that ESP is able to prevent 80% of all 
accidents initiated by skidding,  the equivalent of 
“Loss of  Control,” the diversity of the accident 
universe would change dramatically. Figure 15 
depicts the results of a calculation which shows this 
diversity, if all passenger vehicles were equipped 
with ESP. To point out the overall effect of ESP, 
the denominator was the same as in figure 13. Thus 
the change in the percentage of a particular 
accident type can directly be interpreted as the 
potential of ESP to prevent these accidents. 

As expected, the predominant influence of ESP can 
be observed in “Leaving the Road” accidents. But 
all other kinds of accidents were also influenced.  

The potential in absolute terms is shown in detail in 
figure 16. ESP, according to this analysis, is able to 
prevent accidents in all different kinds. The 
resulting reduction of all MAIS4+ accidents is 
about 40%, thereby confirming the results of other 
studies. 

Taking the frequency of the different accident types 
into account, collisions with oncoming vehicles are 
the second most accident type and significantly 
influenced by ESP. These collisions often result in 
lateral collisions with oncoming vehicles when the 
passenger vehicle goes into a skid. 

A further question to be answered is whether ESP 
will also influence the diversity of collision 
opponents for passenger vehicles. These changes 
would directly influence the performance 
parameters related to vehicle design. Figure 17 
shows the same type of diagram as figure 14 with 
the diversity of the collision opponents in the initial 
collisions. Accidents involving passenger vehicles 
in rural areas in which occupants were injured with 
a severity of at least MAIS 4+ were analysed.  

The chart provides the reason why pole impacts 
were the focus of passive safety measures in the 
past and are still being discussed in the context of 
improved passenger vehicle safety. Nearly 40% of 
all accidents in Germany in which passenger 
vehicle occupants sustain severe injuries MAIS 4+ 
must be attributed to pole impacts. 

But does this Chart reflect the safety level of 
modern passenger vehicles? It does not. The data is 
derived from a fleet in which both recent active and 
passive safety systems, such as ESP and side 
impact head airbags are still a rarely installed. 

Diversity of Accident Kinds for Passenger Cars 
without ESP in Germany

(MAIS4+ Vehicles)

0.0% 10.0% 20.0% 30.0% 40.0% 50.0% 60.0%

Leaving the Road

Longitudinal Traffic

Intersection Accident

Oncomming Traffic

Lateral Vehicle

Others

Share of all Accidents  

Figure 14.  Diversity of Rural Accidents for 
Vehicles without ESP and MAIS4+ Injured 
Occupant. 

Scenario for the Diversity of Accident Kinds for 
Passenger Cars with ESP in Germany

(MAIS4+ Vehicles, 100% ESP in Fleet)
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Figure 15. Resulting Scenario for MAIS4+ 
Accidents if the German Fleet is Equipped 100% 
with ESP 

Change of Diversity of Accident Kinds thru ESP
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Figure 16. Changes of Accident Diversity 
through ESP. 
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Figure 17. Collision Opponents of Passenger 
Vehicles in Accidents with MAIS4+ Injuries to 
Vehicle Occupants. 

Figure 18 shows the calculation assuming a 100% 
ESP equipment rate within the entire fleet. The 
proportion of pole impacts decreases significantly. 
The technical effect of ESP reduces the yaw angle 
of the vehicle by producing an opposing 
momentum via the brakes. Therefore it can be 
assumed that the pole impacts prevented must be 
principally lateral collision configurations, because 
these collisions are most likely to occur in ESP-
relevant situations. 

A detailed analysis of the data confirms this 
assumption. Lateral pole impacts are reduced by 
approximately 70% based on this scenario,  while 
frontal impacts are reduced by approximately 30%. 
The proportion of lateral pole impacts decreases 
from 56% of all pole impacts to 39% of the 
remaining pole impacts. More than 50% of all pole 
impacts would have been completely prevented if 
ESP were installed in the entire fleet. 

The remaining pole impacts are dominated by 
frontal collision configurations in which recent 
vehicles are able to offer optimized passive safety 
levels to protect vehicle occupants. 

Furthermore figure 19 shows the overall effect of 
ESP, which by preventing skidding, will, of course, 
influence all other collision constellations  and 
opponents. Combined with the findings from figure 
16 that shows a significant effect on collisions with 
oncoming vehicles, the reduction of collisions with 
other motor vehicles shown in figure 19 can be 
interpreted as a reduction of another severe 
accident configuration: side collision with 
oncoming vehicles. These accidents are less 
frequent as compared to pole impacts but they are 
of comparable severity. Thus ESP can be viewed as 
a system that focuses on the severest accidents and 
contributes significantly to their prevention. 

Figure 19. Changes of Opponent Diversity with 
ESP. 

ESP AND PASSIVE SAFETY MEASURES 

To underline the significant benefit that ESP can 
have on vehicle safety, a comparison is made 
between the effect of ESP and the effect of safety 
belts, structure and airbags. For this reason, 4 
scenarios were defined and evaluated with the help 
of GIDAS data: 

 

Scenario Belted 
Occu-
pant 

Vehicle 
manu-
factured 
1995 or 
later 

Airbag 
avail-
able 

Number of cases 
in GIDAS 

1 No No No Ca.1 000 

2 Yes No No Ca.13 500 

3 Yes Yes No Ca. 630 

4 Yes Yes Yes Ca. 1 800 

Figure 20. Scenarios to estimate effectiveness of 
passive safety measures. 

 

These scenarios are used to describe the 
effectiveness of measures. 
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Scenario of Diversity of Collision Opponents for 
Passenger Cars with ESP in Germany

(MAIS4+ Vehicles, 100% ESP in Fleet)
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Figure 18. Resulting Scenario for MAIS4+ 
Accidents if  ESP is installed in the Fleet by 
100%. 
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Scenario 1 ⇒ 2 Safety belt effectiveness in 
vehicles manufactured before 
1995 

Scenario 2 ⇒ 3 Structural enhancement for belted 
occupants in vehicles manu-
factured before 1995 and in 
vehicles manufactured later  

Scenario 3 ⇒ 4 Airbag effectiveness in vehicles 
manufactured in 1995 or later for 
belted occupants 

 

To compute effectiveness values, injury risk in 
these scenarios was computed: 

 

0,51%0,79%1,82%8,93%AIS 4..6
1,59%2,06%4,16%15,58%AIS 3..6
7,00%8,10%12,31%35,81%AIS 2..6

36,43%38,10%44,21%77,78%AIS 1..6
100,00%100,00%100,00%100,00%AIS 0..6
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Figure 21. Risk of MAIS-categories within the 
scenarios. 

 

In all categories, injury risk decreases. The 
categories AIS 5..6 and AIS 6 were not included, 
because the number of cases is too small and thus 
the statistical significance poor. Note that 0.79% of 
630 cases (AIS 4..6 in scenario 3) represents 5 
cases. The effectiveness is derived from these 
figures: 
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Figure 22. Effectiveness of belt, structural 
enhancements and airbags. 

 

These figures show a clear picture of the relevance 
of passive safety measures: 

The most important safety measure is the safety 
belt. Vehicle occupants who do not buckle up live 
in a much more dangerous world than those who 
use their safety belts. The second most important 
safety feature is vehicle structure. In all cases the 
increased benefit from scenario 2 to scenario 3, 
relates to the optimized structural behavior of 
passenger vehicles, manufactured in 1995 and later. 
Structural effectiveness is less than that of the 
safety belt, but more than that of the airbag. Airbag 
effectiveness is still significant, but it is ranked 
third in this list. The next question is, what about 
ESP? 
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Figure 23. Effectiveness of ESP for occupants 
with different injury severities.  

 

The effectiveness is nearly the same for belted and 
for unbelted occupants. The calculation is based on 
80% reduction of skidding accidents, as determined 
by the Volkswagen field study. 

 

Effectiveness of ESP for passenger car occupants 

All collision 
modes 

Belted 
Occu-
pants 

Unbelted 
occu-
pants 

All 
Occu-
pants 

Effective-
ness of 
Airbag 

MAIS 0+ 10,9% 17,7% 11,4% 0,0% 

MAIS 1+ 18,4% 22,8% 19,3% 4,4% 

MAIS 2+ 28,5% 30,4% 29,4% 13,5% 

MAIS 3+ 35,7% 35,3% 35,6% 22,8% 

MAIS 4+ 36,7% 35,2% 36,5% 35,5% 

Figure 24. Comparison of effectiveness of belt, 
structural enhancement, airbag and ESP for 
occupants with different injury severities.  

 



Zobel 10 

 

 

 

The table clearly answers this question. The 
effectiveness of ESP is higher than that for the 
airbag, especially for lower injury severities. The 
advantage of ESP is that it is independent of 
restraint use. Crash avoidance is effective for both 
restrained and unrestrained vehicle occupants. This 
is not equally true for passive safety measures. 

Again, this finding clearly underlines that the level 
of safety offered by a particular passenger vehicle 
can only be described properly, if both, passive and 
active safety measures are taken into account. This 
computation of ESP effectiveness is conservative 
and only describes a lower limit of the real 
effectiveness, because it only takes into account 
skidding accidents that have been prevented. It is 
not covered by this calculation that there is a 
potential of ESP to reduce skidding accident 
severity by transforming lateral pole impacts into 
frontal pole impacts. So this computation is still 
conservative. 

To make it very clear, this computation must not be 
understood questioning the effectiveness of front 
airbags, on the contrary, these figures show the 
substantial effectiveness of front-airbags. The 
message is that ESP is even more effective. As a 
footnote it should also be noted that enhanced 
vehicle structures had an even greater effect than 
front-airbags and ESP. This is often forgotten. 

CONCLUSION AND DISCUSSION 

ESP is even more effective than airbags. 

By ESP, active safety plays the leading role in 
vehicle safety, more effective than all foreseeable 
measures of passive safety. 

This is the first time that active safety dominates 
the enhancement of vehicle safety. 

It has been shown that there are technical and 
physical limitations relating to the protection of  
occupants of passenger vehicles by passive safety 
measures. Current vehicles have reached a level of 
passive safety that can only be improved by an 
inappropriate increase in vehicle weight and 
associated expense to the customer. Both options 
lead to other conflicts e.g. fuel consumtion. 

Active safety measures promise to improve traffic 
safety by preventing accidents. Ethically they must 
therefore receive first priority if they have the 
requisite technical reliability. 

The implementation of such systems can have a 
significant influence on the diversity of accidents as 
demonstrated by ESP. Thus, views concerning 
traffic safety must change when the porportion of 

such systems in the fleet increases. The latest 
research results including “In-Depth” accident data 
indicate that the efficiency of such systems can be 
predicted. Busch quantifies the effect of different 
systems in his doctoral thesis [9]. The change of the 
of the accident mix can be estimated by applying 
this methodology.  

Current discussions on new passive safety test 
methods do not take these changes into account, 
e.g. the current discussion on additional lateral pole 
tests in the US leads in the wrong direction. The 
accident type sought to be addressed will disappear 
with the increase in the porportion of the fleet 
equipped with ESP. The current level of safety is 
sufficient to assure the functionality of today’s 
passive safety measures. A new test method would  
interfere with the requirements for those measures 
and thus increase their cost but the additional 
benefit to the customer would be marginal. It must 
be noted that  the effects of recently implemented 
systems both passive e.g. head airbags and active 
are just starting to influence the accident mix 
because the current fleet of passenger vehicles is 
still dominated by vehicles without such systems. 

For future advancement of traffic safety all of these 
factors must be taken into account: ESP is more 
relevant than front airbag. So a passenger vehicle 
rating system that neglects ESP or credits it with 
minor relevance is not reflecting vehicle safety. 

New test procedures must focus on the leading 
injury causing constellations. They must be driven 
by the objective of optimizing the fleet of cars, 
currently under production. An uncritical reflection 
of accident data about older cars will not provide 
optimum occupant protection for future cars. 
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ABSTRACT 

“The evidence of the effects of speed on accident sever-
ity is conclusive”. (Kallberg/Luoma – Road Safety in 
Europe 1996). 

It can be argued that road safety faces a severe 
problem: as the rate of road crashes per traveled 
kilometer decreases, the quantity of traveled kilome-
ters increases and, therefore, the total quantity of road 
crashes tends to rise or, in the better of cases, to re-
main constant. In this context, if the decrease of the 
total quantity of victims of the automobile is desired, 
a serious effort to reduce the severity of road impacts 
should be made (without abandoning the intensifica-
tion of road crash–prevention campaigns). 

And since impact speed is a factor that has one of 
the greatest influence in the consequences of traffic 
crashes, the following should be highlighted: 

− vehicles allow drivers to travel at very high 
speeds and many of them prefer to do so, ex-
ceeding by far the legal limits.  

− some people even argue that it is safer to circu-
late at high speeds because some advantages are 
enjoyed (e.g.: it takes less time to arrive to des-
tination, so drivers are less exposed to traffic 
dangers). 

− human beings have a serious fascination for 
speed. In Aldous Huxley’s words, speed seems 
to provide “the one genuinely modern pleasure”. 

To conclude, it does not seem to be possible for the 
circulation speeds to be reduced –on the contrary, they 
will probably be increased in most countries–; there-
fore, it is highly useful to limit the circulation speeds to 
those allowed by law in each type of road. A general 
approach to both the aspects of severity decrease 
through speed circulation reduction, and to the ways of 
doing this by GPS technology is proposed.  
 
INTRODUCTION  

“The vulnerability of the human body should be a limit-
ing design parameter for the traffic system and speed man-
agement is central”. (World Health Organization – World 
report on road traffic injury prevention). 

Speed kills. Or, more appropriately, kinetic en-
ergy kills. Both the mass and the circulation speed of 
a travelling vehicle set its intrinsic kinetic energy, 

which has the property of transforming itself into 
other manifestations of energy, and that is the source 
of the mechanical forces that will decelerate and 
deform the vehicle when a road impact takes place, 
translating those efforts to the human beings inside or 
outside the vehicle. Furthermore, as it can be ob-
served in the daily tragedy of traffic crashes, these 
road impact-related mechanical forces provoke accel-
erations and direct impacts that when applied upon 
body tissues have proven to be frequently beyond 
human tolerances. So, the faster a vehicle travels, the 
higher the kinetic energy, the higher the mechanical 
forces that will be exerted upon human bodies, and 
the higher the potential damage to either motorists or 
nonmotorists. Similarly, the heavier a vehicle travels, 
the higher the potential damage to either motorists or 
nonmotorists. Yet, speed and mass are not the only 
factors that have a major influence in the outcome of 
a road crash.  

The factors that determine whether a human being 
survives undamaged, is sentenced to a permanent 
physical impairment, or fatally dies can be summa-
rized as follows: 

road crash
severity
exposure

biological
tolerances to
impacts and
accelerations
(they depend on
sex, age, size,
etc.)

protection
during crash

(vehicle safety
devices, road
infrastructure

etc.)

summation of
kinetic energy
previous to
impact

efficiency of
medical care

after the
 crash

 

Figure 1.  Factors that influence in the severity of a road crash. 

 
A review of the above mentioned factors shows 

that although all of them affect the severity of the 
result of a traffic impact, each of them does so in a 
different way. While biological tolerance, available 
protection (including both the safety devices present 
in the vehicle and the road infrastructure), and avail-
able medical care can be considered a default in a 
certain circulation condition, speed is a factor that 
introduces an uncertainty. In other words, it can be 
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said that a driver travelling on his car on a road has an 
intrinsic tolerance to injury defined by: 

− an inherent biological tolerance to accelerations 
and direct impacts that will be, for example, lower 
for an elder male than for a young female (1).  

− the protection provided by his vehicle, which 
will be more efficient if it has received a better 
rating in test programs such as the New Car As-
sessment Program (NCAP) (2). 

− the protection provided by both the road infrastruc-
ture and an emergency environment that will assist 
him in case of a road crash, a kind of assistance 
which will be more efficient if he is in a high-
income country than in a low-income one (3). 

Therefore, the “injury tolerance” for the named 
driver can be predicted from the mentioned circum-
stances. Yet, what cannot be predicted are nor the 
measure of the deceleration he will be exposed to, 
nor the amount and force of the direct impacts, since 
all of these depend tightly on the summation of ki-
netic energy previous to the impact –thus, on the 
circulation speed–:  

injury tolerance

biological
tolerance

available
protection

available
medical

care

speed mass

injury potential

kinetic
energy

 
Figure 2.  Factors that influence the tolerance to injury and the 
potential damage in a traffic impact.  

 

As it can be seen, both the mass and the speed of a 
vehicle should be highly taken into consideration by 
the driver, since with every kilogram in plus and with 
every kilometer per hour in plus he is stepping into a 
higher level of “injury potential” that can be inflicted 
either to himself or to his fellow human beings. Fur-
thermore, as it is known, speed has greater influence 
than mass in the value of the kinetic energy of an 
object, because while mass has a directly proportional 
influence on this physical dimension, speed has a 
directly quadratic influence:  

2.
2

1
vmEk =  

 (Ek = kinetic energy; m = mass; v = speed) 

A simple numerical comparison between two ve-
hicles can show how kinetic energy –and “injury 
potential”– are affected by an increment in mass or in 
speed. On the one hand, a 1:3 difference in masses 
corresponds to a 1:3 difference in kinetic energy. In 
the case of a small car weighting 1.000 kg that circu-
lates at 40 km/h, its kinetic energy is determined at 
61,7 kjoule, whereas a SUV weighting 3.000 kg and 
travelling also at 40 km/h has a three-time higher 
kinetic energy (185,2 kjoule). On the other hand, a 
similar small car circulating at 120 km/h has a nine-
time higher kinetic energy (555,6 joule) than the one 
travelling at 40 km/h. A graphical representation of 
these examples can be found in the following figures:  
 

  

Figure 3.  Influence of mass both in kinetic energy and in 
“injury potential”.  
 

 

 
Figure 4.  Influence of speed both in kinetic energy and in 
“injury potential”.  

 

So, if it is assumed that for any given situation 
there is a predictable “injury tolerance”, the traffic 
system must ensure that this named tolerance is 
enough to compensate any possible “injury potential”. 
It can be argued that the fastest and simplest way of 
accomplishing this involves adjusting the circulation 
speeds to safe levels. Furthermore, some experts 
within the scientific community argue the values of 
safe circulation speeds:  
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Table 1. 

Recommended travel speed according to the type of infrastruc-
ture and traffic, considering current traffic conditions. 
 

type of infrastructure and traffic recommended travel 
speed [km/h] 

locations with possible conflicts 
between pedestrians and cars 

30 

intersections with possible side 
impacts between cars 

50 

roads with possible frontal impacts 
between cars 

70 

roads with no possibility of a side 
impact or frontal impact (only impact 
with the infrastructure) 

100 

Source: reference 4 
 

 
However, for many drivers the mentioned speeds 

may appear absurdly low, specially when most of the 
vehicles that they are driving are capable of travelling 
faster than 200 km/h without affecting seriously their 
handling capabilities or their comfort, and when 
speeding provides them with both highly intense 
sensations and considerable benefits. In addition there 
is a further consideration that may have quite signifi-
cant influence in the driver’s decision to travel fast: 
road crashes are not as frequent as it is thought. In 
fact, the United States, which can be taken as a good 
reference for what happens in high-income countries, 
bears a rate of crashes per traveled kilometers 
(including fatal, injury, or property only damage 
ones) that can be estimated at around one crash every 
700.000 vehicle traveled kilometers (5). For an aver-
age annual traveled distance of nearly 20.000 kilome-
ters, a typical driver in the United States sustains a 
road crash, on average, roughly once every 35 years –
that is to say, approximately once in his entire driving 
cycle–. Moreover, in that crash he has a mere 0,06% 
of chances of receiving fatal injuries (5). 

Hence, an average driver that is circulating on a 
single-lane two-ways road could think: “Why should 
I keep my circulation speed below 70 km/h if my car 
can circulate at more than 200 km/h, if it is unlikely 
that I would get involved in a road crash, and if I 
can get both pleasure and other advantages while 
circulating faster?”. The answer is simple. Firstly, 
he should respect the so-called “absurdly low travel 
speeds” because road crashes are not a frequent 
event on a single basis, but the overall traveled dis-
tances are of such a gigantic proportion that drop by 
drop they fill an ocean of daily tragedy. As a matter 
of fact: 

− road crashes are the origin of huge economic 
losses, estimated at 1% of the GNP of low-income 

countries and 2% for high-income ones, costing to 
the world about 1,5% of its global GNP (3). 

− over a million people lose their lives and dozens 
of millions sustain some kind of physical im-
pairment as a result of traffic impacts (3). 

− the social consequences of such a phenomenon 
of wide proportions are virtually incalculable af-
fecting mainly the youths who are the most ex-
posed –damaging deeply their family group–; 
affecting in a terrible way the children and 
young people that lose their parents; and affect-
ing the society as a whole, which must carry out 
the resettling of the victims, adapting the general 
infrastructure (namely buildings, homes, etc.) to 
the necessities of the dozens of million people 
that every year must bear some permanent 
physical impairment. 

Secondly, he should respect the so-called “ab-
surdly low travel speeds”, because the most serious 
and fatal injuries happen in crashes at high speeds. 
Moreover, it can be argued that those named “high 
speeds” start at a relatively slow 60/70 km/h thresh-
old, at least under the current road conditions, and 
given the protection capabilities of modern vehicles. 

 
EXAMPLE BOX 1 
Estimated average travel speed in fatal crashes in the 
United States 

An analysis using the data available at Fatality Analy-
sis Report Systems (FARS) allows to estimate the average 
travelling speed of fatal crashes for the years 1994-2002 in 
the United States. As it can be seen in the following figure, 
most fatal crashes involve speeds that stretch out between 
60 km/h and 120 km/h with a larger concentration in the 
range 70-90 km/h. The latter represents values within legal 
circulation limits, and is above the maximum speed at 
which crashworthiness of automobiles is evaluated in im-
pact test programs. 

 

 

Figure 5.  Frequency of registered fatal crashes according to 
their travel speed in the United States for the years 1994-2002.  

Source: reference 6 
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Finally, he should respect the so-called “absurdly 
low travel speeds” because the catastrophe of traffic 
crashes is not going to become less serious in the 
short-term unless drastic measures are taken. Under 
current conditions, chances are that by the year 2020 
traffic crashes will become the third cause of death in 
the world (7). 

To conclude, this paper does not propose a mile-
stone technological innovation nor it states that the 
actions taken so far in the field of speed management 
have been incorrectly directed. Instead, it provides an 
additional general review to the aspects of severity 
decrease through speed reduction, and the ways of 
doing this by available technology, with the intention 
to encourage everyone who is or will be dedicating 
great amounts of efforts to diminish the burden of 
traffic crashes –and who believes that the best way to 
do so is by a general and synergistic approach– indi-
cating the huge benefits of setting within a reasonable 
period of time the circulation speeds at values where 
the human body is capable of undergoing a road crash 
without serious or fatal injuries.  

 
ROAD TRAFFIC CRASH AND ROAD TRAFFIC 
FATALITY TRENDS 

“Human life and health are paramount. According to 
Vision Zero, life and health should not be allowed in the 
long run to be traded off against the benefits of the road 
transport system, such as mobility. Mobility and accessibil-
ity are therefore functions of the inherent safety of the 
system, not vice versa as it is generally today”. (Sweden’s 
“Vision Zero”, looking for no fatalities or serious injuries 
in road traffic). 

Surprising as it may be, in the beginning the intro-
duction of the first automobiles had a positive effect in 
the descent of the mortal victims caused by the means 
of transportation. This was so because the first vehi-
cles, although rudimentary, could be controlled in a 
better way than the dozens of thousands of horses used 
previously in every city. As automobiles developed 
more weight, power and speed, and the quantity of 
vehicles increased in a geometric way, traffic crashes 
began to provoke the first devastating effects, generat-
ing among the population greater awareness of the 
problems caused by such crashes. 

Greater awareness resulted in better and safer 
roads, in better and safer cars, in wiser and more pru-
dent drivers. The factors that lead to a traffic crash 
were identified, and crash rates began to diminish. 
Nowadays, in most high-income countries, the rates of 
crashes per traveled kilometer are far below than that 
of few decades ago. A huge amount of effort was made 
in order to manage the factors that lead to a traffic 
crash, which can be outlined in the following figure: 

 

 

road crash
generation
exposure

vehicle
malfunctioning

(mechanical,
electronical,

etc.)

different types
of vehicles,
circulation
speeds and
driving styles

excessive
 circulation speed

pedestrians,
cyclists,

motorcyclists
and other

vehicles in the
same roads

inadequate
 road layout or
infrastructure
(dangerous turns,
lack of
information, etc.)

imprudences
and errors while

driving
 

Figure 6.  Factors that influence in the generation of a road 
crash. 

 
Nevertheless, there is a demonstrated close rela-

tionship between economic growth and motorization 
rate, and between economic welfare and traveled 
distances. The higher the level of economic develop-
ment and welfare, the greater the amount of motor 
vehicles, and the larger the quantity of kilometers 
traveled by each individual (8).  

 
EXAMPLE BOX 2 
Increment on the traveled kilometers in the United States 

The following figures are taken form the annual report 
on Traffic Safety Facts by the NHTSA, and show that the 
United States faces a multiplying phenomenon: every year 
there are more inhabitants, every year there are more 
vehicles per inhabitant, and every year the vehicles travel 
more kilometers. In the 27 years analyzed, the population 
incremented a mere 34%, while the number of traveled 
kilometers was over twice-folded as seen hereby:  

 
Figure 7.  Increment in population, number of licensed drivers, 
number of registered vehicles and traveled kilometers in the 
United States between 1975 and 2002.  

Source: reference 5 
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Hence, the key question to answer is: is the crash 
rate diminishing in such a way to compensate the 
increment in traveled kilometers, thus generating a 
lower total quantity of traffic injuries? Though this 
paper does not answer the question thoroughly, it can 
be mentioned that the 2004 WHO report on road 
traffic injury prevention states that a reduction in the 
total number of traffic fatalities may be expected in 
high-income countries (taken as a group) for the pe-
riod 1990-2020 (3). Yet, this may not be the case of 
all of them.  

 
EXAMPLE BOX 3 
Traffic fatality trends in the United States 

The 2002 Traffic Safety Facts of the NHTSA (9) high-
lights that the fatality rate dropped to reach 0,84 fatalities 
per 100 million vehicle kilometers of travel (VKT) in 2002. 
The trend for the last decades can be further analyzed in 
the following figure: 

 
 

Figure 8.  Evolution of the rate of fatal victims per 100 million 
VKT in the United States for the years 1975-2002.  

Source: reference 5 

 
Nevertheless, in the same period the distances traveled 

experienced a constant increment, as shown hereby:  

 

Figure 9.  Evolution of the quantity of traveled kilometers in 
the United States for the years 1975-2002. 

Source: reference 5 

 

 

Therefore, the total number of victims caused by traffic 
crashes ranged around 40.000. As it can be concluded from 
the following figure, the situation remained more or less 
constant for the last decade, with a slight upward tendency:  

 
Figure 10.  Evolution of total fatalities in road crashes in the 
United States for the years 1975-2002.  

Source: reference 5 

 
 

On the other hand, what has to be highlighted is 
that, one way or the other, only 10% of road traffic 
deaths occur in high-income countries (3). The reduc-
tion of road fatalities in these nations is a conse-
quence of decades of harmonized policies and ra-
tional traffic management. Almost every index has 
shown a betterment in the last years, and it can be 
predicted that in the long-term this will eventually be 
the case of medium-income and low-income coun-
tries, which will benefit from successful measures 
previously implemented in other countries. But before 
this happens, things are presumably going to get 
worse for the vast majority of the world’s population.  

Firstly, because medium-income and low-income 
countries do not show at present times diminishing 
road crash or road fatality rates (3). Secondly, because 
it can be expected that in the short term a lot of those 
nations will experience a sharp increment in their 
currently meagre motorization rate, as they stroll their 
development path (8); this increment will therefore 
imply larger quantities of traveled kilometers. Lastly, 
because most of the measures that must be taken to 
reduce fatality rates imply medium-term or long-term 
actions. As far as this last comment is concerned, it 
can be argued that decades will be spent in the devel-
oping world before: 

− inadequate road layout or infrastructure are im-
proved. 

− structural corruption in the police force and state 
inefficiency are overcomed so as to ensure suc-
cessful law enforcement campaigns aiming at 
limiting speeding, drinking, among other law-
breaking habits that compromise road safety. 
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− new cars attain the highest protection standards 
available in high-income countries cars. 

− older cars are subjected to strict technical in-
spections and potentially dangerous vehicles are 
retired from the roads. 

− drivers are thoroughly educated both in theoreti-
cal and practical expertise so as to drive safely. 

To summarize, sustainable economic growth leads 
to higher levels of motorization, and to steep and fast 
increments in the quantity of traveled kilometers. But 
in order to minimize traffic serious or fatal injuries, 
other aspects of road traffic, related to education, 
environment and enforcement, have to go along with 
motorization rate growth. As it can be argued that the 
mentioned aspects will follow motorization rate 
growth only in the medium/long-term, an aggravation 
of the problem is to be expected in the short term. 
The following figure summarizes this situation: 

 

motorization rate

sustainable economic growth

road crash/fatality rate

improvement
period

(long-term)

aggravation
 period

(short/medium term)

 
 
Figure 11.  Alleged relationship between long-term sustainable 
economic growth of a medium-income or low-income country, 
its motorization rate, and its road crash/fatality rate. 

 

This issue is particularly critical in the countries 
that are sustaining high levels of economic growth, 
which leading case is arguably China. Nevertheless, 
other countries in South Asia (India, for example) 
will be experiencing abrupt increments in the total 

quantity of dead and severely injured people as a 
consequence of road traffic. In fact, the World Bank 
is estimating that this will be the case of most regions 
in the world, except (as mentioned) for the high-
income countries. The predicted long-term incre-
ments in total road fatalities can be observed in the 
following table: 

 
Table 2. 

Predicted increments in total road fatalities in selected regions 
for the period 1990-2020. 

 

region change [%] 

South Asia 279 

East Asia and Pacific 201 

Sub-Saharan Africa 144 

Middle East and North Africa 129 

Latin America and Caribbean 100 

East Europe and Central Asia 27 

Source: reference 3 
 

To conclude, it can be argued that the world faces a 
severe problem. It is highly probable that the total 
number of crashes will rise and only in the long-term 
(and in the better of cases) it will lower or remain con-
stant. In medium-income or low-income countries, 
which bear 90% of total road fatalities, the situation is 
doubtless going to get worse in the short-term, and 
only in the long-term some progress will be achieved. 
On the other hand, in high-income countries it is ex-
pected a decline in the number of crashes (as most 
indexes show), though it can be argued that a steep rise 
in traveled kilometers can compensate the foreseen 
decrease. Moreover, under current circumstances, if the 
total amount of crashes does not descend, neither will 
do the total amount of serious and fatal road injuries. 
Therefore, it is worth highlighting that the key actions 
in road safety do not have to aim only at generating 
fewer crashes but as well –and specially in the short-
term– at generating less serious ones. 

 
THE INFLUENCE OF SPEED IN THE 
SEVERITY OF A ROAD CRASH 

"If a virtually safe system is going to be designed, either 
the harmful event must be eliminated, or it should not reach 
the limit of the human tolerance. In the Vision Zero con-
cept, it is assumed that accidents cannot be totally avoided, 
hence the basis for this concept is built around the human 
tolerance for mechanical forces”. (Sweden’s “Vision 
Zero”, looking for no fatalities or serious injuries in road 
traffic) 

Kinetic energy kills a human being in a road crash 
by means of two different phenomena: 
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− inflicting direct impacts to the human body as a 
consequence of occupant compartment deforma-
tion or of high-energy direct hits from internal 
or external objects. 

− exposing the occupants to dangerous speed 
changes that generate harmful “instantaneous” 
variations of speed (in elastic-type crashes) or 
harmful accelerations (in plastic-type crashes). 

 It is clearly understandable that the higher the 
speed of the impact (that implies higher levels of 
kinetic energy), the tougher the direct impacts and the 
higher the aggressiveness of the accelerations the 
motorists or nonmotorists will sustain. Yet, as men-
tioned before, the capacity of human beings to turn 
out to be unharmed in a road crash depends on non-
variable aspects such as: an inherent biological toler-
ance to accelerations and direct impacts; the protection 
provided by his vehicle; the protection provided by the 
road infrastructure; and an emergency environment that 
will assist him in case of a road crash.  

For a better understanding of the aspects of crash 
severity that involve speed, an example of an auto-
mobile crashing against a fixed object will be ana-
lyzed. The conditions that are going to be modeled 
are that of a small car weighing 1.000 kg that sustains 
a full-lap frontal impact against a tree on the side of 
the road. As many experts agree, an appropriate 
model for the description of the behavior of an auto-
mobile in a crash is the one that proposes a system 
formed by a single mass and an inelastic spring (10). 
The general model can be described as follows: 
 

 
 (m1 = mass; K1 = stiffness coefficient; 

L1 = length of spring; v1 = speed) 

Figure 12.  Model for an automobile collision against a fixed 
object. 
 

To complete the model, the values for the length of 
the spring and the stiffness coefficient should be set. It 
is the intention of this paper to use approximate values, 

since there is a great difference between the various 
makes and models. Therefore, the numbers that are 
going to be used, and that have been taken from the 
consulted bibliography (1, 11), are the following: 

L1 = 0,65 m 

K1 = 820.000 N/m 

With all the values set, and the assumption that 
speed remains the only variable of the system, some 
conclusions will be obtained from a series of evalua-
tions. Before going on, it must be stated that for a 
given initial kinetic energy, the automobile is able to 
protect the occupants by means of: 

− an external structure that is capable of absorbing 
a circumscribed amount of kinetic energy. 

− a compartment that suffers a determined amount 
of deformation, if the external structure fails to 
absorb the whole of the original kinetic energy, 
and that must avoid the intrusion of external ob-
jects which may directly hit the occupants. 

− a combination of restrain devices that refrain the 
occupants from moving forward at the same 
time that the compartment stops, that should 
both decelerate them in a safe manner and pre-
vent any dangerous movement in any direction 
that may lead to a direct impact against the inte-
rior of the vehicle. 

The first aspect to analyze is how speed affects 
the ability of the vehicle to absorb the initial kinetic 
energy, using the modeled type of external structure. 
Since the vehicle behaves as a mass-spring system, 
the maximum kinetic energy that can be absorbed is 
going to be equal to the maximum potential energy 
that the spring can store: 

2.
2

1
LKE p =

 
 (Ep = potential energy; K = stiffness coefficient; 

L = length of spring) 

For the example analyzed, the numerical value is: 

( ) ⇒= 2m 0,65 . N/m 000.820.
2

1
pE

 
joule 225.173=⇒ pE  

When the original kinetic energy (that depends on 
the impact speed) is higher that the maximum poten-
tial energy that the external structure of the vehicle is 
capable of absorbing, two phenomena can occur: 

− if the compartment is rigid enough to sustain the 
impact without deformation, an elastic-type 
crash will take place, forcing the cockpit to un-
dergo an “instantaneous” change of speed (and 
the subsequent extremely high acceleration), 

+ 
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which will be transmitted to the occupants since 
restrain systems are attached to the compart-
ment. 

− if the compartment cannot sustain the impact 
without deformation, a certain degree of intru-
sion will take place, possibly inflicting direct 
impacts to the occupants, and limiting the effi-
ciency of restraint system, as the distances be-
tween motorists and the interior surfaces be-
come shorter.  

It is worth mentioning that in the example ana-
lyzed, the speed limit at which the initial kinetic en-
ergy exceeds the one that can be absorbed is: 

⇒≥⇒≥ joule 225.173.
2

1
 joule 225.173 2vmEk

 

⇒≥⇒≥⇒ m/s 6,18
kg 000.1

joule 450.346
vv

 
km/h 67≥⇒ v  

Thus, every km/h in plus from 67 km/h will imply 
a higher level of kinetic energy that will not be able to 
be absorbed by the external structure, and an increase 
in the danger of the eventual instantaneous changes of 
speed or compartment intrusions. The consequences of 
a variable initial kinetic energy interacting with a fixed 
capacity of absorption can be analyzed in the following 
figure, which describes the percentage of the original 
energy that will not be absorbed by the external struc-
ture, for a range of speeds up to 200 km/h (a speed that 
most modern automobiles can gain): 

 

 
Figure 13.  Percentage of original kinetic energy that can not be 
absorbed by the frontal structure of the automobile of the 
analyzed example for a wide range of impact speeds.  
 

 
Therefore, a crash at 70 km/h will imply, for the 

example that is being analyzed, an initial kinetic en-
ergy of approximately 189.000 joule, and of those, 
approximately 16.000 joule will not be absorbed and 
will have the capacity to provoke either an instanta-
neous change of speed or some degree of deformation 

in the compartment. Whereas, at 130 km/h (a speed 
within legal limits in most countries), the remaining 
energy after the crash will be as high as approxi-
mately 479.000 joule, which as a matter of fact is 
nearly three-times higher than the energy that de-
formed completely the frontal sector of the automo-
bile. Moreover, in the recently named example, the 
car hits the tree at 130 km/h and, after the frontal 
structure accomplished its absorbing function, the 
compartment is still moving at 111 km/h.  

A further analysis can be made in order to esti-
mate the second aspect which is the amount of com-
partment intrusion that will be sustained for every 
impact speed. In order to do this the previous model 
will be modified as follows: 

 
 (m2 = reduced mass; K2 = compartment stiffness coefficient; 
L2 = length of compartment intrusion; v2 = remnant speed) 

Figure 14.  Model for determining compartment intrusion for 
an automobile in a high-speed collision against a fixed object. 
 

 
It is assumed that the compartment behaves in a 

similar way to the one of the frontal structure, with a 
reduced mass (since the engine and the front of the 
car are not influencing the movement) and with a 
different stiffness coefficient (since as a general rule 
compartments of automobiles are reinforced to mini-
mize intrusions). Therefore, assuming approximate 
values, the following parameters are going to be used: 

m2= 700 kg 

K2 = 1.640.000 N/m 

These numbers result from estimating both that 
30% of the mass of the vehicle is ahead of the com-
partment, and that the latter is twice as rigid than the 
frontal structure. As said before, these may not be the 
values of an actual vehicle, so the numbers should be 
considered only rough approximations that are used to 
simulate in a simplified way the chain of events that 
take place in a real impact. The third element to esti-

+ 
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mate is the remnant speed of the compartment after the 
frontal structure absorbed all of the possible kinetic 
energy. This can be done by, for instance, isolating the 
time from the harmonic movement equation, and re-
placing the expression in the speed equation: 
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 (vo = speed of impact; x = mass displacement = 0,65 m; 

v = mass speed; A = amplitude of movement =

m

K

vo
) 

In this way the set of equations is complete, and 
the extent of compartment intrusion can be calculated 
for a given impact speed. The results for the assumed 
values are summarized in the following figure: 

 

 
Figure 15.  Extent of compartment intrusion in the automobile 
of the analyzed example for a wide range of impact speeds.  

 
 
It must be remembered that the figures that are 

expressed above correspond to a theoretical and sim-
plified model of the extremely complex phenomena 
that take place in a road crash. Once this is taken into 
consideration, it can be argued that the initial speed of 
the impact is determinant as to the extent of com-
partment intrusion. As it can be observed in the ex-
ample a road crash against a fixed object at 100 km/h 
may lead to such a deformation eliminating all of the 
space between the frontal occupants and the dash-
board or the steering wheel. 

Therefore, why is it that the stiffness coefficient 
of frontal structures is not set in order to absorb the 
whole of the kinetic energy of the impact? The reason 
for this is that, as mentioned, kinetic energy kills 

either by inflicting direct impacts or by exposing 
occupants to dangerous acceleration levels. So, a vital 
trade off must be reached. If the stiffness coefficient 
is set so as to absorb all of the kinetic energy of the 
impact, high levels of acceleration are going to be 
produced. On the other hand, in order to minimize 
acceleration-related injuries, the value of the stiffness 
coefficient must be limited, and therefore some de-
gree of compartment intrusion will take place. 

Regarding this, there is a key issue that arises: 
what should be the design speed for the appropriate 
stiffness coefficient? Should it be 64 km/h (as in the 
impact tests that are being carried out and that repre-
sent the possible average speed of frontal impacts)? 
Should it be 130 km/h (as in the case of assuming that 
an automobile may sustain a road impact at the 
maximum allowed circulation speed)? Or should it be 
the top speed of the vehicle (as in the case of assum-
ing that most drivers circulate at speeds that exceed 
the legal limits, and that even though it is highly un-
likely that a great number of road crashes take place 
at such a speed, it is convenient to establish some 
degree of safety coefficient)? 

It is not the intention of this paper to indicate 
which would be the appropriate design speed, though 
the most serious of all three cases is going to be con-
sidered. Therefore, the behavior of the example vehi-
cle will be analyzed on the basis of a new stiffness 
coefficient, set so as to absorb all of the kinetic en-
ergy of an impact against a fixed object, up to speeds 
of 200 km/h. To do so, the following equation will be 
used:  
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 (A = amplitude of movement; vo = speed of impact; 
ω = angular frequency; K = stiffness coefficient; m = mass) 

In order to simplify the analysis, no change in ei-
ther the length of the amplitude of movement (0,65 
m) or in the mass of the vehicle (1.000 kg) will take 
place. Therefore, the new suitable stiffness coefficient 
can be calculated as follows: 
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It is worth mentioning that the resulting stiffness 
coefficient is almost nine-times higher than the origi-
nally assumed one. In a practical situation this will 
mean incrementing the mass of the vehicle (which 
will result in a different “ideal” stiffness coefficient), 
redesigning the frontal structure, as well as using 
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appropriate materials. Therefore, a thorough analysis 
must be done to determine the feasibility of the pro-
posed change. Yet, it must remembered that this pa-
per is only a general study of the subject, as a refer-
ence to the phenomena of speed and its relationship to 
crash severity, so the above values should be consid-
ered only as a result of a series of theoretical and 
simplified assumptions. 

Deeming these aspects, the average acceleration 
that the compartment would sustain can be analyzed, 
for the considered range of impact speeds. The reason 
for calculating the average acceleration instead of the 
peak acceleration is that when studied together with 
the time of exposure, it may give a more accurate 
reference to the dangers related to the acceleration 
process. Regarding this, it is worth highlighting that 
there is scarce theoretical knowledge about human 
resistance to acceleration and almost no empirical 
experience (1) since the last extensive and thorough 
tests were made just to determine the risks that future 
NASA astronauts would undergo; on top of that, such 
tests were made using air-force pilots –that do not 
represent the average human being– and more than 
half a century ago. Yet, it is possible to determine that 
the resistance to acceleration diminishes as the time 
of exposure to it increases, and that there are senses 
and directions more favorable than others (1).  

Going back to the analysis, the average accelera-
tion can be calculated as: 
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(amax = peak acceleration; K = stiffness coefficient; 
m = mass; vo = impact speed) 

The first equation can be expressed as: 
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On the other hand, the following equation will al-
low to deduce an important aspect: 
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 (t = time; T =harmonic movement period; 
ω = angular frequency; K = stiffness coefficient; m = mass) 

Thus, the time at which the acceleration is exerted 
upon the compartment (and subsequently transmitted 
to the occupants by means of the restraint devices) 
does not depend on the impact speed; a conclusion 
that could have been also drawn from the fact that a 
single-mass/inelastic spring system is used for model-
ing the behavior of the crashing vehicle. So, the 
higher the impact speed, the higher the acceleration of 
the compartment. And as the time is non variable, it is 
clearly understandable that higher levels of accelera-
tion exerted on the same period of time represent 
higher levels of “injury potential”.  

For instance, for the example that is being ana-
lyzed, at 70 km/h the average acceleration of the 
compartment can be estimated at 108 g, for a time of 
0,0184 seconds. At 200 km/h, the average accelera-
tion can be estimated at 308 g, for the same period of 
time (the peak acceleration in this last case reaches 
484 g). The complete numbers for the considered 
range of speeds can be hereby seen: 

 

 
Figure 16.  Average acceleration for the compartment of a 
vehicle designed to absorb completely the kinetic energy of 
road crashes with an impact speed up to 200 km/h.  

 

As mentioned before, it is difficult to predict the 
extent of injuries that a human being will sustain 
under the circumstances described above. Yet, as a 
general reference, NCAP directives and standards 
consider that the exposure to peak accelerations be-
low 60 g (for the chest) or 80 g (for the head) for a 3 
ms period of time is relatively safe, and values ex-
ceeding these are considered dangerous. Unfortu-
nately, a direct comparison can not be done since 
different periods of time are involved, but it can be 
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argued that an average 108 g exposition for 0,0184 
seconds will generate some degree of irreversible 
damage to a human being (it must be remembered 
that the acceleration exposure of the compartment is 
considered similar to the one the occupants will sus-
tain, as they are attached to it by means of the restrain 
devices). Moreover, the mentioned values correspond 
to an arguably low 70 km/h impact speed. 

Therefore, in the case of an automobile that 
crashes against a fixed object, speed affects crash 
severity as follows: 

− if the initial kinetic energy exceeds the one that 
can be absorbed by the frontal sector of the car, 
a dangerous phenomenon of compartment intru-
sion may take place at speeds as low as 70 km/h 
leading to direct impacts to the occupants. 

− if the frontal sector of the car is designed so as 
to absorb all of the kinetic energy of high-speed 
impacts, acceleration inflicted upon occupants 
may seriously injure them. 

These circumstances have been numerically ex-
emplified in figures 12 through 16, and can be sum-
marized as follows: 

 
Table 3. 

Estimated compartment intrusion for selected speeds for the 
first analyzed example (unmodified frontal sector stiffness 

coefficient). 
 

impact speed [km/h] compartment intrusion [m] 

70 0,12 

130 0,64 

200 1,08 

 
 

 
Table 4. 

Estimated average and peak acceleration for selected speeds 
for the second analyzed example (modified frontal stiffness 

coefficient) in a 0,0184 seconds period. 
 

acceleration [g] 
impact speed [km/h] 

average peak 

70 108 169 

130 200 315 

200 308 484 

 
 

Nevertheless, every aspect that has been analyzed 
so far corresponds to a single vehicle crashing into a 
fixed object (which by the way is not the most com-
mon of traffic impacts). It can be argued that speed 
has an overwhelming influence in many other ex-
tremely relevant road crash settings, namely: 

− pedestrians have a 90% chance of surviving a car 
impact at 30 km/h, while at 60 km/h the chance is 
merely 10% (3). In low-income and medium-
income countries, which bear 90% of all road 
traffic fatalities, most of the fatal crashes involve 
pedestrians, cyclists or motorcyclists. 

− the vast majority of high-speed impacts in a mo-
torcycle have proven to be fatal, since it can be 
argued that the motorcyclist lacks the minimum 
protection that is needed to overcome unharmed 
any kind of traffic crash. For instance, in the 
United States, while the rate of killed car passen-
gers per 100 million VKT was 0,8 in 2002, the 
same rate reached 40,8 (which represents a 51:1 
relationship) as regards motorcyclists (5).  

− in head-on collisions between two vehicles a lot 
of compatibility issues arise (that include the 
differences in masses and the behavior of the 
frontal structure, which is specially related to the 
way in which frontal rails interact). Therefore, a 
relatively safe speed for a crash against a fixed 
object may not be equally safe for a head-on col-
lision between two vehicles (12), which account 
for the most common road crash in high-income 
countries (5).  

To conclude, it must be remembered that circula-
tion speed is associated to a defined kinetic energy, 
which in time is related to a certain “injury potential”. 
This injury potential is opposed by non variable as-
pects such as human biological tolerance, available 
vehicle and environment protection to impacts, and 
the efficiency of medical assistance. Regarding this 
last issue it must be stated that: 

− firstly, human biological tolerance can not be 
modified in order to survive serious impacts 
without any important damage. 

− secondly, vehicle and environment protection to 
impacts can be modified, and there is evidence 
that progress has been made over the last years 
(specially in high-income countries), but im-
pacts at certain speeds imply serious technologi-
cal problems that do not allow to ensure the pre-
vention of all serious or fatal injuries. 

− thirdly, the efficiency of medical assistance can 
be modified, but as in the case of vehicles and 
road infrastructure, the system is designed to be 
able to act in the case of “survivable” impacts, 
mainly at low-speed or medium-speed crashes. 

− lastly, it can be argued that the circulating 
speeds are beyond safe levels, as road fatalities 
and injuries statistics show.  

Therefore, and considering that life and health 
should be given preference in regards to the benefits of 
the road transport system, reality shows that the fastest 
way to drastically reduce the daily tragedy of traffic 
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crashes is to lower the circulation speeds. Because, as 
theoretical and empirical evidence demonstrate, lower 
circulation speeds mean lower quantity of serious and 
fatal road impacts. Lower circulation speeds mean lower 
quantity of serious and fatal road injuries. Lower circula-
tion speeds mean better life and health. 
 
VOLUNTARY DECREASE OF SPEED 
CIRCULATION 

“Speed, it seems to me, provides the one genuinely 
modern pleasure” (Aldous Huxley, Wanted. A new pleas-
ure, in Music at night, and other essays, 1931). 

Speed kills. Yet it is longed for. Fast cars have 
always been the object of desire of the average driver 
in almost every country. Nowadays, most automo-
biles –even those vehicles that are intended mainly 
for family use such as station-wagons and SUVs– are 
equipped with extremely powerful engines that allow 
them to travel at very high speeds (which are far 
beyond legal circulation limits). It is true that buying 
a car with a 250 km/h top speed does not necessarily 
mean that the driver is going to break the law by 
circulating at speeds higher than the legal ones, but 
fast cars represent an almost unbearable temptation, 
for the simple reason that travelling at high speeds 
(along with other advantages that will be named later) 
provides a thrilling experience. 

In 1931, “Brave new world” author Aldous Hux-
ley wrote an essay about the necessity of inventing a 
new pleasure for humanity. One that would abolish 
our individual solitude during some hours per day, 
something that would reconcile us with our fellow 
men in a burning exaltation of affection and that 
would made life not only worthy of being lived in all 
its aspects, but also divinely beautiful and transcen-
dent. He figured that this could be achieved by a kind 
of drug, one of such nature that the following morn-
ing we could wake up with a clear head and a harm-
less organism. And he stated that the most similar 
thing to this new drug (though vastly far from the 
ideal) was the drug of speed. In Huxley’s opinion, the 
inebriant speed effects begun at 90 km/h, and at 110 
km/h an unprecedented sensation was felt. Unfortu-
nately, nowadays the combination of vibration-less 
and extremely comfortable automobiles and ample 
and largely straight roads makes the sensation de-
scribed by Huxley more than 70 years ago to be felt at 
much higher speeds (arguably beyond 160 km/h).  

These among many other reasons that are not going 
to be thoroughly analyzed in this paper explain why 
drivers long for high speeds. And as an answer to the 
market’s demand, these days automobiles are every 
time faster, heavier, and more powerful, most of them 
allowing stable driving at speeds that a few decades 
ago only sports cars permitted. As a result, automobiles 

are able to develop every time more kinetic energy, 
thus they bear higher “injury potential”.  

 

EXAMPLE BOX 4 
Evolution of maximum developable kinetic energy of the 
Volkswagen Golf 

The Volkswagen Golf is one of the best-selling cars in 
the automobile history. More than 22 million units of this 
model have been sold over its 30-year life. Since its first 
appearance in 1974 five series of this highly popular car 
have been introduced, and with every new development, 
power has increased, mass has grown, and maximum speed 
has augmented. To illustrate this point, in 1976 the most 
powerful vehicle within the model range was the newly 
born GTI which had the next selected characteristics: 

− maximum power: 110 CV. 
− mass: 830 kg. 
− maximum speed: 180 km/h.  

By 2005 the most powerful vehicle within the model 
range is a more extreme GTI with these selected character-
istics: 

− maximum power: 200 CV (+ 82%). 
− mass: 1.372 kg. (+ 65%). 
− maximum speed: 235 km/h (+ 31%).  

It can be argued that an adequate way of assessing this 
increment is the analysis of the maximum developable 
kinetic energy which gathers in a single expression the 
increment of both the mass and the speed, and it is also a 
valid index for the named “injury potential”. From the 
analysis it can be concluded that the most powerful vehicle 
available in 2005 experienced an almost threefold increase 
in its maximum developable kinetic energy when compared 
with the most powerful one in 1976. Furthermore, the less 
powerful vehicle in 2005 (Golf 1.6 3 door) is capable of 
developing a maximum kinetic energy way higher than the 
one the most powerful car was able to develop in 1976. All 
of this can be observed in detail in the following figure: 

 
 
 

Figure 17.  Evolution of maximum developable kinetic energy 
for each series of the Volkswagen Golf. 

Source: references 13, 14 
 

less powerful vehicle most powerful vehicle 
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Moreover, in a global context where everyone 
seems to be constantly hurrying up and time is more 
precious than gold, high circulation speeds are said to 
be beneficial to road safety since it is argued that:  

− it takes less time to arrive to destination (the risk 
of suffering a road crash is reduced since the 
driver is less time exposed to traffic). 

− overtaking actions are done faster and therefore 
in a safer way, reducing the chance of a head-on 
collision. 

− a better concentration level is achieved while 
circulating at high speeds rather than at low 
speeds, where fatigue and boredom frequently 
induce errors. 

There is no comprehensive study that supports the 
above arguments, and even in the case they were true, 
they all refer to advantages in the field of crash pre-
vention. Yet, the core argument of this paper is that 
circulation speeds must be lowered not only because 
it is highly probable that fewer crashes will occur, but 
–particularly– because under current circumstances 
low-speed impacts alone provide a considerable 
chance either to motorists or nonmotorists to survive 
a road crash without serious or fatal injuries.  

Unfortunately, fast driving brings tangible and 
immediate benefits for the driver that is able to end 
his trip without sustaining a road crash (which, as 
mentioned before, is a infrequent event that happens –
at least in high-income countries– at an estimated rate 
of one crash every 700.000 vehicle traveled kilome-
ters). Furthermore, fast driving is socially fostered, 
since individual success is generally represented by 
very expensive, very powerful, and very fast automo-
biles. On the other hand, the benefits of slow driving 
are far less discernible –specially in the very short 
term–, as they serve mainly the community as a 
whole, and they only arise by means of permanent 
prudent behavior over a long period of time. The 
conclusion that can be drawn from the aspects ana-
lyzed in this section (among others) is that it is 
unlikely that drivers will reduce willingly their circu-
lation speeds. Furthermore, it is unlikely that they 
will keep the circulation speeds within legal limits, 
unless they are emphatically forced to do so. 

To conclude, it can be expected that if every fac-
tor with an influence in road safety remains at current 
state: 

− cars will continue to provide higher maximum 
speeds every time.  

− circulation speeds will be higher and higher. 
− a voluntary decrease of speed can not be ex-

pected neither in the short-term nor in the long-
term.  

− road crashes will happen at higher speeds every 
time. 

 

EXAMPLE BOX 5 
Average travel speed trend for fatal road crashes in the 
United States 

A second analysis using the data available at Fatality 
Analysis Report Systems (FARS) allows to estimate the 
trend for average travel speed of fatal crashes for the years 
1994-2003 in the United States. Since a seasonal behavior 
is observed (fatal crashes in winter happen at lower speeds) 
a 12-month mobile mean was calculated. The results shown 
as follows reveal a slight –though constant– upward ten-
dency: 

 
 

 
Figure 18.  Evolution of the average travel speed of registered 
fatal crashes in the United States for the years 1994-2003.  

Source: reference 6  

 
 
SPEED LIMITATION THROUGH GPS 
TECHNOLOGY 

“Until recently, responsibility for crashes and injuries 
was placed principally on the individual road user. The 
system designers and enforcers –such as those providing 
the road infrastructure, the car making industry and the 
police– are responsible for the functioning of the system. At 
the same time, the road user is responsible for following 
basic rules, such as obeying speed limits and not driving 
under the influence of alcohol. If the road users fail to 
follow such rules, the responsibility falls on the system 
designers to redesign the system, including rules and regu-
lations.” (Sweden’s “Vision Zero”, looking for no fatalities 
or serious injuries in road traffic). 

Electronically-controlled devices are widely used 
in modern motor vehicles. They skillfully manage 
fuel injection, stability control, emergency braking, 
and (in certain circumstances) circulation speeds. 
Regarding the latter, the following devices can be 
named:  

− standard cruise control (the desired circulation 
speed is set by the driver, and the system sends a 
signal to the engine or braking system either to 
accelerate or decelerate the vehicle, maintaining 

average travel speed 12-month mobile mean 
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the desired speed even when conditions change 
–e.g.: road passing over a hill–). 

− adaptive cruise control (this system automati-
cally adjusts speed in order to maintain a proper 
distance between vehicles in the same lane). 

− speed limiter (car makes such as Mercedes-
Benz, BMW, Volkswagen or Volvo set a maxi-
mum speed of 250 km/h for all of their automo-
biles by acting in the fuel injection system). 

Therefore, it can be argued that from the techno-
logical point of view, it is possible to set the maxi-
mum circulation speed in order to remain below the 
legal limit. But before that happens, some system-
related and vehicle-related conditions must be as-
sured, namely:  

− a digital database of every road, whether urban 
rural o motorway, should be available, comple-
mented by a speed limit database. 

− every vehicle should be able to store that infor-
mation and update it periodically, as well as be 
able to set its current position (through GPS 
technology and an on-board computer). 

− speed limiter and cruise control should closely 
interact with the determined position of the ve-
hicle and the corresponding speed limit, there-
fore managing the maximum circulation speed. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 19.  Speed management through GPS technology.  

 

On this regards, it is worth mentioning that at pre-
sent times there are a number of programs that deal 
with this aspect of circulation speed management, 
such as the ISA program. 

EXAMPLE BOX 6 
ISA (Intelligent Speed Adaptation) Program 

In a three-year period, an ISA program test was con-
ducted in Sweden. Some ten thousand voluntary drivers 
tested an array of technical systems, involving “warning”, 
“informative” and “supportive” ISA devices. If the driver 
drove too fast, light and sound signals were activated in the 
warning or informative systems. In the supportive system 
the acceleration pedal offered resistance, which could be 
overcome by following a kick-down action. Regarding this, 
the following test results can be highlighted (15): 

− a clear decrease in speed violations at all speed limits 
took place. 

− lower average circulation speeds of vehicles provided 
with ISA provoked a decrease in average and maximum 
circulation speeds of vehicles not provided with ISA. 

− drivers using ISA kept better headway and showed 
more consideration. 

− there was no change in travel times, despite lower cir-
culation speed (fewer stops and braking situations). 

− both fuel consumption and emissions decreased. 
 

Yet, when considering a short-term global imple-
mentation of systems that are similar to the ISA pro-
gram many issues arise, namely: 

− although many current motor vehicles are pro-
vided with on-board computers and a GPS navi-
gation system, the majority of motor vehicles lack 
these vital components. If only vehicles provided 
with on-board computers were to be compelled to 
set their circulation speeds to legal limits the great 
differences in circulation speed would probably 
worsen the situation. Thus, every motor vehicle 
should be provided with a speed management 
system before implementing such programs, 
which can only be achieved in the medium-term 
or in the long-term, unless some kind of fostering 
policy by the governments took place. The situa-
tion is particularly sensitive in low-income and 
medium-income countries, where GPS technol-
ogy is mostly unavailable and governments lack 
practical means to implement such systems.  

− it can be argued that mandatory systems will 
provide better results as regards speed decrease, 
yet informative and supportive phases will 
probably have more adhesion in the first steps of 
the implementation, thus reducing at first the 
efficiency of the system.  

On the other hand, the advantages of such systems 
are overwhelming, among which:  

on-board computer speed-limit database 

road digital database GPS array 
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 70 
 50 

speed management 
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− circulation speed can be efficiently controlled, 
so as to be largely kept below legal limits. 

− circulation speed limits can be set according to 
the road characteristics (urban, motorway, etc.) 

− circulation speed limits can be adjusted in real-
time to fit variable conditions, such as bad 
weather, snow, fog or any other unusual event. 

− circulation speed limits can also be set according 
to the motor vehicle characteristics and mainte-
nance condition, as well as to the driver conduct, 
expertise and experience (with the aid of a digi-
tal identification device, or similar).  

To conclude, since speed management is such a 
sensitive matter to road safety, and both the drivers 
and the system have proven to be unable to maintain 
the circulation speeds below legal limits, it is highly 
necessary to modify some aspects of the road system 
so as to ensure the circulation at safe speeds; and 
when pros and cons are weighed, it is probable that 
the mentioned speed management through GPS tech-
nology will bring largely more benefits than incon-
veniences. 

 
CONCLUSIONS 

“Any effective response to the global challenge of re-
ducing traffic casualties will necessarily require a large 
mobilization of effort by all those concerned at the interna-
tional, national, and local levels” (World Health Organiza-
tion – World report on road traffic injury prevention). 

Speed kills. And it is going to continue doing so 
unless huge efforts are made in order to set within a 
reasonable period of time, circulation speeds at values 
where the human body is capable of undergoing a 
road crash without serious or fatal injuries. Over the 
last years many successful traffic safety measures 
gave place to a decrease in injury and fatality rates; 
although this only happened in high-income countries 
which bear 10% of total world fatalities. On the other 
hand, it is expected that the quantity of traveled kilo-
meters will suffer a worldwide increase in the next 
years. Therefore, if the current conditions remain 
unchanged, road crashes will become one of the main 
causes of death within a short period of time. More-
over, it can be argued that the fastest and most effi-
cient way to minimize the daily tragedy of road 
crashes is through the reduction of circulation speeds 
to comply with the legal limits, or even better, to 
remain within safe limits. 

This paper concludes that a feasible way to 
achieve the necessary circulation speed management 
is through a mandatory intelligent speed adaptation 
system, which integrates GPS arrays, road and speed 
limits digital databases, and in-vehicle currently 
available hardware and software (namely on-board 
computer, speed limiter, and cruise control). How-

ever, it is probable that this will be possible in the 
medium-term or long-term, so this paper also pro-
poses to enhance the efforts directed towards speed 
management, doing so in a general and synergistic 
approach, involving government, industry, and uni-
versity, as well as public and private safety-related 
organizations. 

To conclude, it must be remembered that more 
than a million people are killed annually (and that 
dozens of million bear some kind of permanent 
physical impairment) due to road crashes that happen 
at speeds that exceed human and system tolerances. 
Therefore, the sooner a safe speed management is 
achieved, the sooner speed will stop killing.  
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AN EVALUATION OF A CURRENT REAR IMPACT DUMMY AGAINST HUMAN 
RESPONSE CORRIDORS IN BOTH PURE AND OBLIQUE REAR IMPACT 

Claire Willis, Jolyon Carroll, Adrian Roberts 

ABSTRACT  

Much recent research has been conducted on 
Whiplash Injury, however little has focussed on 
oblique or non-symmetrical rear impact loading and 
the attributes that a test device should have to detect 
injury risk, including responses to asymmetrical 
loading, which will be needed in a regulatory test 
device. A series of low speed, oblique rear tests 
have been conducted with volunteers and the RID3D 

dummy. Pure rear impact tests were also conducted 
with the RID3D to replicate previous tests using 
volunteers as well as the BioRIDIIb and THOR
dummies. The paper also reviews further issues that 
must be addressed for regulatory application. 

This research evaluated: 

Volunteer responses with respect to impact 
orientation and muscle activity 
The RID3D’s response against volunteer 
response corridors for oblique rear impact. 
The RID3D for repeatability and reproducibility. 
The RID3D, BioRIDIIb and THOR dummy 
responses against human response corridors for 
pure rear impact. 
The interaction of the dummy with the test seat 
compared to human subjects. 

The main findings were: 

Muscle activity should be considered in rear 
impact events. 
Both RID3D and BioRIDIIb had aspects of their 
responses which fitted the human response 
corridors generated. 
The THOR ’s response was less human-like 
than the other two dummies.  
Both RID3D and BioRIDIIb had aspects of their 
motion which could be improved. 
There were issues of concern with the RID3D in 
terms of reproducibility. 
The BioRIDIIb was the only dummy that 
interacted with the test seat in a human like 
way 
The BioRIDIIb appeared to be the more 
biofidelic dummy based on the testing 
conducted but further study of the 
reproducibility of its response is required. 

INTRODUCTION 

Extensive research has been carried out during the 
last 10 years in the area of rear impact and whiplash 
injury research, resulting in the development of two 
dummies designed specifically for rear impact 
testing. The first, the BioRID II, was developed by 
Davidsson (2000) [1] with a fully articulated spine, 
designed to be representative of a human seated in a 
typical vehicle seat. The RID3D started life as the 
RID (Svensson and Lovsund, 1993 [2]) and then 
the TRID neck (Thunnissen et al, 1996 [3]), 
designed as an adaptation for the Hybrid III dummy. 
However, as a result of the EC 4th Framework 
project – ‘Whiplash I’ project the neck was applied 
to a modified THOR torso, which also included a 
modified pelvis and abdominal flesh, creating the 
RID2. The neck was then modified in the Whiplash 
II project to detect whiplash injuries from all 
impact directions to create the RID3D.

The BioRID has been evaluated against the RID2 
by Zellmer et al (2002) [4], who concluded that in 
terms of seat ranking ability using injury criteria 
such as NIC, the two dummies were comparable. 
The authors used a recently designed dynamic 
sled-based test procedure, a range of different car 
seats and NIC and Nkm for injury criteria to 
compare the two dummies. The designs of the two 
dummies were discussed in detail. Zellmer et al 
noted that although the results were comparable the 
kinematics of the two devices were different. The 
authors recommended that the kinematics of each 
dummy should be compared with those of human 
volunteers to determine whether particular aspects 
of human motion are important and to show which 
dummy was the most “human-like”. The authors do 
not appear to have evaluated the repeatability or 
reproducibility of either dummy during their test 
series. 

A wide variety of volunteer and PMHS tests have 
been conducted by different research groups to 
generate biofidelity data for the evaluation of rear 
impact test devices and in order to gain an 
understanding of the mechanisms and subtleties of 
Whiplash injury. However, to date, all biofidelity 
data against which dummies have been evaluated 
has been generated from pure rear impacts. 
Golinski and Gentle (2002) [5] used a model of the 
Hybrid III dummy with a human neck to show that 
a scenario where the occupant had their head turned 
at an angle just prior to impact could significantly 
increase the stress on the neck. As part of the 
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Whiplash II project, TRL set out to generate high 
quality oblique-rear impact volunteer response data, 
as reported by Willis et al (2004) [6].  These tests 
followed on from work conducted by Roberts et al 
(2002) [7] to generate high-quality pure rear 
volunteer response data. Both test series used 
identical test set-ups and evaluation techniques so 
that the two sets of data would be comparable and 
any significant differences in volunteer response 
could be identified. The only difference between 
the two test series was that the volunteers used for 
the oblique-rear tests were blindfolded and given 
mental tasks to complete which were played 
through headphones to ensure that the volunteers 
were unaware of the impending impact and were 
therefore unbraced. 

In order to make best use of these response 
corridors, a variety of dummies were evaluated 
against the pure rear response corridors (Roberts et 
al, 2002 [7]). Subsequently the RID3D was 
evaluated against both sets of response corridors. In 
order to make the evaluation more thorough, two 
identical prototype RID3Ds were tested under 
identical impact conditions, in order to assess the 
reproducibility and repeatability of the dummy as 
well as its biofidelity. The results of the pure rear 
tests with the RID3D may be compared to those of 
other dummies and provide a basic comparison 
between the RID3D and BioRIDIIb. (It should be 
noted that the BioRID is at revision IIg at time of 
writing.) 

METHOD 

The test procedure used for the volunteers was 
documented by Willis et al (2004) [6]. The testing 
was conducted under strict ethical guidelines and 
approval was obtained from the relevant medical 
ethics committee before testing commenced. A 
group of eight male volunteers, approximately 50th

percentile, were tested in an oblique rear impact 
scenario, using a dual sled system to give an impact 
of 2g and a V of 7kph (1.9m/s). The seat used was 
angled at 15� to the direction of impact as it was 
thought that having the volunteers’ heads turned at 
an angle would have carried too great a risk of 
injury and could not have been replicated with a 
dummy. The angle of 15�was based on a study of 
drivers in a range of vehicles and the angle through 
which they turned their heads to monitor the 
mirrors etc. The volunteers were blindfolded and 
given a series of mental and oral tasks so that they 
were unaware of the impending impact. The 

volunteers were instrumented with accelerometers, 
visual targets and electromyography (EMG) sensors. 

The dummy tests were designed to apply identical 
impact conditions to the dummy as had been used 
for the volunteers. The oblique rear set-up is 
illustrated in Figure 1 (the pure rear set-up was 
identical but with the seat facing forwards). Two 
identical prototype RID3Ds were tested under both 
pure and oblique rear impact conditions, using two 
impact pulses as illustrated in Figure 2, the first was 
used for the volunteers, the second was a more 
severe pulse to assess the dummy’s sensitivity. The 
test seat was based on an UN/ECE Regulation 44 
(1998) Test Bench but the seat back was padded 
with 70mm polyethylene foam and increased to a 
height of 590mm above the CR line. An adjustable 
head restraint was also added. The seat back and 
head restraint were instrumented with load cells and 
inertial compensation accelerometers, as illustrated 
in Figure 3. A pressure mat was positioned 50mm 
from the base of the seat back to record the pressure 
distribution formed by each subject’s back against 
the seat during the test. The dummy was 
instrumented with a variety of internal sensors; tri-
axial accelerometers at the head centre of gravity, 
T1, T12 and Pelvis; 6-axis upper and lower neck 
load cells and tilt sensors as illustrated in Figure 5. 
In addition the dummy was instrumented with 
external tri-axial accelerometers on the left and 
right of the head, at T1 and on the chest to mimic 
the positions used for the volunteer instrumentation. 

Figure 1: Oblique-Rear Impact Test Set-up as 
viewed from above 
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Mean Pulses used for RID3D Tests
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Figure 2: Acceleration Pulses used for RID3D

Testing Figure 3: Seat Back Instrumentation 

Figure 4: RID3D Tilt Sensor Positions Figure 5: RID3D Settings for Tilt Sensors 

Position of 
Sensor 

Set-up Angle Target and 
Tolerance 

x-axis y-axis 

Head 0o � 1° 0o + 0o/-1° 
T1 None 0o � 1° 
Thorax None None 
T12 None None 
Pelvis 0o � 1° 22.5o ± 5° 
Lumbar Spine None 0o �1° 

A standard procedure was followed for dummy 
positioning to try to ensure repeatability. Although, 
initially, the procedure demonstrated in training (for 
the RID3D) was followed to set the lumbar bracket 
and T1 bracket correctly, these settings were not 
altered for a given dummy during testing, to try to 
ensure that the dummy was set up as repeatably as 
possible. The dummy positioning procedure (once 
lumbar and T1 brackets were set) was as follows: 

External sensors and tracking targets were put 
in place. 
The dummy back flesh was put in place 
The neck cable tension was checked 
qualitatively (no quantitative method was 
available) 
The dummy was positioned such that the 
back-set1 was 75mm (a spacer was used for this) 
and all tilt sensors were reading within the 
set-up range as far as this was possible. 
Stills photographs were taken and the position 
of visual targets on the dummy were noted, 
relative to the sled. 

1 Back-set – the distance between the rear of the 
head and the front of the head restraint. 

Post-test, more photographs were taken. The 
dummy back flesh was removed to ensure that 
it did not become compressed between tests. 
The dummy was also inspected for damage. 

RESULTS 

Oblique Rear Volunteer Tests 
High quality response corridors were generated 
from the volunteer testing and these have been 
previously presented by Willis et al 2004 [6]. It was 
noted that although the amount of displacement and 
acceleration recorded varied between different 
volunteers, their responses usually had similar 
characteristics, for a given parameter. Thus the 
displacement and acceleration corridors represented 
the characteristics of the volunteer responses well. 

When the oblique rear volunteer results were 
compared to the results of the pure rear tests 
conducted by Roberts et al 2002, it was found that: 

The oblique rear volunteers were much less 
aware of the timing of the impending impact 
and therefore were unprepared for the impact, 
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whilst the pure rear volunteers were aware and 
to some extent “braced” themselves. 
The oblique rear volunteers experienced head 
rotation about the z-axis and some lateral 
motion. This was not recorded for the pure rear 
volunteers since none was expected. 
The pure rear volunteers exhibited less vertical 
motion at T1 than the oblique rear volunteers, 
possibly because they were braced and 
therefore had straighter, ‘stiffer’ spines prior to 
impact. All T1 vertical motion was caused by 
the volunteers’ spines flattening against the seat 
back in both series of tests. 
The oblique rear volunteers loaded the seat 
back asymmetrically. 
Both sets of volunteers loaded the top and 
bottom of the seat back more than the middle 
(shoulders and pelvis) and the bottom of the 
head restraint. 
Both sets of volunteers showed muscle 
activation sufficiently early after the impact for 
their muscles to have affected their motion 
during impact. 

RID3D General Set-up and Use 
The procedure for setting the neck cable tension on 
the RID3D at present requires the dummy to be 
dismantled which can be very time-consuming. 
Unfortunately, the dummy cannot be set up prior to 
shipment. Once the cable tension has been set 
correctly, it can only be verified using a qualitative 
method as no quantitative method exists. 

As the dummy is designed specifically for use in 
shaped car seats it is extremely difficult to position 
in a seat with a flat or abnormal shaped seat back as 
its back has been given a fixed, curved profile. The 
rigid thoracic spine and non-human-like back flesh 
made it impossible to put the dummy in the same 
seated position as the volunteers as they were able 
to configure themselves to the nuances of the 
particular seat. This is a feature that may be 
considered advisable in a human surrogate. The 
back flesh also prevented any shoulder interaction 
with the seat back and made the dummy unable to 
detect any asymmetric loading from the seat back. 
The difficulties in positioning the dummy also 
extended to setting the lumbar and T1 brackets 
correctly. Small differences in the settings used for 
these brackets (±2�) can, according to 
manufacturers, have a significant effect on the 
dummy’s response. 

Although the tilt sensors were set and recorded as 
accurately as possible, it was found that it was 
impossible to have all sensors reading within the 
specified tolerance range with the dummy 
positioned in a flat backed seat. It was also found 
that without the moulded back of a car seat to 
support it, the dummy’s own movement after 

positioning was sufficient to move the tilt sensor 
readings outside of the setting up tolerance. 

RID3D Repeatability 
The repeatability of internal sensor readings was 
monitored during testing to ensure that a sufficient 
number of tests had been conducted to identify any 
possible anomalies. In general, the repeatability of 
response was found to be good according to both 
internal and external sensors (Figure 6). However, 
there were anomalous readings recorded by both 
the upper and lower neck load cells as illustrated in 
Figure 7. 

The kinematic responses indicated that the RID3D

responses were repeatable at 2g but there was some 
variation in the response at 4g (Figure 8). 
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RID3D Reproducibility 
When the internal sensor readings were compared 
during testing, little difference was found between 
the responses of the two dummies (Figure 6), 
although some sensor readings showed small 
differences in the response characteristics. However, 
when the kinematic responses were compared, 
distinct differences were found for every parameter 
(Figure 9 and Figure 10). These differences have 
been attributed to the lumbar spines of the two 
dummies not having been certified dynamically 
prior to testing. Subsequent testing has revealed 
differences between the two spines in terms of 
stiffness. 
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RID3D Biofidelity 
The two dummies produced very similar amounts 
of head and T1 fore-aft displacement as compared 
with the volunteers. However, the differences 
between the responses from the two dummies were 
a problem in this respect. Figure 11 shows that the 
response from the RID3D #1 fits within the corridor, 
whilst the response from the RID3D #2 was quite 
different.  

The main differences between the RID3D responses 
and those of the volunteers were in the amount of 
vertical motion (Figure 12) and head rotation about 
the z-axis (Figure 13). The RID3D’s spine is too 

rigid to allow much head rotation about the z-axis 
and although it showed some ability to mimic the 
human vertical motion relative to the seat back this 
was insufficient, particularly in oblique impact 
where the asymmetric loading appeared to reduce 
the spine’s flexibility. 
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-40

-30

-20

-10

0

10

20

30

40

0.00 0.05 0.10 0.15 0.20 0.25 0.30

Time (seconds)

06pm01 (RID 3D #1, Pure Rear, 2g) 06pm02 (RID 3D #1, Pure Rear, 2g)

06pm03 (RID 3D #1, Pure Rear, 2g) 06pm04 (RID 3D #1, Oblique Rear, 2g)
06pm05 (RID 3D #1, Oblique Rear, 2g) 06pm06 (RID 3D #1, Oblique Rear, 2g)
Pure Rear Upper Corridor Pure Rear Lower Corridor

Oblique Rear Upper Corridor Oblique Rear Lower Corridor

Figure 12: T1 Vertical Displacement relative to 
seat back (pure and oblique rear tests, at 2g 

-20

-10

0

10

20

30

40

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Time (seconds)

06pm04 (RID3D #1)
06pm05 (RID3D #1)
06pm06 (RID3D #1)
06pm07 (RID3D #2)

06pm08 (RID3D #2)
Oblique Rear Upper Corridor
Oblique Rear Lower Corridor

Figure 13: Head Rotation about the z-axis 
(oblique rear tests, at 2g) 



6 Willis 

Pressure profiles 

The pressure profile readings taken during testing 
were compared to those taken during volunteer 
testing and showed that the dummies’ interaction 
with the seat back were very different to those of 
the volunteers (Figure 14 and Figure 15). When the  

force distribution from a typical dummy test was 
compared to the load cell readings from the 
volunteer tests there were also noticeable 
differences in the way the dummy loaded the seat 
back. 

Approx. 
Time (ms) 

Typical Volunteer 
(pure rear impact) 

RID3D

(pure rear impact) 
0

30 

67 

105 

Figure 14: Comparison of pressure profiles from a 
typical volunteer and the RID3D (pure rear tests) 
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Figure 15: Comparison of pressure profiles from a 
typical volunteer and the RID3D (oblique rear tests) 
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Comparison of RID3D Response with Other 
Dummies in Pure Rear Impact 

The BioRIDIIb, THOR and THOR with a 
EuroSID neck were all tested under the same pure 
rear impact conditions as the RID3D and volunteers.  
(BioRID is now at version 2g and the THOR has 
since been developed further as the THOR-NT and 
the THOR-FT has also been created. Each dummy 
was tested at least twice under the same impact 
conditions. The repeatability of response was good 
for every dummy except the THOR with the 
EuroSID neck. There appeared to be a problem 
with the impact point (T0) timing of the RID3D

results and hence they were adjusted to fit with the 
other dummy responses. 

Considering the acceleration responses, both the 
BioRID and RID3D produced fore-aft head and T1 
responses that were very close to the volunteer 
responses (Figure 16). Similarly the fore-aft 
displacement responses for both dummies were 
close to or within the volunteer corridors and very 
similar to each other. The main differences between 
the dummy responses were apparent in the vertical 
accelerations and displacements. For the head and 
T1 accelerations, both the RID3D and BioRID had 
the correct characteristics to their responses but the 
BioRID response was closer to the corridors 
(Figure 17 and Figure 18). The relative timing of 
the BioRID head fore-aft and vertical accelerations 
was also closer to that of the human volunteers than 
the other dummies. The THOR responses were very 
different to the corridors (not surprising since 
THOR was designed for high severity frontal 
impact). When head vertical displacement is 
considered (Figure 19) the BioRID had the best 
response but was still not close to the corridor; 
however, the RID3D and THOR with EuroSID neck 
had much better T1 vertical displacement responses 
(Figure 20) with the correct characteristics 
compared to the corridor, although again, they were 
not close to the corridor in the time domain. 
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Figure 16: Head Fore-Aft Acceleration 
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Figure 17: Head Vertical Acceleration 
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Figure 18: T1 Vertical Acceleration 
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Figure 20: T1 Vertical Displacement 

An unusual effect was observed when the recorded 
axial neck loads for each dummy were compared; 
the BioRID neck load cell recorded a compression 
peak, whilst the other dummies recorded neck 
tension during the same part of the impact (Figure 
21. When the relative accelerations of the human 
head and T1 are compared from the volunteer tests, 
the head is accelerated upwards initially and then 
downwards relative to T1, causing compression in 
the neck itself (Figure 22); thus the BioRID 
response would appear to be most representative of 
the effects experienced by a human. 
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Figure 21: Comparison of Neck Axial Force 
recorded by each dummy 
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Figure 22: Relative Acceleration of Head and T1 

ANALYSIS 

RID3D Reproducibility 
The differences between the responses from the two 
dummies were investigated thoroughly. One of the 
dummies had kinematic responses closer to the 
volunteer corridors than the other. However, it was 
not known whether the RID3D showing the least 
biofidelity was the one functioning incorrectly or 
correctly. To determine which response was from 
the faulty RID3D, the tilt sensor readings and visual 
images for each test were compared to identify any 
differences in the initial positioning or set-up of the 
dummies that might have caused the differences in 
response but no explanation was found. The RID3D

spine consists of a flexible, straight lumbar element, 
two solid steel sections and a small flexible thoracic 
element connecting the two steel sections as 
illustrated in Figure 23. The lumbar elements are 
identical to those used in a EuroSID dummy; 
however, in this instance these units were not 
certified dynamically prior to testing. Subsequent 
certification tests revealed significant differences in 
the stiffness properties of the two elements. 
Unfortunately, the element which produced the 
most human-like kinematic response was the one 
which failed the certification tests because it was 
too stiff. It is recommended that the effects of the 
lumbar spine properties on RID3D kinematic 
response be investigated further. 

Figure 23: Schematic of the RID3D Torso 
illustrating the position of the Lumbar and 

Thoracic Spine Flexible Elements 

Position of 
Thoracic Spine 
Flexible Element

Lumbar Spine 
Flexible 
Element 
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Dynamic certification criteria do not exist for the 
thoracic spine element. It is suggested that some of 
the problems identified may be attributed to this 
uncertified part. The interaction of the lumbar and 
thoracic elements, each having potentially different 
material properties for each dummy, could possibly 
explain the differences observed between the 
kinematic responses of the two dummies. 

RID3D Biofidelity 
The design of the RID3D spine and back flesh can 
also explain the lack of vertical motion in its 
response and the differences between the way the 
dummies and humans interacted with the seat back. 
The human volunteers initially had some degree of 
natural curvature in their spines prior to impact 
(depending on their posture and the amount of 
pre-impact bracing). They were then pushed 
backwards into the seat back by the impact. This 
had the effect of causing their spines to flatten 
against the seat back, adapting to the shape of the 
seat, and hence for their thoracic spines, necks and 
heads to move upwards. The dummies started with 
most sections of their spines straight prior to impact 
and hence any vertical head and neck motion was 
minimised. However, the motion recorded at T1 
showed that the RID3D has the correct form in its 
response but the response is too rapid. The amount 
of vertical motion is also reduced in the oblique 
impact – implying the RID3D design is less able to 
produce the correct vertical motion when loaded 
obliquely. The head vertical motion shows that the 
neck design does not allow the correct relative 
vertical motion between T1 and head. In contrast, 
the BioRID shows almost no vertical motion at T1 
but excellent relative motion between head and T1, 
including the timing of the response. It is suggested 
that this is due the fact that the BioRID neck starts 
with a natural curvature, representative of human 
posture. Its poor T1 vertical motion is caused by the 
fact that its flexible spine is designed to start with 
the lumbar spine straight and a natural curve in the 
thoracic area; this initial starting posture may have 
prevented there from being much spine 
straightening during the impact. It is possible that 
the thoracic spine was flattened against the seat 
back in its initial starting position as the resistance 
to bending/straightening at this section of the spine 
is limited.  

The BioRID has the advantage of engaging with the 
seat back in a more human-like manner compared 
with the RID3D. The problem with the RID3D’s 
engagement with the seat back is that all of the load 
is transmitted to the seat through the back flesh, 
which is designed for a specific in-car posture. This 
prevents the dummy’s shoulders and pelvis from 
engaging with flatter seats than the back flesh was 
designed for. This would prevent the dummy from 

“seeing” asymmetric loading or yielding caused by 
the seat in a test environment. 

Both RID3D and BioRID dummies have some 
limitations with regard to the biofidelity of their 
response and their suitability for use in a regulatory 
impact test procedure. However, it would seem that 
the most human-like dummy in terms of kinematics 
and forces detected would be the most suitable 
candidate. Currently, the BioRID’s response is 
closer to that of a human in terms of relative head 
and neck motion and the forces recorded by the 
neck load cells. The BioRID also appears to have 
better seat back interaction capabilities. However, 
the reproducibility of the BioRID response was not 
determined in this test series, neither has its 
response been evaluated under oblique loading 
conditions to assess its suitability for detecting 
asymmetric loading. It is not known how suitable 
either dummy would be for detecting lumbar 
injuries which are also prevalent in low severity 
rear impacts. 

DISCUSSION 

At the current time, rear impact dummies are only 
being used in consumer type evaluations. It is 
suggested that for regulatory application they 
should be more robust and able to assess injury risk 
with biomechanical foundations since approval 
thresholds should be related to the risk of injury, 
rather than comparative seat performance. 

In a regulatory framework it will not be known 
what the structure of seats will be, that the dummy 
will be required to assess and whether the seat will 
yield to absorb energy. In addition one can not 
guarantee that a vehicle seat would yield 
symmetrically or load the dummy symmetrically 
thus the regulatory test device must be able to 
‘adapt itself’ to many different types of loading 
structure. It is also suggested that any dummy 
should be able to assess injury risk for ‘all rear 
impact injuries’, not only ones to a particular body 
segment. If all areas are not simultaneously 
assessed, it could be possible to transfer injury risk 
from one body area to another by protecting one 
area and not another. A holistic approach to rear 
impact safety is essential. 

It is acknowledged that the test seat used in this 
study was one that would not be seen in a vehicle 
but was used as it was easy to define and build and 
can be replicated easily by other research groups. 
The test also attempted to evaluate whole body 
behaviour and not just head and neck kinematics. It 
is suggested that a dummy that could be used for 
regulatory evaluations should be able to adapt to 
any seat design, as did the human volunteers, and 
be able to assess all types of loading to ensure that 
whole body injury risk is reduced and not just 
transferred. Therefore, this ‘non-car’ seat test 
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configuration is a valid assessment of dummy 
behaviour. 

The oblique tests loaded the humans 
asymmetrically thus any dummy should be able to 
respond in like manner, since one should not expect 
all vehicle seats to fail symmetrically, even in a 
pure rear impact test. This asymmetrical loading 
was most evident in the shape of the pulse detected 
by the left and right accelerometers, externally 
mounted on the head of the volunteer or dummy. 
This indicates that for any type of regulation testing, 
a dummy should be fitted with a 6 or 9-axis array of 
head accelerometers, rather than a centrally 
mounted tri-axial array to allow any lateral or 
rotational components of the motion to be detected. 

Both the RID3D and BioRID dummies showed 
attributes that would be beneficial for a regulatory 
fit test dummy. It is not possible to indicate the 
overall importance of the results presented in this 
paper since the test severities were sub-injury. 
Therefore it is not known whether dummies that did 
not comply would be more or less appropriate at 
higher impact severities. Even so it is suggested 
that if a dummy could match both the pure rear and 
oblique rear requirements then it would be a very 
good candidate dummy for injury risk assessment. 

Neither dummy met fully the defined requirements 
but both had positive and negative features. It is 
suggested that a hybrid of the two dummies may be 
the best for regulatory use.  

CONCLUSIONS 

RID3D Repeatability and Reproducibility 
When each RID3D dummy response is considered in 
isolation, most of the acceleration and displacement 
responses appear to be repeatable for the tests 
conducted at 2g, except for the outputs from the 
neck load cells, which showed anomalous readings. 

A significant doubt concerning reproducibility was 
determined in that the motion of the two dummies 
varied significantly for the same test set-up. The 
problem affected the response of the entire dummy 
and not just the motion of the head and neck. It is 
hypothesised that this could be explained by the 
properties of the lumbar spine elements which were 
subsequently found to be different, as these parts 
were not certified dynamically prior to testing. The 
set-up was sufficiently tightly controlled to be ruled 
out as a possible cause of the differences seen. 

A comparison of the responses from the two RID3D

dummies, that were tested in this programme, in 
pure and oblique rear impact, suggests that the 
RID3D spine may be less flexible when loaded 
obliquely and hence less human-like. 

RID3D Biofidelity 
Many of the responses from RID3D #1 fitted within 
or were close to the volunteer response corridors; 
the exceptions were the head and T1 vertical 
accelerations and displacements and the head 
rotation about the z-axis. 

The RID3Ds produced less head and T1 vertical 
motion, particularly for oblique impact, probably 
due to the inability of the spine to adapt to the 
profile of the seat back in the same way as a human. 

The z-axis rotation of the RID3D spine under low 
severity oblique rear impact conditions is very 
different to that of a human; the results imply that 
the neck is much too stiff to allow the correct 
rotational response.  

The RID3D seat back profile is fixed completely 
differently to that of a human being. Currently there 
would be no way for the RID3D to detect localised 
or asymmetric loading from the seat-back due to 
the design of the back flesh and rigidity of the spine 
(compared to the BioRID). 

Since the RID3D thoracic spine is not able to adapt 
to the profile of the seat back in the same way that a 
human would, it has implications for proper 
activation of active head restraints in car seats and 
the assessment of other spinal injury. 

Comparison of RID3D Responses with 
BioRIDIIb and THOR in Pure Rear 
Impact 
The BioRID head and neck motion is more 
human-like in terms of the characteristics of the 
response compared with any of the other dummies 
tested, even though the timing is not always correct. 

The RID3D T1 displacement response has the most 
potential in terms of human-like motion 
characteristics compared to the other dummies 
tested, although some further development is 
suggested as the amount of vertical motion is 
noticeably less than that of a human. 

The responses for the RID3D and BioRID are 
similarly close to the fore-aft volunteer response 
corridors generated for pure rear impact. However, 
neither dummy fully complies with the defined 
corridors. It is not known which responses are most 
significant in terms of injury generation. Hence, it 
must be assumed that neither dummy is currently 
adequate to assess injury risk. 

The THOR dummy responses were seldom as close 
to the corridors as those of the BioRID and the 
RID3D, which was as expected since the THOR was 
not designed for rear impact. 

Differences are noted between pure rear impact and 
oblique rear impact conditions. Since it is not 
known how the dummies would be loaded in a 
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regulatory test, even if it was only a pure rear 
impact test, it is recommended that any dummy 
should comply with both the pure rear and oblique 
rear requirements. 

FUTURE DIRECTIONS 

This whole research program has developed a set of 
quality dummy design and assessment targets that 
should be used for the assessment of test dummies 
to be used in low severity rear impact testing, 
taking a holistic approach to dummy behaviour 
(Willis et al, 2004 [6] and Roberts et al, 2002 [7]). 
The different candidate dummies that could be used 
in a regulatory test have been evaluated, but not in 
all the equivalent or comparative test conditions. It 
would be advantageous to be able to complete the 
test matrix so that equivalent comparative 
comments could be made regarding the latest 
version of the dummies in the comparative tests. 

Both the RID3D and BioRID dummies have positive 
and negative features. It is suggested that dummy 
designs should be encouraged to merge the best 
features of the dummies into a single advanced test 
device that could be used in a regulatory test 
procedure. 
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ABSTRACT 

“A more synergistic view or approach to motor vehicle 
safety design aspects is needed.” (Robbins – SAE-Paper 
970488). 

The aim of this work is to indicate some feasible 
innovations that may lead to a better side impact 
protection, pointing out some aspects that can be 
developed thoroughly within the corresponding 
settings and using the appropriate resources. The 
mentioned innovations will be analyzed from a gen-
eral and synergistic point of view, using basic engi-
neering and physics principles, and considering the 
following: 

− simulations will be performed using a simplified 
model consisting on a single-mass/inelastic-
spring system. 

− some physiological premises will be considered 
(such as “direct impacts should be avoided at 
any place of the organism”; “high accelerations 
can be sustained during short periods of time”; 
etc.). 

− the bases of safety in road crashes will be estab-
lished, namely “control the perfect operation and 
use of the safety devices”; “maintain the struc-
tural integrity of the occupants' vital volume”; 
“absorb the whole kinetic energy both of the ve-
hicle and of the occupants”; etc. Subsequently, 
these bases will lead to determining the main 
functions that the compartment, external/internal 
structure and restraint devices should perform to 
enhance the safety they offer.  

− the protection offered by current safety devices 
will be analyzed, segmented into three groups 
(pre-impact, impact and post-impact).   

All of this will allow the discussion of some fea-
sible innovations leading to better side impact pro-
tection. Finally, considering the inherent reluctance 
to introduce valuable safety innovations into current 
automobiles (e.g.: four-point seatbelts) a strategy to 
perform this in a successful manner will be dis-
cussed.  
 
INTRODUCTION  

“Near side crashes have higher serious injury and fa-
tality risks as compared to all crashes”. (Samaha/Elliot – 

NHTSA side impact research: motivation for upgraded test 
procedures – Paper 492 18th ESV Conference). 

Every year more than a million people die and 
dozens of millions must bear some kind of permanent 
impairment as a consequence of road crashes (1). The 
vast majority (90%) of the victims belong to low-
income or middle-income countries, where most of 
the fatal crashes involve pedestrians, cyclists or motor-
cyclists. Moreover, it can be argued that the most fre-
quent road crash involving only automobilists is the 
one where two vehicles sustain a frontal head-on colli-
sion. Yet, side impacts are both a common and a dan-
gerous phenomenon, involving for instance, 20% of 
fatal crashes and 30% of injury crashes in the United 
States (2). Some of the highlight characteristics of side 
impacts are the following (3): 

− most side impacts involve vehicles travelling 
perpendicular to each other. 

− the struck car generally is travelling slower than 
the car that strikes it. 

− the struck car generally has a low ∆v (velocity 
change). 

− the time epoch for side collision is slightly 
greater than that of a frontal collision. 

Before going on, it can be argued that a driver trav-
elling on his automobile has an intrinsic tolerance to 
injury which is opposed to a variable “injury poten-
tial”. On one hand, the injury tolerance is defined by: 

− an inherent biological tolerance to accelerations 
and direct impacts.  

− the protection provided by his vehicle. 
− the protection provided by the road infrastructure. 
− an emergency environment that will assist him in 

case of a road crash. 

On the other hand, and as far as this paper is con-
cerned, the “injury potential” depends on the mass 
and speed of the striking vehicle; that is to say, on the 
kinetic energy of the impact. As it is known, speed 
has greater influence than mass in the value of the 
kinetic energy of an object: while mass has a directly 
proportional influence on this physical dimension, 
speed has a directly quadratic influence. Moreover, 
when compared to frontal impacts, it can be argued 
that side impacts happen at lower speeds, therefore 
bearing lower levels of “injury potential”. 
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EXAMPLE BOX 1 

Estimated average travel speed in fatal crashes in the 
United States according to their manner of collision  

An analysis using the data available at Fatality Analy-
sis Report Systems (FARS) allows to estimate the average 
travelling speed of fatal crashes for the years 2002-2003 in 
the United States, according to their manner of collision. 
Two of the available categories were considered: on the 
one hand, “front-to-side, right angle (including broad-
side)” was used to estimate the average impact speed of 
perpendicular side impacts; on the other hand, “front-to-
front (including head-on)” was taken to estimate the aver-
age speed of frontal impacts. The results of the analysis 
show that in the United States, in the considered years, the 
average impacts speeds for the mentioned impacts were: 

− 61 km/h for perpendicular side crashes. 
− 79 km/h for frontal crashes.  

The frequencies for the travel speed for both types of 
crashes can be observed in the following figures: 

 

 
Figure 1.  Frequency of registered fatal “front to side, right 
angle” crashes according to their travel speed in the United 
States for the years 2002-2003. 

Source: reference 4 

 
 

 
Figure 2.  Frequency of registered fatal “front to front” crashes 
according to their travel speed in the United States for the 
years 2002-2003. 

Source: reference 4 
 
 

From both figures it can be deduced: firstly, regarding 
side impacts, most fatal crashes involve speeds that stretch 
out between 1 km/h and 90 km/h with a larger concentra-
tion in the range 70-90 km/h; secondly, in the case of 
frontal impacts, the majority of fatal crashes stretch out in 
a narrower range, between 60 km/h and 110 km/h, with a 
larger concentration, again, in the range 70-90 km/h. 

It is worth mentioning that for side crashes there is a 
greater density of fatal crashes in the lower speed range, 
which gives a hint of an issue that is going to be discussed 
in the following pages: since equal speeds bear approxi-
mately the same level of “injury potential”, when consider-
ing the available safety devices acting in frontal and side 
impacts, a higher proportion of fatal injuries at lower 
speeds may imply lower levels of protection as regards side 
crashes. 

 

For a better understanding of the aspects of crash 
severity involved in a side impact, an example of an 
automobile sustaining a side impact against another 
vehicle will be analyzed and compared to frontal and 
rear crashes. The following figure sketches the gen-
eral simplified scheme that is considered for the mod-
eled automobile:  

 

 

Figure 3.  General simplified scheme used for the modeled vehicle. 

 

The conditions that are going to be modeled are 
that of a medium-size car weighing 1.500 kg that in 
the case of the side impact, is struck perpendicularly 
on its side by another similar vehicle while stopped; 
in the frontal impact, it strikes a fixed object; and in 
the rear impact, it is struck from behind by another 
similar vehicle while stopped. In order to do so, a 
series of simplifications should be considered, 
namely: one dimension movements; reference of 
coordinates in the center of mass of the target vehicle; 
and the use of a system formed by a single mass and 
an inelastic spring which, according to what many 
experts agree, is the model for the description of the 
behavior of an automobile in a crash that suits prop-

engine/transmission 
(rigid ensemble) 

compartment 
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erly the purpose of this work (5). The general models 
for the three types of road crashes that are going to be 
analyzed can be described as follows:  

 

 

 
 
 

 
 
 

 
(m1 = mass; K1 = stiffness coefficient; 

L1 = length of spring; v1 = speed) 

Figure 4.  Models for a side perpendicular collision between 
two similar vehicles, a frontal collision against a fixed object, 
and a rear collision between two similar vehicles, respectively. 

 
It must be remembered that although the physical 

phenomena that happen in a traffic crash are ex-
tremely complex to be accurately described, the con-
sidered mathematical models will allow to predict the 
general behavior of the automobile, with an appropri-
ate precision for this paper, to assess the reasons why 

it is alleged that near side crashes have higher serious 
injury and fatality risks as compared to all crashes. In 
this regard, it can be argued that the side external 
structure of a vehicle has an inferior capacity of ab-
sorbing kinetic energy than the frontal or rear external 
structures, and passengers are much closer to the 
point of impact. Therefore, in a lateral collision the 
vehicle structures intrude into the compartment more 
readily, more often and more severely than they do in 
frontal and rear crashes of equivalent kinetic energy. 

A further analysis of this last statement can be 
done by completing the simplified models for each of 
the manners of collision that are being compared. To 
begin with, the lengths of the inelastic springs must 
be defined. The following figures will show the struc-
tures of the modeled vehicle that are destined to ab-
sorb the kinetic energy of road impacts, their estimate 
lengths, and their relative position in regards to the 
occupants compartment: 

 

 

 

Figure 5.  External structures of the modeled car which are 
destined to absorb the kinetic energy, their estimate length and 
their relative position to the occupants compartment. 

 

target vehicle 
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This last figure allows a visual review of the men-
tioned issues regarding side safety, specially the one 
that states that passengers are much closer to the point 
of impact in the case of a side crash when compared 
to frontal or rear ones. Nevertheless, to complete the 
model so as to be able to evaluate the capacity of each 
external structure to absorb the original kinetic en-
ergy, the last characteristic of the inelastic springs 
must be considered: their stiffness coefficients. It is 
the intention of this paper to use approximate values, 
since there is a great difference between the various 
makes and models. Therefore, the numbers that are 
going to be used in the case of the frontal structure are 
based on the consulted bibliography (6, 7). As regards 
the rear and side structure, it is considered that they 
bear stiffness coefficients that are half the one of the 
frontal structure, since they lack in the frontal rails 
that provide an additional reinforcement to the struc-
ture. It is important to highlight that the estimated 
values should be considered only as a result of a se-
ries of theoretical and simplified assumptions, in 
order to perform some analysis that will help to un-
derstand better the issues discussed. Hence, taking 
into consideration both the recently named aspects 
and the length estimation derived from Figure 5, the 
values for the inelastic springs that are going to be 
used are the following:   

 
Table 1. 

Estimated characteristics of the inelastic springs of the lateral, 
frontal and rear structure of the modeled vehicle. 

 

protection 
structure 

spring length 
[m] 

stiffness 
coefficient [N/m] 

lateral 0,15 612.500 

frontal 0,75 1.225.000 

rear 1,10 612.500 

 
 

Now that the models are complete, the amount of 
kinetic energy that each structure can absorb will be 
analyzed. Since the considered structures behave as 
mass-spring systems, the maximum kinetic energy 
that can be absorbed is going to be equal to the 
maximum potential energy that the springs can store: 

2.
2

1
LKE p =

 
 (Ep = potential energy; K = stiffness coefficient; 

L = length of spring) 

Thus, using the values indicated in Table 1, the 
maximum kinetic energy that the modeled structures 
can absorb in an impact is: 

− 345 kjoule for the frontal structure 

− 371 kjoule for the rear structure 
− 7 kjoule for the side structure 

The following figure compares such results: 

 

Figure 6.  Maximum estimated capacity of absorption of the 
kinetic energy of an impact for the frontal, rear, and lateral 
structure of the modeled vehicle. 

 

Once again it must be remembered that the shown 
values may not reflect the exact response of an actual 
automobile, and are only intended as rough, theoreti-
cal approximations to indicate the great differences in 
managing the kinetic energy of an impact for the 
various structures; a key issue that certainly defines 
whether a car occupant survives undamaged or not a 
road crash. When kinetic energy is not properly man-
aged, extremely high acceleration phenomena can 
manifest, exposing automobilists to levels of 
accelerations that are beyond their biological 
tolerance. Even worse, when part of the original 
kinetic energy is not absorbed, it may lead to 
compartment intrusions and thus, to direct impacts to 
the motorists. Hence, deeming the aspects recently 
analyzed, it can be argued that the structural 
protection offered by modern vehicles as regards side 
impacts is far less efficient (given crashes of 
equivalent kinetic energy) than the one offered in 
frontal or rear impacts. Moreover, it can be stated that these days auto-
mobiles are every time faster, heavier, and more 
powerful, most of them allowing stable driving at 
speeds that a few decades ago only sports cars permit-
ted. Furthermore, circulation speeds are expected to 
be increased in most countries since: 

− many drivers prefer to travel at very high speeds, 
exceeding by far the legal limits (apart from the 
fact that human beings have a serious fascination 
for speed, the dangers related to high speed cir-
culation are not completely understood; in this 
context some people even argue that it is safer to 
circulate at high speeds because some advan-
tages are enjoyed –e.g.: it takes less time to ar-
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rive to destination, so drivers are less exposed to 
traffic dangers–) 

− both the drivers and the system have proven to 
be unable to maintain the circulation speeds be-
low legal limits.  

As a result, automobiles structures are constrained 
to manage every time higher levels of kinetic energy, 
that is to say, to efficiently respond to situations that 
bear every time higher “injury potential”. 

To conclude, this paper does not propose a mile-
stone technological innovation nor it states that the 
actions taken so far in the field of side impact safety 
have been incorrectly directed. Instead, it provides an 
additional general review to the feasible innovations 
(consisting mainly either in improvements or in the 
reengineering of existing devices) that can lead to a 
more efficient protection in the case of a side road 
crash. It is also its intention to encourage everyone 
who is or will be dedicating great amounts of efforts 
to diminish the burden of traffic crashes –and who 
believes that the best way to do so is by a general and 
synergistic approach– indicating some innovations 
that, developed thoroughly within the corresponding 
settings and using the appropriate resources, may 
provide the conditions where the human body is ca-
pable of undergoing a side road crash without serious 
or fatal injuries.  
 
PHYSIOLOGICAL PREMISES  

“Intrusion is either a major or contributing cause to 
most near side collision injuries” (Hyde – Crash injuries–
how and why they happen ).  

The incredible and enormous biodiversity of the 
human beings is of such extent that the experts have 
not been able yet neither to understand completely 
how injuries happen nor to determine with precision 
the biological tolerance to direct impacts and accel-
eration phenomena. In the preface to the “Handbook 
of human tolerance” of the Japan Automobile Re-
search Institute (1976) one of its authors pointed out 
that the current state of the field of biomechanics of 
trauma can be compared to the state of the celestial 
mechanics before Kepler: it is composed of a multi-
tude of measurements and experimental data that 
lacks in unifying theories that would be able to pre-
dict the outcome of a new situation. In this way, the 
alleged tolerances of the human body are based almost 
exclusively on empiric results, or are elaborated from 
tests using dummies or other mechanical devices 
which do not represent accurately the response that a 
human body would show to the given situation. In the 
better of cases, they do represent it only for a certain 
percentage of the population (7). Therefore, what fol-
lows is only an overview to the topic, aimed at mak-
ing a general approach to some relevant aspects for 

the upcoming discussions. As said before, kinetic 
energy management is vital. Residual kinetic energy 
may provoke violent acceleration phenomena or se-
vere intrusions that can inflict direct impacts to the 
automobilists. Hence, considering that the mechanics 
of a road crash necessarily imply the combination of 
changes of speed and deformations, some basic as-
sumptions must be made so as to define the lesser 
evil. So, the questions to answer are, among others: 

− is it preferable to exert high levels of acceleration 
upon an automobilist without exposing him to di-
rect impacts? Or is it the other way around? 

− are side-to-side movements of the neck more 
dangerous than rear-forward ones? 

− can a direct impact on one part of the body af-
fect vital organs situated away from the point of 
impact? 

These and other vital questions are not herein re-
sponded thoroughly, since the intention of this paper is 
to analyze some aspects of road crashes considering 
the available information as a general guide. Yet, some 
assumptions are made in order to deduce the bases 
about safety in side impacts. These assumptions must 
be confirmed by the corresponding experts using the 
appropriate resources. To begin with, the injury 
mechanisms are concisely described as follows (7).   
 
Head, neck and spine injury mechanisms 
 

 

Injuries in these vital organs are 
devastating, and generally lead either 
to the automobilist’s death or to vari-
ous forms of permanent physical im-
pairment. 

Direct impacts in the head can se-
verely affect the brain and most of the 
sensory organs located within it. It is 
both probable and frequent to observe 

brain harm without any cranium fracture, since the 
relative movement between the rugose base of the 
cranium and the brain can torn blood vessels and 
nerves entering and exiting the head, causing cogni-
tive and behavior deficiencies as well as memory 
disorders. Regarding sensory organs, smell, taste, 
sight, sound and balance can be affected by direct and 
indirect impacts (even minor ones) to the cranial 
nerves or to the organs situated in the head. 

Compression forces in the neck can provoke frac-
tures in the first vertebrae of the vertebral column 
damaging the arteries that circulate through them. 
This damage seriously compromises the blood supply 
to the brain; besides, tears of the vertebral arteries are 
often fatal. Tension forces caused by hyperflexion or 
hyperextension (namely when whiplash, or severe 
flexion of the neck take place) generate cervical 
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sprains with the potential to provoke fatal injuries, or 
functional disabilities which may arise years after the 
crash took place. 

Finally, direct impacts can also damage the spinal 
cord severely; furthermore, this type of injury cannot 
be treated medically, as no therapy results in recovery. 
Crash injuries involving the spinal vertebrae are often 
violent events in which the flexed spinal column is 
additionally subjected to coupled forces of rotation and 
lateral bending. Damage to the lower section of the 
spinal cord may derive in paraplegia or serious urinal 
and sexual problems. Injuries above the lumbar region 
add breathing disorders to the mentioned conse-
quences. Lastly, injuries in the higher section of the 
spinal cord frequently derive in quadriplegia, with a 
total loss of many essential body functions. 

 
Abdomen and chest injury mechanisms 

 

 

Injuries in these vital organs are 
also devastating. 

Injuries in the abdomen are caused 
when suffering a direct impact, with 
the aggravating circumstance that as it 
is an incompressible hydraulic cavity, 
a blow in a sector of the abdomen can 
generate a serious damage in another 
place, away from the impact point. As 

regards the organs that can be affected by a direct 
impact in the abdomen, the peritoneal cavity gathers 
many vital organs and glands such as the liver, the 
spleen and the pancreas; except for the mouth and 
esophagus, the entire digestive tract is contained 
within the peritoneal cavity or is partially covered by 
peritoneal membranes; also, the abdominal aorta and 
vena cava are located on the posterior wall of this 
cavity. Most of these organs are soft and crumbly, 
and a great quantity of blood circulates through them 
(specially through the liver), so their damage often 
results in losing the organ or in catastrophic bleeding.    

In the case of the chest, most of the organs residing 
within it –as the heart and the lungs–, or transiting it –
as the esophagus, and, again, the aorta and the cava– 
are vital, so any damage to them has the potential to 
generate very serious or fatal injuries. It is worth men-
tioning that injuries to this body region may be fatal in 
the short-term, but they bear no consequences in the 
long-term (precisely the contrary to what happens with 
the extremities, as it will be discussed). Damage to the 
chest can provoke either respiratory or circulatory 
complications. As regards the first ones, direct impacts 
may injure the intrapleural membrane, affecting air 
movement into the lungs, and resulting in death if not 
treated immediately. Moreover, any injury that affects 
the capacity of the diaphragm to contract or that dam-
ages lung tissue may lower the quantity of oxygen in 

blood (as a result of deficient respiration) affecting 
other organs that are sensitive to oxygen insufficiency. 
Brain tissue is specially sensitive to this kind of insuf-
ficiency, so concurrent lung injuries directly and ad-
versely affect brain injuries. As regards the circulatory 
complications caused by direct impacts, they are also 
extremely harmful. There are estimations that state that 
only 30% of the victims of injuries to the heart or main 
blood vessels survive long enough to be able to receive 
medical attention.     

 
Lower and upper extremities injury mechanisms 

 

 

Injuries in the extremities (arms and 
legs) may be seldom the cause of 
death in a road crash, but they are 
surely a major –if not the main– cause 
of permanent physical impairment. 
Injuries in these organs are generally a 
consequence of direct impacts, and 
while they do not involve particularly 
risky situations, it has to be taken into  

account that the movement of fractured bone frag-
ments generates serious damages to the muscular 
tissues and massive internal hemorrhages that, unless 
treated expeditiously, can provoke severe injuries. 

It is worth mentioning that the extremities are not 
restrained in any case, and that even in the event of 
crashes at moderate speeds they are liable to strike the 
interior surfaces of the vehicle. Moreover, the upper 
extremities can also strike the body of the other occu-
pants of the car, exposing the latter to potential dam-
age –specially in the head–. 

 
Impact and acceleration resistance 
 

First of all it can be highlighted that in a road 
crash there is commonly a combination of direct 
impact and acceleration phenomena. Most body or-
gans are viscous and gelatinous, so direct impacts 
generate relative movements and consequent decel-
eration processes. On the other hand, restrain devices 
apply a certain amount of force in localized parts of 
the body, as in the case of the thin strip of the seatbelt 
fastening the chest. These restrain actions combine a 
deceleration process with a determined degree of 
pressure that, depending on the severity of the road 
crash, can lead to direct impacts. Hence, the question 
whether it is preferable to exert high levels of accelera-
tion upon an automobilist without exposing him to direct 
impacts, hides a tricky issue, for the reasons recently 
explained. In this regard, it can be argued that direct 
impacts in most regions of the human body seriously 
compromise vital organs, and bear the potential to 
inflict very serious and fatal injuries. The parts of the 
human body that should be particularly protected 
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from direct impacts are: the head; the neck and spinal 
cord; the chest; the abdomen. 

On the other hand, empirical evidence demon-
strates that human beings can be exposed to high 
levels of accelerations with a resistance that dimin-
ishes as the time of exposure to it increases, and that 
there are senses and directions more favorable than 
others. In other words, it is possible to survive with-
out serious damage from extremely high levels of 
accelerations given that: firstly, the time of exposure 
remains below extremely short periods of time; sec-
ondly, the direction of the movement is transverse to 
the body, and in the sense of pushing the person 
backwards; and thirdly (and the least common of all), 
the process is not combined with direct impacts. The 
following figure shows the direction and senses that 
may damage seriously a human being that is being 
accelerated, and that coincide with frontal and lateral 
impact movements (7): 

 

 

Figure 7.  Most dangerous directions and senses for accelera-
tion processes. 

 
Furthermore, it can be stated that when it comes to 

acceleration resistance, a sudden acceleration of the 
head can lead to hyperflexion or hyperextension of 
the neck, and that the most harmful movements are 
the following (7):  

 

 

Figure 8.  Most dangerous directions and senses for accelera-
tion of the head processes. 

 
To conclude, as far as this paper is concerned, the 

following figure summarizes the conclusions ex-
tracted from the concepts mentioned above (instanta-
neous changes of speed, which were not previously 
mentioned, are considered as phenomena that involve 
extremely high levels of acceleration over a period of 

time that tends to zero, are associated with elastic-
type crashes, and are deemed to be more dangerous 
than normal deceleration processes): 

 

direct impacts to lower
and upper extremities

instantaneous
changes of speed

direct impacts to head, neck,
chest and abdomen

very high accelerations
during very short periods of
time (no direct impacts)

injury
potential

    

Figure 9.  Alleged risk factors according to their injury poten-
tial when considering a road crash. 

 
 
EXAMPLE BOX 2 

Case story of a crash involving harmful direct impacts 
without significant variation of speed (8) 

In June 1993, a driver was struck by another car, thus 
losing control and hitting the guardrail. As this happened, the 
right side of the car rode up onto the guardrail, stayed on it 
some 12-24 meters, and then fell back to the ground, coming 
to rest in the emergency lane. During the incident, the rear 
occupant, a 31-year old female, flexed forward and to her 
right, and sustained head contact against the front seat. The 
∆v of the frontal impact was estimated at between 8 km/h and 
16 km/h, and the vertical acceleration at between 10 g and 20 
g. As a result of the impact, the female rear occupant sus-
tained an L1 (lumbar vertebrae) fracture with anterior wedg-
ing, resulting in paraplegia. 
 
 
BASES OF IMPACT SAFETY IN SIDE ROAD 
CRASHES 

“In the new paradigm, the principle of social responsibility 
involves the vehicle manufacturer providing crash protection 
inside and outside the vehicle”. (World Health Organization – 
World report on road traffic injury prevention). 

Based on the previously analyzed aspects it can be 
concluded that there are high probabilities of surviving 
a road crash without serious damage as long as: 

− no direct impacts are received in any part of the 
body. 

− no high accelerations are undergone during rela-
tively long periods of time. 
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Modern vehicles are provided with an array of 
safety devices that aim at assuring the above condi-
tions. These devices can be segmented into three 
groups, according to their moment of acting within 
the sequence of the traffic impact event: 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.  Segmentation of safety devices according to their 
moment of acting within the sequence of the traffic impact event. 

 
The next important aspects to point out about the 

bases of impact safety in side road crashes are: 
− firstly, it is well known that pedestrian protec-

tion is not a minor issue. Once again it has to be 
remembered that 90% of road fatalities take 
place in low-income or medium-income coun-
tries, the vast majority of the victims being pe-
destrians, cyclists or motorcyclists. However, it 
can be argued that the most frequent initial point 
of impact for these crashes is the frontal sector 
of the vehicle, an aspect of road safety that is not 
being discussed in this paper. Therefore, consid-
ering that few collisions against pedestrian in-
volve the side section of the motor vehicle –e.g.: 
4% of pedestrian deaths in the United States are 
due to crashes where the side of the vehicle is 
the initial point of impact (2)–, everything that is 
going to be stated in this paper refers to the pro-
tection of the occupants of a motor vehicle. 

− secondly, the vast majority of road impacts in-
volve automobiles and light-trucks (including 
SUVs) –e.g.: 94% of all types of crashes and                 
82% of fatal crashes in the United States involve 
either automobiles or light trucks (2)–. So, the 
bases herein discussed refer to the named types 
of vehicles. Yet, most of the aspects analyzed 
can be applied not only to such types of vehi-
cles, but also to others as large trucks or buses, 
with the exception of motorcycles, since this 
type of motor vehicle lacks the minimum protec-
tion that is needed to overcome unharmed any 
kind of traffic crash, as it is often confirmed by 
the fatalities statistics. 

− lastly, information devices (xenon cornering 
lamps, high-mounted stop lamps, tyre-pressure 

monitoring, etc.) and control devices (anti-lock 
braking systems, electronic stability manage-
ment, etc.) are considered to perform their func-
tions adequately; additionally, they are related to 
the prevention of a road crash. Consequently, 
the feasible innovations regarding these devices 
are not discussed here. 

Deeming these aspects, what follows is a general 
review of the main functions that safety devices 
should perform before, during and after a traffic im-
pact, in order to enhance the probabilities of surviving 
undamaged from a traffic impact as regards the occu-
pants of either automobiles or light-trucks.    

To begin with, it can be argued that in a traffic ac-
cident a little more than a second is the time that 
mediates between the instant of the first impact and 
the complete stop of the vehicle (depending on the 
initial speed, mass of the automobile and stiffness 
coefficient, among others). In several NCAP frontal-
impact tests it can be observed that the driver’s head 
impacts the airbag after around 1/10th of a second, 
indicating that the period of time available for safety 
countermeasures is infinitesimal. In this context, 
every action aiming at increasing the protection of-
fered to automobilists which can be performed before 
the actual accident happens will bring great benefits. 
Therefore, the function proposed for the pre-impact 
devices are the following: 

− control the perfect operation and use of the 
safety devices, and perform the necessary ac-
tions to assure both of them. 

− pick up and process the necessary information so 
that the safety devices can act during the impact. 

− establish the “injury potential” (mainly through 
the circulation speed) and adjust the configura-
tion of the vehicle according to each circum-
stance. 

The mentioned actions, all of which can be per-
formed while the vehicle is circulating normally, will 
allow a better performance for the safety devices. As 
an example of the advantages of the first function, the 
assurance of the use of the seatbelt by every motorist 
can be named, since this action will not only protect 
the restricted occupant but also the other occupants, 
as an unbelted person may hit others in the vehicle, 
possibly damaging them in a serious way. This con-
trol should lead both to “informative” actions (as 
most modern vehicles perform) as well as direct ac-
tions such as the elimination of the possibility of 
circulation if any of the occupants of the vehicle does 
not have his seatbelt buckled up. In the second pro-
posed function, the efficiency of the safety devices 
will be incremented, since elements such as the air-
bag, the pre-tensioner or the load-limiter will be able 
to adapt their response according to the occupant’s 

normal 
circulation road crash 

medical 
assistance 

pre-impact 
devices 

impact 
devices 

post-impact 
devices 

information 
and control 

devices 
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weight, size, and impact speed and direction. These 
named physical phenomena and their values must be 
measured and stored during normal circulation, and 
be ready to be used as inputs in the event of a road 
crash. Lastly, the third function proposed allows 
changes in some of the settings of particular devices 
while speed increases. In this way, for instance, the 
pre-tensioner of the seatbelt can begin to exert a cer-
tain amount of pressure as the vehicle travels faster, 
anticipating the necessary actions in case of a road 
crash (which will be thus less violent) and also letting 
the driver know that he is stepping into a more dan-
gerous level of “injury potential”.   

On the other hand, the functions that impact safety 
devices should perform are simply defined by the 
aspects briefly discussed in the last section (avoid 
both direct impacts and dangerous accelerations): 

− maintain the structural integrity of the occu-
pants' vital volume, assuring enough survival 
space to avoid any direct impacts. 

− avoid the penetration of objects to the occupants' 
vital volume. 

− absorb the whole kinetic energy both of the ve-
hicle and of the occupants (to avoid elastic-type 
crashes or instantaneous changes of speed), 
maintaining the deceleration within safe levels. 

− avoid any contact with the potentially dangerous 
surfaces of the interior of the vehicle. 

Finally, it must be highlighted that after the road 
impact takes place, it is vitally important to provide 
medical assistance to the victims as soon as possible. 
There are some modern vehicles that are equipped 
with a combination of GPS and mobile communica-
tion devices, supported by a 24-hour emergency cen-
ter that when an impact is detected is capable of as-
sisting the occupants and alerting the emergency 
medical service, giving them the precise position of 
the vehicle. Yet, it is very important that while the 
emergency medical service gets to the road crash site 
the occupants be protected from fire, noxious gases or 
other impact-related dangerous phenomena. It is 
worth mentioning that fire occurrence is not frequent 
in a road crash, but when it does occur it represents a 
very dangerous phenomenon –fire occurrence crashes 
bear 0,1% of total road crashes in the United States 
whereas they represent 2,8% of fatal crashes (2)–. 
Finally, it is also particularly important to assure that 
the emergency medical service is able to assist the 
victims without losing precious time in extracting the 
occupants from the deformed vehicle (it can be stated 
that in many high-speed road crashes the external 
structure and the compartment deform in such a way 
that occupants can be extracted only with the use of 
specific cutting machines, a kind of action that can 
last even hours). Therefore, the following functions 

proposed for post-impact devices complete the bases 
for side impact safety: 

− warn the nearest medical care services. 
− protect the occupants in case of a fire taking 

place, from noxious gases or other impact-
related dangerous phenomena. 

− allow the quick extraction of the victims to be 
assisted. 

To conclude, it is important to point out that the 
bases of side safety recently stated can be extended to 
frontal and rear impact, given their general approach 
to the mechanisms of injury, human tolerance aspects, 
and the ways to overcome the potential dangers in-
volved in a side road crash. 
 
ANALYSIS OF THE PROTECTION OFFERED 
BY CURRENT SIDE SAFETY DEVICES 
 

In the last section the bases of side impact safety 
have been established and segmented into the ones pre-
impact, impact, and post-impact devices should per-
form. In this section, the stated functions will be as-
signed to the vehicle functional groups, so as to facili-
tate the identification of the feasible innovation as 
regards each component. The groups considered are: 
automation devices; compartment and interior struc-
ture; external structure; restrain devices. 

Thus, the analysis of the protection offered by cur-
rent safety devices will be compared to the functions 
they should perform, grouped in the indicated way. 
 
Automation devices analysis 
 

This includes all of the electronically based 
equipment, including sensors, communication de-
vices, and the corresponding software and hardware. 
The bases of side impact safety that apply for this 
group include the following: 

 

Table 2. 
Summary of main functions of the side safety devices grouped 

in the automation devices. 
 

traffic impact 
sequence 

function 

normal 
circulation 

− control the perfect operation and use of 
the safety devices, and perform the nec-
essary actions to assure both of them. 

− pick up and process the necessary 
information so that the safety devices 
can act during the impact. 

road crash − (none) 

medical 
assistance 

− warn the nearest medical care services. 
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As regards this functional group, the next im-
provement opportunities can be highlighted: 

− most modern vehicles indicate when seatbelts are 
not buckled up, but no direct action is performed 
if the vehicle is moving with a non-restrained 
passenger. Given the danger associated with this 
situation, and from a strictly safety point of view, 
circulation should be permitted only if every oc-
cupant is correctly buckled up.  

− modern technology allows to measure the posi-
tion of the head, shoulders, and other parts of the 
body, and their relative location regarding rele-
vant elements, such as the headrest, to assure 
that the safest position is set. Modern technol-
ogy also allows to modify the interior of the ve-
hicle (namely the seats and seatbelt anchorages 
heights) if the conditions are not the fittest. 

− most safety devices (such as the pre-tensioner, the 
load limiter or the airbags) act according to default 
parameters, disregarding the vital real information 
that would greatly foster their efficiency. 

− the majority of modern vehicles lack the already 
developed technology that automatically warns 
the nearest emergency medical service, and pro-
vides the exact location of the vehicle. 

 
Compartment and interior structure analysis 
 

This segment groups all of the components imme-
diately surrounding the occupants, such as the pas-
senger cell, side door beams, A and B pillars, etc. 
Therefore, the bases regarding them are: 

 
Table 3. 

Summary of main functions of the side safety devices grouped 
in the compartment and interior structure. 

 

traffic impact 
sequence 

function 

normal 
circulation 

− adjust the configuration of the compart-
ment and interior structure according to 
the defined “injury potential”. 

road crash − maintain the structural integrity of the 
occupants' vital volume, assuring 
enough survival space to avoid any di-
rect impacts. 

− avoid the penetration of objects to the 
occupants' vital volume. 

− avoid any contact with the potentially 
dangerous surfaces of the interior of the 
vehicle. 

medical 
assistance 

− protect the occupants in case of a fire 
taking place, from noxious gases or 
other impact-related dangerous phenom-
ena. 

− allow the quick extraction of the victims 
to be assisted. 

 

The next improvement concerning the compart-
ment and interior structure can be pointed out: 

− no modification of the circulation condition 
takes place as speed increments. An example of 
this can be considered: as the vehicle gains 
speed all the seats should adjust themselves to 
the most favorable position regarding impact 
safety. 

− impact tests and empirical evidence show that 
the passenger cell suffers relevant deformation, 
even at arguably low-speed crashes, leading to 
direct impacts to the occupants. On top of that, 
the compartment is frequently unable to prevent 
the penetration of external objects through the 
door panels or, specially, through the fragile side 
windows. 

− the A and B pillars offer hard and thus poten-
tially harming surfaces, as the roof does (it is 
worth mentioning that use of glass roofs lacking 
shock absorbing materials is more and more 
common every time). In real-world side crashes 
all of the named interior elements can be hit by 
the occupants as a result of a combination of ro-
tation movements following the impact. 

− there is no safety device prepared to prevent a 
fire from extending into the occupants’ survival 
space. What is worse, most of the interior sur-
faces are capable of easily catching fire while at 
the same time they offer relevant resistance to 
extinguishing actions. 

− compartment deformation generally affects seri-
ously the possibility of extracting rapidly the 
passengers in a negative way, reducing their 
probability of survival.   

 
External structure analysis 
 

This analysis is directed towards the crushable 
zones of the vehicle that receive the direct impact of 
the road crash, and which safety bases are stated as: 

 
Table 4. 

Summary of main functions of the side safety devices grouped 
in the external structure. 

 

traffic impact 
sequence 

function 

normal 
circulation 

− adjust the configuration of the exterior 
structure according to the defined “in-
jury potential”. 

road crash − absorb the whole kinetic energy of the 
vehicle, maintaining the deceleration 
within safe levels. 

medical 
assistance 

− allow the quick extraction of the victims 
to be assisted. 
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In this case the improvement opportunities are the 
following: 

− no modification of the circulation condition 
takes place as “injury potential” is altered. An 
example of this may be the modification of the 
stiffness coefficient with the real mass of the 
vehicle. It must be remembered that the NHTSA 
states that frontal crash test results can only be 
compared to other vehicles whose weight is plus 
or minus 115 kg. Thus, it can be argued that in a 
side crash against a fixed object a vehicle trans-
porting only the driver behaves in a different 
way than when transporting five passengers and 
baggage. 

− as analyzed in the introduction, the side external 
structure is capable of absorbing an extremely 
low amount of kinetic energy, allowing the rem-
nant energy to deform the passengers’ compart-
ment dangerously. Additionally, it can be argued 
that at high-speed impacts, and after a great 
amount of compartment intrusion takes place, 
the increased rigidity of the cockpit will proba-
bly generate an elastic-type collision, leading to 
extremely high and dangerous acceleration phe-
nomena.   

− for the same reasons stated above, significant 
structure and compartment deformation make 
the extraction of the injured occupants utterly 
difficult.  

 
 

EXAMPLE BOX 3 

Two examples of relevant compartment intrusion in side 
crashes leading to direct impacts to occupants  

The  following photograph shows the extent of lateral 
compartment intrusion sustained by a small car when it is 
hit on its side. It is worth pointing out that the striking 
vehicle bears only minor deformation of the frontal struc-
ture: 

 

 

Figure 11.  Compartment intrusion in a car-to-car side impact. 

Source: reference 9 

 

Similarly, the next picture of a pole test conducted by 
the European New Car Assessment Program shows a con-
siderable amount of lateral intrusion in an impact at 50 
km/h, with the pole entering the compartment and occupy-
ing most of the driver’s original position, throwing him 
towards the other occupant who will be moving in the 
opposite sense: 

 

 

Figure 12.  Compartment intrusion in a pole side impact test 
for a 5-star rated automobile (Renault Velsatis). 

Source: reference 10 
 

 
Restrain devices analysis 
 

The group of restrain devices includes the seat-
belts and the airbags (considered as SRS –
Supplementary Restraint System– devices) and are 
related to the following safety bases: 

 
Table 5. 

Summary of main functions of the side safety devices grouped 
in the restrain devices. 

 

traffic impact 
sequence 

function 

normal 
circulation 

− adjust the configuration of the restrain 
devices according to the defined “injury 
potential”. 

road crash − absorb the whole kinetic energy of the 
occupants, maintaining the deceleration 
within safe levels. 

− avoid any contact with the potentially 
dangerous surfaces of the interior of the 
vehicle. 

medical 
assistance 

− allow the quick extraction of the victims 
to be assisted. 

 

Considering these devices, the relevant improve-
ment opportunities are: 

− no modification of the circulation condition 
takes place as the vehicle gains speed. An ex-
ample of this was already mentioned (an in-
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crease of the pressure of the pre-tensioner as 
speed increments should lead to less violent ac-
tions in case the crash happens).  

− three-point seatbelts are designed to act effi-
ciently in full-lap frontal impacts. Yet, in side 
crashes, the far-side occupant is launched to-
wards the near-side occupant, since the three-
point seatbelt is unable to prevent this move-
ment. On the other hand, compartment intrusion 
may cause the near-side occupant to be pushed 
towards the far-side occupant (who is moving in 
the opposite direction). 

− there is no restrain for the relative movement be-
tween the head and the body (a kind of action that 
can be extremely harmful as explained before). 
On top of that, the head which is highly suscepti-
ble to direct impacts may hit dangerous interior 
surfaces such as A or B pillars. An available 
safety device that suits this purpose is the 
H.A.N.S. (Head and Neck Support System) de-
vice used in motor racing, but which permanent 
use will surely be considered a major nuisance. 

− there is no restrain for the extremities. As men-
tioned before, unrestrained arms have the capac-
ity of striking and damaging seriously the other 
occupants of the vehicle. 

− every action performed by the restrain devices 
will be more efficient if their response could vary 
according to the real parameters previously 
measured and processed, a kind of characteristic 
that most restrain devices are not provided with.  

− once the crash is over, a device that permits the 
disengagement of all restraint devices (even 
form the outside of the vehicle) would be of 
great help to quickly extract the occupants, con-
sidering that some of them could be unconscious 
and unable to liberate their seatbelts. 

 
Section conclusion   

 
To conclude, all of the improvement opportunities 

mentioned above should improve the protection of-
fered by current side safety devices, yet they must be 
further analyzed thoroughly within the corresponding 
settings and using the appropriate resources. But if it 
is assumed that these improvements are possible to be 
introduced in modern vehicle from the technical,  
industrial and financial points of view, they may lead 
to the following feasible innovations. 
 
FEASIBLE INNOVATIONS FOR SIDE ROAD 
CRASHES 
 

The automobile revolution started more than a 
hundred years ago. Until these days, it has redesigned 
itself hundreds of times, and it has redesigned along its 

phenomenal development the way in which the world 
looks, and the lives of the people that live there. Re-
garding this paper, hundreds of thousand technicians, 
engineers and experts struggled over those years to 
develop literally millions of devices that assure the 
generation of the necessary power, the efficient move-
ment and control, the adequate resistance to transport 
both the occupants and their loads, and the suitable 
reliability and a contained operation cost, among many 
other necessities. So it can be argued that most of the 
feasible technical solutions involving automobiles have 
been already introduced or discarded. 

Yet, periodically, some ideas (probably discarded 
in less favorable conditions) arise and consolidate as 
valid new options. As a recent example, in the 2005 
Detroit Auto Show Honda surprised everyone by 
introducing the new Ridgeline pick-up bearing a 
lockable, weather-tight space under the rear cargo 
floor, a simple device no other pick-up showed in 
their 80-years history. Therefore, the innovations that 
will be next introduced are intended to act as a start-
ing point for a thorough analysis of their feasibility, 
considering that they have been studied in a general 
and synergistic way, considering that they consist 
mainly on improvements of already existent devices 
or on the reengineering of them, and considering that 
they have been conceived under the precept that 
rather than making a successful automobile safe it is 
highly preferable to transform a safe vehicle into a 
successful one. 
 
Innovations in the compartment and interior 
structure 
 

As for the innovations in the compartment of the 
automobile, the following are proposed: 

− the elimination of the possibility of sliding down 
the side windows, while the car is moving. 

− a rigid cockpit capable of maintaining its shape in 
high-speed impacts (using materials and a body 
framework with more mechanical stiffness, includ-
ing a more resistant shape as the ellipsoid one). 

− an increase in the resistance to impacts of the 
side windows while keeping approximately the 
actual mass (e.g.: glass laminated with polycar-
bonate). 

− the establishment of a protection barrier against 
a fire produced at the exterior of the compart-
ment that could endanger the occupants. 

− the provision of a breathable atmosphere inside 
the compartment until the moment of the rescue 
of the victims of the crash. 

− the provision of different options for the occu-
pants' extraction, not only including the doors 
but also all the glass surfaces that should slip in-
side the rigid compartment, with a mechanism 
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able to be activated either from the interior or 
the exterior of the vehicle. 

 
Innovations in the external structure 
 

The feasible innovations in the external structure are: 
− the increase of the length of the side sectors of 

the car, leading to higher levels of kinetic energy 
that can be absorbed . 

 

 
Figure 13.  Comparison between current length of external 
structure (left) and a structure with increased length (right). 
The latter is also combined with an ellipsoid compartment . 

 

− the establishment of areas with different stiff-
ness coefficients according to the length of the 
structure, the mass of the vehicle, and the 
maximum probable impact speed. 

− the multiplication of the areas with different 
stiffness coefficients as to improve the continu-
ity of the structure. 

− a homogeneous behavior of the collapsible area 
(and therefore the lack of mechanical elements 
or external objects such as baggage). 

− the variation of the stiffness coefficient accord-
ing to the variation of the mass of the vehicle. 

 
 

 

Figure 14.  An external structure bearing multiple areas of 
different stiffness coefficients, and a homogeneous behavior of 
the collapsible area will absorb kinetic energy more efficiently. 
 

Innovations in the restrain devices 
 

As regards the innovations in the restrain devices 
the improvements consist of: 

− the adaptation of the interior of the automobile 
in order to offer the occupant the safest position. 

− the progressive increase of the seat belt tension 
along with greater speeds. 

− the provision of four-point seat belts for all the 
occupants. 

− the improvement of the pre-tensioner and of the 
load limiter so that they can act according to the 
parameters measured previously or during the 
accident. 

− the provision of an inflatable device similar to 
the H.A.N.S. adjoined to the seatbelt that acts 
only in the case of an accident. 

 
 

 

Figure 15.  Current safety devices do not prevent dangerous 
lateral movements of the head (left) which could be minimized 
by the combination of a four-point seatbelt and an inflatable 
device similar to the H.A.N.S that acts only in the case of an 
accident (right). 

 

− the provision of a restraint device for the 
extremities (arms and legs). 

− the development of central and external disen-
gagement mechanisms for the restraint devices 
that should be operative immediately after the 
road crash. 

 
Innovations in the interior structure 
 

The following innovations in the interior structure 
of the automobile are proposed: 

− the provision of electromagnetic mechanisms 
which should be completely collapsible and able 
to move away from the occupants in the crash 
(as an example, the possibility of forwarding the 
steering-wheel will eliminate the possibility of 
the head impacting it, and make the driver air-
bag unnecessary). 

− a larger space between the occupants and the 
potentially dangerous objects. 
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Figure 16.  The Hy-wire concept car by General Motors pro-
poses an interior structure that bears a large space between the 
occupants and the potentially dangerous objects by using 
electromagnetic mechanisms. 

Source: reference 11 

 
− the provision of lateral airbags in the windows 

(with a somehow different function from the 
current one, since they should cover the whole 
surface in the minimum possible time to avoid 
direct impacts). 

− an important increase of the capacity to offer 
soft surfaces where there are potential points of 
contact (including the roof). 

− the elimination of all combustible materials of 
the interior of the vehicle. 

 
Integral design 
 

Finally, when thinking about an integral design 
the way to satisfy the driver's basic necessities can be 
analyzed as a whole, among which impact safety and 
protection of the environment should occupy a pre-
ponderant place, adding the following ones to the 
previous innovations: 

− the measurement of all the parameters for the 
correct performance of the safety devices; the 
elimination of the possibility of circulation if any 
safety device does not work properly, it is mis-
used or not used at all (e.g.: any of the occupants 
of the vehicle does not have his seatbelt buckled 
up); and the warning to the nearest medical care 
services indicating the exact location of the 
crashed vehicle. 

− the generation of power and its transmission by 
means of four electric engines, one in each 
wheel (reducing the volume destined to the en-
gine and transmission and allowing larger 
spaces destined to the absorption of kinetic en-
ergy while maintaining the current overall di-
mensions). 

− the placing of the energy source under the cock-
pit (this generates both a lower center of mass 
and no increase in length or width). 

− the increment of the wheels’ diameter (this pro-
vides the vehicle with a smaller tendency to over-
turn and it allows to increase the height of the 
center of mass without affecting the stability). 

− speed management through a mandatory intelli-
gent speed adaptation system, which integrates 
GPS arrays, road and speed limits digital data-
bases, and in-vehicle currently available hardware 
and software (namely on-board computer, speed 
limiter, and cruise control) that will help to re-
duce circulation speeds to comply with the legal 
limits, or even better, to remain within safe limits. 

 
Section conclusion   

 
To conclude, it has to be pointed out that the in-

tention of this paper is to present the feasible innova-
tions, without being thoroughly described, as a com-
pendium of integrated ideas that should be analyzed 
from a technological, industrial, and economical point 
of view in order to determine whether they can be 
introduced in modern vehicles or not. As mentioned 
before, this work has been done with the idea that 
rather than making a successful automobile safe it is 
highly preferable to transform a safe vehicle into a 
successful one, and bearing in mind that safer cars 
will produce lower quantities of road victims, and 
will probably bring higher profits to the carmaker that 
is able to successfully sell the feasible innovations.    
 
SELLING SAFETY INNOVATIONS 

“The world’s first automobile to be built with the safety of 
the occupants as the sole design objective was unveiled in New 
York by Liberty Mutual Insurance Company and Cornell 
Aeronautical Laboratory Inc. who designed and built the car in 
a joint undertaking”. (The safest car in the world – Safety 
maintenance and Best’s insurance news – 1959). 

Selling safety innovations has always been a very 
sensitive issue. Even nowadays, when there is greater 
awareness of the benefits of having and using as 
many safety devices as possible, some people refuse 
to use their seatbelts, which have proven to be one of 
the most useful safety devices ever introduced in 
automobiles. Furthermore, many among the “rebels” 
show neither oblivion nor lack of awareness  in their 
behavior; instead, they show resentfulness. They feel 
that using seatbelts is an annoying imposition con-
ceived to make their lives miserable, stealing them 
away the pleasure of driving their automobiles freely, 
a sensation strongly associated with the ideas of free-
dom, individuality and prosperity. So they simply and 
rationally refuse to buckle up. This gives a hint about 
the reason why 4-point seatbelts (which have demon-
strated to offer a more efficient protection than 3-
point seatbelts, but which are less comfortable) are 
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not offered even as an optional in current automo-
biles. Another example that shows how unpopular 
road safety is can be found in every Motor Show 
around the world where all kinds of new technical 
solutions burble in dozens of concept cars whereas 
the last concept vehicle designed with the safety of the 
occupants as the sole design objective is the Volvo 
SCC that dates far back to 2001. 

To conclude this very concise discussion about the 
selling of the safety innovations, it can be stated that it is 
a very difficult target to achieve (even considering the 
mentioned present greater awareness and the great eco-
nomic and social benefits that safer cars would imply), 
and that automobile history demonstrates that safety 
innovations have not had a great success, unless they 
have been introduced in the high-volume automobiles, 
particularly those more prestigious, so that the innova-
tions are perceived as an added value not as a pernicious 
imposition, dragging in this way the consumer to desire 
the most sophisticated devices available. 
 
CONCLUSIONS 

“The uncertainty of human behavior in a complex traf-
fic environment means that it is unrealistic to expect that all 
crashes can be prevented”. (World Health Organization – 
World report on road traffic injury prevention). 

Side impacts kill. So do frontal impacts, rear im-
pacts, rollovers and other manners of traffic collision 
which as a whole generate more than a million deaths 
every year. Yet, road crashes and their consequences 
result from an extremely complex combination of 
aspects involving government, industry and individual 
users, thus any effective response will necessarily 
require a large mobilization of effort by all those con-
cerned at the international, national, and local levels. 
The wider and more synergistic approach to the global 
challenge of reducing traffic casualties, the more effec-
tive the results and the faster the benefits. Similarly, 
great advantages should be found when a safe automo-
bile design is thought as a whole and every aspect is 
deemed in a general and synergistic way. On the other 
hand, when only partial improvements are added, bet-
ter safety than current one would also be achieved, 
although this would happen over a longer period of 
time, and would probably be less efficient. 

This paper proposed a general and synergistic ap-
proach, analyzing firstly and briefly the mechanisms of 
injury and biological resistance, after what it was con-
cluded that direct impacts should be avoided at most 
parts of the body, specially at the head, neck and spinal 
cord, chest, and abdomen; and it was also concluded 
that high levels of acceleration can be safely under-
gone, provided that they are exerted over extremely 
short periods of time, that they coincide with favorable 
directions and senses, and that they are not combined 

with direct impacts phenomena. Secondly, the bases of 
side safety were established, aiming at avoiding direct 
impacts and harmful accelerations, but also at setting 
the fittest conditions before the crash, and at allowing 
fast and efficient medical attention after it. Thirdly, the 
improvement opportunities of current safety devices 
were studied, and this lead to a series of feasible inno-
vations, aiming at enhancing the protection that an 
automobile offers to their occupants in case of a side 
crash, and that should be further analyzed within the 
corresponding settings and using the appropriate re-
sources. Yet, most of the aspects discussed can be 
easily translated to other types of road crashes. Lastly, 
some comments about the ways in which the feasible 
safety innovations should be marketed were argued, 
considering that selling this type of devices has always 
been a very difficult and sensitive issue. 

To conclude, everything herein stated is intended 
to provide several starting points for future develop-
ments, based either on improvements of available 
safety devices or on their reengineering; to highlight 
those starting points as the conclusion of a general 
and synergistic analysis; to encourage the people 
working to protect automobile passengers sustaining 
a side impact every time in a more efficient way; to 
help assuring that side impacts stop killing.   
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ABSTRACT 

Assessment of vehicle occupant injury outcomes 
from the analysis of real crash data is important not 
only for measuring the safety performance of 
particular vehicle models but also for monitoring 
the design improvements in vehicles over time. 
This paper describes the development and 
application of methods to assess driver injury risk 
and injury severity outcomes from the analysis of 
large police reported crash databases from two 
major European countries: France and Great 
Britain. Analysis of injury risk and severity has 
utilised a new method of analysis based on the 
paired comparison approach that corrects for 
inherent bias in the established methods whilst 
adjusting the injury risk and severity ratings for the 
influence of non vehicle factors such as occupant 
and crash characteristics. Outputs from the initial 
analysis are example vehicle safety ratings that 
could be developed and used for consumer 
information on relative vehicle occupant protection 
performance throughout Europe. A final focus of 
the study is to examine the relationship between the 
injury risk and severity ratings derived from the 
police crash data sources and the relative vehicle 
safety performance ratings published by 
EuroNCAP. Comparison is made both at the 
overall level and between real crash ratings based 
on specific crash configurations similar to those 
used in the EuroNCAP test protocol. 

INTRODUCTION 

This paper describes the analysis in sub-tasks 2.1 
and 2.2 of the second phase of the project Quality 
Criteria for the Safety Assessment of Cars based on 
Real-World Crashes being carried out by the Safety 
Rating Advisory Committee (SARAC) for the 
European Commission who fund the project.  

Assessment of vehicle occupant injury outcomes 
from the analysis of real crash data is important not 
only for measuring the safety performance of 
particular vehicle models but also for monitoring 
the design improvements in vehicles over time. To 

this end, a number of systems to rate relative 
vehicle safety from the analysis of injury outcomes 
recorded in police reported crash data. A review of 
all these systems can be found in Cameron et al 
(2001a). A number of these systems regularly 
produce vehicle safety ratings that are published for 
consumer information in the countries where the 
ratings systems were developed. Three ratings 
systems have been developed by the following 
European organisations: 

• Road and Transport Laboratory, University of 
Oulu, Finland (Huttula, Pirtala and Ernvall 
1997) 

• Department of the Environment, Transport and 
Regions (DETR), U.K. (Transport Statistics 
Report 1995) 

• Folksam Insurance, Sweden (Hägg et al 1992; 
Kullgren 1999) 

Each of these vehicle safety ratings systems has 
developed different measures of vehicle 
crashworthiness, each attempting to measure the 
risk of injury or serious injury to a vehicle driver 
involved in a two-car collision.  

This paper reviews the three identified European 
crashworthiness measures. It then proposes a new 
crashworthiness measure which overcomes one of 
the key deficiencies noted in each of three existing 
measures considered. Application of the new 
measure is then demonstrated on police reported 
crash data from both France and Great Britain. 
Finally the vehicle safety ratings resulting from the 
application of the method are compared to the 
outcomes of EuroNCAP barrier testing to assess 
the relationship between these two measures of 
driver injury risk in a crash. 

A REVIEW OF THE EXISTING EUROPEAN 
SAFETY RATING SYSTEMS 

The rating criteria for each of the three existing 
methods considered are measures of the risk of 
injury or severe injury to drivers of specific car 
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models when involved in a crash. In the first two 
systems, the criterion stops at the risk of injury. In 
the Folksam method, the criterion goes beyond 
injury to measure the risk of severe injury in two 
steps: (1) the risk of injury in a crash, multiplied by 
(2) the risk of severe injury, given that the driver is 
injured. For the moment, only the component 
which measures the risk of injury in a crash is 
considered. Each of the three rating systems is 
based on the injury outcomes of two-car crashes 
involving specific car models. In each system, only 
two-car crashes in which at least one driver was 
injured are analysed. Although the University of 
Oulu has also developed a rating system based on 
all two car crashes, including those not involving 
injury, only the system based on injury crashes is 
considered here.  

In reviewing the vehicle crashworthiness measures, 
it seems apparent that each of the three considered 
has been developed to overcome limitations when 
only crashes involving injury to at least one of the 
drivers involved in the crash are reported. In each 
of these systems, measures of driver injury risk 
have been derived that compensate for the lack of 
availability of non-injury crash data. Whilst each 
measure is computationally and conceptually 
different, each has inadequacies in the way it uses 
the data to form an estimator of driver injury risk in 
a crash. 

To illustrate these inadequacies, consider a 
conceptual framework similar to that derived by 
Folksam in the derivation of their injury risk 
measure based on the two-car crash matched-pair 
concept. This framework is also suitable for 
comparing all other vehicle safety estimators 
considered under the SARAC project. The Folksam 
framework is defined as follows.  

Consider N observed two car crashes involving 
vehicle model k. Let p1k be the average injury 
probability to the driver of the focus vehicle model, 
k, and p2k be the average injury probability to the 
drivers of all vehicles colliding with vehicle model 
k. Categorising the N observed crashes into a 2x2 
table defined by injury or no injury to the focus and 
other vehicle drivers, the following table of 
expected crash frequencies arises, assuming p1k and 
p2k to be independent (Table 1). 

Let the observed categorised crash frequencies 
corresponding to the expected values under the 
conceptual framework in Table 1 for vehicle model 
k be as shown in Table 2. 

For data systems not reporting non-injury crashes, 
nnnk will be unknown in Table 2. 

 

Table 1. 
Expected Number of Two-car Crashes between 

Vehicle Model (k) and Other Vehicles 

Drivers 
of  vehicle 
model k 

Drivers of other vehicles  

 INJURED NOT INJURED  

INJURED N p1k p2k N p1k (1-p2k ) N p1k 

NOT 
INJURED 

N(1- p1k )p2k N(1- p1k )(1-p2k) N (1-p1k ) 

 N p2k N (1-p2k) N 

 
Table 2. 

Observed Number of Two-car Crashes between 
Vehicle Model (k) and Other Vehicles 

Drivers 
of  vehicle 
model k 

Drivers of other vehicles  

 INJURED NOT INJURED  

INJURED niik nink niik +nink 

NOT 
INJURED 

nnik nnnk nnik +nnnk 

 niik +nnik nink +nnnk N 
 

When the total number of two-car crashes where 
both drivers are uninjured (nnnk) is known, and 
hence N is known, the margins of Table 2 can be 
used to derive an unbiased estimator of injury risk 
to the focus car driver. Such an estimator has been 
used in crashworthiness systems in Australia 
(Newstead et al, 2002) and Finland (Huttula et al, 
1997) and is defined as follows 

N

nn
R inkiik

Ck

+=  

Based on the conceptual framework given in Table 
1, the expected value of RCk is given by 

k1Ck p)R(E =  

That is, RCk is an unbiased estimator of the risk of 
injury to the driver in the focus vehicle model, k. 

More recently, attention in vehicle safety ratings 
systems has turned to estimating the relative risk of 
injury various vehicle models pose to the drivers of 
other vehicles with which they collide, a concept 
labelled aggressivity. Using the same conceptual 
framework defined in Table 1, an aggressivity 
metric has been developed in Australia based on 
injury and non-injury two car crashes (Cameron et 
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al, 1998). The aggressivity injury risk measure is 
defined as follows  

N

nn
R nikiik

Ak

+=  with 
k2Ak p)R(E =  

Like the crashworthiness injury risk measure, RAk 
is an unbiased measure of the risk of injury to 
drivers of other vehicles colliding with vehicle 
model k. Until the concept of aggressivity was 
considered, it was often assumed that p2k would be 
the same for all vehicle models. In estimating the 
aggressivity metric on real crash data, however, 
Cameron et al (1998) show large differences in the 
aggressivity of different vehicle models. This is 
important when considering the European 
crashworthiness measures based on injury only 
data. 

Consider firstly the Folksam estimator of relative 
injury risk for their vehicle safety ratings system. 
The Folksam relative injury risk estimator for 
vehicle model k is defined as follows: 

nikiik

inkiik
Fk nn

nn
R

+
+=  

Descriptively, this measure is the ratio of the 
number of crashes with injured drivers in vehicle 
model k to the number of crashes with injured 
drivers in all vehicles colliding with vehicle model 
k.  This has been described by Folksam as the risk 
of injury to drivers of vehicle model k relative to 
the average injury risk of driver injury across the 
whole vehicle fleet. Based on the conceptual 
framework given in Table 1, the expected value of 
RFk is given by 

k

k

k

k
Fk p

p

Np

Np
RE

2

1

2

1)( ==  

If RFk is to be a relative risk comparable across all 
vehicle models rated, it must be assumed that p2k, 
the aggressivity injury risk measure, is equal for 
each vehicle model rated. Folksam argue that this is 
the case because each vehicle model collides with a 
similar population of ‘other’ vehicles. This 
assumption, however, ignores the possibility that 
different vehicle models pose different risk of 
injury to drivers of other vehicles with which they 
collide, an assumption challenged by the results of 
Cameron et al (1998). That is, it assumes each 
vehicle has identical aggressivity which, by 
definition, is measured by p2k for vehicle model k. 
Consequently, if the Folksam relative injury risk 
measure is adopted, there can be no corresponding 
independent measure of vehicle aggressivity 

derived from the Folksam framework. This point is 
demonstrated clearly by Broughton (1996). 

In practice, the Folksam relative injury risk 
measure is a function of not only the 
crashworthiness of the focus vehicle model k, p1k , 
but also its aggressivity, p2k. Further, if there are 
two vehicles with equal risk of driver injury but 
differing aggressivity, the vehicle with the higher 
aggressivity will rate better in the Folksam system.  

Consider next the DETR measure of injury risk 
used in Great Britain defined as follows: 

niknikiik

inkiik
Dk nnn

nn
R

++
+

=  

Correspondingly, the expected value of RDk derived 
from Table 1 is given by  

kkkk

k
Dk pppp

p
RE

2121

1)(
−+

=  

Conceptually, RDk measures the risk of injury in the 
focus vehicle, k, given its involvement in a crash 
where at least one driver is injured. As evident 
from the expected value of RDk, the measure, like 
the Folksam measure, is also a confounded function 
of the focus vehicle passive safety, p1k , as well as 
its aggressivity, p2k.  

Broughton (1996) considered a partner aggressivity 
measure similar to the DETR injury risk measure 
which may also be defined under the conceptual 
framework being used here as follows:  

inknikiik

nikiik
Dk nnn

nn
A

++
+

=  

The corresponding expected value is given by  

kkkk

k
Dk pppp

p
AE

2121

2)(
−+

=  

Whilst ADk is not the reciprocal of RDk, as would be 
the case with a Folksam aggressivity measure 
derived in the same spirit, ADk and RDk are far from 
independent, as also noted by Broughton (1996). 

Turning to the Oulu measure of injury risk derived 
from injury crash data, defined as follows: 

inknikiik

inkiik
Ok nnn

nn
R

++
+

=
2
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with the corresponding expected value given by  

kk

k
Ok pp

p
RE

21

1)(
+

=  

Conceptually, the Oulu injury risk measure is the 
proportion of all injured drivers in two car crashes 
involving vehicle model k who were drivers of 
vehicle model k.  As with the DETR and Folksam 
measures, crashworthiness and aggressivity of 
vehicle model k are confounded in the Oulu 
crashworthiness injury risk measure. 

AN ALTERNATIVE SAFETY RATING 
SYSTEM BASED ON INJURY CRASH DATA 

To overcome the problem of crashworthiness and 
aggressivity being confounded in all the existing 
crashworthiness measures based on the analysis of 
two-car injury crashes, a new measure is proposed. 
Again, based on the conceptual framework shown 
in Table 1, the new measure of driver injury risk in 
vehicle model k is defined as follows: 

nikiik

iik
Nk nn

n
R

+
=  

The corresponding expected value given by  

kNk pRE 1)( =  

RNk is an unbiased estimator of p1k and as such is 
not confounded with the aggressivity parameter for 
vehicle model k, p2k.  

Because the new measure is an estimator of 
absolute injury probabilities, it can be estimated 
using logistic regression techniques. This allows 
simultaneous adjustment of concomitant factors 
affecting injury risk other than the vehicle model, 
such as driver age and sex and accident 
circumstances, in a way identical to that used in 
both the existing Australian and British 
crashworthiness rating systems. In practice, to 
estimate the new injury risk measure via logistic 
regression, two car crashes involving the focus 
vehicle where the driver of the other vehicle is 
injured are identified in the crash data. A 
dichotomous injury outcome for the driver of the 
focus vehicle is then defined (injured/not-injured) 
which becomes the dependent variable in the 
logistic regression model. 

If desired, the new injury risk measure can be 
combined with an injury severity measure in the 
same way as the existing Australian and Swedish 
rating systems (Newstead et al, 2002; Haag et al, 
1992) to produce a measure of serious injury risk. 
For the purposes of this paper, the injury severity 

measure (SNk) is defined in the same was as that 
used in the Australian crashworthiness ratings 
system of Newstead et al (2002). It is the risk of 
death or hospitalisation to the driver of the focus 
vehicle given some level of injury is sustained. It 
can also be estimated by logistic regression 
techniques incorporating adjustment for the effects 
of non-vehicle factors in injury severity outcome. 
The final crashworthiness measure estimates the 
risk of death or serious injury to the focus driver 
given crash involvement and is simply the product 
of the risk and severity components as follows. 

NkNkNk SRCWR ×=  

Figure 1 shows the relationship between injury risk 
to the focus vehicle driver estimated using the new 
metric and that estimated using full data from both 
injury and non injury crashes (RCk above) using an 
assembled set of both injury and non-injury crash 
data from 3 States of the USA (see Cameron et al, 
2001a). It shows a high degree of correlation 
between the two rating measures confirming that 
the new injury risk rating metric can provide 
ratings consistent with the unbiased measure 
derived from injury and non-injury data but using 
only injury data. 

y = 0.0005x2 + 0.2652x + 2.6424
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Figure 1: Relationship Between Injury Risk 
Estimated from Injury and Non-Injury Data 
and Estimated From Injury Data Only Using 
the New Metric. 

An Associated Aggressivity Measure 

It is straight forward to extend the logic by which 
the new crashworthiness injury risk metric was 
derived to derive an unbiased measure of 
aggressivity injury risk from injury only crash data. 
The corresponding new estimator of aggressivity 
injury risk in crashes with vehicle make/model k, is 
given by: 

inkiik

iik
Nk nn

n
AR

+
=  with k2Nk p)AR(E =  
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ARNk is an unbiased estimator of p2k and as such is 
not confounded with the crashworthiness parameter 
for vehicle model k, p1k. Like the crashworthiness 
risk measure, it can be estimated using logistic 
regression techniques to adjust for the influence of 
non-vehicle factors on injury outcome. Like the 
Australian aggressivity measure based on injury 
and non-injury crash data (Cameron et al, 1998), 
the new aggressivity measure can also be extended 
to measure serious injury risk to the other driver by 
multiplying the injury risk component by a measure 
of injury severity.  

Figure 2 shows the relationship between 
aggressivity injury risk to the focus vehicle driver 
estimated using the new metric and that estimated 
using full data from both injury and non injury 
crashes again using the data from 3 States of the 
USA (see Cameron et al, 2001b). As for the 
crashworthiness metric, it shows a high degree of 
correlation between the two aggressivity rating 
measures confirming that the new metric can 
provide ratings consistent with the unbiased 
measure derived from injury and non-injury data 
but using only injury data. 

y = -0.0013x2 + 0.4141x - 0.4709

R2 = 0.8555
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Figure 2. Relationship between aggressivity 
injury risk estimated from injury and non-
injury data and estimated from injury data only 
using the new metric. 

Figure 3 shows the relationship between the new 
risk measures of crashworthiness and aggressivity 
for the set of vehicle models rated from the USA 
data. It demonstrates the desirable property of a 
high degree of independence between the two 
measured dimensions of vehicle safety. As noted 
by Broughton (1996), none of the existing 
measures of vehicle safety derived from injury only 
crash data have been able to achieve this level of 
independence between measures in the two 
dimensions.  
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Figure 3. Relationship between the new 
measures of crashworthiness and aggressivity  

 
APPLICATION OF THE RATING SYSTEM 
TO POLICE REPORTED CRASH DATA 
FROM FRANCE AND GREAT BRITAIN  

To demonstrate the application of the new 
crashworthiness measure based on injury only 
police data, the methods have been applied to 
estimate crashworthiness ratings for specific 
vehicles using police reported crash data from two 
European countries, France and Great Britain. In 
both countries, only crashes involving injury are 
reported to police. 

Crash Data Sources 

Real Crash Data from Great Britain 

In Great Britain, all road accidents involving 
human death or personal injury occurring on the 
highway (‘road’ in Scotland) and in which one or 
more vehicles are involved, are required to be 
reported to the police within 30 days of occurrence.  
In addition, all fatal or injury accidents on public 
roads involving at least one mechanically propelled 
vehicle should be reported to police unless 
insurance documents, driver details and ownership 
and registration information are exchanged 
between drivers.  These data are then recorded in 
the STATS19 database. Crashes not involving 
human injury do not appear in the data. Crash data 
for the period 1993 to 2001 were supplied for use 
in this study by the UK Department for Transport 
(DfT). 

Driver injury level is coded in the British data 
using a three level scale.  These levels are: 

1. Fatal: includes cases where death occurs 
in less than 30 days as a result of the 
accident 

2. Serious injury: includes fractures, internal 
injury, severe cuts, crushing, burns, 
concussion, severe shock requiring 
hospital treatment, detention in hospital as 
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an in-patient immediately or at a later 
date, injuries from the crash resulting in 
death 30 days or more after the crash 

3. Slight injury: including sprains or 
whiplash not necessarily requiring medical 
treatment, bruises, slight cuts, slight shock 
requiring roadside attention.   

 
After selecting passenger vehicles only, complete 
information for the required variables was available 
for 1,635,296 crashes. Information on the non-
vehicle factors driver age, driver sex, junction, 
point of impact and speed limit of the crash site 
was also available in the data. Estimation of injury 
risk for all crash types using the new method 
considered 546,984 two-car crashes.  Estimation of 
injury severity for all crash types using the 
Australian severity measure considered a total of 
775,972 injured drivers involved in either single 
vehicle (159,306) or two-vehicle crashes (616,666).  
For the purposes of comparison with EuroNCAP 
results, sub-sets of these data were also used to 
estimate injury risk and injury severity for front 
impact and side impact crashes after selecting for 
the point of impact on the focus vehicle. 

Real Crash Data from France 

In France, every road accident in which at least one 
road user received medical treatment is investigated 
by the police and included in a national database 
managed by the Ministry of Transportation.  An 
extract this database for the years 1993 to 2001 was 
supplied by the Laboratory of Accidentology, 
Biomechanics and Human Behaviour (LAB) in 
France for use in this study.  Only those cases 
meeting the following criteria were provided: 

• No two wheelers involved; 
• Only drivers or right front passengers of 

private cars whose injury severity is 
known; 

• All types of collisions and obstacles.  

Driver injury level is coded in the French data 
using a four level scale.  These levels are: 

1. Uninjured: no medical treatment 
2. Fatal: death within seven days of the crash 
3. Serious injury: more than 6 days in 

hospital 
4. Slight injury: less than seven days in 

hospital 

Of the records provided, a total of 610,118 
contained complete information for the required 
variables. Variables on the non-vehicle factors 
driver age, driver sex, road junction type, point of 
impact and speed limit of the crash site were also 
available in the data. Estimation of injury risk using 
the new method considered 280,603 two-car 

crashes.  Estimation of injury severity using the 
Australian severity measure considered a total of 
379,557 injured drivers involved in either single 
vehicle (98,249) or two-vehicle crashes (281,308).  
Sub-sets of these data were used to estimate injury 
risk and injury severity for front impact and side 
impact crashes after selecting for the point of 
impact on the focus vehicle.  

Because of fundamental differences in injury level 
coding of the French and UK data, they could not 
be combined for analysis and were analysed 
separately. 

Identification of Vehicle Models 

Because the secondary focus of this study was to 
compare the new crashworthiness metric with 
results from EuroNCAP testing, only EuroNCAP 
tested vehicle models were chosen from the real 
crash data for analysis. EuroNCAP tested vehicles 
were selected for inclusion in the analysis where at 
least 80 drivers were involved in two-car crashes 
and at least 20 drivers were injured in single and 
two-car crashes combined.  Of the 138 EuroNCAP 
vehicle models tested to the middle of 2003, there 
were 70, 52 and 23 vehicle models with sufficient 
real crash data from all crash types, front impact 
crashes and side impact crashes respectively, to be 
included in the British analysis.  The French data 
was sufficient to estimate 36, 31 and 5 vehicle 
models in all crash types, front impact crashes and 
side impact crashes respectively.   

Information on the vehicle identification number 
(VIN) was available in neither the British nor the 
French database.  Therefore, selection of vehicle 
models from the crash data for comparison with 
EuroNCAP test result had to be carried out on the 
basis of the make and model coding descriptions 
available in the data along with year of 
manufacture in comparison with the model 
specifications reported for the EuroNCAP tested 
vehicles. 

Vehicle safety ratings estimated from real crash 
data 

Adjustment for Non-Vehicle Factors 
 
Logistic models of injury risk and injury severity as 
a function of the non-vehicle factors available in 
the data were fitted separately for each component 
using the logistic procedure of the software 
package SAS. At this stage the vehicle model was 
not included as a factor in the model. In addition to 
fitting main effects of the non-vehicle factors, 
interactions of first and higher order were included.  
To avoid an overly complex final model or one that 
might become unstable in the estimation procedure, 
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a stepwise approach was used to fit the model, with 
the restriction that an interaction could only be 
considered if the main effect terms of the 
interaction were significant predictors of injury 
risk/injury severity.  This approach has been used 
successfully in estimating the Australian 
crashworthiness ratings (Newstead et al, 2002) and 
gives a greater chance that the fit of the final model 
to the data will be acceptable.  
 

Table 3. 
Significant factors in the logistic regression 

models of injury risk and injury severity derived 
from the British data 

Significant 
Model 
Factors 

Injury Risk Injury Severity 

Main 
Effects 

driver age (age) 
driver sex (sex) 
junction type 
(jun) 
point of impact 
(poi) 
speed limit (sl) 

driver age (age) 
driver sex (sex) 
junction type (jun) 
no. of vehicles (nov) 
point of impact (poi) 
speed limit (sl) 

1st Order 
Interactions 

jun×poi, jun×sl, 
age×poi, sex×jun, 
poi×sl, age×sex, 
sex×poi, age×sl, 
age×jun 

nov×sl, nov×poi, 
jun×poi, jun×nov, 
sex×nov, age×sex, 
sex×sl, poi×sl, 
jun×sl, age×jun, 
sex×jun, age×sl, 
sex×poi, age×poi, 
age×nov 

2nd Order 
Interactions 

jun×poi×sl 
sex×jun×poi 
age×sex×poi 
age×poi×sl 
age×jun×poi 

jun×poi×sl, 
jun×nov×poi, 
age×nov×poi, 
age×jun×poi, 
jun×nov×sl, 
sex×jun×sl, 
sex×jun×nov, 
age×sex×sl, 
nov×poi×sl, 
sex×poi×sl, 
sex×jun×poi, 
age×sex×nov 

3rd Order 
Interactions 

 jun×nov×poi×sl 

 
Tables 3 and 4 detail the main effects and 
interactions that were judged to be significant 
predictors of injury risk and injury severity for all 
crash types through the stepwise logistic modelling 
approach.  As a final step, the model was re-fitted 
including the significant non-vehicle factors and 
their interactions along with a variable indicating 
vehicle model as a main effect in each of the 
models. In each case, vehicle model was a 

significant predictor of injury outcome. No 
interaction between the “vehicle model” and other 
covariates in the model was included, as this would 
cause difficulty in interpretation of the vehicle 
model main effect. 

Table 4. 
Significant factors in the logistic regression 

models of injury risk and injury severity derived 
from the French data  

Significant 
Model 
Factors 

Injury risk 
Injury Severity 

Main Effects driver age (age) 
driver sex (sex) 
Intersection 
type (int) 
urbanisation 
(urb) 

driver age (age) 
driver sex (sex) 
number of vehicles 
involved (nbv) 
Intersection type 
(int) 
urbanisation (urb) 
year of crash (yea) 

First Order 
Interactions 

age × sex 
sex × int 
age × urb 
int × urb 
age × int 

age × sex 
age × nbv 
sex × nbv 
age × int 
sex × int 
nbv × int 
age × urb 
sex × urb 
nbv × urb 
int × urb 

Second Order 
Interactions 

age × sex × int  
age × int × urb 

age × nbv × int 
sex × nbv × urb 
age × int × urb 
sex × int × urb 
age × sex × nbv 
Age × nbv × urb 

 
An identical approach was adopted to determine 
the significant predictors of injury risk and injury 
severity for front impact and side impact crashes. 
Due to space constraints these results are not 
presented here. 

Estimated Ratings 

Crashworthiness ratings for each EuroNCAP tested 
vehicle included in the analysis were calculated by 
taking the product of the estimated injury risk and 
severity components.  Tables 5 and 6 show the 
resulting British and French crashworthiness 
ratings for all crash types, front impact crashes and 
side impact crashes.  Upper and lower confidence 
limits for the all crash type crashworthiness rating 
are also provided and were calculated using the 
method detailed in the Newstead et al (2002). 
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Table 5. 
Crashworthiness ratings estimated from British crash data  

Vehicle Make/Model 
Crash-

worthiness 
Rating 

Estimated 
Injury Risk 

Estimated 
Injury 

Severity 

Lower 
95% CI 
CWR 

Upper 
95% CI 
CWR 

Front 
Impact 
CWR 

Side 
Impact 
CWR 

All Model Average 3.72 34.74 10.72   4.61 4.87 
Fiat Punto 94-97 4.28 39.73 10.77 3.59 5.10 4.80 3.93 
Ford Fiesta 95-99 4.27 39.25 10.87 3.85 4.73 5.02 5.36 

Nissan Micra 93-98 5.76 40.42 14.26 4.94 6.73 6.82 6.97 
Renault Clio 91-98 4.97 42.22 11.78 3.42 7.23 5.82  
Rover 100 95-98 5.42 40.18 13.48 4.67 6.28 6.20 7.90 

Vauxhall Corsa 93-98 4.05 36.27 11.16 2.70 6.07 6.01  
V’wagen Polo 94-99 4.26 38.98 10.92 3.57 5.07 4.92 5.98 

Audi A4 95-00 3.54 31.67 11.18 2.41 5.20 2.83  
BMW 3 Series 91-98 3.10 27.93 11.10 2.64 3.64 3.39 4.04 
Citroen Xantia 93-00 3.04 30.08 10.11 2.43 3.80 3.47 3.26 
Ford Mondeo 96-00 3.57 33.78 10.57 3.08 4.14 4.01 5.84 

Mercedes C180 93-00 1.69 31.29 5.40 0.99 2.90 1.48  
Nissan Primera 96-99 3.64 31.05 11.71 2.71 4.89 4.37  

Peugeot 406 96-99 2.95 27.92 10.57 2.42 3.60 3.65 3.59 
Renault Laguna 94-98 3.12 34.35 9.07 2.36 4.12 4.23  

Rover  620 93-99 3.31 32.26 10.27 2.58 4.25 3.27 7.04 
Saab  900 93-98 3.02 24.32 12.43 1.64 5.57   

Vauxhall Vectra 95-99 3.92 33.13 11.82 3.42 4.48 4.42 5.47 
V’wagen Passat 97-00 4.95 32.40 15.27 3.16 7.75 6.79  

Audi A3 96-02 3.22 33.46 9.62 1.83 5.67 4.43  
Citroen Xsara 97-02 3.82 38.18 10.00 2.42 6.02 4.45  
Daewoo Lanos 97-02 4.06 35.00 11.59 2.68 6.14 4.54  

Fiat Brava 95-02 3.66 35.27 10.38 2.93 4.58 4.62 3.42 
Honda Civic 95-00 5.26 37.92 13.87 4.47 6.19 5.79 6.25 

Hyundai Accent 94-99 5.20 42.23 12.30 3.48 7.76 4.39  
Peugeot 306 97-01 4.74 38.06 12.47 4.09 5.50 5.24 5.72 

Renault Megane 96-99 3.52 34.87 10.09 2.84 4.37 3.97 3.55 
Suzuki Baleno 95-01 4.03 35.13 11.46 2.36 6.86 4.41  
Toyota Corolla 97-01 4.22 33.45 12.62 3.04 5.87 3.98  
V’wagen Golf 97-02 3.46 27.65 12.53 1.79 6.69   

Audi A6 97-02 1.92 29.44 6.53 0.84 4.38   
BMW 520i 96-02 3.24 25.25 12.84 2.12 4.95 3.89  

Mercedes E200 95-99 3.36 28.95 11.59 1.87 6.03   
Saab 9-5 97-01 2.05 25.07 8.18 0.74 5.68   

Vauxhall Omega 94-99 2.93 31.94 9.17 2.21 3.88 3.09 2.99 
Volvo S70 96-99 4.04 35.63 11.34 1.77 9.21   
Ford  Focus 98-02 3.43 33.69 10.17 2.78 4.23 3.86 3.93 

Mercedes A140 98-02 5.51 40.42 13.63 3.23 9.39 7.03  
Vauxhall  Astra 98-02 4.53 40.21 11.27 3.89 5.28 4.90 6.27 

Ford Escort 91-00 4.18 37.79 11.05 3.80 4.59 4.62 5.52 
Nissan Almera 95-00 4.01 40.90 9.80 2.66 6.05 5.76  
Nissan Serena 93-00 4.33 32.08 13.49 2.07 9.05   

V’wagen Sharan 95-00 2.69 26.94 10.00 1.25 5.79   
Vauxhall Corsa 98-00 4.02 37.83 10.64 3.30 4.90 4.68 4.76 
Honda Accord 98-99 1.01 33.79 2.99 0.25 4.06   

Saab 9-3 98-02 2.22 20.55 10.79 1.00 4.91   
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Vehicle Make/Model 
Crash-

worthiness 
Rating 

Estimated 
Injury Risk 

Estimated 
Injury 

Severity 

Lower 
95% CI 
CWR 

Upper 
95% CI 
CWR 

Front 
Impact 
CWR 

Side 
Impact 
CWR 

Ford Ka 96-02 4.44 39.12 11.34 3.70 5.32 5.46 4.78 
Volvo S40 96-02 2.38 33.69 7.06 1.36 4.15 3.54  

Toyota Avensis 97-00 3.37 36.68 9.18 2.35 4.83 3.25  
Citroen Saxo 96-02 4.80 45.16 10.63 4.17 5.52 5.26 5.97 

Daewoo Matiz 98-00 8.69 49.54 17.54 6.05 12.48 9.05  
Fiat Seicento 98-02 5.66 48.13 11.77 3.53 9.10 7.92  
Ford Fiesta 99-02 4.67 41.23 11.32 3.73 5.84 5.74  

Nissan Micra 98-02 6.82 44.22 15.41 4.15 11.19 8.23  
Peugeot 206 98-02 4.15 38.32 10.83 3.14 5.49 4.47  
Renault Clio 98-01 3.08 36.05 8.53 2.22 4.26 3.58  

Rover 25 99-02 4.76 45.19 10.53 3.04 7.44 5.43  
Toyota Yaris 99-02 4.69 42.01 11.16 2.85 7.70 6.20  
V’wagen Polo 00-02 4.08 37.23 10.95 2.54 6.53 4.04  
Nissan Almera 99-02 3.17 35.48 8.93 1.61 6.23   
BMW 3 Series 98-00 3.04 30.11 10.11 2.12 4.36 3.13  
Peugeot 406 99-02 3.46 30.22 11.46 2.41 4.98 4.17  

Rover 75 99-02 1.60 19.96 8.02 0.63 4.08   
Vauxhall Vectra 99-02 4.23 32.41 13.05 3.30 5.43 4.25 4.00 
V’wagen Passat 00-02 3.21 33.22 9.66 2.14 4.81 4.06  
Citroen Picasso 00-02 3.93 36.34 10.82 1.62 9.55   
Renault Scenic 99-02 3.25 36.20 8.98 1.77 5.98 3.84  
Mazda MX-5 98-02 5.44 38.70 14.05 3.45 8.58   
Jeep Cherokee 96-02 2.22 22.03 10.09 1.06 4.64   
Vauxhall Corsa 00-02 3.99 39.96 9.99 2.03 7.85   

NB: Blank cells indicate insufficient data was available to obtain an estimate 
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Table 6. 
Crashworthiness ratings estimated from French crash data 

Vehicle Make/Model 
Crash-
worthiness 
Rating 

Estimated 
Injury Risk 

Estimated 
Injury  
Severity 

Lower 
95 CI 
CWR 

Upper 
95 CI 
CWR 

Front 
Impact 
CWR 

Side 
Impact 
CWR 

All Model Average 11.45 48.88 23.42   11.76 17.35 
Fiat Punto 94-97 13.45 57.06 23.57 11.54 15.67 13.28 15.33 
Ford Fiesta 95-99 14.20 56.36 25.20 11.79 17.11 14.88  
Nissan Micra 93-98 16.09 57.51 27.98 8.96 28.88   
Renault Clio 91-98 17.10 59.31 28.84 15.41 18.98 16.59 17.75 
Opel Corsa 93-98 15.06 56.52 26.64 12.51 18.11 15.72  
Volkswagen Polo 94-99 15.54 56.29 27.61 12.97 18.63 13.73  
BMW 3 Series 91-98 14.29 46.29 30.87 9.73 20.99 16.00  
Citroen Xantia 93-00 11.52 45.24 25.47 9.87 13.46 10.63 16.52 
Ford Mondeo 96-00 4.54 40.57 11.18 2.11 9.75 5.18  
Mercedes C180 93-00 7.89 36.64 21.52 3.15 19.72   
Nissan Primera 96-99 1.97 39.20 5.04 0.30 12.90   
Peugeot 406 96-99 9.28 40.32 23.01 7.39 11.65 9.57  
Renault Laguna 94-98 11.36 45.96 24.71 8.90 14.50 11.61  
Opel Vectra 95-99 8.82 41.89 21.06 5.50 14.15 7.57  
Audi A3 96-02 8.48 45.50 18.63 3.82 18.81 6.08  
Citroen Xsara 97-02  13.60 53.83 25.26 10.19 18.15 15.06  
Fiat Brava 95-02 15.78 52.88 29.85 12.04 20.69 13.58  
Honda Civic 95-00 10.67 42.05 25.38 6.51 17.49 10.90  
Peugeot 306 97-01 12.03 49.16 24.47 10.16 14.25 11.12 16.75 
Renault Megane 96-99 15.29 52.00 29.40 12.84 18.20 15.25  
Ford Focus 98-02  10.18 50.51 20.16 5.78 17.93 10.23  
Opel Astra 98-02 9.30 48.89 19.03 5.72 15.13 9.39  
Ford Escort 91-00 14.01 52.08 26.89 11.72 16.73 14.98  
Renault Espace 97-02 5.32 29.83 17.85 2.68 10.59 6.32  
Peugeot 806 95-98 17.02 43.41 39.20 9.60 30.18   
Opel Corsa 98-00 12.67 53.52 23.67 8.76 18.32 14.47  
Ford Ka 96-00 10.30 48.50 21.24 6.40 16.58 12.42  
Citroen Saxo 96-02 17.69 59.90 29.53 15.21 20.56 16.78 16.79 
Ford Fiesta 99-02 12.34 62.04 19.89 6.66 22.87 15.20  
Peugeot 206 98-02 13.79 58.01 23.77 10.08 18.86 12.55  
Renault Clio 98-01 10.11 50.34 20.08 7.51 13.61 10.80  
Volkswagen Polo 00-02 14.97 57.42 26.08 8.99 24.93 15.02  
BMW 3 Series 98-00  12.44 39.21 31.72 6.42 24.11   
Peugeot 406 99-02 8.57 40.65 21.09 5.68 12.95 8.65  
V’wagon Passat 97-00 16.22 44.04 36.84 10.38 25.36 12.74  
Renault Scenic 99-02  6.18 43.64 14.17 3.33 11.47 5.81  

NB: Blank cells indicate insufficient data was available to obtain an estimate 
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COMPARISON OF REAL CRASH RATINGS 
WITH EURONCAP RATINGS 

Having successfully estimated vehicle safety ratings 
from the French and British police reported crash 
data using the new crashworthiness metric, of interest 
was to compare the consistency of these ratings to 
those derived through the EuroNCAP barrier test 
program. 

In comparing EuroNCAP crash test results with real 
crash outcomes in Sweden, Lie and Tingvall (2000) 
computed the average real crash injury rates for 
vehicles grouped within each overall star rating. It 
was hypothesised that occupants of EuroNCAP tested 
vehicles with a particular rating should have a lower 
average risk of serious injury in real crashes than 
those with a lesser star rating. If so, the overall 
barrier crash performance star rating given to each 
vehicle from EuroNCAP testing would be broadly 
representative of relative real crash outcomes.  Based 
on the Swedish data analysed, Lie and Tingvall 
(2000) indeed found that EuroNCAP tested vehicles 
rated four stars had a lower average risk serious 
injury risk in real crashes than those rated three stars.  
The three star vehicles had a correspondingly lower 
average risk than vehicles rated two stars.  The 
analysis that follows also considers the relationship 
between real crash safety ratings and overall 
EuroNCAP star ratings.  

An overall EuroNCAP star rating scale of five 
categories is used to classify vehicle safety 
performance based on crash test results.  The four 
star categories are derived from the results of both the 
offset frontal and side impact EuroNCAP test 
components.  In this study the overall EuroNCAP 
score and corresponding star rating are calculated 
based only on the driver dummy measurements in the 
EuroNCAP test to ensure compatibility with the real 
crash ratings that relate to driver injury outcome only. 
In contrast, the official scores published by 
EuroNCAP consider both the driver and front 
passenger dummy scores in the offset frontal barrier 
test.  Also, the EuroNCAP overall scores used here 
do not include the pole test result.  Analysis 
conducted using EuroNCAP overall scores including 
the pole test for those few vehicle models for which it 
was available produced similar results.  

Figures 4 and 5 show overall EuroNCAP scores 
plotted against crashworthiness estimated from the 
British and French data respectively.  Individual 
EuroNCAP scores are grouped according to the 
corresponding star rating and 95 per cent confidence 

limits are placed on the estimates of the real crash 
measures. 
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Figure 4. Overall EuroNCAP test score vs. 
estimated crashworthiness (Great Britain). 
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Figure 5. Overall EuroNCAP test score vs. 
estimated crashworthiness (France). 

Figures 4 and 5 show a general trend of improvement 
in the new crashworthiness measure with increasing 
EuroNCAP star rating, in line with the findings of 
Lie and Tingvall (2000). However, within each 
overall star rating category, there is significant 
variation in the estimated new crashworthiness 
measure between vehicles. This variation is partly a 
product of the estimation error in the crashworthiness 
measure, particularly for vehicle models with 
relatively few records in the crash data, as shown by 
the 95% confidence limits.  However, there are 
significant differences in the real crash measures 
between vehicle models within the same EuroNCAP 
star rating, and even between vehicle models with 
almost the same overall EuroNCAP rating score from 
which the star ratings are derived. This is 
demonstrated by the non-overlapping confidence 
limits on the real crash measures between pairs of 
vehicles within the same overall star rating category. 
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These results suggest that there are other vehicle 
factors, apart from those summarised in the overall 
EuroNCAP score that are determining real crash 
outcomes.  These other factors are also different from 
the non-vehicle factors that have already been 
compensated for in the estimation of the real crash 
based ratings, such as driver age and sex and speed 
limit at the crash location. 

A comparison of real crash safety ratings and 
EuroNCAP scores for front and side impact crashes 
has also been conducted using both the British and 
French data. In this analysis the driver dummy 
measurements recorded in the offset frontal and side 
impact EuroNCAP test components respectively are 
segregated into four categories to develop a pseudo 
star rating for comparison with real crash outcomes.  
Figures 6 and 7 show overall EuroNCAP scores 
plotted against crashworthiness estimated from the 
British data for front and side impact crashes 
respectively.  Similar analysis was conducted using 
the French data producing similar results that are not 
shown here. 
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Figure 6. Front impact EuroNCAP test score vs. 
estimated crashworthiness (front impact crashes: 
Great Britain). 

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

EuroNCAP Overall Test Score

N
ew

st
ea

d
 A

d
ju

st
ed

 C
ra

sh
w

o
rt

h
in

es
s

1 Star 2 Star 3 Star 4 Star

 

Figure 7. Side impact EuroNCAP test score vs. 
estimated crashworthiness (side impact crashes: 
Great Britain). 

The comparison of EuroNCAP front and side impact 
test scores and estimated crashworthiness for front 
and side impact crashes showed even weaker 
association between the two measures. Similar to the 
results found in the analysis of all crash types, 
analysis by impact type showed significant variation 
in the estimated crashworthiness of vehicles within 
each EuroNCAP score range. However, the relatively 
wide confidence limits on the crashworthiness 
estimates by impact type make it difficult to draw 
conclusions from these comparisons. 

Logistic regression comparison of real crash 
ratings and overall EuroNCAP star ratings 

The above analysis has studied the general 
relationships between the real crash based and 
EuroNCAP based secondary safety ratings using 
graphical techniques. In order to make more 
definitive statements about the relationships between 
the two safety measures a logistic regression analysis 
framework has been used.  Vehicle safety rating 
measures derived from real crash data have been 
modelled as a function of the EuroNCAP overall star 
rating to assess the statistical significance of 
differences in average serious injury risk in real 
crashes between EuroNCAP star ratings. 

The new crashworthiness measure for each vehicle 
model i (CWRi) has been modelled as a function of 
the overall EuroNCAP star rating in a logistic model 
of the following form. 

)ratingstaroverallEuroNCAP(

)CWR(itlog

i

i

βα +
=  

In the equation, i is the vehicle model index and α 
and β are parameters of the logistic model. The 
EuroNCAP star rating is one of 1, 2 ,3 or 4. It may be 
expected that a higher star rating would be associated 
with improved crashworthiness in real crashes, or 
that there will be some monotonic relationship 
between the barrier test and real crash measure.  
However, to maintain objectivity, no restriction has 
been placed on the form of the relationship between 
the star rating categories and the dependent injury 
outcome variable. 

Previous work has highlighted the relationship 
between vehicle mass and real crash outcome with 
vehicles of higher mass generally having better real 
crash ratings for injury risk, injury severity and 
crashworthiness.  To test this relationship on the 
current data, a logistic regression, estimating the 
effect of mass on real crash outcome, has been 
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conducted using the British and French data.  Figure 
8 demonstrates a strong relationship between the 
crashworthiness measure and vehicle mass, with 
vehicles of higher mass generally associated with a 
lower (better) crashworthiness rating. 
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Figure 8.  Newstead adjusted crashworthiness for 
all crash types (Great Britain) vs Vehicle mass. 

Analysis of crashworthiness estimates derived front 
and side impact real crash data produces similar 
results, as does an analysis of the French data.   

In contrast to real crash outcomes, the EuroNCAP 
score is purported to be independent of vehicle mass.  
Therefore, in exploring the relationship between the 
real crash safety measures and EuroNCAP test 
scores, the apparent contrasting influence of vehicle 
mass on the two safety measures must be accounted 
for. To achieve this, vehicle mass is included as an 
extra predictive term in the logistic regression form 
given above and operates to remove the effect of 
mass from the analysis. 

The key output from the logistic model is the average 
crashworthiness across vehicles within each 
EuroNCAP star rating. Analysis of the point 
estimates and associated confidence limits of 
parameters in the logistic regression analysis 
provides information on the statistical significance of 
the relationship between each of the real crash safety 
measures and EuroNCAP star ratings. Non-
overlapping confidence limits across EuroNCAP star 
rating classes indicate that there is a statistically 
significant relationship between EuroNCAP star 
ratings and the real crash safety measure.  That is, the 
EuroNCAP star ratings are able to differentiate 
between levels of real crash outcome.  In contrast, 
overlapping confidence limits across EuroNCAP star 
rating classes indicate that the EuroNCAP star rating 
is unable to statistically significantly differentiate 

between real crash injury outcomes as measured by 
the new crashworthiness metric. 

Tables 7 and 8 present the results of the logistic 
regression analysis for all crash types based on the 
British and French data respectively. The tables 
present the average of the new crashworthiness 
measure for vehicles within each overall EuroNCAP 
star class along with 95% confidence limits. To 
assess which pairs of the star rating classes have 
significantly different average crashworthiness, the 
confidence limits on the parameter point estimates 
generated from the logistic modelling procedure must 
be compared to see if they overlap. 

Table 7. 
Mass adjusted Crashworthiness estimates and 

95% confidence limits by EuroNCAP star rating 
categories: all crash types (Great Britain) 

 
All Crash Types 

(with mass adjustment) 

 Overall Star Rating 
 1 2 3 4 

Estimate 4.48% 3.99% 4.14% 3.86% 
LCL 4.01% 3.78% 3.93% 3.60% 

UCL 4.99% 4.20% 4.36% 4.14% 
 

Table 8. 
Mass Adjusted Crashworthiness estimates and 

95% confidence limits by EuroNCAP star rating 
categories: all crash types (France) 

 
All Crash Types 

(with mass adjustment) 

 Overall Star Rating 
 1 2 3 4 

Estimate  14.72% 13.31% 13.00% 
LCL  14.08% 12.66% 12.20% 

UCL  15.38% 14.00% 13.83% 
 

Table 7 shows a general trend to improving average 
crashworthiness with increasing EuroNCAP star 
rating in the British data, although there is little 
difference between the average crashworthiness in 
star categories 2 and 3. Furthermore, because the 
confidence limits on the average crashworthiness 
ratings for each star category overall, it is not 
possible to conclude that the average injury outcomes 
are statistically significantly different between star 
rating categories. 
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Analysis of the French data ratings in Table 8 show a 
more consistent trend to improving crashworthiness 
with increasing EuroNCAP star rating from 2 to 4. 
There were no 1 star rated cars with sufficient French 
police crash data to assess this category. The French 
analysis results found that 2 star rated vehicles had an 
average crashworthiness significantly worse than 
higher star rated vehicles, indicated by the non-
overlapping confidence limits. However, 3 star rated 
vehicles did not have an estimated crashworthiness 
rating statistically different to 4 star rated vehicles.  

Analysis of the relationship between the EuroNCAP 
pseudo star ratings developed for front and side 
impact crashes and the real crash measures for these 
crash types derived from the British data is presented 
in Tables 9 and 10.  These results do no indicate any 
statistically significant relationship between the 
EuroNCAP star ratings and the crashworthiness 
estimates derived from the British data for either 
front or side impact crashes. However, the side 
impact analysis pointed to a trend of improving side 
impact injury risk in real crashes with increasing 
EuroNCAP side impact star rating, with 4 star rated 
vehicles being on average significantly better than 2 
star rated vehicles. 

Table 9. 
Mass adjusted crashworthiness estimates and 

95% confidence limits by EuroNCAP star rating 
categories: front impact crashes (Great Britain) 

 
All Crash Types 

(with mass adjustment) 

 Overall Star Rating 
 1 2 3 4 

Estimate 4.58% 4.75% 4.83% 4.70% 
LCL 4.31% 4.48% 4.50% 4.25% 

UCL 4.87% 5.03% 5.18% 5.20% 
 

Table 10.  
Mass adjusted crashworthiness estimates and 

95% confidence limits by EuroNCAP star rating 
categories: side impact crashes (Great Britain) 

 
All Crash Types 

(with mass adjustment) 

 Overall Star Rating 
 1 2 3 4 

Estimate  6.71% 5.56% 4.04% 
LCL  5.45% 4.75% 3.10% 

UCL  8.24% 6.51% 5.24% 
 
 

DISCUSSION AND CONCLUSIONS 

This paper has detailed the development of a new 
measure of vehicle secondary safety estimated from 
police reported crash data covering only crashes 
where an occupant injury has occurred. The new 
crashworthiness measure estimates the risk if injury 
to drivers of vehicles given involvement in a crash. It 
can be multiplied by existing measures of injury 
severity outcome, typically the risk of death or 
serious injury given an injury was sustained, to give a 
resulting measure of serious injury risk to drivers in a 
crash. 

The key feature of the new crashworthiness injury 
risk measure is that it is not confounded by the 
aggressivity of the vehicle model of which the 
secondary safety performance is being assessed. 
Aggressivity in this context is defined as the risk of 
injury to the driver of a vehicle colliding with the 
focus vehicle. Because aggressivity is not 
confounded with the crashworthiness injury risk 
measure, a corresponding new independent measure 
of vehicle aggressivity has also been defined. None 
of the vehicle secondary safety measures estimated 
from injury-only crash data currently in use in 
Europe can claim this property.  

Another key advantage of the new measure is that it 
is an estimator of absolute injury risk in a crash. This 
allows logistic regression techniques to be used to 
estimate the measure whilst simultaneously 
controlling for the effects of non-vehicle factors 
associated with the occupant and crash that effect 
injury outcome. Only one of the three currently used 
European measures has this property, the DETR 
method. Controlling for non-vehicle factors in the 
other two methods is achieved through post-hoc 
normalisation techniques requiring assumptions to be 
made about the likely asymptotic statistical 
distribution of the resulting measures to be able to 
calculate standard errors and confidence limits on the 
adjusted estimates. No such assumptions need to be 
made when using logistic regression for the 
adjustment process. 

Successful application of the new measures of 
secondary safety on police reported crash data from 
both Great Britain and France has been demonstrated. 
The resulting ratings by vehicle model only cover 
those vehicles tested under EuroNCAP to suit the 
goals of the study. There is no reason why the 
technique could not be applied to estimate ratings for 
the full range of vehicle models represented in each 
data set with sufficient data to produce meaningfully 
accurate results.  
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Estimation of the aggressivity measure on the 
European data sets considered in this study was not 
demonstrated in this paper. However, prior 
experience in applying the new measures to sample 
crash data from the USA confirms the process of 
estimating aggressivity ratings is also viable 
producing meaningful estimates that are empirically 
independent of the corresponding crashworthiness 
estimates. Given this experience, in tandem, the new 
measure of crashworthiness and aggressivity 
presented in this study could together provide a 
means of ongoing assessment of vehicle secondary 
safety performance in both dimensions in many 
European countries where only injury crash data are 
recorded by police. Currently ratings of vehicle 
aggressivity are only published in Finland. 

On average, there appears to be an association 
between the new measure of vehicle crashworthiness 
presented in this paper and EuroNCAP ratings. In 
both the British and French data, there was a trend 
towards reduced severe injury risk in police reported 
crashes with increased EuroNCAP star rating. This 
relationship was stronger in the French data which 
uses a somewhat different measure of severe injury 
outcome to the British data. The French measure 
might be more compatible with aim of the 
EuroNCAP protocol in assessing injury outcome. 
Whilst this general association could also be seen 
between the side impact EuroNCAP results and 
police reported side impact crashes, it did not extend 
to frontal impact comparisons in the data examined.  

When examined on an individual vehicle model level 
the relationship between the new injury outcome 
measure and EuroNCAP results is not as strong with 
significant variation in estimates of the new measure 
for vehicles within the same EuroNCAP star class. 
This is however not a fatal indictment on either 
system considering the fundamental differences 
between the two measures and their clearly different 
objectives in measuring relative vehicle secondary 
safety; one prospectively and one retrospectively.  
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ABSTRACT

The European research project "CHILD" (Child
Injury Led Design) is working on the improvement of
passive safety of children as occupants in cars. One of
the objectives is to develop new child dummy models.
This paper focuses on the development of the finite
element model of the new-born child dummy Q0 for
the use with LS-Dyna. 

The Q0 model was created by using the CAD
models of the hardware-Q0. All non-rigid body
segments such as head, neck and torso were validated
by using results of component tests. Optimisation tools
were used to identify the adequate material models for
the body segments and to define the parameters of
these materials.

The response of the dummy database in these cali-
bration test procedures correlates well with the phys-
ical Q0 dummy. Furthermore, all parts would pass the
certification requirements.

INTRODUCTION

The new-born child dummy Q0 (Figure 1), devel-
oped by TNO and FTSS was one of the first results of
the CHILD project. The numerical model is based on
this first series of Q0 dummies. 

Figure 1. Child dummy Q0.

The Q0 represents a six week old infant with a
mass of 3,400 grams and a sitting height of 355 mm. It

was designed for the use with child restraint systems
(CRS) for this age group in frontal, lateral, rear and
roll-over crash configurations. Compared to the P0
and the CAMI dummy, it offers the opportunity to
measure head, chest and pelvis accelerations as well as
the upper neck forces and torques. So it is now
possible to assess the protection level of child
restraints of this age group by using physical measure-
ments on the dummy.

METHOD

The dummy model was designed and validated for
the use with the finite element solver LS-Dyna 970,
release 3858. 
Those parts of the dummy, which are designed to be
non-deformable in a crash test, are made as rigid
bodies in the model to reduce the total computing time.
All other parts of the model, such as skin of the head,
rubber of the neck or torso foam are using non-rigid
materials to describe the material behaviour of these
dummy parts. 

All non-rigid parts were validated by using results
of component tests with these parts or an assembly
with these parts involved. Furthermore results of a
thorax impact test of the complete dummy were used
to validate the model.

The choice of the material models of every dummy
part was proven by comparison with the corresponding
parts of other existing numerical dummy models,
designed for the use with LS-Dyna. However, no
material model or its material parameters of other
dummies were transferred directly to the Q0 dummy
model.

STRUCTURE OF THE DUMMY MODEL

Figure 2 shows the Q0 dummy model. It has a
skull, a neck, a rigid thoracic spine, a lumbar spine,
which is identical to the neck and a rigid pelvis. The
torso part made of foam covers the internal structure of
the dummy from the pelvis up to the shoulders. The
bent arms and legs are directly screwed to the upper
thoracic spine and the pelvis, respectively. Their only
Gehre 1



degree of freedom is the rotation around the transverse
axis. 

Figure 2. Structure of the Q0 dummy model.

The FEA mesh of all parts is made of solid
elements, mainly of six-node hexagon and five-node
pentagon elements. The surface of some parts is
covered with a thin layer of shell elements. It is used
as interface for contacts to other parts of the dummy
and the surrounding areas. In total 7,500 nodes, 2,000
rigid elements and 11,000 deformable elements were
used for the dummy besides the suit.

The total computing time of the dummy without
any environment, such as CRS, is approximately 13
seconds for every millisecond of simulation time on a
Pentium 4 3.0 GHz machine.

Head

The head assembly is made of skull including skin
layer, upper neck load cell and accelerometer mount.
A visco-elastic material model was used for the skin
and an elastic model for the beam of the load cell. This
beam connects the skull with the load cell housing.
Skull, load cell housing and accelerometer mount are
made of rigid material. 

A version with a non-rigid skull was also simu-
lated, but the non-rigid material had no advantage over
the rigid version. The computing time was longer and
the numerical stability was less than for the rigid
version. 

The head is equipped with two sensors, a six-axial
load cell to measure forces and torques in the upper
neck of the dummy and a tri-axial accelerometer.

Neck and lumbar spine

The structure of the neck (Figure 3) is similar to the
neck of Hybrid III dummies. The main part, the neck

mould, is made of rubber and includes two metal end
plates and two metal intermediate disks. A non-pre-
tensioned steel cable, fixed between the two end
plates, restricts the neck tension. Three slits at the front
side of the neck mould are reducing the stiffness in
rearward bending conditions. 

Figure 3. Model of the neck.

The comparatively small and soft neck is very
sensitive against the density of the used mesh. Some
important geometrical details, such as the geometry of
the slits, are lost by using a wider FEA mesh. The used
fine mesh is a compromise of computing time, numer-
ical stability and response of the upper neck load cell
in the validation tests. 
A second model of the neck with an increased
computing time efficiency was validated in parallel.

The lumbar spine joint is identical to the neck
assembly. It is mounted in upside down position with
slits to the back of the dummy.

Thoracic spine and pelvis

The thoracic spine is made of rigid material. A tri-
axial accelerometer measures the chest acceleration.
The arms are connected to the spine top plate.

The pelvis of the dummy is made of steel. So rigid
material has been used in the model. Furthermore the
pelvis is equipped with a tri-axial accelerometer.

Torso and rubber suit

The torso flesh foam covers the skeleton of the
dummy from the shoulders to the pelvis. It has a cut on
the rear side from the upper pelvis to the lower neck to
allow the assembly of the dummy. The cut is closed by
the suit of the dummy.
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Solid elements are also used for the torso part, but
compared to the others, the solid mesh consists only of
tretrahedron elements. 

The Q0 dummy is provided with a suit, which
covers torso, upper arms and uppers legs. Until now it
is not included in the numerical model. It will be
provided with a later version of the model. The suit is
not only necessary because of the additional soft layer
on the dummy's surface, it also covers the gaps
between extremities and torso. 

The torso foam is fixed to the dummy’s skeleton
only by using contacts. No node or element is attached
to another part of the dummy.

Extremities

Arms and legs are made of the same PVC-based
material. They are attached with bolts to the top spine
plate and the pelvis, respectively. 

Figure 4. Skeleton of the Q0.

Figure 4 shows the skeleton of the Q0 including
the top plate of the thoracic spine with the simplified
rigid shoulder and the pelvis. Arms and legs are made
of the same material.

VALIDATION PROCEDURES

Head and neck have to pass several certification
tests [4] to show the biofidelity and to get the approval
for the use in crash tests. Results of these tests were
used to validate the model. Furthermore, some addi-
tional component tests with neck, torso and extremi-
ties, and thorax impact tests with the complete dummy
were performed to obtain more data for the validation. 

The software tool Altair Hyperstudy was used to
vary the material parameters and to get an optimised
model.

Head

The head assembly was validated by using three
different set-ups of head drop tests (Table 1). Both
tests with drop height of 130 mm are part of the certi-
fication procedures. The third one, a 45° frontal impact

test with a drop height of 376 mm, is taken from the
certification procedures of CRABI 12 month old child
dummy [1]. 

Not only the maximum head acceleration was used
to validate the model of the head assembly. Also the
shape of the acceleration curve should correlate with
the experiment. The width of the signal is also
described by the a3ms value. So it was used as
secondary parameter for the validation.

The maximum resultant head acceleration has to be
between 91 g and 157 g in frontal and 94 g and 162 g
in lateral direction to pass the certification require-
ments [4].

Neck

Two different test set-ups were used to validate the
head-neck assembly in flexion, extension and lateral
bending. In all lateral bending tests the head was
mounted on the neck rotated by 90° around the vertical
axis (rearward position) in order to have symmetrical
neck loading.
In the first configuration the neck was mounted on a
sled, which was accelerated by a pneumatic catapult.
Figure 5 shows the set-up of the flexion bending test.
In all tests there was no contact between chin and
mounting device. 

Figure 5. Set-up of sled test.

The second configuration, a pendulum test, is part
of the certification procedures. The pendulum is
described in Part 572 subpart E [2]. 

Table 1. Set-up of head validation tests.

Impact direction Drop height Angle

frontal 130 mm 28°
lateral 130 mm 35°
frontal 376 mm 45°
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Figure 6 shows the average crash pulses of the
pendulum and the sled tests. The average impact
velocity was about 3.37 m/s in the pendulum tests and
4.12 m/s in the sled tests. 

Figure 6. Acceleration in sled and pendulum tests.

The head rotation angle, the upper neck forces and
torques were used as main target values to validate the
model. Additionally the neck moment at the occipital
condyles (OC-joint), a combination of neck moment
and shear force, was used. The calculation of these
moments is shown in (1), (2) and (3).

(1)

(2)

(3)

The moment at the OC-joint was used as simplified
indicator of a correct time dependent course of neck
forces and moments. 

Torso foam

The torso part was validated by using results of two
different test set-ups. Firstly, a simple drop test with
the torso foam was used to pre-validate the model and
secondly, a thorax impactor test with the complete
dummy for the final validation (Figure 7).

The computing time of a single thorax impact test
by using the complete dummy is comparably long. So
the drop test was used to make a quick pre-selection of
the material model and the range of variation of mate-
rial parameters. Thus it was possible to reduce the total
time of validation of the torso foam. The final valida-
tion of the foam was done with the complete dummy
including all functions such as internal contacts and

the fixation of the extremities to the skeleton with
joints. 

Figure 7. Set-up of thorax impactor test.

The arms of the dummy in the thorax impactor test
were fixed at the legs with tape material. The mass of
the impactor was about 2.6 kg and the impact velocity
was 2.2, 3.2 and 4.3 m/s. The torso drop test were
performed with the same velocities.
Based on the longitudinal accelerations of chest and
impactor the maximum chest deflection and impact
force were calculated. Both parameters were used for
the validation of the torso foam.

Extremities

The extremities are not included in the certification
procedures of the Q0. Therefore simple drop tests with
different impact velocities, taken from the torso tests,
were performed to get data to validate arms and legs of
the model. Arm and leg were fixed with tape with their
inner side under a steel plate (Figure 8). So load was
applied to the parts in lateral direction. 

Figure 8. Set-up of arm drop test.

MxOC Mx 0.033 m Fy⋅+=

MyOC My 0.033 m Fx⋅–=

MzOC Mz=
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Following the validation of the head, peak and
a3ms value of the vertical impactor acceleration were
used as main parameters of the validation. 

RESULTS

The sign conventions of the SAE J211 standard are
used in the experiments and simulations for all meas-
ured values. Also all plots of these measures follow
this standard.

Head

The head assembly was validated by varying the
material model and the material properties of the skin
layer of the head. All used material models have a
visco-elastic characteristic. Finally MAT_062, a non-
linear viscous foam, originally made for the rib
padding of the EuroSID [3], was selected for the skin.
The response of a linear material model cannot be as
exact as a non-linear model at different impact veloci-
ties in this application.

The ratio between head acceleration in the frontal
and in the lateral impact test with a drop height of
130 mm was the main problem in the validation. It has
to be approximately 1.05, but finally 0.94 was
achieved with MAT_062, the best compromise of all
tested materials. 

However, the maximum head acceleration as well
as the a3ms value correlate well with the experiment.
Table 2 shows the maximum head acceleration of the
finally selected and optimised viscous foam
MAT_062. So the model fulfils the requirements of
the certification tests.

The main influence parameters on the maximum
head acceleration are the initial Young’s modulus (E1)
and the exponent in power law for Young’s modulus
(n1) [3]. A declining E1 or n1 reduces the maximum
head acceleration and the width of the acceleration
curve. In this case the a3ms value increases. The influ-
ence of E1 and n1 increases with the impact velocity.

Except for the Poisson’s ratio, which has only a slight
influence on the head response, all other parameters of
MAT_062 have in principle the same behaviour as E1
and n1.

Figure 9 shows the acceleration curves of experi-
ments and simulation in the 28° frontal impact config-
uration. The gradient of the acceleration in the model
is lower than in the test. Additional simulations using
MAT_062 and a mesh of smaller elements improved
the shape of the curve, especially between 1.5 and
3.0 ms. At the same time the gradient of the declining
edge gets slightly too high. A fine mesh generally
stiffens the material, and the maximum acceleration
increases. 

Figure 9. Head response in the 28° frontal impact.

The effect of stiffening the material to improve the
shape of the curve affects also the other tested config-
urations. The shape of the head acceleration curve in
the 45° frontal impact and the 35° lateral impact
(Figure 10) correlates better with results of the experi-
ments than in the 28° frontal impact. 

Figure 10. Head response in the 35° lateral impact.

However, the achieved results already show a good
agreement with target values of the experiments.
Modifications of the skin’s mesh could improve the
shape of the acceleration curves. Therefore in a next
step the mesh of the skin will be modified and the
material parameters will be adapted to this new mesh. 

Table 2. Maximum head acceleration.

Set-up Experiment Simulation

frontal, 28°, 
130 mm

116.6 g - 122.8 g
av. 120.0 g

107.3 g

frontal, 45°, 
376 mm

237.0 g - 276.3 g
av. 254.9 g

273.9 g

lateral, 35°, 
130 mm

110.6 g - 116.7 g
av. 114.1 g

113.7 g
Gehre 5



Neck

The model was validated by varying the type of
visco-elastic material, the material properties, the
thickness of the contact between the neck segments
and level of detail of the FEA-mesh. MAT_006, a
simple linear visco-elastic material model, was finally
selected for the rubber parts of the neck. Other, more
detailed visco-elastic materials of LS-Dyna offer more
parameters to adapt the material in detail, but they had
no advantage in this application. Furthermore the
computing time of the neck was rather high when
using these materials.

There are four parameters available in MAT_006,
the elastic bulk modulus (BULK), a short-time (G0)
and a long time (GI) shear modulus and finally the
decay constant (BETA). Not all of them have the same
effect on upper neck shear force, bending moment and
head rotation angle. 
The angle in all three loading configurations is mainly
affected by the long-time shear modulus. An
increasing GI reduces the head angle. The shear force
is mainly influenced by G0 and BETA. They have
opposite influence. An increasing G0 or a decreasing
BETA are increasing the absolute shear force. The
bending moment is mainly influenced by G0 and GI in
extension bending and by BULK in flexion and lateral
bending. Increasing BULK and G0 reduce and an
increasing GI rises the measured torque.
A thick contact area reduces the bending angle of the
neck, but it also has an influence on the moments. The
torque is increasing under flexion bending and
decreasing under extension bending with a thicker
contact area.

MAT_001, an elastic material was chosen for the
steel cable of the neck. The only varied influence
parameter was Young’s modulus E. Modifications of
the cable stiffness affects mainly the rotation angle of
the head, especially in the pendulum tests. A stiffer
cable material reduces the angle. 
The Young’s modulus of the cable was only varied in
the neck pendulum test set-up. 

Figure 11. Different models of the neck in flexion
test at 90 ms.

The structure of the FEA mesh of the neck is an
important parameter for the overall performance of the
neck model. Figure 11 shows the two different
detailed neck models used. The fine mesh
(Simulation 1) was firstly created and validated. Based
on these experiences a less detailed mesh
(Simulation 2) was created with the focus on
computing time. So it was possible to reduce the
computing time by 25% while keeping the same
response characteristic.

Neck sled tests
First of all the neck was validated by using the

results of the sled tests. Afterwards the material prop-
erties were slightly adapted to also fit to the pendulum
tests. All diagrams with results of the sled tests show
the response of the neck with material, validated only
for this configuration. The results differ slightly, when
the final material, resulting from the sled and
pendulum tests is used.

The model of the neck was validated by using the
same priority of flexion, extension and lateral bending.
So the validated model is a well balanced compromise.

Figure 12 shows the neck moment at the OC-joint
versus the head rotation angle in the flexion bending
test. The neck is slightly too stiff, but there already is
a good correlation of simulation and experiment. 
The peak at an angle of 7° in the rebound phase of the
neck is coming from the shear force signal and is prob-
ably caused by contact problems of the neck and the
stiff neck cable. This phenomenon also occurred in
simulations with a higher pulse, but disappears when
using a softer cable. However, in none of the simula-
tions any element of the neck collapsed. 

Figure 12. Neck flexion performance in sled test.

The response of the neck in the flexion bending test
is shown in detail in Figure 13. While shear force Fx,
head rotation angle are well correlated to the experi-
ment, the moment My, the base of the OC-moment, is
approximately 50% less than required. A change of the
position of the sensor element within the load cell or a
change of the centre of gravity of the head could
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change this problem easily, because of the different
length of the internal lever arm. However, both infor-
mation are directly taken from the dummy and should
not be modified. Furthermore, the extension and the
lateral bending tests point out the correct position of
both factors. So the only remaining option, is the
modification of the material properties to increase My.
All trials to increase the moment had too negative
effects on the results of the extension and lateral
bending response of the neck. The relevant deviation
of My between experiment and simulation starts at
70 ms. At this time the head rotation angle reaches
50°. The contact between chin and chest limits the
head rotation in the assembled dummy to this angle. So
the problem of the missing moment is less critical and
the deviation can be accepted. 

Figure 13. Neck response in flexion bending test.

The response of the neck in extension bending
(Figure 14) and lateral bending (Figure 15) correlates
well to the experiments up to a head angle of approxi-
mately 40°. The moment at the OC-joint is slightly too
high in both load cases. The deviations of the single
signals from the experiments are clearly smaller than
in the flexion bending test. 

Figure 14. Neck extension performance in sled test.

The achieved correlation of the response of both
neck models in all tested configurations is a good base

for the second step, the validation by using the neck
pendulum test set-up. 

Figure 15. Neck lateral flexion performance in sled
test.

Pendulum tests
The response of the neck models, validated only by

using the sled tests, is already close to the results of the
neck pendulum tests. Solely the head rotation differs
significantly from the requirements. The validation
started by varying the stiffness of the neck cable.
These modifications have only limited influence on
the upper neck shear force and bending moment. So
the global response of the neck is not changed.

Figure 16 shows the response of the neck in the
flexion test set-up. The results of both neck models are
very close to the experimental data and within the
biomechanical corridor of the neck flexion of a new-
born child [4]. Furthermore the certification corridor at
50° is met by the numerical model. 

Figure 16. Neck flexion performance in pendulum
test.

The model of the neck complies with the experi-
mental data under extension loading up to 40°
(Figure 17). Above this bending angle the model as
well as the dummy leaves the biomechanical corridor.
However, both models of the neck meet the certifica-
tion requirements. The less detailed model
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(Simulation 2) correlates slightly better to the experi-
mental data than the more detailed one. 

Figure 17. Neck extension performance in pendu-
lum test.

The quality of the neck’s response in lateral
bending is similar to the extension test. Above an angle
of approximately 40° the model tends to be too stiff
(Figure 18). The results of the detailed neck model are
again slightly worse than the results of the less detailed
one. However, both models fulfil the requirements of
the certification test. 

Figure 18. Neck lateral flexion performance in
pendulum test.

The differences of the neck rubber material, vali-
dated for sled tests and for pendulum, are very little.
Therefore the rubber material validated by using the
neck sled tests was finally chosen. A softer neck cable,
used in the pendulum simulations, also improves the
neck response in the neck sled test configuration.

Both current versions of neck models were not
validated to correlate also to the neck tension force Fz.
First simulations showed an acceptable correlation
between simulation and experiment. In a next step the
material properties of the neck's steel cable and the
neck rubber will be slightly modified to get a better
response of Fz.

A decision, what neck model will finally be used
for the dummy model has not been made yet. The final
selection depends on the results of additional tests to

check the numerical robustness of the model and the
head and neck response in full-dummy simulations.

Thorax

The torso foam was pre-validated by using data of
drop tests. Different types of foam models were tested.
Finally material MAT_083, a Fu-Chang foam [3], was
chosen. This material model is also used for the
abdominal block of the LS-Dyna model of the
EuroSID. 

Most of the material parameters of the EuroSID
foam were transferred to the Q0 model. Only the
Young’s modulus E, the viscous coefficient to model
damping effects (DAMP) and two stress-strain func-
tions were varied. Both curves are based on a simple
baseline stress-strain curve (Figure 19). They differ
only due to scaling the magnitude of stress. 

Figure 19. Baseline stress versus strain function.

Figure 20 shows exemplarily the Q0 model in the
thorax validation test at 11 ms with an impact velocity
of 4.3 m/s. All parts of the model are working well
together and the kinematics of head, neck and spine is
realistic. 

Figure 20. Section cut of the Q0 in impactor test.

The chest deflection, calculated from chest and
pendulum acceleration, is mainly influenced by the
amplitude of the stress-strain functions and the mate-
rial damping. Stiffer functions and higher damping
reduces the chest deflection. At the same time the
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impactor force, calculated from the impactor accelera-
tion and the impactor mass, increases. However, the
force is mainly affected by the amplitude of the first
stress-strain curve. DAMP and E have only a very
small influence on the force. 

Figure 21. Force versus deflection curve at 2.2 m/s.

Figure 21 shows the force-deflection characteristic
of the torso foam at an impact speed of 2.2 m/s. The
foam is slightly too soft in this test. Especially the
force during the first 10 mm of chest deflection is too
low. However, the simulation is still very close to the
experiment. 

Figure 22. Force versus deflection curve at 3.2 m/s.

At an impact speed of 3.2 m/s the chest-deflection
characteristic in the model is clearly closer to the
experimental data (Figure 22). MAT_083 is obviously
not able to reproduce the velocity dependent effects of
the torso foam in the used configuration with only two
material-describing stress-strain functions. 

Figure 23. Force versus deflection curve at 4.3 m/s.

The results of the impact test at 4.3 m/s supports
this assumption (Figure 23). The foam is too stiff
under these conditions. In a next step one or two func-
tions will be added to the material model to get a better
response of the foam in the three load cases.

Extremities

Arms and legs of the Q0 dummy are made of the
same material. So the same material model with the
same properties was chosen for arms and legs. 

The linear visco-elastic material MAT_006 was
chosen for the extremities. The maximum acceleration
of the impactor is mainly influenced by GI and BETA.
An increasing GI and a decreasing BETA stiffen the
material and the acceleration declines.

Figure 24 shows exemplarily the results of the arm
drop test with a velocity of 3.2 m/s. The simulation
correlates to the experiment in this configuration as
well as in the other two with different impact speeds.
The maximum acceleration of the impactor with a leg
mounted is too low at all three velocities tested. The
deviation varies from 14% at 2.2 m/s to 5% at 4.3 m/s.
It was almost impossible to validate the model for the
leg impactor test. Simulations, using non-linear mate-
rial models to get a better velocity-dependent
response, had no drastic advantage over MAT_006.
The ratio between improvement of the response of the
model and worsening of computing time was not
acceptable. 

Figure 24. Acceleration in arm drop test at 3.2 m/s.

Figure 25 shows the resultant impactor accelera-
tion of the leg impact test at 3.2 m/s. The increasing
and the declining edge of the curve are close to the
experimental data. Solely the peak value is not met.

One of the difficulties to validate the leg by using
the results of drop tests could be the set-up of the tests.
While the arm could easily be fixed with tape on the
impactor plate and a large area of the arm had an initial
contact to this plate, the fixation of the leg was diffi-
cult. Only spots at ankle, knee and thigh had an initial
contact to the impactor plate. Therefore the position of
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the leg was less fixed than the arm's. So the leg was
able to move during the impact and its deformation.
Since there were no high speed video recordings of the
tests available, the kinematics of the parts could not be
compared to the simulation. It was decided to validate
the extremities in first priority with respect of the
response of the arm and in second priority to the leg.
However, the achieved results are acceptable. 

Figure 25. Acceleration in leg drop test at 3.2 m/s.

Application of the Q0

Some frontal impact simulations were done with a
generic Group 0+ child restraint system and a 3-point
harness to tests functionality of the dummy model
(Figure 26). 

Figure 26. Q0 dummy model in a infant carrier.

It was difficult to place the dummy in the CRS
because of the differences in clothing of babies and
dummy. Certainly, in the current version of the model
the suit is missing but it is very thin compared to
diapers. A thick diaper changes the initial seating posi-
tion and thus, the dummy’s initial position to the
harness changes as well. These differences may have
an influence on the kinematics and the measured loads.
In general it is easier to put a diaper on the dummy than
on the dummy model. 

LIMITATIONS

Until now the dummy is made of validated sub-
parts. The thorax impactor test was the only test with
all assembled body segments and their interior
contacts. All achieved results are promising and the
remaining problems seem to be solvable. However, the
Q0 dummy model was so far not tested in a validated
CRS environment and numerical stability limits of the
model are unknown at the moment. So it may be
possible that some parts have to be modified in the
next phase of the dummy development.

FURTHER DEVELOPMENT

There is some work left to complete the develop-
ment of the LS-Dyna Q0. Firstly, the response of the
head will be improved by modification of the skin's
FEA mesh. Secondly, the neck needs to be validated to
the neck tension force Fz. Finally the response of the
thorax could be improved. Therefore it is necessary to
create a model of the dummy’s suit.

Afterwards the dummy model will be used within
CHILD for in-depth investigations of the dummy kine-
matics by using a CRS environment and data coming
from full-scale accident reconstructions.

In parallel the model will be tested to get the limi-
tations of the model in terms of numerical stability and
the validation process.

The work on a MADYMO FEA-version of the Q0
dummy has already begun. It will be completed by end
of 2005.

CONCLUSION

The current state of the Q0 LS-Dyna model already
shows a good correlation to the Q0 hardware version.
All non-deformable body segments were validated by
using different test set-ups or different levels of
loading. So the response of the dummy segments is not
only valid for a single type of loading or impact. 

The resultant peak acceleration of the head is
within the range of the results of two of three head
drop tests. It deviates from the minimum required level
by 8% in the third drop test. In a next step the FEA
mesh of the head’s skin layer will be modified to
improve the results.
The neck response in flexion, extension and lateral
bending is already close to the results of experiments
using a pendulum and a sled test set-up, respectively.
Furthermore a more computing time efficient version
was developed It has a lower level of detail, but the
results are partly better than of the more detailed
model. Until now the neck was validated in terms of
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shear force, bending moment and head rotation, but it
also needs to be validated in the future for a good
response of the neck tension force Fz.
The extremities were validated by again using a drop
test configuration. The correlation of the model's
response to the experiment is acceptable as there are
no requirements in the certification procedures of the
dummy. There is no intention to modify the achieved
level of validation. 
The torso foam was validated by using results of
impactor tests with the complete dummy. The overall
performance of the model in terms of kinematics and
response of the dummy sensors is more than accept-
able. In a next step the material of the torso foam will
be slightly modified to get better results at different
impact velocities. Furthermore the model will be
equipped with a model of the dummy’s suit.

The current version of the Q0 dummy model is
ready for the use within the CHILD project. It is
needed for some in-depth studies of dummy kine-
matics and some parametric studies to support the
experimental task of the project.
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ABSTRACT 
 
Car manufacturers design vehicles and side impact 
restraint systems to protect passengers from the risk 
of serious injury in the event of a side impact.  In 
each of the major markets of the world, the side-
impact testing requirements as set by the regulatory 
and the consumer interests are generally different. 
This paper will document and compare the 
international side impact regulatory and consumer 
test requirements of now and the future. 
 
Using a sample of results from vehicles tested in 
accordance with the discussed future regulations 
and consumer tests, it is shown that vehicles 
currently “best rated” for side-impact protection in 
consumer tests need to be redesigned in order to 
meet the prospective regulatory requirements.  This 
paper will discuss the vehicle structural, interior 
and restraint design changes, which could be 
required. 
 
The global side-impact tests and requirements are 
diverging, and not converging towards a 
harmonized Side-impact Testing Protocol as 
presented by the IHRA at the 2003 ESV 
Conference. It is our goal that side-impact 
requirements and procedures should become less 
diversified and more harmonized as we continue to 
improve side-impact protection for all customers 
worldwide. 
 
INTRODUCTION 
 
Global accident statistics show that side impacts 
account for approximately 30 % of all impacts and 
35 % of the total fatalities (Source – German In 
Depth Accident Study - GIDAS, National 
Automotive Sampling System - NASS & BMW 
accident databases). 
 
It is essential for us as vehicle manufacturers to 
provide adequate protection in order to minimize 
the potential negative effects of such impacts on 
our customers. 
 
Most side impacts can be classified into two impact 
types.  Either a “Car to Car” or a “Car to narrow 
object” (tree, lamp post etc). 

 
Side impact protection forms a very important part 
of any total vehicle protection system.  To design, 
develop and test the optimum level of protection 
into a vehicle these two impact types are generally 
used. 
 
A “Car to Car” impact is simulated with a 
stationary target vehicle being hit sidewards by a 
moving bullet vehicle or barrier.  In the event of 
“Car to narrow object” impact, a moving target 
vehicle comes into contact with a stationary pole, 
simulating a post or tree.  A schematic showing a 
barrier and pole type crash test can be seen in 
Figure 1. 
 
 
 
 
 
 
 
 
 
Figure 1.  Barrier and pole crash test schematic. 
 
The following describes the mechanism of a “Car 
to Car” impact: 

• Contact occurs between the two vehicles. 
• The outer skin of the target vehicle is 

accelerated to the velocity of the outer 
surface of the intruding surface of the 
bullet vehicle. The lateral velocity of the 
occupant is zero.  The airbag sensing 
system detects a crash and ignites the 
countermeasures. 

• The body structure of both vehicles is 
increasingly loaded and deformed.  
Airbags deploy. 

• The kinetic energy of the bullet vehicle is 
dissipated by elastic and plastic 
deformation of each partner.  

• The countermeasures dampen the effect of 
the intruding structure. 
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• The vehicle and occupant reach the same 
velocity. The peak dynamic deformation 
and injury results are reached. Further 
energy is absorbed through the kinetic 
energy change of the target vehicle. 

 
The art of side impact protection is about ensuring 
that the intruding velocities are kept to a minimum 
through a suitable vehicle structure and deploying 
an appropriate restraint system to dampen the effect 
of the intruding structure, thus reducing the effect 
of the impact on the occupants. 
 
Vehicle manufacturers have made great leaps in 
terms of side impact protection over the last 10 
years.  Protection has been steadily increasing as 
technology has allowed.  Most vehicles are now 
equipped with thorax airbags, head airbags, interior 
padding and an optimized vehicle structure.  A total 
vehicle protection system is shown in Figure 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Side impact countermeasures & small 
female dummy. 
 
In order to assess the likelihood of injury during a 
given crash scenario, several different 
anthropomorphic test devices, so called crash test 
dummies, are used. They simulate a human 
occupant, and are designed to reflect injuries in 
important regions of the human body, such as head, 
thorax, abdomen and pelvis. See Figure 2. 
 
SIDE IMPACT - CURRENT, FUTURE & 
HISTORICAL SITUATION 
 
The worldwide activities to improve passive safety 
in side impact, started in the 1980’s with research 
work at the National Highway Traffic Safety 
Administration (NHTSA). A static side intrusion 
test was developed.  This became the Federal 
Motor Vehicle Safety Standard No. 214 (FMVSS 
214). 
 
In 1990 FMVSS 214 was extended to include the 
dynamic crabbed barrier test. This was the first side 
impact regulation that included a side impact 

dummy (SID) and was enacted in 1993, with a 
phase in of three years. 
 
In 1997 NHTSA included a lateral impact 
consumer test known as SINCAP.  This was an 
additional test to the frontal NCAP. Instead of the 
FMVSS214 speed of 53 km/h, the rating test is 
completed with a velocity of 61 km/h.  The rating 
is based on acceleration measured in the thorax 
region of the dummy.  More than 40 cars were 
tested in the first year, none obtained the best score 
of 5 stars.  In the following year two cars achieved 
a 5 star rating for the driver.  Following a further 2 
years the first passenger car improved to point of 
earning a double 5 star rating (for the first two 
seating rows).  Today most cars have a 4 to 5 star 
rating and only one car in 2004 earned only a two 
star rating. 
 
Parallel in Europe the European Enhanced Vehicle 
Safety Committee Working Group 13, (EEVC 
WG13) started their research activities to create a 
European wide regulation – ECE-R95.  This 
included a new European barrier and a new 
generation of dummy, EuroSID1 (ES1). The 
implementation date for new type approvals was 
October 1998. 
 
During 1997 prior to this regulation taking effect, 
Euro NCAP decided to implement the research 
work of the EEVC WG13 into their program.  The 
more stringent targets at Euro NCAP, especially rib 
intrusion and abdominal forces, were set at a higher 
level than current European legislation.  Most 
models earned less than 10 out of 16 points. Today 
more than ½ of all cars tested achieve the 
maximum 16 points for the side impact barrier test. 
 
In 1995 NHTSA issued an amendment to FMVSS 
201 to include upper interior head impact 
protection using a ‘Free Motion Head Form’ 
(FMH).  During 1998 a further final rule was 
issued, this allowed a reduced impact speed for 
FMH testing in the area where a head protection 
was packaged.  The head protection system’s 
effectiveness needed to be proved through a 
dynamic pole crash test.  This enabled car 
manufacturers to implement side impact curtains 
whilst still meeting the upper interior head 
protection requirements.  For this test the Side 
Impact Dummy was redeveloped in the neck and 
head area and called SIDHIII. This dummy was 
also integrated in the SINCAP procedure. 
 
Euro NCAP implemented the lateral pole test 
procedure in the year 2000 similar to the US 
standard, but using the ES1 dummy. The test is 
voluntary and awards two extra points towards the 
side impact score. With the implementation of the 
pole impact, Euro NCAP changed the highest 
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possible score from four to five stars. Today many 
manufacturers are able to achieve the Euro NCAP 
goals for pole impact (even with the new 2002 head 
acceleration limits and the modifier for improper 
airbag deployment).  Many manufacturers now 
build head protection airbags into their vehicles as 
standard.  This provides the best possible protection 
for customers whilst also achieving a 5 star rating. 
 
During 2003 an EEVC proposal for an updated 
barrier was implemented into the existing ECE-R95 
requirement.  This was closely followed in 2004 
with a change to the dummy from ES1 to Euro SID 
2 (ES2).  ES2 was shown to have a slightly higher 
biofidelity rating compared to ES1.  See Figure 3. 
 
Again Euro NCAP decided to implement these 
changes from WG13 into the rating in 2003.  This 
was four years before the changes became 
mandatory for new vehicle type approvals. 
 
In June 2003 the Insurance Institute for Highway 
Safety focused on the predominately North 
American issue of heavy SUVs involved in side 
impact.  A new barrier was designed to duplicate 
the front-end stiffness and overall size of a typical 
North American SUV (Sport Utility Vehicle). The 
5%ile female dummy SIDIIs (SID IIs) was used as 
the occupant for both seat rows. 
 
Looking forward to the next 3 years the following 
regulations will influence the design of cars:  
 
Firstly: “The Procedure for evaluating occupant 
injury risk from deploying side airbags”, as 
developed by the Technical Working Group (This 
includes manufacturers, government, special 
interest groups and OEM suppliers). The 
requirement has a phase in starting from 2000 with 
100% of all 2007 model year cars needing to meet 
this procedure.  The target is to reduce the chance 
of injuries to small occupants and children from 
deploying side airbags. 
 
Secondly: The memorandum of understanding for 
“Front to Side Compatibility” (F2S) signed by most 
of the vehicle manufacturers within the Alliance.  
This has a dual stage phase in.  During the first 
phase manufacturers can choose to assess the 
likelihood of head injury, with either a FMVSS201 
pole impact or an IIHS barrier side impact.  In 
phase 2 only the IIHS barrier test can be used. 
 
Current research work for regulations in the next 
three to seven years includes the upgrade of the US 
regulation FMVSS214. A notice of proposed 
rulemaking was published by NHTSA in spring 
2004 and proposes four full-scale side impact tests 
instead of the current, one. The main differences to 
the existing regulation is the replacement of the 

dummy:  ES2 modified with a rib extension kit 
(ES2re), this replaces the SID and a new dummy 
SID IIs modified with a floating rib guide 
(SIDIIsFRG). Both will be used in the barrier test 
(unchanged crabbed barrier) and in a newly 
developed 75˚ pole impact. 
 
Phase 3 of the F2S voluntary agreement is currently 
being discussed.  It is possible that further injury 
limits will be agreed using the IIHS side impact test 
configuration. 
 
In Europe the EEVC WG13 is working closely 
together with the Japanese authorities to develop an 
Advanced European – Mobile Deformable Barrier 
(AE-MDB).  The target for the barrier is to better 
represent the current fleet of European vehicles. 
 
The WG13 is also close to finalizing a “European 
Interior Head-Form Test Procedure” for lateral 
collisions. This is an expected addition to the ECE-
R95 regulation. This procedure differs immensely 
to the US FMVSS201 standard. 
 
Since 1997 the “ISO World Side Impact Dummy 
Task Group” has being developing a new dummy 
(WorldSID).  The design and development of this 
dummy, a 50% male side impact dummy was 
completed in March 2004. 
 
The funding for this programme was achieved 
through a worldwide consortium from the vehicle 
industry, research institutes and government 
agencies.  The WorldSID heralds a significant 
improvement in the ability of crash dummies to 
duplicate human motions and responses in side 
impact tests.  The use of this dummy should lead to 
improved vehicle designs and occupant protection.  
Based on the ISO/TR9790 rating scale, the World 
SID biofidelity rating is 7.6 ("Good" on a 10 point 
rating scale). In comparison to other side impact 
dummies currently in use, WorldSID has a far 
superior biofidelity rating.  See Figure 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Dummy biofidelity ratings to 
ISO/TR9790 
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Five working groups were established after the 15th 
ESV 1996 conference, as “The International 
Harmonisation Research Association” (IHRA).  
Their aim was to provide the automotive 
community with harmonised research to develop 
test procedures, which could then become the basis 
for global regulations and consumer tests.  At the 
18th ESV conference in 2003, the IHRA Side 
Impact Working Group (SIWG) presented an 
outline for a possible Global Technical Regulation 
(GTR) for Side impact protection. 
 
The proposals main points are simplified below: 
 

• MDB barrier test to simulate “Car to Car” 
impacts (up to 2 tests to cover worldwide 
fleet differences). 

• Oblique pole test to simulate “vehicle to 
narrow object impacts”. 

• Upper interior head impact test. 
• OOP side airbag tests. 

 

Summarising the current and future side impact 
requirements means over the next 7 years there 
may be 5 additional test configurations and two 
additional dummy types.  Manufacturers 
developing world vehicles whilst also providing 
good side impact protection will have to certify 
using a total of 7 different barrier configurations: 
 
IIHS, FMVSS 214, Multi 2000 Advanced, AE 
MDB, Oblique Pole 5%ile, Oblique Pole 50%ile 
and 90° Pole. 
 
And a total of 6 different dummies: 
 
ES2, ES2re, SIDIIs, SIDIIsFRG, WorldSID, 
SIDHIII 
 
The total side impact requirements including both 
legal and consumer tests can be seen in Figure 4. 
 
 

Figure 4.  Side impact requirements (proposed new requirements shown in yellow) 
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NEW LEGISLATIVE PROPOSALS – 
VEHICLE BASED ANALYSIS 
 
Advanced European Mobile Deformable Barrier 
 
The currently proposed design of the AE-MDB 
(Version 2) has been investigated with full-scale 
crash tests and simulation.  Special emphasis has 
been given to the stiffness distribution of the 
particular blocks (D, E, F).  See Figure 5.  The 
different barrier versions have then been compared 
to the front-end structures of typical current 
vehicles. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  AE-MDB schematic 
 
The stiffness (100% - ~40% - 100%) of the lower 
row of blocks (D – F) has been criticized for not 
reflecting the stiffness distribution of modern car 
front ends (The percentage stiffness values relate to 
the stiffness of block D). The outer blocks of the 
barrier have a high stiffness relative to the middle 
block.  This stiffness distribution was supposed to 
better represent the front longitudinals of vehicles. 
 
However, modern cars are being designed to have 
an even stiffness distribution of the front end.  This 
is achieved through bumper crossbeams of high 
stiffness for compatibility and offset impact 
reasons.   Vehicles designed in such a way are able 
to load struck vehicles with a more homogenous 
loading pattern. 
 
The discussion of this discrepancy resulted in 
various proposals for changing the stiffness setup 
of the lower row of blocks. Figure 6 summarises 
the simulation carried out by the German Alliance 
in order to support the barrier development. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Matrix of simulations completed with 
different AE-MDB Specifications and modern 
vehicles. 
 
For this example the simulation from the VW Golf 
5 has been analysed, specifically the following: 

• Deformation distribution (homogeneity). 
• Intrusion depth. 
• Intrusion velocities. 

 
Figure 7 shows the deformation profiles of the AE-
MDB version compared to Multi 2000 advanced 
barrier, AE-MDB (40% - 60% - 40%) and VW 
Golf 5 “Car to Car”.  The AE-MDB (40% - 60% - 
40%) best represents the deformation distribution 
of the “Car to Car” test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Comparison of deformation profiles 
(90° Side impact with MDB at 50 km/h & target 
vehicle at 0 km/h; VW Golf 48 km/h to VW Golf 
24 km/h) 
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In addition to the crash simulations various vehicle 
tests have been performed. Figure 8 shows the 
static deformation profiles, recorded at the pelvis 
height of the dummy.  Bullet vehicles included 
were: 

• AE-MDB v2. 
• “Car to Car” VW Golf 5.  
• “Car to Car” Land Rover Freelander. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.  Deformation profiles 
 
The Land Rover Freelander represents a European 
SUV and is agreed in WG13 to be the upper limit 
for consideration in the development of the AE-
MDB. 
 
The crash tests results concur with the simulation 
that the deformation characteristics made by the 
AE-MDB are not as homogenous as the “Car to 
Car” test, particularly the VW Golf 5.  
 
It is noted that the total deformation depth with the 
AE-MDB v2 is even higher than with the suggested 
“worst case” Land Rover Freelander. 
 
The same trend is seen in Figure 9.  This shows the 
results with Audi A6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.  Deformation characteristics AE-MDB 
V2 to Audi A6 & “Car to Car” Audi A6 
 
The intrusion velocities show the same tendency as 
the static deformations recorded. 
 
Considering the results of the investigations, the 
stiffness distribution of the blocks of the AE-MDB 

needs to be reconsidered in order to be more 
reflective of real world crashes.  If the current 
barrier is used as a basis for a new legal 
requirement, this will undoubtedly lead to 
unnecessary reinforcements being added to future 
vehicles.  Using the results as presented this can in 
no way be justified from a “Real World” 
viewpoint. 
 
FMVSS214 NPRM 
 
The proposed upgrade of US-standard for side 
impact protection prescribes side impact crash tests 
with four different configurations, two oblique pole 
tests (75-degree, 32km/h) and two tests with the 
“crabbed” mobile deformable barrier (MDB). Each 
test, pole and MDB, is to be performed with both, 
ES2RE (50% male) and SID2sFRG (5% female) 
dummy. 
 
When performing an oblique pole test, the vehicle 
impacts with an angle of 75°.  Most vehicles are 
currently developed using a 90° pole as specified 
by Euro NCAP and FMVSS 201.  The centre line 
of the pole is aligned with the Centre of Gravity of 
the dummy head.  See Figure 10. 
 
 
 
 
 
 
 
 
 
 
Figure 10.  Oblique pole test schematic  
 
The level of understanding is somewhat limited 
regarding the FMVSS 214 NPRM.  This is due to 
lack of dummy availability and the incomplete pre 
development programs.  However through the first 
investigations a number of issues become apparent. 
 
Is it possible to develop a restraint system, (thorax 
airbag, head airbag and interior padding) which can 
fulfil all the requirements?  This may be the case 
for the FMVSS 214 NPRM but when other test 
configurations are taken into account, such as IIHS 
or SINCAP this seems unlikely. 
 
It could be that we are on the verge of requiring 
more adaptive restraint systems for side impact 
with the associated airbag and sensing technology. 
 
With Cabriolet / Convertible vehicles, the current 
state of the art system is a head thorax airbag.  This 
offers combined head and thoracic protection.  In 
order to meet the oblique pole requirements such 
airbags will need to be designed to cover a 
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significantly larger area.  A larger airbag and 
therefore aggressive deployment will then be 
required.  This will be a clear conflict to the 
requirements of TWG (Technical Working Group) 
voluntary agreement “Procedure for evaluating 
occupant injury risk from deploying side airbags”. 
 
CONCLUSIONS  
 
Due to the “disharmonisation” between 
governments and consumer test organisations, there 
is a real potential for an ever-increasing number of 
tests and dummies.  Each individual test is always 
justifiable, but together from a global perspective 
this is not the case. 
 
Are accidents and people the world over so 
different to warrant a potential of seven different 
test configurations and six different dummies? 
 
In order for a vehicle manufacturer to meet the 
different requirements increasingly complex safety 
systems and vehicle structures will be required. 
 
It cannot be proven whether such systems will 
provide any real world benefit other than satisfying 
“disharmonisation” and increasing vehicle weight, 
with the corresponding negative effect on vehicle 
emissions & fuel consumption.  
 
The goal for all parties involved must be that safe 
vehicles are produced in the most efficient way, to 
ensure that all consumers are able to enjoy the best 
possible protection.  Harmonisation of global side 
impact requirements would make a large 
contribution towards this. 
 
Lastly, the IHRA has been pushing worldwide 
harmonisation with an enormous investment and 
engagement of its members.   The output from this 
group in our opinion is not being taken seriously 
enough. This can be seen with the new legislative 
proposals currently being published. 
 
RECOMMENDATIONS 
 
Worldwide harmonisation is not receiving adequate 
consideration. The vehicle manufacturers AUDI, 
BMW, DaimlerChrysler, Porsche and Volkswagen 
strictly support all ongoing harmonisation activities 
and particularly the work of the IHRA.  The 
following needs to be considered: 
 

• “Global Technical Regulation Side Impact 
Protection” with a timing plan for 
introduction. 

• World NCAP based on a future GTR 
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ABSTRACT 

Advanced driver assistance systems in combination 
with new preventive safety systems offer great 
potential for avoiding accidents, reducing accident 
severity and increasing occupant protection. This 
paper presents the activities in this field at the 
Mercedes Car Group (MCG). 

Driver assistance systems can be divided into 
systems that supply the driver with information 
during normal driving, systems that warn the driver 
when the probability of an accident increases, 
systems that assist the driver actively in avoiding an 
impending accident, and finally autonomously 
intervening systems. A special case of an 
intervention system is PRE-SAFE®: developed and 
first introduced by the MCG in 2002, PRE-SAFE® is 
a system that acts in the intervention phase. PRE-
SAFE® has opened up new possibilities for vehicle 
safety by shifting the paradigm from the formerly 
separate fields of active and passive safety to an 
integral view of these two fields. 

The future task is to enhance the elements of driver 
assistance systems and to integrate them in a 
comprehensive system. Since most of the current 
systems have no or only little information about the 
vehicle's surrounding, new sensors providing such 
information (cameras, 24-GHz radar) are especially 
needed.  

How can driver assistance systems be enhanced on 
the basis of additional and more precise sensor 
information? Firstly, the driver can be informed and 
warned much more selectively and accurately. 
Secondly, systems that act in the assistance phase can 
be activated more often and provide much more 
precise support. For instance, BAS activation and 
support can take objects in front of the vehicle into 
account to avoid or mitigate a collision. 

Thirdly, in the intervention or PRE-SAFE® phase, 
new occupant protection systems can be activated if 
an imminent and unavoidable collision is detected. 
Additionally, it might be possible to apply the brakes 
automatically in such a case to reduce the collision 
energy, which is also considered a contributing factor 
to crash compatibility. 

INTRODUCTION 

In its white paper on the safety of road users issued 
on September 12, 2001 the European Union set a 
50% reduction in the number of fatalities among 
European road users by 2010 as its common goal [1]. 

As a manufacturer of motor vehicles Mercedes-Benz 
also recognizes its duty to do what it can in this 
regard, and proposes the following measures for a 
comprehensive approach to automotive safety: 

Intensified analysis of the pre-accident phase 

Further improvement of basic safety  

Comprehensive safety design of the vehicles 

Accident avoidance and mitigation through 
driver assistance systems 

IMPROVEMENT OF BASIC SAFETY 
THROUGH RATING TESTS 

Rating and consumer tests in passive safety have 
gained importance over the past years. These 
standardized tests evaluate vehicles regarding their 
protective characteristics in identical crash trials. A 
clear-cut evaluation system enables even lay people 
to evaluate the safety levels of different vehicles of 
the same class. 
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A five star Euro NCAP result can no longer be 
disregarded as a developmental goal today. The 
related basic safety has been optimized by most 
manufacturers. The development of suitable 
structural measures and the  optimization of restraint 
systems have contributed to improving 
crashworthiness across all vehicle categories. Even 
small vehicles now feature this basic safety level, and 
yet we must keep in mind that results for different 
vehicle categories cannot be compared.  

Owing to their greatly increased importance, rating 
tests, and therefore the committees initiating them, 
also bear a high responsibility for the future 
development of vehicle safety. Many comments on 
automotive safety in advertising refer to the safety 
quality of the vehicles in question in terms of Euro 
NCAP’S five star system. This concept and the rating 
as a measuring scale seem to have become 
established in consumers' minds. 

When the EU's deficit analysis speaks of inadequate 
collision protection, then it is always in reference to 
the best tested vehicles of the particular category, 
which traditionally include Mercedes-Benz vehicles. 
For further developing the safety technology of these 
top-rated vehicles we had to ask ourselves the 
following critical questions: 

Are laboratory crash tests suitable for assessing 
the comprehensive vehicle safety that goes 
beyond basic crashworthiness?  

How can we measure improved crashworthiness 
if in the near future all vehicles will make the 5-
star hurdle? 

Is further increasing the limits a useful measure? 

What adjusting levers can make a basic 
contribution to comprehensive vehicle safety? 

Nowadays trials for developing and evaluating crash 
safety are standardized and performed in laboratories. 
For reasons of reproducibility and for assessing the 
progress of development, the same test speeds, 
vehicle overlap, seat positions, occupant weights and 
sizes are used. The results are applied in vehicle 
development and crashworthiness assessment. 
Specified limits and targets constrain the direction of 
development, and these standardized tests must 
always demonstrate the attainment of values. 

But how is this related to vehicle safety in real-world 
accidents? Known variables for subsequent accident 
severity include the vehicle speed, with the collision 
configuration (type of collision, angle of collision, 
overlap, etc.) being a basic parameter. The criteria of 
New Car Assessment Programs refer only to passive 
collision protection, and therefore form only a small 
part of how a vehicle behaves in real-world traffic 
situations.  

For example, standard systems for accident 
mitigation or accident avoidance, such as antilock 
brake systems, electronic stability programs and 
brake assistance systems, are not appreciated at 
present, although they have a large demonstrated 
potential for enhancing overall safety.    

The interaction between occupants and the vehicle in 
the important pre-crash phase is also a basic variable 
in controlling the subsequent severity of injuries. 
Systems providing active support in this pre-accident 
phase have also not been evaluated to date, and yet 
significant reductions of subsequent crash load on 
real-world situations are possible. 

Mercedes-Benz already developed a comprehensive 
approach to this matter in the mid-1990s and 
presented it in 1999 [2]. The aim of this approach is 
to describe the safety of vehicles in all phases of the 
traffic situation. 

COMPREHENSIVE SAFETY DESIGN FOR 
IMPROVING VEHICLE SAFETY 

This comprehensive approach to safety takes into 
account the individual phases with the potential for 
avoidance and mitigation, the potential for protecting 
occupants and other road users, and the potential for 
aftercare and rescue. This approach can be 
seamlessly incorporated in the relationships between 
the driver, the vehicle and the surroundings, and 
consequently serves as a guideline in the safety 
design of Mercedes-Benz vehicles [3]. 

Only this comprehensive consideration of vehicle 
safety in the normal driving condition, assistance and 
pre-accident phases, the variously influenced 
accident phases and finally occupant rescue can 
disclose further possibilities for reducing injuries and 
fatalities among road users. 
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For Mercedes-Benz vehicles we therefore have five 
areas of action for further enhancing overall vehicle 
safety: 

Safe driving and prompt warnings: the vehicle 
provides the occupants with a permanently safe 
work environment with the aim of avoiding 
hazards at their onset. Included are measures for 
driving safety, stress-reducing safety, operating 
safety and perceptual safety. The vehicle 
monitors its own condition, its environment and 
the interfaces to the driver and warns the latter in 
or prior to certain critical situations. Possible 
sensitivity-enhancing measures are implemented 
on the vehicle. 

Preventive action: in critical situations the 
vehicle supports the driver in avoiding danger, 
or applies measures for mitigating the severity of 
an accident in unavoidable situations. The 
vehicle prepares occupant protection systems for 
possible accidents in the best way possible. 

Protection: in accident situations the vehicle 
affords maximum protection to occupants and 
other involved persons in an adapted way. 

Aid and rescue: following an accident situation 
the vehicle automatically notifies rescue 
workers, supports the occupants and rescuers 
with information on the vehicle and victims and 
warns the following traffic to prevent subsequent 
accidents. 

SYSTEMS TODAY: ACCIDENT AVOIDANCE / 
MITIGATION THROUGH DRIVER 
ASSISTANCE SYSTEMS 

1. ESP®

Over the past two decades, especially electronic 
driver assistance systems have significantly 
contributed to enhancing driving safety, without this 
development being incorporated in New Car 
Assessment Programs. Here it becomes clear that the 
best form of accident safety continues to be 
avoidance, accordingly an essential factor in vehicle 
safety. 

An example [4] of the effective reduction of single-
vehicle accidents is the Electronic Stability Program 
(ESP®) safety system introduced ten years ago. 

The ESP® developed by the MCG and BOSCH 
counteracts oversteering and understeering by 
applying the wheel brakes separately in order to 
stabilize the vehicle and maintain its controllability 
for the driver. Various studies under test conditions 
indicated the potential benefits for assisting the driver 
in critical driving situations, especially those with a 
high risk of loss of control over the vehicle. The 
MCG consequently made ESP standard in all its 
passenger cars. 

More compelling proof came from four 
representative, anonymous 50-percent samples of all 
accidents involving vehicles registered between 1998 
and 2002. These samples, purchased from the 
German Federal Statistical Office, document that the 
rate of loss of control accidents can be significantly 
reduced by ESP. A comparison of accident rates for 
registered vehicles involved in an accident over a 
period of two years reveals that Mercedes-Benz 
vehicles have been below average with respect to 
loss of control accidents since the year 2000 when 
ESP became standard in all Mercedes-Benz 
passenger cars (Fig. 1). While within the two-year 
period of 1998 - 1999 Mercedes-Benz's share of loss 
of control accidents was close to the average value of 
19 percent, the figure dropped to 12 percent in 2000 - 
2001 and was much lower than the mean. 

The most recent data for 2001 - 2002 again confirms 
this finding, while the rate also declined for 
competing passenger cars increasingly using ESP in 
the meantime.  

Fig. 1: Accidents in Germany 1998-2002: loss-of-
control accidents (main causers) 
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2. Contributions to Protecting Occupants and 
Other Road Users: Brake Assist, DISTRONIC 
and Flashing Brake Lights 

BRAKE ASSIST (BAS): While pedestrian accidents 
are not among the major causes for fatalities and 
severe injuries in road traffic accidents, they still are 
responsible for 13 percent of fatalities and 7 percent 
of injuries in traffic accidents [5]. According to 
NHTSA, these numbers were 11 percent and 2.4 
percent, respectively, for the USA in 2002 [6]. 
Furthermore, this issue is given high priority within 
the European Union. Analyses by GIDAS (German 
In Depth Accident Study) of data collected in the 
greater Dresden and Hanover areas show that the risk 
for pedestrians to be killed compared with vehicle 
passengers is three times higher. A closer look at the 
different types of pedestrian accidents reveals that in 
73 percent of the cases a passenger vehicle collides 
with a pedestrian and in most cases (65 percent) of 
pedestrian accidents, the pedestrian is struck by the 
front of a vehicle [7]. 

Besides measures of passive safety for reducing 
accident severity, active safety systems may help 
even avoid accidents or at least mitigate their 
severity. MCG research has shown that particularly 
the Brake Assist has special potential because it can 
reduce the stopping distance. Developed and first 
introduced by the MCG in 1996, BAS fully applies 
the brakes in emergency braking when the driver 
applies the brake pedal fast but not strongly enough 
to achieve full brake performance.  

Early studies on BAS already demonstrated the 
benefits for emergency braking. A more recent study 
carried out by MCG safety engineers, using the 
DaimlerChrysler Berlin driving simulator, proved 
effective in the case of pedestrian accidents as 
well[7]. In this study, test-persons were driving on an 
urban road at approximately 50 km/h (31 mph) when 
suddenly a pedestrian (child) entered the road from 
left. The possibilities for evading the situation were 
limited (Fig. 3). 

Fig. 2: Critical situation simulated by the 
DaimlerChrysler Berlin Driving Simulator: child 
crossing an urban street 

In 45 percent of all situations a collision with the 
pedestrian occurred. Fig. 3 shows that there is a 
significant difference depending on whether the 
vehicle was equipped with BAS or not. Drivers with 
BAS had an accident rate of 32 percent only, whereas 
drivers without BAS had an accident rate of 58 
percent, i.e. almost twice as many accidents. A closer 
look at the drivers of BAS vehicles reveals that all 
drivers who managed to activate the BAS also could 
avoid the accident. In other words, in this simulated 
situation accidents occurred only when the BAS was 
not activated by the driver's actions. BAS therefore 
proves to be very beneficial in this typical kind of 
pedestrian accident.  

0%

20%

40%

60%

80%

Accident Rate with and without BAS

n = 25 n = 26

32 %

58 %

With BAS Without BAS

Fig. 3: Accident rates with and without BAS being 
available 
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DISTRONIC ACC - In the normal driving phase 
DISTRONIC maintains a safe inter-vehicle distance 
and provides the driver with information on the 
distance to the vehicle in front. In the warning phase 
DISTRONIC's associated Distance Warning 
Function signals the driver if the gap to the front 
vehicle becomes too small, so that (additional) 
braking by the driver is necessary to reestablish a 
safe distance. The Distance Warning Function can be 
used independently of DISTRONIC. 

FLASHING BRAKE LIGHTS - Many rear-end 
collisions are caused by misinterpreting the traffic 
ahead, especially when the preceding vehicle brakes 
hard or in an emergency. Although conventional 
brake lights show the lead vehicle to be braking, they 
give no further indication about the brake force and 
the resulting deceleration. Advanced brake light 
design aims at filling this gap by providing the 
following vehicles with information about the 
deceleration of the lead vehicle. Opinions in the 
automotive industry differ on the best approach, be it 
additionally activated hazard warning lights (e.g. 
Peugeot), an enlarged lighted area and/or increased 
intensity of illumination (e.g. BMW) or flashing 
brake lights (e.g. Mercedes-Benz).  

Mercedes-Benz examined different advanced brake 
light designs (conventional, additional hazard lights, 
brake lights flashing at 4 and 7 Hz) [8]. In this study, 
a group of 39 subjects had to follow a lead vehicle at 
80 km/h (50 mph). At random places on the test track 
the lead vehicle unexpectedly performed an 
emergency braking maneuver, forcing the drivers of 
the following vehicles to brake accordingly. The 
brake reaction times were measured and subtracted 
from reaction times measured in a static test in order 
to receive standardized reaction times. The reaction 
times ranged from 0.31 to 0.74 seconds. It was found 
that brake lights flashing at 7 Hz provide the greatest 
benefit, significantly reducing the brake reaction 
times up to 0.2 seconds compared with conventional 
brake lights. This translates into a reduction of the 
stopping distance by 4.44 m. Additional hazard lights 
did not significantly decrease the reaction times. 
Subjective ratings gave highest values for flashing 
brake lights, too. 

FlashingBrake Lights 0,42 s

HazardLights 0,65 s

ConventionalBrake Lights 0,65 s

Reaction Tim e 
at a test speedof 80 km/h

Fig. 4: MCG introduced flashing brake lights into 
the current S-Class in February 2005

INTERACTION BETWEEN THE OCCUPANTS 
AND VEHICLE IN THE PRE-ACCIDENT 
PHASE 

3. PRE-SAFE®

The importance of a comprehensive approach for the 
overall safety of a vehicle is shown by the PRE-
SAFE® system introduced in the Mercedes-Benz 
S-Class in 2002. PRE-SAFE® is a preventive 
protection system that activates measures for fixing 
occupants in place and positioning and conditioning 
them in advance of a collision, by analyzing the 
driving dynamics or the driver's braking. 

For example, if emergency braking occurs prior to a 
collision, the resulting longitudinal deceleration 
moves the occupants forward within their seat belt 
slack. 

In a vehicle with PRE-SAFE® this forward 
displacement is minimized by the activation of 
reversible emergency tensioning retractors, and the 
occupants are more coupled to the vehicle 
deceleration and prepared for a possible collision. 

If the front passenger seat is in an unfavorable 
situation for the collision, for example, PRE-SAFE®

automatically changes the seat to a safety position, 
and thereby improves the occupant's position. 

These occupant-vehicle relations in typical 
emergency braking situations were studied with 
actual test persons. An average forward displacement 
of about 15 cm at the chest and about 20 cm at the 
head were measured.  
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Trials in which PRE-SAFE® fixed occupants in place 
minimized these forward displacements at the chest 
by about 10 cm to 5 cm. Thick clothing and large belt 
slack were not used on the test subjects, which would 
have led to even greater differences between PRE-
SAFE®-equipped and conventional vehicles. The 
trials in the pre-accident phase were performed on 
actual test subjects since at present HIII measurement 
dummies do not yield results applicable to humans in 
this low acceleration range. 

Fig. 5: Forward displacements with/without PRE-
SAFE®

As of the start of collision, the results of the test 
subject studies were transferred to the dummy 
positions. The corresponding setups for collisions 
with and without a preceding PRE-SAFE®-
supported braking situation were studied on an 
acceleration slide. 

Fig. 6: Recreation of the real-world situation with 
the measurement dummy 

Compared with conventionally equipped vehicles, 
the study revealed great potential for reducing load 
on occupants.  

Particularly in the head area the loads could be 
reduced by 30 - 50%, depending on the load 
criterion, compared with a front passenger not 
protected by PRE-SAFE®. With a reduction by 20 - 
40%, the neck region was also subjected to less stress 
[Fig. 7].  

Particularly in the upper body regions, PRE-SAFE®

has good potential for real-world accidents, since it 
fixes occupants in place very effectively. The 
measures for repositioning occupants from 
unfavorable and yet actually occurring seat positions 
were not considered or assessed; here too we can 
expect a further reduction of loads. 

Fig. 7: Load reduction per body region  

The aforementioned example of intelligent 
networking of active and passive safety shows the 
potential of a coordinated overall vehicle safety. 

FUTURE APPLICATIONS 

New generations of sensors and the integration of the 
24 GHz short-distance radar allows further 
applications and operating ranges. The next 
generation of the new S-Class will have a further 
developed Advanced DISTRONIC. 

This assistance system will allow the implementation 
of additional safety and comfort applications and will 
be incorporated by Mercedes-Benz in overall vehicle 
safety.

PRE-SAFE® Brake 

In future, information on approaching an object will 
yield further opportunities. The sensor system and 
infrastructure of the Advanced DISTRONIC observe 
and analyze the traffic situation in front of the vehicle 
by means of long-distance (77 GHz) and short-
distance radar (24 GHz). 
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If the driver brakes while approaching an object, the 
system uses the object's distance and relative speed to 
compute the convergence of the two vehicles 
continuously. PRE-SAFE® Brake compares the 
actual braking distance based on the adjusted brake 
pressure with the brake pressure that would be 
needed to prevent a collision with the preceding 
vehicle. If the driver incorrectly assesses the 
situation, or if the relative distance and speed of the 
two vehicles change, the driver is supported by an 
automatic and appropriate increase of the brake 
pressure. The aim of the system is to avoid accidents 
to the extent allowed by the physical environment 
parameters.  

As of a certain specified braking threshold, the 
reversible systems of the standard PRE-SAFE® are 
activated for support and accident prevention at the 
start of the braking process prior to the possible 
forward displacement of the occupants, since the 
specified deceleration is already known from the 
observation of the environment. The driver can at any 
time initiate even greater braking pressure within the 
bounds of the available brake power, and thereby 
overrule the vehicle's system. The system can fully 
avoid an accident in many cases, or at least mitigate 
the severity. In cases where the driver brakes but has 
incorrectly assessed the longitudinal traffic situation, 
the system can operate with maximum deceleration 
up to the current wheel slip limit. 

For longitudinal traffic situations in which the driver 
does not brake, a further application can help 
mitigate accident severity.  

This system will be implemented in a later expansion 
stage. Here again the preceding traffic is observed by 
the sensor system. In case of an approach, the driver 
is visually and audibly warned as of a certain 
threshold, and thereby requested to perform the 
appropriate driving task. If the driver reacts by 
braking, PRE-SAFE® Brake will compute the 
situation and assist with braking power as required. If 
the driver does not react, in the next escalation stage 
the vehicle autonomously initiates partial braking, 
with the aim again of requesting the driver to act, 
while the accident severity is being reduced by a 
decrease in speed.  

Parallel to partial braking, at the start of deceleration 
reversible PRE-SAFE® measures like belt tightening 
and adjustment of the front passenger seat and rear 
seats are also activated with the aim of preventive 
occupant protection.  

The system can autonomously mitigate the accident 
severity in longitudinal traffic situations, as well as 
prepare the occupants and the vehicle for the 
subsequent accident in case the driver does not react. 

Here the potential lies not only in the reduction of the 
deceleration energy; the automatically initiated brake 
application in combination with positioning and 
fixing the occupants in place also couples the 
occupants better to the vehicle deceleration following 
a collision. The result is an increase in the ride-down 
benefit. 

In sudden situations in which the driver can no 
longer be warned in time or which do not allow 
longer-term observation, such as accidents in 
approaching intersections, accidents from cutting in, 
collisions after lane changes, etc., a collision-
proximate situation assessment of the environment 
can make a short-term contribution to improving 
occupant protection. In this case only the short-
distance radar analyzes the immediate vehicle 
environment ahead, and triggers sufficiently fast 
reversible actuators in the range of unavoidable 
collisions. For example, reversible belt tensioning 
can minimize actual deficits, such as those related to 
seat belt slack or thick clothing. 

Here too fixing occupants in place and coupling them 
to the collision deceleration at an early point can 
reduce possible peak loads during the deceleration. 
Various constellations are conceivable in which the 
situation is improved, in some situations no 
significant improvement can be quantified, but in no 
situation is the load on occupants increased. Rather, 
the complex real-world situation cannot be studied in 
the lab, or only in part. 

Information on approaching the object can also be 
used in making crash-active systems more sensitive. 
The escalation of the traffic situation is reported to 
the analyzing algorithm of the crash-active systems 
as of a certain threshold value. The basic parameter 
for lowering the triggering thresholds is the relative 
speed of the vehicle and the collision object. Of 
course, these systems cannot be triggered by the 
environment sensor system. Nevertheless, lowering 
the triggering threshold allows an earlier triggering 
decision to be made on the basis of the central 
acceleration sensing. The anticipatory observation of 
the traffic environment can positively affect 
conventional protective systems.  
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Faster and more stable triggering decisions for 
pyrotechnical emergency tensioning retractors and 
airbags are the result.

The information on the approaching collision speed 
can be further applied to predict the possible severity 
of the collision. Besides the occupant parameters like 
size, seat position, weight, etc., the expected collision 
severity is a basic unknown for controlling the 
energy-absorbing characteristics of the belt and 
airbag. 

The variable of relative speed can at least be used for 
an energy prediction, for making decisions in 
controlling the adaptation of restraint systems on a 
broad informational basis [9]. 

CONCLUSIONS 

In introducing the PRE-SAFE® preventive protection 
system in the S-Class in 2002, Mercedes-Benz 
launched a system that for the first time employs the 
critical assessment of a vehicle's condition prior to a 
collision for activating reversible safety precautions 
[10, 11]. In many real-world situations these 
measures will help improve occupant protection. 

The expanded environmental assessment will afford 
new possibilities in the future for comprehensively 
enhancing vehicle safety. This comprehensive 
approach based on real-world accident situations will 
enable us to mitigate situations that today are 
responsible for occupant injuries and fatalities. In our 
view, greater depth of the laboratory assessments of 
vehicle safety and tightening the limits are not 
effective approaches, since the high level of collision 
protection already attained today offers an excellent 
basis. Consumer pressure and the established rating 
procedures will also drive those automotive 
manufacturers forward in their development 
endeavor who have not yet achieved the previous 
assessment targets. 

In our view, the real potential for reducing loads on 
the occupants lies only in the full consideration of all 
accident phases and in networking the systems 
beyond the present boundaries. An isolated 
assessment of the collision phase or active safety 
systems can reflect real-world accident situations 
only inadequately. Rather, the real-world accident 
situations must be analyzed to a greater degree in 
order to assess previous and current traffic safety 
problems objectively. 

These results should guide a broadly coordinated 
vehicle safety concept. The performance of our 
products in real-world traffic is the yardstick for 
achieving our goal. 
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ABSTRACT 

Despite of recent progresses in occupant safety, 
the protection of children are not still optimal. To 
offer a better understanding of child injury 
mechanisms, the present study proposes a human-
like finite element model of a three years old 
child’s neck. The subject was scanned with a 
medical scanner. The images were first semi-
automatically segmented in order to extract the soft 
tissues and the bones. In the second step, we 
separate the different bones slice by slice on the 
geometry previously reconstructed. The anatomic 
structures are identified and each vertebra is 
reconstructed independently with special attention 
for the articular process. In a second step, we have 
generated a original meshing on the previous 
geometry to obtain a finite element model of the 
child’s neck. The anatomical structures 
incorporated are the head, the seven cervical 
vertebrae (C1–C7), the first thoracic vertebra (T1), 
the intervertebral discs and the principle ligaments 
which are modelled using non-linear shock-
absorbing spring elements. The stiffness values 
used are taken from literature, and scaled down 
using scale factors from Irwin. This model 
incorporates 7340 shell elements to model the eight 
vertebrae, the head and 1068 solid 8-node elements 
to model the intervertebral discs. Contact between 
the articular surfaces is represented by interfaces 
permitting frictionless movement. Since this study 
does not aim to reproduce bone fractures, we have 
modelled the cervical vertebrae as rigid bodies. 

A scaling factor for the intervertebral discs 
modulus of 0,705 is supposed by Yoganandan for 
the 3 year old child, this values conduce to disc 
modulus of the order of 100 MPa. 

Given that validation data were not available, 
the model validation was conduced against Q3 
dummy component sled tests. The accelerometric 
responses of the head model were similar with 
those recorded experimentally with a Q3 dummy 
neck in rearward, frontal and lateral impact 
direction. 

INTRODUCTION 

Each year, more than 700 children are killed on 
European roads and 80.000 are injured. The EC 
project CHILD (Child Injury Led Design) aims to 
improve the protection offered to children in cars 
by increasing the understanding about the injuries 
sustained and providing innovative tools and 
methods for improvement of Child Restraint 
Systems (CRS) in cars. 

One of the tools developed is a three year old 
child head and neck finite element model. If some 
models are existing in the literature like Van 
Ratingen’s [1] or Yoganandan’s [2] model, they 
differ largely in term of purpose and methodology. 

Multi-body Child Neck Model  

Child multi-body neck finite element models 
are mainly models developed under MADYMO. 
Thus, TNO developed 3, 4, 5, 6, 8, 10 and 12 year 
old child models usable in automotive crash test 
reconstruction. The models are carried out by the 
assembly of cylinders, ellipsoids, parallelepipeds 
connected to each other by joints with one or more 
degrees of freedom and different stiffness according 
to mobility.  

The models were validated by reproducing the 
tests carried out on Q serie dummies. A scaling was 
conduced on corridors resulting from the tests on 
volunteers and PMHS carried out by Mertz and 
Patrick [3] and Patrick and Chou [4]. Corridors of 
validation [1, 5] were then considered as the 
reference for the child (see figure 1).  

The three year old child MADYMO model is 
most recent child model. It was developed by TNO 
in parallel of the Q3 dummy. Its validation was 
conduced within the framework of the EC CREST 
project. The Q3 model is directly issued from the 
dummy CAD. The head/neck elements were similar 
to those of the dummy. 
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Figure 1.  Corridor of behaviour of the Q3 neck 
dummy in term of moment/angle of flexion in 
flexion/extension (a) and lateral inflection (b) [1]. 

 
The validation was carried out by reproducing 

tests on the model similarly as previously realised 
on Q3 in frontal, rearward, lateral direction and of 
pendulum test. The stiffness and the damping 
coefficients of the various articulations were then 
tuned to adjust the dummy response. 

Detailed Finite Element Models 

Only two child human like cervical spine 
models were founded in the literature.  

The first was that developed by Kumaresan and 
Yonganandan [2]. They developed three finite 
element models for three different ages: 1, 3 and 6 
years. These models were limited to the cervical 
C4-C6 segment and resulted directly from the adult 
model [6-8]. It has to be noticed that this adult 
model was developed in order to realize static 
simulations. Three types of model construction 
were adopted: first a pure geometrical scaling, then 
the introduction of anatomical specificities without 
any scaling, and finally a method where the two 
preceding approaches were combined. 

This first approach consisted in a pure 
geometrical scaling of the adult finite element 
model. No geometrical modification and no 

anatomical specificity according to the age were 
introduced in the model. Comprehensive laws of 
the ligaments and the discs were not scaled, but 
maintained similar to those of adult. 

For calculation and meshing reasons 
(divergence of the model), it was impossible to 
conduce a "scaling down" of the model, i.e. a 
scaling factor lower than 1. In order to solve this 
problem, they decided to realize a "scaling up" at 
120%, 140%, 160% and 180%. The results were 
then extrapolated by supposing that the answer is 
linear according to the coefficient of scale and thus 
of the age. 

With this methodology, they decided not to 
apply any scale factor to the geometry of the adult. 
Its dimensions were thus identical to those of the 
adult. In the other hand, some modifications of the 
mechanical characteristics of different the 
component was applied according to the age (see 
table 1). 

Table 1. 
Description of the geometrical specifications 

incorporated by Kumaresan [2] in the 
Yoganandan’s adult model according to the age.  

 
 
 

1 year old 3 year old 6 year old

Spinous 
process 

Growth 
cartilage 
present 

Fused Fused 

Transvers 
process 

Costal 
growth 

cartilage 
present 

Costal 
growth 

cartilage 
present 

Costal 
growth 

cartilage 
fused 

Neuro-
central 

cartilage 

Present Present Missing 

Growth 
cartilages 

of superior 
and inferior 

plate 

Presents Presents Presents 

Articular 
facets angle

60° 53° 48° 

Unciform 
apophysis 

Missing Missing Missing 

Discal fiber 
percentage 
reported to 
the adult 

80% 85% 90% 

Nucleus 
volume 

compared 
to disc 
volume 

90% 85% 80% 
(idem as 

adult) 

Ligamentar 
stifness 

compared 
to the 
adult’s 

80% 85% 90% 
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It should be noted that all anatomical 

specificities integrated in the finite element model 
result directly from medical observations. The 
ligament stiffness or the volume of nucleus were 
selected to study the influence of these parameters. 

In this last approach, Kumaresan [2] coupled 
the two preceding approaches, i.e. to carry out a 
geometrical scaling, to modify the mechanical 
characteristics of the ligaments and discs, and to 
integrate anatomical specificities according to the 
age. 

 
The comparison of the three types of models 

was done in static by applying either a compressive 
force (100N and 400N), or a couple (0,25Nm and 
1Nm) at the top of C4, and by measuring the 
variation of principal mobility compared to that of 
the adult. 

It appeared that there was a rigidification of the 
rachidian segment studied according to the age, the 
1 year old child being much more flexible than the 
6 year old child. Moreover, it has been noticed that 
the independent parameters which lead to the 
strongest increase in mobility were anatomical 
specificities and new comprehensive laws 
(approach 2), rather than simple dimensional 
scaling (approach 1), the combination of the two 
approaches (approach 3) being that which increased 
more mobility. 

Nevertheless, even if the tendencies observed 
seemed to be in conformity with the experiment 
results on animals [9, 10], no experimentation on 
child is available to validate these results 
quantitatively, limitation which the authors concede 
readily. Even if these models were finally not 
validated, it should be retained that the inclusion of 
geometrical specificities of the child can offer 
comprehension of the injury mechanisms. 

 
The other three year old child finite element 

model founded was that developed by Mizuno [11] 
by scaling from a Total Human Model for Safety 
(THUMS) AM50human finite element model to 
investigate the potential injury risks from restraints. 
The geometrical scaling factors were chosen so that 
λx, λy, λz have values as similar as possible, and the 
material properties scaling factors were determined 
in the literature [12, 13]. The model has been 
validated for thorax impact according to Hybrid III 
3YO dummy requirements. No information are 
available on neck validation.  

MATERIAL AND METHODS 

Geometrical reference 

A three year old male child was scanned with a 
ELSCINT Helix 3.0 (Elscint Ltd., Ma’alot, Israel) 
scanner, in order to realize a medical exam. The 

slice thickness was 1.1 mm with a table feed of 1 
mm (pitch 0.9). After insuring that no abnormality 
was detected, and after depersonalising the exam, 
the images were first semi-automatically segmented 
in order to extract skin and bones. This stage was 
conducted at IRCAD from software developed in 
partnership with the Epidaure project of INRIA for 
the automatic 3D patient reconstruction [14-16], 
and provided us a rapid and precise result [17] but 
no differentiation between the vertebrae was 
obtained (see figure 2). 

 
 

Figure 2.  Fully automatic reconstruction of the 
spine. All vertebrae are virtually stuck together, 
due to little thickness of the intra articular 
space.. 

 
In a second step, we separated the different 

bones slice by slice on the previously reconstructed 
model. Anatomical structures were identified 
(specifically the articular process) and each bone 
(i.e. the seven cervical vertebrae, the inferior part of 
the skull and the mandible) was reconstructed 
individually (see figure 3). The whole model was 
exported into a VRML format to be readable on any 
computer with freeware. The physical bone model 
was obtained using the FDM (fused deposition 
modelling) technology on a Prodigy Plus machine 
(Stratasys Inc., Eden Prairie, MN). The physical 
model realized in ABS polymer (see figure 4) was 
strong and durable, and the model accuracy 
compared with CT scan slices was inferior to 0.8 
mm on the main dimensions. 
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Figure 3.  Complete reconstruction of the 
cervical spine of a three year old child: front and 
right view. All bones are separated and can be 
visualized independently. 

 

 
 
Figure 4.  Physical model of the cervical spine of 
a three year old child. Global lateral view 
including skull base (C0). 

 

Finite element modeling 

In order to stick to our geometrical reference, 
we deformed and remeshed the geometrical 
meshing of an existing adult model [18]. The 
anatomical structures incorporated and illustrated in 
figures 5 to 8 are the head, the seven cervical 
vertebrae (C1–C7), the first thoracic vertebra (T1), 
the intervertebral discs and the principle ligaments, 
including the anterior longitudinal ligament (ALL), 
anterior-atlanto occipital membrane (AA-OM), 
posterior-atlanto occipital membrane (PA-OM), 
techtorial membrane (TM), posterior longitudinal 
ligament (PLL), flavum ligament (LF), 
supraspinous ligament, interspinous ligament (ISL), 
transverse ligament (TL), alar ligament (AL), 
capsular ligaments (CL) and the apical ligament 
(APL).  

 
Figure 5.  Ligamentary system of the upper 
cervical spine (C1-C2). 
 

 

PLL 
ALL 

ISL 

CL LF 

Figure 6.  Ligamentary system of the lower 
cervical spine (C3). 

 
These are modelled using non-linear shock-

absorbing spring elements. The behaviour laws of 
each ligament in both the lower and upper cervical 
spines, are defined by referencing to three 
complementary studies: Myklebust [19], Chazal et 
al. [20] and Yoganandan et al. [21]. The Chazal et 
al. study [20] highlights the non-linear viscoelastic 
behavior of ligaments whereas Yoganandan et al. 
[21] gives information on their failure properties. 
The overall behavior of the ligaments can then be 
characterized by three pairs of coefficients α1, α2, 

α3 determining the zone of low rigidity or neutral 
zone, the linear part, and finally the plastic 
behavior. The coefficients used for our model are 
described in Table 2 and a representation of the 
typical behavior of the five ligaments of the lower 
cervical spine is illustrated in figure 9. 
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Figure 7.  Surface meshing of the cervical spine 
(C1-T1), including its ligamentary system. 
 

 
Figure 8.  Complete finite element model of the 
head and neck complex of a three year old child. 

 
 
 
 
 
 

Table 2. 
Coefficients used to define the ligaments 

constitutive laws [20]. The rupture strengths are 
taken from Myklebust [19]. 

 
 A (α1) B (α2) C( α3) 

 ε/εmax F/Fmax ε/εmax F/Fmax εmax

ALL 0,21 0.11 0,78 0.87 0,58 
PLL 0,25 0.12 0,77 0.89 0,45 
FL 0,28 0.21 0,76 0.88 0,21 
ISL 0,3 0,17 0,75 0,87 0,4 
CL 0,26 0.15 0,76 0.88 0,41 

 

 
Figure 9.  Behaviour laws of the anterior 
longitudinal ligament (ALL C2-C5), posterior 
longitudinal ligament (PLL C2-C5), flaval 
ligament (FL C2-C5), interspinous ligament (ISL 
C2-C5), capsular ligament (CL C2-C5) [20, 21]. 

In order to take into account the initial lengths 
of the ligaments in the model as well as those 
measured anatomically by Yoganandan et al. on the 
lower cervical spine [21] we calculated the laws as 
follows : 

max

max

* *
1, 2,3

*
i o i

i i

d L
i

F F
α α

α
=⎧

=⎨ =⎩
.  

Where L0 is the initial length of the ligament 
and di its deformation. 

According to Irwin [12] and Yoganandan [25] 
scaling factors, all ligament behaviour laws were 
scaled in term of force. 

The total height of the model is 17,3 cm and its 
weight is 4,57 kg. This model incorporates 7340 
shell elements to model the eight vertebrae, the 
head and 1068 solid 8-node elements to model the 
intervertebral discs. Contact between the articular 
surfaces is represented by interfaces permitting 
frictionless movement. Since this study does not 
aim to reproduce bone fractures, we have modelled 
the cervical vertebrae as rigid bodies, taking their 
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inertial moments and masses from Deng [22] and 
scaled down using scale factors from Irwin [12] 
(see table 3).  

 
Table 3. 

Cervical vertebrae inertial properties applied to 
the center of gravity. 

Name 

 

Mass 
[g] 

 

Ixx 
[g.mm²*

104] 
 

Iyy 
[g.m²*

104]  
 

Izz 
[g.m²*

104] 
 

T1 78.5 0.846 0.626 0.129 
C7 58 0.763 0.328 0.965 

C6 58 0.763 0.328 0.965 

C5 50 0.636 0.210 0.753 

C4 56 0.773 0.221 0.897 

C3 70 0.816 0.325 1.01 

C2 86 0.902 0.662 1.24 

C1 57 1.28 0.36 1.58 
 
Most models use an elastic law for the 

intervertebral discs and a wide range of Young’s 
modulus values has been observed, varying from 
3,4 MPa in Yoganandan’s [21] model to 4,3 MPa 
for that of Golinski [23] and 200 MPa for that of 
Dauvilliers [24]. A scalling factor of 0,705 given by 
Yoganandan [25] for the 3 year old child 
intervertebral disc is supposed, this values 
conduced to adopt a disc modulus of the order of 
100 MPa. 

Model validation 

Given that validation data in term of 
acceleration were not available and that sled tests 
were only realized on full complete dummy, we 
were obliged to realize some Q3 dummy 
component sled tests (see figure 10). Therefore, the 
base of the Q3 dummy neck was fixed on the sled. 
A set of three accelerometers was attached to the 
dummy head to measure linear acceleration. The 
sled is accelerated in rearward, frontal and lateral 
direction.  

In order to reproduce the experimentation with 
the numerical model, the model was controlled in 
terms of first thoracic vertebra speed (see figure 11 
and 12). 

 
Figure 10.  Q3 dummy component sled test on 
head and neck. 
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Figure 11.  Sled acceleration in frontal impact. 
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Figure 12.  Sled acceleration in rearward 
impact.. 
 

Head linear acceleration values were computed 
and compared with those recorded experimentally.  

RESULTS 

The parameters of the model has been tuned in 
order to fit to the experimental results as shown in 
figure 13 and 14 for rearward impact, and in figure 
15 and 16 for frontal impact. The results in lateral 
impact hasn’t been presented as it will be discussed 
later. 
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Figure 13.  Linear acceleration of accelerometers 
in rearward impact: experimental data vs. 
numerical results. 
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Figure 14.  Model configurations in rearward 
impact  
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Linear acceleration of the head in the Z plane
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Figure 15.  Linear acceleration of accelerometers 
in frontal impact: experimental data vs. numerical 
results. 
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Figure 16.  Model configurations in frontal impact 
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It can be observed that in rearward impact, the 
model correctly reproduce the acceleration of the 
head dummy center of gravity. The first peak 
amplitude present a good correlation in both the X 
axis and in the Z axis. The temporal position of this 
peak is also very near to the experimental’s, with a 
little late on the Z axis. 

In frontal impact, we can notice that in the first 
milliseconds after impact, the experimental and 
numerical curves are completely superposed, and 
that the peak amplitude is similar for the X axis. 

However, the parameter set is not suitable to 
reproduce the behaviour in lateral impact. Indeed, if 
the results in term of acceleration are correct among 
X and Y axis during the first fifty milliseconds, the 
acceleration in Z direction is incorrect. No 
parameter set has been founded to reproduce at the 
same time the Q3 neck dummy comportment in 
frontal and rearward impact, and in lateral impact 

DISCUSSION 

The main discussion concerning the method is 
the validation of the model with regards to a 
dummy. In fact, no in-vitro or in-vivo 
experimentation on children neck has never been 
conduced. The data usable for infant finite element 
model validation are never “first hand” data, but 
only obtained by scaling adult results. The scaling 
coefficient of mechanical properties are based on 
three in-vitro tests (2 newborns and a 6 year old 
child) on parietal bone. With the inter-individual 
variation on human mechanical properties, we can 
wonder about the credibility of these scaling 
factors. That’s why we decided to use the Q3 
dummy as reference, because it proved its 
reliability in accident reconstructions that offers 
good correlation with injuries (EC CREST and 
CHILD program). We can notice that the 
methodology used by Mizuno [11] to validate its 
three year old child model is the same, even if it 
was on the torso. All this comfort us about our 
method. 

The choice of the geometrical reference to 
realize our finite element model meshing can also 
be discussed. The medical scanner was realized on 
a three year old child, and because of 
anonymisation procedure, we didn’t have 
information about its corpulence (weight, 
height…). However, it appeared us that it was a 
better solution to remesh a geometrical reference, 
than to apply a pure scaling on an adult model, 
moreover with similar scaling factor in the three 
direction as made Mizuno [11]. 

 

CONCLUSION 

A three year old child human like neck finite 
element model was developed, based on a three 

year old child medical scanner. The model include 
intervertebral discs and almost all intervertebral 
ligaments. It was compared with Q3 dummy neck 
that was validated with regards to scaled NDBL 
corridors. The three year old child neck finite 
element model validation was performed in frontal 
and in rearward impact. The model will be used for 
accident reconstruction in order to evaluate local 
injuries and to provide basis for injury criteria. 
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ABSTRACT 

For increased safety and economic reasons in 

the world, motor vehicle manufacturers are beginning 

to install TPMS (Tire Pressure Monitoring System). 

There are two types of TPMS in the market; one is a 

direct TPMS using pressure sensor, the other is an 

indirect TPMS using the wheel speed sensor signals 

from ABS. 

Most indirect TPMS are unable to detect a 4-tire 

simultaneous deflation condition because indirect 

TPMS are based on the principle that the 4-tire speed 

signals are compared with each other. 

However, the SRI Group (Sumitomo Rubber 

Industries, Ltd.) has developed an indirect TPMS 

which can detect a 4-tire simultaneous deflation 

based on a newly developed principle using wheel 

speed signals from the ABS. 

 

INTRODUCTION 

    Recently, Tire Pressure Monitoring Systems are 

being widely introduced in the car industry because 

of the safety and economic reasons. In Europe, ‘the 

No Spare Tire Concept‘ is promoted by the car 

manufacturers and runflat tires are introduced in the 

cars to realize this concept. Here, TPMS is inevitably 

required to avoid the tire burst caused by long time 

driving in a deflated condition. In the USA, the 

T.R.E.A.D Act was signed in 2000 and required all 

new cars to be equipped with an appropriate TPMS. 

Now, there are two basic types of TPMS in the world. 

One is the so called ‘Direct TPMS’ and the other is 

 

 

 

 

 

 

 

 

the ‘Indirect TPMS’. 

A Direct TPMS detects tire deflation using a pressure 

sensor and transmits the data to the receiver. 

Therefore, this system is accurate and able to detect 

deflation in any combination of 4-tires. But, on the 

contrary, this system is expensive, less durable and 

more difficult to maintain. 

Most indirect TPMS detect tire deflation by 

comparing wheel speeds from the ABS sensor with 

each other. Therefore, this system is less accurate 

than a direct TPMS and can basically detect deflation 

in just one tire. But, on the contrary, this system is 

inexpensive and maintenance free. 

 

PRINCIPLES OF THE CURRENT INDIRECT 

TPMS 

Figure 1.  shows the principle of the current 

indirect TPMS. The rolling radius of the tire becomes 

smaller in proportion to the rate of deflation and 

therefore the wheel speed of the deflated tire 

increases. Most indirect TPMS give a warning by 

comparing wheel speed signals from the ABS. Here, 

the sensitivity of rolling radius change caused by the 

deflation is higher in the case of low aspect ratio tires 

(including runflat tires) than that in the case of high 

aspect ratio tires such as 82% series. Therefore, such 

an indirect TPMS can detect deflation of runflat tires 

and modern generation low profile tires. 

However, the tire rolling radius comes under the 

influence of production tolerances, cornering radius, 

weight distribution on cornering, acceleration 
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condition, braking condition, rough road, low myu 

roads, etc. Therefore, we introduced various 

corrections and rejections in our system to improve 

accuracy. 

 

 

 

 

 

 

 

 

 

    Figure 1.  Tire rolling radius change 

  according to the inflation pressure. 

 

We introduced the diagonal difference defined 

by the following equation and detect tire deflation by 

referring to this value. This equation may cancel out 

the difference in 4-wheel speeds when cornering.  

 

 

 FL : Speed of Front Left tire 

  FR : Speed of Front Right tire 

  RL : Speed of Rear Left tire 

  RR : Speed of Rear Right tire 

 

 

FEATURES OF CURRENT INDIRECT TPMS 

Finally, current indirect TPMS has the following 

features. 

 -- No additional sensors. 

 -- Can detect deflation in one tire. 

 -- Is applicable for the low aspect tires including 

runflat tires. 

 -- Can work on the various types of cars, such as, 

front-driven car, rear-driven car, 4-wheel driven car 

and a limited slip differential equipped car. 

APPROACH FOR DIFFUSION DEFLATION 

DETECTION 

   All tires lose air naturally over time and we refer 

to this condition as ‘4-Tire Diffusion Deflation’. To 

detect diffusion, we introduced a new concept. That 

is, ‘ Load sensitivity of rolling radius ‘, which means 

a tire rolling radius change rate in % when the tire 

load shifts.  Figure 2 shows a tire rolling radius 

change rate in % when the tire load shifts 250kg. We 

found that the tire rolling radius change rate in the 

deflated condition (140 kPa) is smaller than that in 

the normally inflated condition (200kPa) over a wide 

aspect ratio range of tires (70% to 50%). 

 

<Test condition> (INDOOR TEST) 

 Tire size : 185/70R14      Delta Load=250 kg 

          : 205/60R15 

          : 225/50R17 

 

 

 

 

 

 

 

 

     Figure 2.  Load sensitivity of tire 

     rolling radius. 

 

TEST RESULTS 

   Considering that the load shift occurs under 

cornering and acceleration/deceleration, we can 

detect a 4-tire diffusion deflation by comparing the 

tire rolling radius change rate under cornering or 

acceleration/deceleration between a normally inflated 

tire and a deflated tire. 

Figure 3 shows the rolling radius change in the  

normally inflated condition under cornering and 
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Figure 4 shows that of a 4-tire 40% deflated 

condition. Here, the slope of line represents the load 

sensitivity of the tire in each condition. There is a 

difference in slope and thus we can detect a 4-tire 

simultaneous deflation. 

 

 

 

 

 

 

 

 

 

  Figure 3.  Speed difference in cornering due 

  to load shift.  (Normally inflated condition) 

 

 

 

 

 

 

 

 

  Figure 4.  Speed difference in cornering 

  due to load shift.  ( 4-tire 50% deflation 

  condition ) 

 

 

 

 

 

 

 

 

 

  Figure 5. Rolling radius change rate under 

  acceleration ( Front driven sedan ) 

 

The load sensitivity during acceleration and 

deceleration was also evaluated using a front driven 

car and a rear driven car. 

Figure 5 shows the rolling radius change of a 

normally inflated and a 4-tire 40%-deflated condition 

under acceleration using a front driven sedan. 

Figure 6 also shows the rolling radius change of a 

normally inflated and a 4-tire 40%-deflated condition 

under acceleration using a rear driven sedan. 

 

 

 

 

 

 

 

 

 

   Figure 6. Rolling radius change rate under 

   acceleration ( Rear driven sedan ) 

 

In the both figures, there is difference of slope 

between normally inflated tire and 40% deflated tire. 

And in addition, we can easily find that the intercept 

of the line decreases when all 4-tires are deflated 

because the difference of tire rolling radius between 

the front axle and the rear axle varies according to the 

inflation pressure. Therefore, we can detect a 4-tire 

diffusion deflation condition by comparing the slope 

or intercept of the line. 

 

TEST RESULT ON THE PROVING GROUND 

To determine if this concept can meet the 

requirements of the NPRM by NHTSA, we made 

additional testing as follows. We used the High Speed 

Test Track at the Transportation Research Center, 

Ohio as the test surface. And the test vehicle was the 

front driven sedan. We designed the driving pattern to 

include acceleration, deceleration, braking and stop 
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and driving in the speed range 50km/h to 100km/h to 

simulate the real world. 

We did a calibration, of course, at the normal pressure 

condition under this driving pattern and then checked 

to see if the system could finish calibration within 20 

minutes and detect a 25% 4-wheel diffusion deflation. 

within 10 minutes. 

 

 

 

 

 

 

 

 

   Figure 7.  Driving pattern 

 

Table 1. shows that this system could complete the 

calibration 17 minutes and detect a 4-tire 25% 

deflation in 6 minutes under the two different load 

conditions. 

 

                   Table 1. 

        Test results on the proving ground 

 

 

 

 

 

 

 

 

CONCLUSIONS 

We have developed a 4-tire simultaneous 

deflation detection indirect TPMS. This TPMS 

system only requires the wheel speed sensor signals 

from the vehicle ABS.  

On the proving ground, this system showed that the 

time to reach full system capability following reset is 

within 20 minutes and the detection time is within 10 

minutes. 

We also believe that this indirect TPMS system will 

meet new NHTSA requirements and be able to 

contribute to a driver’s safety while maintaining 

superiority in cost and durability. 
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ABSTRACT 
  In frontal impact, thorax and head injuries have 
strongly decreased with the development of 
occupant restraining systems including airbags, belt 
load limiters, and pretensioning systems. 
Nevertheless, the protection of abdomen and lower 
limbs has still to be improved, especially in rear 
seats. Indeed, car stiffness has increased in order to 
keep enough survival space for severe crashes. 
Thus, car manufacturers have developed specific 
restraint devices to improve protection of pelvis and 
lumbar spine, with prevention of submarining. One 
of these consists of an anti-sliding system based on 
an inflatable metallic wrap. 
 The main goal of the study was to investigate 
the risk of injury with a prototype of such a device, 
in case of static deployment, for in-position and 
out-of-position situations. Because the lack of 
relevance of the dummies in such conditions is 
suspected, and because criteria do not currently 
exist as far as the lumbar spine is concerned, six 
cadaver tests, including three in out-of-position 
situation, were carried out and duplicated with 
small female, and 50th male HIII dummies. Two 
inflators were used. 
 Cadavers were instrumented with linear 
accelerometers and angular velocity sensors for 
vertebra L2, L3, L5 and sacrum. The seat was 
equipped with load cells. 
 For the six cadaver tests, no injury was 
observed. Intervertebral rotation values are given 
for the cadavers and lumbar spine forces and 
moments recorded on dummies are presented. 
Comparisons regarding lumbar spine kinematics are 
realized for biofidelity assessment. 

INTRODUCTION 
 In the last decade, the safety of car occupants 
involved in frontal crashes has been drastically 
improved thanks to the development of several new 
restraint technologies. The body areas where the 
changes were the most noticeable were clearly the 
head, the thorax and the lower extremities. As a 

consequence, issues such as submarining became of 
higher relative importance. 
 In order to avoid submarining while maintaining 
the comfort features of the seat, several active 
“anti-sliding” devices were developed by suppliers. 
Most of them were based on an inflator-propelled 
obstacle initially located under the seat cushion. 
These devices were designed to be ignited as soon 
as the crash is detected such that an obstacle moves 
toward the buttocks in order to prevent penetration 
motion of the pelvis into the seat cushion. As a 
result, the pelvis is coupled to the seat very early in 
the crash time history and its rotation is locked such 
that submarining is prevented. 

OBJECTIVES 
 The first objective of our study was to 
investigate the potential intrinsic aggressiveness of 
such a concept on the pelvis and lumbar area for 
both In-Position (IP) and Out-of-Position (OOP) 
situations, in case of static deployment. The second 
objective was to compare the lumbar spine and 
pelvis kinematics of the dummies and the cadavers 
in order to assess the relevance of the dummies in 
these specific situations. 

LITERATURE REVIEW 
 Several studies dealing with the axial 
compression resistance of either isolated human 
cadaver vertebrae or vertebral units were available. 
A few studies on whole cadavers were also 
available. The tests conditions and results of these 
studies are presented in the table A1 of the annex. 

Isolated vertebrae resistance  
 The tests were performed in quasistatic. The 
vertebrae ranged from C1 to L5. In all the studies 
reported, the vertebrae samples were relatively 
large, however the results somehow varied from 
one study to the other. 
 Coltman [3] tested 75 vertebrae (T1 to L5) in 
pure compression up to 70% of axial deformation 
of the vertebrae. The rupture compression force was 
5900 N. This value is in good agreement with 
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several other studies. Yoganandan [11] tested 63 
vertebrae and reported a rupture compression force 
equal to 4.6 kN for the lumbar spine (no further 
information about the exact vertebrae). Myers [8] 
tested 61 vertebrae (L2 to L4) and reported a 
rupture compression force equal to 5600 N. In the 
same conditions, Brinckmann [2], Hutton [6], 
Kazarian [7] and Yamada [14] reported forces 
ranging from 4.4 kN to 8.3 kN.  
 In another study performed on 530 vertebrae 
(C1 to L5), Gozulov [5] reported, however, a 
rupture compression force equal to 13 kN. This 
value was sensibly higher than those reported 
above. 

Vertebral unit resistance  
 A vertebral unit is defined as two adjacent 
vertebrae and connective structures (including the 
disk) in between. Tests were conducted at several 
compression speeds on several types of vertebral 
units. In all the tests, the loading was a pure 
compression. Brinckmann [2], Yoganandan [11] 
and Myklebust [9] reported the same value for the 
rupture compression force : 5 kN (5.5 kN for 
Yoganandan), while Hutton [6] and Willen [13] 
reported higher values approximately equal to 
11 kN. 

Whole spine resistance  
 Myklebust [9] conducted tests on 4 whole 
cadavers where the spine was loaded in 
compression through a force applied on T1. The 
thorax was kept vertical while the neck was flexed 
such that it was horizontal. A 15 cm x 15 cm plate 
then pressed the neck in order to apply a vertical 
force on T1. The compression rate was 10 mm/s. 
Two plates were placed on each side of the thorax 
in order to avoid the lateral motion of the thorax. 
The skin was removed in front of the spine in order 
to allow a direct seeing of the vertebrae movements 
during the loading. For a compression force equal 
to 2.8 kN, crushing fractures were observed. The 
slope of the fractures ranged from 28° to 50°. For 3 
specimens, fractures occurred between T10 and L2 
while on the 4th specimen, it occurred on T7. 

Synthesis of resistance 
 From the literature review, it appears that 
almost all the studies deal with the fracture vertebra 
mechanism by compression, except a few of them 
that deal with combined flexion and compression, 
which seems to be our case. 
From these studies, one can find the following 
tendencies: 

- The maximal compression force decrease 
when going up from the lumbar to the cervical 
spine (about 1 kN each 3 vertebrae) 

- Dynamic loading at 100 mm/s increases the 
force rupture by 1.5 kN from static loading 

- The maximal compression force decrease with 
age. 

 Gathering all these data and as a first 
approximation, the tolerances for pure compression 
and flexion-compression loading are summarized in 
the Table 1, which can be used as a reference for 
risk evaluation on human subjects. 
 

Table 1.  Tolerances for lumbar spine. 
Pure 

compression Compression-flexion 
 

Fz (kN) Fz (kN) My 
(Nm) 

20-40 
years 8 3 400 

40-60 
years 6.5 2.5 300 

> 60 
years 4 1.5 200 

 

Comparison between human subject and 
dummy lumbar spines 
 Demetropoulos [4] has performed ten cadaver 
tests on complete isolated lumbar spine, without 
muscles. These tests were duplicated with HIII 
dummy. The results have shown that the HIII 
lumbar spine is stiffer than the human subject 
lumbar spine (ratio of 20/1 in flexion and 2/1 in 
extension). But the HIII lumbar spine represents the 
overall resistance in flexion including lumbar spine, 
muscles and abdomen. So, it is difficult to assess 
the real difference in angular stiffness between 
human subjects and dummies. 
 No criterion and no protection limit is currently 
available for the dummy lumbar spine. A under-
evaluation of the risk of injury due to the poor 
relevance of dummies was feared in IP and OOP 
situations. As a consequence, tests were carried out 
on cadavers. 

MATERIAL AND METHODS 

Loading device 
 An “anti-sliding” device based on a metallic 
inflatable cushion was chosen for our study because 
prototypes were available. This device, prior to 
ignition, was located under the seat cushion at its 
forward portion (Figure 1).  
Two types of inflators were tested: a standard one 
and a boosted one. 
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Figure 1.  "Anti-sliding" device prior to 

activation (top view) and when activated. 

Specimen 
 A total of six human cadavers were acquired for 
this study. There were two females and four males, 
ranging in age from 47 to 78. Specimens were 
obtained through the Body Donation Department of 
the Descartes University in Paris (France). The 
specimens were not embalmed to prevent 
undesirable changes in tissue properties. Table 2 
shows the anthropometry and age for each cadaver. 
 

Table 2.  Specimen anthropometry. 
 

Specimen # Sex Height 
(cm) 

Age Weight 
(kg) 

544 M 169 70 82 
545 F 166 64 64 
547 M 179 78 70 
548 F 163 47 55 
546 M 166 67 50 
549 M 164 74 58 

 

Dummies 
 The tests on cadavers were duplicated with the 
50th centile male and 5th centile female dummies. 

Instrumentation 

Seat  
 The seat was mounted on the test rig through 
four 3-axis load cells. A 2-axis accelerometer was 
fixed on the structure of the seat cushion. 

Dummies  
 The HIII dummies were instrumented with head 
accelerations (x, y, z), upper neck forces and 
moment (Fx, Fz, My), thorax accelerations (x, y, z), 
one thorax angular velocity (ωy), lower lumbar 
spine efforts, moment and accelerations (Fx, Fz, 
My, Ax, Ay, Az), pelvis accelerations and angular 
velocity (Ax, Ay, Az, ωy), and femur forces, 
moments and accelerations (Fx, Fz, My, Mx, Ax, 
Az). In addition, for the HIII 50th percentile 
dummy, the upper lumber spine loads and moment 
were recorded. The SAE J211 recommended 
practice was used for filtering and sign convention. 
Post mortem human subjects (PMHS) 
 The lumbar spine of the cadavers was 
instrumented at L2, L3, L5 vertebrae and on the 
sacrum using cubes equipped with 3-axis 
accelerometers and 1 MHD aligned along Y axis 
(Figure 2). 
 The femurs and tibias were instrumented with 
one 3-axis accelerometer each. 

 

Figure 2.  Instrumentation of the lumbar spine 
and sacrum area on cadavers. 

 

Specimen initial position 
 Two positions were defined, one for IP and one 
for OOP situations. 
 The IP position (Figure 1) was a standard belted 
driving position (slope of the back seat = 25°, slope 
of the seat cushion = 5°). A foot rest was installed 
and adjusted such that the femur angle relative to 
the horizontal was 18°. A pretensioning system was 
installed at the buckle anchorage of the seat-belt. 
The time-to-fire of the anti-sliding device and the 
pretentioner were the same. 
 The OOP position corresponded to a passenger 
seating unbelted with both feet on the dashboard 
(Figure 3). The seat back slope was 45°. In such a 
position, the sacrum was exactly in front of the 
inflatable device (the ischiatic tuberosity was 150 
mm backward from the fore edge of the cushion). 
The femur angle relative to the horizontal was 18°. 
This situation was assumed to be the worst case 
(i.e. with the higher pelvis and lumbar injury risk). 

L2 vertebra

L3 vertebra

L5 vertebra

Sacrum

Accelerometers
(X, Y, Z axis)

Angular velocity
(Y axis)

L2 vertebra
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Sacrum
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Figure 3:  OOP position with the anti-sliding 
device prior to activation. 

 

 The initial position of the specimen was 
recorded through targets digitized using a Römer 
3D arm. Additional attention was paid to the 
position of the spine cubes relative to the vertebrae 
landmarks. 

Test matrix 
 The test matrix is presented in Table 3. Note 
that for all the tests performed in IP, the cadavers or 
dummies were belted except in test AA6-545 where 
the cadaver was unbelted. 
 

Table 3.  Test matrix 

RESULTS 

Input loads 
 Figure 4 shows a typical time history of the 
loads applied on the pelvis with a boosted inflator. 
The force direction is roughly 55 degrees towards a 
horizontal axis. 
 

 
Figure 4.  Time histories of seat cushion/pelvis 
interface forces  
 

Dummy test results 
 Maximum dummy forces and moments on the 
lower lumbar spine, chest and pelvis resultant 
accelerations, thoracic and pelvic rotations are 
displayed in table 4 on the following page. Mean 
values, calculated from the three OOP and three IP 
tests, are also given. 
 The maximum resultant pelvic acceleration 
values are very close whatever the situation, with 
the highest values for the 5th percentile dummy. 
However, the film analysis shows noticeably 
different pelvic kinematics according to the 
situation. In IP, the pelvis moves back, because of 
the belt tension. In OOP, the pelvic movement 
according to the z axis is predominant.  
 On average, the thoracic resultant accelerations 
are quite half as high than the pelvic resultant 
accelerations.  
 The results do not show clearly the effect of 
inflator, boosted or not, indeed whatever the body 
part. On the other hand, the situation has an effect 
on the lumbar spine forces and moments. The 
compression forces are higher in OOP than in IP. 
The highest value ( 2.97 kN) is obtained with the 5th 
percentile dummy, in OOP situation.  
 Regarding the lumbar spine moments, flexion in 
IP is predominant. In OOP, during the first 100 ms, 
lumbar spine extension is observed, flexion 
appearing in a second phase. The results show 
negative pelvic rotations, in all the tests, with a 
magnitude lower than 6 degrees.  
 Although the input force seems to be high, the 
lumbar spine forces and moments are low. In OOP 
or in IP, inertia effect of pelvis and lower limbs 
mainly counterbalances the action force of the seat 
cushion. 

549AA1350thAA11YesBoostedIP

545AA065thAA03Yes*StandardIP

544AA0550thAA01YesStandardIP

549AA1350thAA12NoBoostedOOP

548AA085thAA04NoStandardOOP

547AA0750thAA02NoStandardOOP

PMHSTest
numberCentileTest

numberBeltInflatorPosition

CADAVER 
TESTS

HIII DUMMY 
TESTSTEST CONDITIONS

* Unbelted for cadaver test
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Table 4.  Main peak values for the dummy tests. 

 

Cadaver test results 

Injury assessment 
 Autopsies were performed after the tests. No 
injury was observed on any cadaver. 
Test analysis 

Table 5 displays the main peak values obtained 
from the cadaver tests. In the last columns, mean 
values of the IP and OOP tests are given, with the 
available data. The intervertebral angular motions 
are calculated from the angular velocities. The 
intervertebral angular motion for the L5-L4 and L4-
L3 units are estimates (L5-L3 angular motion 
divided by 2). The results show that the 
intervertebral angular motion is higher in OOP than 
in IP, with the most important values localized at 

the sacrum/L5 unit. The same observation can be 
done for the resultant accelerations. The differences 
between IP and OOP seem to be amplified by the 
10 kg difference between the two groups.   
 Regarding the resultant acceleration values, 
differences between vertebrae and pelvis are not 
noticeable. 

The results do not show a clear effect of the 
inflator. The highest values are obtained for the test 
AA09 with a boosted inflator, but also with the 
lightest cadaver. 

In all the situations, the sign of intervertebral 
angular motions is always positive, indicating a 
flexion mechanism in IP or in OOP.   
 

 
Table 5.  Main peak values for the cadaver tests 

OOP IP
Test AA07 AA08 AA09 AA05 AA06 AA13
Subject number 547 548 546 544 545 549
Subject mass (kg) 70 55 50 82 64 58 58,3 68,0
Inflator Standard Standard Boosted Standard Standard Boosted

Acceleration (resultant, g)
Sacrum 29 52 NA 19 NA 31 40 25
L5 vertebra 37 31 70 25 22 33 46 27
L3 vertebra 34 31 66 26 21 25 44 24
L2 vertebra 45 32 68 25 18 19 48 21

Angular motion (degrees)
Sacrum 22 25 NA 9 20 7 23 12
L5 vertebra 16 16 20 5 7 4 17 6
L3 vertebra 11 13 18 4 2 -4 14 1
L2 vertebra 10 14 17 3 1 -4 14 0

Intervertebral rotation (degrees)
Sacrum/L5 7 16 NA 4 13 3 12 7
L5/L4 and L4/L3 (estimated) 4 2 2 1 4 2 3 2
L3/L2 4 5 5 2 2 2 5 2
Sacrum/L2 20 24 NA 7 22 9 22 13

NA : not available

Mean values
Out-Of-Position In-Position

OOP IP
Test conditions AA02 AA04 AA12 AA01 AA03 AA11
HIII dummy centile 50th 5th 50th 50th 5th 50th
Inflator Standard Standard Boosted Standard Standard Boosted
Pelvis
Resultant acceleration (g) 21,3 26,1 24,1 22,9 26,9 21,3 23,8 23,7
Rotation (y, degrees) -7 -8 -7 -5 -8 -6 -7,3 -6,3
Lumbar spine
Momentum (Nm) -65 -35 -56 117 80 102 -52 100
Fx (N) 1570 1100 2370 -680 -710 570 1680 -273
Fz (N) -1970 -2970 -2370 -1240 -1230 -1190 -2437 -1220
Thorax
Resultant acceleration (g) 10,9 17,6 14,6 7,1 13,7 10,7 14,4 10,5

Rotation (y, degrees) -6 -5 -5 2 2 3 -5,3 2,3
Pelvis/Thorax
Rotation (y, degrees) -6 -5 -5 2 2 3 -5,3 2,3

Out-Of-Position In-Position
Mean values
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DISCUSSION 

The first step in the evaluation of a safety system or 
its unwanted effects, consists in running tests using 
dummies and compare the criteria recorded on 
dummies to the tolerances on human being. In our 
study, although dummies are equipped to measure 
lumbar forces, their behaviour is questionable for 
the kind of loading caused by the anti-sliding 
device. As of today, no limits of tolerance are 
available for them specifically, and their poor 
biofidelity in this body area does not allow the 
direct application of human criteria and tolerances.  

However, in spite of the force order of magnitude 
applied to the pelvis (up to 7 kN), lumbar forces 
measured on the dummy suggest that the injury risk 
associated to compression, flexion of both of them 
remains very low. Nevertheless, to confirm the 
harmlessness of the device and at the same 
opportunity to evaluate the dummy response and 
ability to assess the injury risk, tests were 
performed on PMHS. No injury was observed in 
the worst OOP case. It confirmed that the device is 
safe even with a boosted inflator whatever the 
specimen anthropometry. 

However, the comparison of dummy and PMHS 
kinematics showed fundamentally different 
behaviors. The spine of the PMHS was always 
flexed while the dummy spine was mainly extended 
during OOP tests. Moreover, the compression of 
the lumbar spine was predominant for the dummies 
while the lumbar spine flexion seems to be the main 
mechanism for PMHS. 

This difference of behaviour can be explained by 
the different initial positioning. The dummy 
remained straight even in OOP while the PMHS 
leaned in the seat. In addition to the geometrical 
differences the lumbar spine stiffnesses are 
significantly different between the cadaver and the 
dummy. Both differences highlight the poor ability 
of the dummy to reproduce realistic loading modes 
and consequently evaluate the injury risk. 

This study did not provide means for lumbar spine 
characterization, especially since no forces were 
measured on PMHS. However, useful information 
are provided for the validation of a mathematical 
model of the human being, capable to mimic the 
kinematics of lumbar vertebrae. 

CONCLUSIONS 

Six dummy tests were performed with prototypes of 
a new concept of inflatable anti-sliding system. The 
test conditions included In-Position and Out-Of-
Position situations, in order to evaluate the lumbar 

injury risk in case of static deployment. The forces 
and moments recorded on the dummy lumbar spine 
were very low and no risk of injury was suspected. 

Nevertheless, six PMHS tests were also performed 
to complete this statement. The results confirmed 
that the device was safe. However, they also 
demonstrate that the dummy had not the same 
behaviour than the PMHS and by the way, was not 
able to assess properly the injury risk. 

Research has then to be undertaken regarding the 
lumbar spine, where the protection criteria on 
dummy will become an issue to evaluate such 
protection systems. 
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APPENDIX 

Table A1: Literature review synthesis. 
Author Réf. Specimen Loading Loading rate Record Injury 

Brinckmann  
[1] 
[2] 

134 units of 2 
vertebrae (T10 to 
L5, apophyses 
included) 

Pure 
compression. 

1 kN/s with a preload 
of 1 kN during 15 
mm 

F rupture = 5 
kN 
Range from 
4.4 to 6.8 kN 

Fx of the 
vertebrae body 

Coltman**  
[3] 

75 isolated 
vertebrae from T1 
to L5 

Pure 
compression up 
to 70% of the 
height. 

89 mm/s (no preload) F rupture 
thorax = 
4.5 kN  
lumbar =  
5.9   kN  

Crush fx (occurs 
between  3% and 
10% of 
deformation) 

Gozulov  
[5] 

530 isolated 
vertebrae from C1 
to L5 

Pure 
compression. 

Ranged from 0.08 
and 1.7 mm/s 

F rupture  
=13 kN 

Depends on the 
deformation 

Hutton  
[6] 

33 units of 2 
vertebrae from L1 
to S1, apophyses 
included 

Pure 
compression. 

3 kN/s with a preload 
of 1 kN during  5 
mm 

F rupture  
= 5.6 kN for 
L1, up to 8.3 
kN for L5 

Fx of the 
vertebrae body 

Kazarian  
[7] 

61 isolated 
vertebra 

Pure 
compression. 

8900 mm/s 
89 mm/s 
0.89 mm/s 

F rupture 
thorax 
= 6.8 kN  

Crush fx 

Myers  
[8] 

61 isolated 
vertebra : 22x L2 
22x L3 and 17xL4 

Pure 
compression. 

1.5 mm/s (no 
preload) 

F rupture  
=5.6 kN 

Fx of the 
vertebrae body 

14 whole spines T3 
to L5 

Pure 
compression 
(neck flexed) 

Ranged from 10 to 
1200 mm/s 

F rupture  
2.1 kN 

Wedge crush fx 

13x T7-T12 Pure 
compression up 
to 50% of the 
height 

1 mm/s. F rupture  
= 3.3 kN 

Fx of the 
vertebrae body 

9x L1-L5 Pure 
compression  up 
to 50% of the 
height 

1mm/s. F rupture  
5 kN 

Fx of the 
vertebrae body 

Myklebust  
[9] 

4 whole cadavers Force applied on 
T1 

10 mm/s F rupture 
=1.1 to 
2.8kN 

Wedge crush fx 

Osvalder  
[10] 

16 units  Flexion - 
shearing 

Static Fx=0.62 kN 
My=160N.m 

"flexion –
distraction" type 
fx 

Yoganandan  
[11] 

63 isolated 
vertebrae  

Pure 
compression up 
to 50% of the 
height 

2.54 mm/s F rupture 
thorax = 
3.3 kN  
lumbar=  
4.6 kN 

Vertebrae crushed 

Yoganandan [12] 38 isolated 
vertebrae 

Pure 
compression 

2.5 mm/s  Vertebrae crushed 

  18 whole cadavers Compression, 
flexed spine 

2.5 mm/s Fz comp = 
2.5 kN 
associated 
with My = 
170 Nm 

Wedge crush fx 

Willen [13] 7 units of 3 
vertebrae (T12-L2) 

Pure 
compression. 

Free fall of a 10 kg 
mass from  2 m. 

F rupture 
11 kN 

"burst fracture" 
type fx 
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ABSTRACT 

The inertial responses of five seated unembalmed 
midsize cadavers to sub-injury knee impact loading 
were characterized and compared to the inertial 
responses of the Hybrid III midsize male and THOR-
NT ATDs collected under similar knee loading 
conditions.  All impacts were performed using a 275-
kg padded impactor to symmetrically load the left 
and right knees at velocities of either 1.2 or 3.5 m/s.  
At both knee impact velocities, the Hybrid III and 
THOR-NT produced peak knee impact forces that 
were substantially higher than those of the cadaver.   
At the 1.2 m/s impact velocity, the peak knee impact 
forces produced by the cadavers varied from 0.9 to 
1.0 kN while the peak knee impact forces produced 
by the THOR and Hybrid III were 1.4 and 1.6 kN, 
respectively.  The two cadavers tested at the 3.5 m/s 
impact velocity produced peak applied forces of 3.5 
and 3.8 kN, while the THOR and Hybrid III produced 
peak applied forces averaging 5.5 and 6.1 kN, 
respectively. 
 
For both knee impact velocities, femur and pelvis 
accelerations produced by both ATDs and the 
cadavers were similar in magnitude.  However, peaks 
in cadaver femur and pelvis accelerations occurred 
substantially earlier than peaks in cadaver knee 
impact force, while peak Hybrid III and THOR femur 
and pelvis accelerations occurred at the time of peak 
force.  These differences are most likely due to 
loosely coupled mass in the cadaver that is not 
represented in either ATD. 
 

INTRODUCTION 

Fractures and dislocations of the knee-thigh-hip 
(KTH) complex in frontal crashes are of substantial 
concern to automotive safety engineers and clinicians 
because of the frequency at which these injuries 
occur and the associated potential for long-term 
disability (Kuppa et al. 2001, Read et al. 2002 
Burgess et al. 1999).  Of all AIS 2+ KTH injuries, hip 
injuries, and in particular acetabular fractures, are the 
most frequent, occurring at a rate of almost 14,000 
per year (Rupp et al. 2001). 
 
A research program is underway at the University of 
Michigan Transportation Research Institute to 
develop new KTH injury criteria that can assess the 
risk of hip injury in frontal crashes.  To date, this 
program has demonstrated that under dynamic knee 
loading, the hip has a tolerance of 6.1 kN and is the 
weakest component of the KTH complex with the 
pelvis and femurs oriented in a seated automotive 
posture (Rupp et al. 2002, 2003a).  The 6.1-kN hip 
tolerance was determined using a fixed pelvis 
boundary condition and is therefore representative of 
the fracture tolerance of the hip in terms of force 
applied to the hip.  However, under real-world knee-
to-knee-bolster loading, the force at the knee is 
greater than the force at the hip because there is mass 
proximal and distal to the hip that is decelerated by 
knee-bolster impact.  To determine the risk of hip 
injury associated with a force applied to the knee, it is 
therefore necessary to know the decrease in force 
between the knee and the hip, which is governed by 
the inertial response of the knee-thigh-hip complex.  
In addition, to develop improved KTH injury criteria 
it is necessary to know how forces measured by ATD 
load cells relate to force at the human hip under 
similar knee impact conditions. 
 
Horsch and Patrick (1976) attempted to characterize 
the inertial response of the cadaver to knee impact 
loading by measuring force applied to the knees of 
unembalmed cadavers and the resulting femur 
accelerations under high-rate sub-fracture impact 
loading by a flat-faced rigid ballistic pendulum.  
Inertial response of the cadaver to knee impact 
loading was reported as an effective mass, which was 
calculated by dividing the force applied to the knee 
by the acceleration of the femur.  For the four 
cadavers tested, the effective mass of each side of the 



Rupp 2

body was approximately 2.0 kg immediately prior to  
the time of peak force, after which femur acceleration 
rapidly approaches zero and the effective mass 
calculation fails.   
 
Because Horsch and Patrick used a rigid impactor, 
peak forces occurred approximately 2 ms after the 
onset of knee loading.  Stalnaker et al. (1977) have 
shown that it takes 2-5 ms after the start of force 
application for a reaction force to be developed at the 
pelvis.  In other words, 2-5 ms are needed for the 
femur to displace a sufficient amount to start 
recruiting the mass of the pelvis.  Thus, the 2.0 kg 
effective mass value reported by Horsch and Patrick 
is likely representative of the effective mass of the 
skeletal knee/femur complex and does not accurately 
represent effective mass of one side of the body 
under longer-duration knee impacts, such as those 
observed in FMVSS 208 and NCAP.  
 
Horsch and Patrick also characterized the inertial 
response of the Hybrid II ATD in the same manner 
that cadaver inertial response was characterized.  The 
effective mass of the Hybrid II under impact of one 
knee was approximately 11.5 kg.  The Hybrid II also 
produced peak knee impact forces that were 1.5 to 
3.7 times greater than those produced in the cadaver 
knee impacts.  The hypothesized reasons for the 
differences between Hybrid II and cadaver response 
were that the Hybrid II KTH complex is stiffer and 
has more tightly coupled mass than the cadaver. 
 
The current study expands on the data collected by 
Horsch and Patrick by characterizing the inertial 
response of unembalmed cadavers under longer 
duration knee loading conditions and comparing 
these inertial responses to those of the Hybrid III and 
THOR-NT ATDs. 
 

METHODS 

Cadaver Tests1 

The characteristics of the five unembalmed cadavers 
used in this study are listed in Table 1.  All subjects 
were males that were close to the 176 cm midsize 
male stature.  Subject masses varied from 66 to 89 kg 
and averaged 77 kg. 
 

                                                             
1 The rights, welfare, and informed consent of the subjects who participated 
in this study were observed under guidelines established by the U.S. 
Department of Heath and Human Services on Protection of Human Subjects 
and accomplished under medical research design protocol standards 
approved by the Committee to Review Grants for Clinical Research and 
Investigation Involving Human Beings, Medical School, The University of 
Michigan. 

Figure 1 shows the apparatus used to determine the 
inertial response of the cadavers under knee impact 
loading.  Simultaneous loads are applied to the left 
and right knees of a seated cadaver by pneumatically 
accelerating a 275-kg platform to a velocity of 1.2 
m/s or 3.5 m/s prior to knee impact.  Load cells on 
the forward surface of the platform were used to 
independently measure the force applied to the left 
and right cadaver knees.  The acceleration of the 
mass on the forward surface of each load cell was 
measured and used to inertially compensate all force 
measurements.  As shown on the right-hand side of 
Figure 1, the left and right knee impact surfaces were 
padded.  For the 1.2 m/s knee impacts, each knee was 
padded with 38-mm thick 50-durometer (Shore OO 
scale) Sorbethane padding.  As indicated in Table 1, 
this combination of padding and impact velocity was 
used in tests of all five cadavers.   
 
Because the 1.2 m/s knee impact condition produced 
peak forces and loading rates that were substantially 
less than those produced in FMVSS 208 and NCAP 
compliance tests, a second set of impacts was 
performed to determine how the inertial response of 
the cadaver changes when the knee is loaded with 
forces and loading rates that are more representative 
of those produced in FMVSS 208 and NCAP tests.  
The higher loading rates and higher knee impact 
forces in this second test condition were generated by 
increasing impactor velocity to 3.5 m/s and padding 
the knee impact surface with 25 mm 70-durometer 
Sorbethane and 25-mm thick 50-durometer 
Sorbethane. 
 
Cadavers were instrumented by rigidly attaching 
triaxial accelerometer blocks to the midshaft femur 
and sacrum.  Each cadaver was dressed in a Lycra 
leotard.  Prior to each test, the cadaver was seated on 
a force platform that was covered with a low friction 
surface to ensure that friction on the pelvis and thighs 
did not substantially affect the force applied to the 
knee.  Shear forces measured by the force platform 
were used to verify that friction forces were low in all 
tests (< 50 N in the 1.2 m/s tests and less than < 150 
N for the 3.5 m/s tests).  The fore-aft position of the 
cadaver on the force platform was adjusted to ensure 
that the cadaver was able to slide 15-20 cm rearward 
on the platform prior to contact between the posterior 
leg and the forward surface of the force platform. 
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Figure 1.  Apparatus used for dynamic femur response assessment.

The cadaver’s feet were supported by a second force  
platform. The heights of the foot support and the 
cadaver-seating platform were adjusted so that the 
long axis of the femur was horizontal.  The fore-aft 
positions of the cadaver’s feet were adjusted so that 
the included angle between the tibia and the femur 
was approximately 90˚.  The lateral spacing between 
the centers of the knee impact surfaces was adjusted 
so that, in an overhead view, the shaft of the femur 
was aligned with the direction of impact. 

 

Table 1.  Cadaver Characteristics and Test Conditions  

Knee Impact 
Velocity  Subject 

Number 
Gender Age 

Stature 
(cm) 

Mass  
(kg) 

1.2 m/s 3.5 m/s 

1 M 66 179 89 X  
2 M 64 178 82 X  
3 M 66 178 73 X  
4 M 76 178 70 X X 
5 M 82 180 66 X X 

 Mean 70.8 178.6 76.0   
 sd 7.8 0.9 9.4   
 
The cadaver’s torso was held in an upright position 
by a strap that was looped under the cadaver’s arms 
and around the cadaver’s chest and connected to a 
release mechanism.  About 20 ms prior to knee 
impact, the release mechanism was actuated, thereby 
allowing the cadaver to move rearward with minimal 
constraint during impact loading. 
 
Because any asymmetry in cadaver knee positions 
could result in differences in the magnitudes and the 
phasing of the forces applied to the knees, a repetitive 
test protocol was used.  The knees of each cadaver 
were impacted multiple times until three to five 
impacts had been performed on each cadaver for 

which the magnitudes and phasing of the applied 
forces were very close.  Overhead and side view 
high-speed videos of the impact event were recorded 
and used to ensure that the cadaver knees were 
symmetrically contacted, that the cadaver was 
released prior to impact, and that the kinematics of 
the left and right sides of the body were similar. 
 
As shown in the Appendix, forces applied to the left 
and right knees and the left and right resultant femur 
accelerations from each test on the same subject were 
similar and were therefore averaged at each point in 
time to determine an average resultant femur 
acceleration and average applied force.   The average 
applied forces, average femur accelerations, and 
pelvis accelerations in repeated tests on the same 
subject were also similar and were averaged to 
determine a representative applied force and femur 
and pelvis accelerations for each subject.  
 
For each test performed on a subject, the inertial 
resistance to motion of the left and right sides of the 
body were calculated as described by Equation 1, 
where the forces applied to the left and right knees 
are divided by the resultant pelvis acceleration to 
determine effective masses.  Left- and right-sided 
effective mass histories calculated using pelvis 
acceleration were similar and were therefore 
averaged to determine a single pelvis-acceleration-
based effective-mass response for each test. 
 
Effective mass histories from each subject were also 
calculated, as described in Equation 2, by dividing 
the left and right applied force by the left and right 
resultant femur accelerations, respectively.  An 
average femur-acceleration-based effective-mass 
history for each test was calculated by averaging the 
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left and right effective mass histories calculated using 
femur acceleration.  
 
Each set of femur- and pelvis-acceleration-based 
effective-mass histories from repeated tests on single 
subject were similar and were therefore averaged to 
determine a single femur-acceleration-based effective 
mass history and a single pelvis-acceleration-based 
effective-mass history for each subject. 
 

Meff =
Fapplied to knee

apelvis resultant
 [1] 

Meff =
Fapplied to knee

a femur resultant
 [2] 

 
To provide a reference point for comparing effective 
mass histories, the effective mass at the time of peak 
force was determined from each of the average left 
and right-sided effective mass curves.  The range 
associated with each peak effective mass value was 
also determined using the average of the left and right 
effective mass values from each of the repeated tests 
on a single subject. 
 
 
Hybrid III and THOR-NT Response Tests 
 
The inertial responses of the Hybrid III and THOR-
NT were determined using the same test apparatus 
and test procedures described for the cadaver tests. 
Repeated tests were performed at impact velocities of 
1.2 m/s and 3.5 m/s until five tests had been 
performed where the timing of the left and right knee 
contacts was similar.  Force applied to the ATD 
knees and accelerations of the femur and pelvis were 
measured. 
 
Each ATD was equipped with tri-axial pelvis 
accelerometer blocks and left and right six-channel 
femur load cells.  The THOR-NT was also equipped 
with the standard 3-axis acetabular load cells.  Tri-
axial accelerometer blocks were mounted to the mid 
shaft of the Hybrid III femur and to the THOR femur 
proximal to the compliant element.  Prior to testing, 
the knee-thigh-hip response of the THOR and the 
knee response of the Hybrid III were calibrated using 
standard procedures (Society of Automotive 
Engineers 1998, Shams 2004). 
 
ATD positioning for all tests was similar to the 
cadaver positioning.  Both ATDs sit upright with 
minimal assistance, so the release mechanism was 
not needed in the ATD tests. 
 

RESULTS 

Cadaver Responses 

1.2 m/s Knee Impacts 
Figure 2 compares the applied force histories from 
each of the five cadavers.  Applied force histories 
from all tests were similar with peak applied forces 
varying between 900 and 1000 N.   Figures 3 and 4 
compare the average pelvis and femur acceleration 
histories.  Acceleration at the time of peak force is 
indicated in Figures 3 and 4 by a filled circle.  Both 
femur and pelvis accelerations peak at between 6 and 
8 g.   In addition, both femur and pelvis accelerations 
peak approximately 6-8 ms earlier than the time of 
peak applied force.  Figure 5 illustrates that, until the 
time of peak acceleration, femur acceleration leads 
pelvis acceleration.   
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Figure 2. Applied force histories from cadaver tests at 
the 1.2 m/s impact velocity. 
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Figure 3.  Resultant pelvis accelerations from cadaver 
tests at the 1.2 m/s impact velocity. 
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Figure 4.  Resultant pelvis accelerations from cadaver 
tests at the 1.2 m/s impact velocity. 
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Figure 5. Femur and pelvis accelerations from all 
cadaver tests at the 1.2 m/s impact velocity. 

 
Figures 6 and 7 show the effective mass histories 
from each cadaver calculated using the resultant 
pelvis and femur accelerations, respectively.  The 
shaded regions in Figures 6 and 7 are where the 
effective mass calculation fails because femur and 
pelvis accelerations are low, and consequently, small 
variations in acceleration result in large changes in 
effective mass values. Figures 6 and 7 both show that 
the effective mass of the cadaver is initially low and 
then steadily rises over the course of the loading 
event.  The effective mass history calculated using 
pelvis acceleration is initially higher than the 
effective mass history calculated using femur 
acceleration because pelvis acceleration is initially 
lower than femur acceleration and consequently, 
when the same applied force is divided by pelvis 
acceleration, a higher effective mass is produced.  

 
Table 2 lists the effective masses at the time of peak 
force calculated using femur and pelvis accelerations 
for each of the five cadavers.  The overall average 
effective mass at the time of peak force calculated 
using pelvis acceleration is 20.4 kg (Range: 17.2-26.1 
kg).  The overall average effective mass at the time of 
peak force calculated using resultant femur 
acceleration is 21.4 kg (Range: 14.9-23.3). 
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Figure 6.  Pelvis-accleration-based-effective-mass 
histories from cadaver tests at the 1.2 m/s impact 
velocity. 
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Figure 7.  Femur-accleration-based-effective-mass 
histories from cadaver tests at the 1.2 m/s impact 
velocity. 
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Table 2. Cadaver Effective Mass at the Time of Peak 
Applied Force at the 1.2 m/s Impact Velocity 

Subject Calculated with Pelvis 
Acceleration, kg  

(Min-Max) 

Calculated with Femur 
Acceleration, kg  

(Min-Max) 
1 22.0 

(21.3-23.3) 
24.1 

(21.2-26.1) 
2 21.8 

(19.1-22.7) 
23.1 

(19.0-23.1) 
3 20.6 

(20.1-21.0) 
22.1 

(21.2-22.6) 
4 14.9 

(14.9-15.5) 
18.9 

(17.2-20.0) 
5 16.4 

(16.2-16.6) 
18.8 

(18.7-19.0) 
Overall 
Average 
(Range) 

20.4 
(17.2-26.1) 

21.4 
(14.9-23.3) 

 
 
3.5 m/s Knee Impacts 
Figure 8 shows the force histories from the two sets 
of sub-injury effective mass tests that were performed 
at the 3.5 m/s knee impact velocity.  Peak forces for 
these tests are 3.5 and 3.8 kN.  
 
Figure 9 shows the resultant pelvis acceleration from 
one of the two sets of cadaver tests that were 
performed at the 3.5 m/s knee impact velocity.  
Instrumentation problems preventing the collection of 
pelvis accelerations from the other set of tests at the 
same impact velocity, and pelvis accelerations from 
this subject were therefore excluded from Figure 9.  
Figure 10 shows the average resultant femur 
accelerations from the two cadavers that were tested 
at the 3.5 m/s impact velocity.  Figures 9 and 10 also 
illustrate the pelvis and femur accelerations at the 
time of peak applied force.  As was the case at the 
lower impact velocity, both the cadaver femur and 
pelvis accelerations peak earlier than applied force 
peaks. 
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Figure 8.   Applied force histories from cadaver tests at 
the 3.5 m/s impact velocity. 
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Figure 9.  Resultant pelvis acceleration from the single 
cadaver test at the 3.5 m/s impact velocity. 
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Figure 10.  Resultant femur accelerations from cadaver 
tests at the 3.5 m/s impact velocity. 

 
Figures 11 and 12 show the effective mass histories 
calculated from pelvis and femur accelerations, 
respectively.  Both of these effective mass histories 
are similar to their lower speed counterparts.  That is, 
Figures 11 and 12 show that cadaver effective mass 
increases until slightly after the time of peak force. 
The effective mass history calculated using pelvis 
acceleration is initially higher than the effective mass 
history calculated using femur acceleration because 
pelvis acceleration is initially lower than femur 
acceleration and consequently, when the same 
applied force is divided by pelvis acceleration, a 
higher effective mass is produced. 
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Figure 11.  Pelvis-acceleration-based effective mass 
history from the 3.5 m/s impact velocity. 
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Figure 12.  Femur-acceleration-based effective mass 
histories from cadaver tests at the 3.5 m/s impact 
velocity. 

 
Table 3 lists the effective masses at the time of peak 
force calculated using femur and pelvis accelerations.  
The effective mass at the time of peak force 
calculated using pelvis acceleration is 20.0 kg 
(Range: 19.2-21.3 kg) for the single subject where 
pelvis accelerations were successfully measured.  The 
effective masses at the time of peak force calculated 
using resultant femur acceleration are 23.5 kg 
(Range: 22.5-24.4 kg) and 20.3 kg (Range: 19.8-22.2 
kg).  These values and the ranges of these values are 
greater than the effective mass values and associated 
ranges from Subjects 4 and 5 calculated from the 1.2 
m/s impact data. 
 

Table 3.  Effective Mass From Cadaver Tests at the 
Time of Peak Force at the 3.5 m/s Impact Velocity 

Subject Calculated with Pelvis 
Acceleration, kg  

(Min-Max) 

Calculated with Femur 
Acceleration, kg  

(Min-Max) 

4  23.5 
(22.5-24.4) 

5 20.0 
(19.2-21.3) 

20.3 
(19.8-22.2) 

THOR-NT, Hybrid III and Cadaver Responses 

1.2 m/s Knee Impacts 
Figure 13 compares the knee impact forces from 1.2 
m/s cadaver tests to similar impacts to the knees of 
the Hybrid III and THOR-NT ATDs.  The knee 
impact forces produced by the THOR-NT averaged 
to approximately 1.4 kN, while the knee impact 
forces produced in tests with the Hybrid III averaged 
to approximately 1.6 kN.  These values are both 
substantially greater than the 940 N average peak 
knee impact force produced in cadaver tests. 
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Figure 13. Comparison of cadaver applied force 
histories with applied force histories applied to THOR-
NT and Hybrid III at the 1.2 m/s impact velocity. 

 
Figure 14 compares pelvis accelerations from the 
cadaver tests to tests with the THOR-NT and Hybrid 
III.  Figure 15 compares femur accelerations from the 
tests with cadavers and the two ATDs.  The 
magnitudes of the femur and pelvis accelerations 
measured from both ATDs are similar to those 
measured in similar cadaver tests.  However, peak 
ATD femur and pelvis accelerations occur later than 
peak cadaver femur and pelvis accelerations.  In 
addition, both the THOR and Hybrid III femur and 
pelvis accelerations peak at the same time applied 
force peaks, while applied force peaks after femur 
and pelvis accelerations in all cadaver tests.  
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Figure 14.  Comparison of cadaver pelvis accelerations 
with pelvis accelerations histories from THOR-NT and 
Hybrid III at the 1.2 m/s impact velocity. 
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Figure 15.  Comparison of cadaver femur accelerations 
with femur accelerations histories from THOR-NT and 
Hybrid III at the 1.2 m/s impact velocity. 

Figure 16 compares the effective mass histories 
calculated using the pelvis accelerations from the 
THOR, Hybrid III and cadavers, while Figure 17 
compares the effective mass histories calculated 
using femur acceleration.  Effective mass calculated 
using femur and pelvis accelerations from ATDs 
increases rapidly during the early part of the effective 
mass history and then gradually increased for the 
remainder of impact loading.   
 
Table 4 compares the Hybrid III and THOR effective 
masses at the time of peak applied force calculated 
using femur and pelvis accelerations.  The Hybrid III 
effective masses at the time of peak force calculated 
using pelvis and femur accelerations are 24.9 kg 
(Range: 24.6-25.3 kg) and 24.0 kg (Range: 23.5-24.5 
kg), respectively.  The THOR effective masses at the 
time of peak force calculated using pelvis and femur 
accelerations are 20.5 kg (Range: 20.1-21.2 kg) and 
22.0 kg (Range: 21.7-22.7 kg), respectively.  These 
values are similar to the overall average cadaver 
effective mass calculated using similar methods. 
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Figure 16.  Pelvis-acceleration-based effective-mass 
histories from THOR-NT and Hybrid III compared to 
cadaver effective mass histories at the 1.2 m/s impact 
velocity.   
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Figure 17. Femur-acceleration-based effective-mass 
histories from THOR-NT and Hybrid III compared to 
cadaver effective mass histories at the 1.2 m/s impact 
velocity.   

Table 4. Effective Mass From Cadaver and ATD Tests 
at the Time of Peak Force at the 1.2 m/s Impact Velocity 

Subject Calculated with Pelvis 
Acceleration kg  

(Min-Max) 

Calculated with Femur 
Acceleration, kg  

(Min-Max) 
Overall 
Average 
Cadaver 

20.4 
(17.2-26.1) 

21.4 
(14.9-23.3) 

Hybrid 
III 

24.9 
(25.3-24.6) 

24.0 
(23.5-24.5) 

THOR-
NT 

20.5 
(20.1-21-2) 

22.1 
(21.7-22.7) 

 
 
3.5 m/s Knee Impacts 
Figure 18 compares the applied force histories from 
the THOR-NT and Hybrid III to the applied force 
histories from the cadavers for tests at the 3.5 m/s 
knee impact velocity.  Peak applied forces produced 
by impacts to the THOR and Hybrid III knees were 
5.5 kN, and 6.1 kN, respectively.  In comparison, 
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peak forces produced in the cadaver tests were 3.5 
and 3.8 kN. 
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Figure 18.  Comparison of applied force histories from 
cadaver, THOR-NT and Hybrid III at the 3.5 m/s 
impact velocity. 

Figure 19 compares pelvis accelerations from the 
Hybrid III and THOR-NT with pelvis acceleration 
from the single cadaver that produced usable pelvis 
acceleration data at the 3.5 m/s knee impact velocity.  
Figure 20 compares the femur accelerations from the 
THOR and Hybrid III with similar quantities from 
the cadaver tests.  Similar to the 1.2 m/s responses, 
the peak ATD femur and pelvis accelerations are 
similar in magnitude to the peak cadaver femur and 
pelvis accelerations.  Also like the 1.2 m/s knee 
impacts, the peak ATD femur and pelvis 
accelerations occur at the same times as peak applied 
force while the peak cadaver femur and pelvis 
accelerations occur approximately 6 ms earlier in the 
impact event than peak applied force.  
 
Figures 21 and 22 compare effective mass histories 
from cadavers and ATDs calculated using pelvis and 
femur accelerations, respectively.  Similar to the 
results from 1.2 m/s testing, effective mass calculated 
using femur and pelvis accelerations from ATDs 
increased rapidly during the early part of the effective 
mass history followed by a gradual increase in 
effective mass until after the time of peak force. 
Table 5 lists ATD and cadaver effective masses at the 
time of peak force calculated using femur and pelvis 
accelerations from the 3.5 m/s tests.  The effective 
masses at the time of peak force calculated using 
Hybrid III and THOR pelvis accelerations are 23.0 kg 
(Range: 20.1-20.5 kg) and 17.0 kg (Range: 16.4-17.4 
kg). These values and the ranges of these values are 
similar to the effective mass from Subject 4 
calculated under similar loading conditions. 
 
The effective masses at the time of peak force 
calculated using Hybrid III and THOR femur 

accelerations are 21.3 (Range 20.7-21.8) and 17.0 kg 
19.0 (Range 18.4-19.2).  These values and the ranges 
of these values are similar to the effective mass from 
Subjects 4 and 5 calculated under similar loading 
conditions. 
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Figure 19.  Comparison of cadaver pelvis accelerations 
with pelvis accelerations histories from THOR-NT and 
Hybrid III at the 3.5 m/s impact velocity. 
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Figure 20.  Comparison of cadaver femur accelerations 
with femur accelerations histories from THOR-NT and 
Hybrid III at the 3.5 m/s impact velocity. 
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Figure 21. Pelvis-acceleration-based effective-mass 
histories from THOR-NT and Hybrid III compared to 
cadaver effective mass histories at the 3.5 m/s impact 
velocity.   
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Figure 22.  Femur-acceleration-based effective-mass 
histories from THOR-NT and Hybrid III compared to 
cadaver effective mass histories at the 3.5 m/s impact 
velocity.   

 
Table 5. Effective Mass From Cadaver and ATD Tests 

at the Time of Peak Force at the 3.5 m/s Impact Velocity 

Subject Calculated with Pelvis 
Acceleration, kg  

(Max-Min) 

Calculated with Femur 
Acceleration, kg  

(Max-Min) 
4  23.5  

(22.5-24.4) 
5 20.0  

(19.2-21.3) 
20.3  

(19.8-22.2) 
Hybrid 

III 
20.3  

(20.1-20.5) 
21.3  

(20.7-21.8) 
THOR-

NT 
17.0  

(16.7-17.4) 
19.0  

(18.4-19.2) 

 
 

DISCUSSION 

The inertial responses of five midsize male cadavers 
and the Hybrid III and THOR-NT midsize male 
ATDs were characterized and compared using 
symmetric knee impacts with 275-kg flat-faced-
padded impactor at velocities of 1.2 m/s and 3.5 m/s.  
The combination of impactor velocity and the 
padding on the knee impact surfaces in the 1.2 m/s 
tests were selected to ensure that no KTH injuries 
would be produced.  However, this loading condition 
was associated with Hybrid III peak femur load cell 
forces and loading rates of 1.3 kN and 85 N/ms, 
which are substantially lower than the 3-6 kN range 
of peak forces and the 200-600 N/ms range of 
loading rates in FMVSS 208 and NCAP tests.  
Because these less severe 1.2 m/s impacts produced a 
different inertial response, two of the five cadavers 
used in this study were also tested at a 3.5 m/s knee 
impact velocity, which resulted in peak Hybrid III 
femur forces and loading rates of 5 kN and 500 N/ms, 
which are in the range of femur forces and loading 
rates that are typically found in FMVSS 208 and 
NCAP tests. 

 
Because none of the knee impacts resulted in knee, 
thigh, or hip fractures, it was possible to repeatedly 
impact each cadaver to obtain a set of three to five 
knee impacts where the phasing of the forces applied 
to the left and right knees was similar.  Data from 
each pair of symmetric left and right knee impacts on 
the same cadaver were similar and were therefore 
averaged to obtain an single set of applied force, 
femur and pelvis accelerations, and effective mass 
histories calculated using the applied force and femur 
and pelvis accelerations.  
 
All of the cadavers used in this study were midsize 
United States males in stature and within 12 kg of 
midsize United States male mass.  Because the 
inertial response of the cadavers to knee impact is 
expected to vary substantially with subject mass, an 
effort was made to normalize subject response data 
using equal-stress equal velocity techniques.  
However, this normalization increased the scatter in 
the 1.2 m/s response data and was therefore not used 
to scale either the 1.2 m/s or 3.5 m/s cadaver 
responses. 
 
For the 1.2 m/s tests, cadavers produced peak forces 
of approximately 940 N while the THOR-NT and 
Hybrid III produced peak knee impact forces of 
approximately 1.4 kN and 1.6 kN, respectively.  Peak 
femur and peak pelvis accelerations for all cadavers 
and the ATDs were between 6 and 8 g.  In the two 
cadaver tests at the 3.5 m/s impact velocity, the 
cadaver peak knee impact forces were 3.5 and 3.8 
kN.  In comparison, the peak forces produced in the 
3.5 m/s impacts to the THOR and Hybrid III knees 
were 5.5 and 6.1 kN, respectively.  Peak femur and 
pelvis accelerations for the cadaver and both ATDs 
were between 29 g and 32 g.    
 
In both the 1.2 and the 3.5 m/s impacts, peak force 
applied to the cadaver knees occurred after peak 
femur and pelvis acceleration while in the ATDs, 
peak force and peak accelerations occurred at the 
same time.  The similarity in the timing of peak 
applied forces and accelerations in the ATDs 
indicates that most of the mass in the ATDs is tightly 
coupled to the skeletal knee-thigh-hip.  The 
difference in timing between femur and pelvis 
accelerations and applied force in the cadaver is 
likely because there is mass in the cadaver that is 
initially loosely coupled to the skeleton and that 
becomes more tightly coupled to the skeleton as it 
moves.  
 
The shapes of the cadaver effective mass histories 
were similar for both the 1.2 m/s and 3.5 m/s tests.  
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Early in the impact event, effective mass calculated 
using both cadaver pelvis and femur acceleration was 
low and then increased until after the time of peak 
force.  Because cadaver femur acceleration leads 
pelvis acceleration by approximately 2 ms during the 
loading portion of all tests, the low initial effective 
mass is due to coupling of the femur to the impactor.  
The subsequent increase in effective mass is likely 
from coupling of the pelvis to the displacing femur.  
In addition, coupling of flesh mass to the thigh and 
pelvis, coupling of torso mass to the pelvis, and 
coupling of the leg to the knee likely account for 
some of the increase in effective mass that occurs 
following the initial portion of the effective mass 
history. 
 
ATD effective mass histories at both impact 
velocities are different than cadaver effective mass 
histories.  During the early part of the knee impact 
event, ATD effective mass is much higher than 
cadaver effective mass.  As the impact event 
progresses, ATD effective mass gradually increases 
until, at the time of peak force, ATD and cadaver 
effective masses are within approximately 20% of 
each other. 
 
The initial rapid increase in ATD effective mass is 
because most mass in the ATD KTH is rigidly 
coupled to the skeletal femur and pelvis, which under 
knee impact, immediately couple to the impactor.  
High-speed video suggests that the subsequent 
gradual increase in ATD effective mass is from the 
leg and torso coupling to the skeletal femur and 
pelvis, respectively.  
 
Comparisons of effective mass histories from tests at 
1.2 m/s and 3.5 m/s performed on the same two 
subjects indicate that more severe knee loading 
conditions result in larger effective mass values at the 
time of peak force.  This likely occurs because more 
severe knee loading conditions result in higher 
skeletal KTH displacements at the time of peak force, 
which likely couple additional mass to the KTH.  The 
differences in KTH effective mass response with 
knee impact severity suggest that comparisons 
between ATD and cadaver knee impact response 
should be made using loading conditions that are 
representative of the knee loading conditions that 
occur in the real world, such as the 3.5 m/s knee 
impacts.  To make comparisons between the cadaver 
and ATDs, it is necessary to develop corridors that 
characterize the variability of cadaver responses.  
However, because only two subjects were tested at 
the 3.5 m/s impact velocity, more data are needed 
before corridors can be developed. 
 

Comparisons between ATD and cadaver responses 
suggest that ATDs can be made to respond more like 
cadavers by decreasing the mass that is tightly 
coupled to the femur and pelvis.  However, the 
knee/femur stiffness of the Hybrid III is 8-12 times 
greater than the knee stiffness of the cadaver and the 
knee/femur stiffness of the THOR- /THOR-NT is 2-
3 times greater (Rupp et al. 2003b) than that of the 
cadaver.  Therefore, decreasing the coupling between 
skeletal and flesh mass in ATD may not alone be 
sufficient to make ATD knee impact forces similar to 
cadaver knee impact forces.   
 
The effective mass response of the cadaver may be 
substantially different from the effective mass 
response of a living human because of muscle 
tension, which would tend to increase the coupling of 
the thigh and pelvis flesh to the skeletal KTH.  It may 
therefore be advisable to develop computational 
models of the lower extremities that can simulate the 
effect of muscle tension on response of the KTH to 
knee impact loading.  These models could then be 
used to suggest how to redesign ATDs to better 
mimic living humans rather than cadavers. 
 
Although cadaver femur force was not measured in 
this study, the peak cadaver femur force at the 3.5 
m/s impact velocity will be less than the peak cadaver 
applied force of 3.5 kN to 3.8 kN.  Because peak 
femur load cell forces measured by the Hybrid III and 
THOR under similar loading conditions were 
substantially greater than 3.8 kN, it can be inferred 
that ATDs and cadavers produce different forces at 
the femur load cell location.  Therefore, either femur 
force measurements from the Hybrid III and THOR-
NT will need to be scaled to be used with force-based 
injury criteria developed from cadaver tests or the 
Hybrid III and THOR will need to be modified to 
respond more like a living human.    
 
The cadaver data collected in this study can be used 
to develop models that predict the distribution of 
forces at any location along the knee-thigh-hip 
complex for knee impacts that are representative of 
real-world knee-to-knee bolster impacts.  Such 
models can be also be used with the hip injury 
tolerance data measured by Rupp et al. (2003a) to 
predict the risk of hip fracture for knee loading by a 
knee-bolster-like surface.  These models can also be 
used to optimize knee bolster design to reduce the 
risk of disabling hip injuries in frontal crashes. 
 
CONCLUSIONS 

The inertial responses of five midsize male cadavers, 
the Hybrid III midsize male, and the THOR-NT were 
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characterized and compared using symmetric padded 
knee impacts at a 1.2 m/s impact velocity.  Two of 
these five cadavers were also impacted at a 3.5 m/s 
impact velocity using a similar impactor.  Using 
applied force and femur and pelvis acceleration data 
from these impacts, the following observations and 
conclusions can be made:  
 
• Knee impact forces produced by the cadaver 

were substantially less than those produced by 
the THOR and Hybrid III.  

 
• Femur and pelvis accelerations produced by 

both dummies and the cadavers were similar in 
magnitude, but different in phasing.  The peak 
cadaver femur and pelvis accelerations occurred 
substantially earlier than the time of peak force, 
while the peak ATD femur and pelvis 
accelerations occurred at the time of peak force.  
This behavior suggests that there is loosely 
coupled mass in the cadaver, but not in either 
ATD. 
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APPENDIX 

The following plots illustrate the variation in cadaver 
applied force, femur and pelvis acceleration, and 
effective mass responses from a single subject.   
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Figure A1.  Left and Right knee impact forces from all 
tests performed on Subject 3 relative to the assoicated 
average knee impact force. 
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Figure A2.  Pelvis accelerations from all tests performed 
on Subject 3 relative to the assoicated average pelvis 
acceleration. 
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Figure A3.  Left and Right femur accelerations from all 
tests performed on Subject 3 relative to the assoicated 
average femur acceleration. 
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Figure A4.  Left and Right pelvis-acceleration-based 
effective-mass histories from all tests performed on 
Subject 3 relative to the assoicated average pelvis-
acceleration-based effective-mass history. 
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Figure A5.  Left and Right femur-acceleration-based 
effective-mass histories from all tests performed on 
Subject 3 relative to the assoicated average femur-
acceleration-based effective-mass history. 
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ABSTRACT 
 

In Japan, the number of automobile liability 
insurance payments in 2002 made to victims with 
permanent disabilities amounted to 58,380 or 1.56 
times higher than a decade ago. Of these, 2,420 or 
1.61 times higher than the previous decade were 
payments for those with severe permanent 
disabilities. With these statistical data, it is 
indispensable to consider the occurrence of 
permanent disabilities, the implementation of 
automobile safety measures and steps to be taken in 
the coming years. 

The authors analyzed and reviewed the 
situations of traffic accident injuries resulting to 
permanent disabilities by examining 429,863 injured 
cases (persons) and the corresponding automobile 
liability insurance payments made since 1994 and 
thereafter. These cases were based from the Ministry 
of National Land, Infrastructure and Transport’s 
computer data recorded since 1994, and from the 
compiled database on the national traffic accident of 
the Institute for Traffic Accident Research and Data 
Analysis (ITARDA). This indicates that it takes at 
least 5 to 6 years for the fixation of permanent 
disabilities symptoms after the occurrence of each 
automobile accident. The number of victims with 
severe permanent disabilities (first to third grades) 
increased by 23 % (annual increase of 45 persons or 
so) in the 7-year period between 1992 to 1999, while 
the number of victims with minor permanent 
disabilities (12th to 14th grades) increased by 76 % 
in the same period (annual increase of 1,600 persons 
or so).   

It is found that determining the effects of 
vehicle safety structures (crashworthiness), and 
occupant protection systems, are indispensable to the 
reduction of incidence of permanent disabilities, and 
to the development of such structures and systems. 
 
INTRODUCTION 
 

The number of accidents, injury accidents, 
and fatal accidents on Traffic in Japan all peaked in 
1972, after which they all declined (Figure 1). 

However, in 1977 the number of accidents in all 
three accident categories began to increase, 
especially non-fatal injury accidents. In contrast, the 
number of fatal accidents has tended to decrease 
since 1992. The decline in the number of fatalities 
appears to be largely the result of improvements in 
automobile safety devices such as seat belts and air 
bags, better emergency service, and other 
advancements. 
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Figure 1 Conditions related to the occurrence of 
traffic accidents 
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Figure 2 Conceptual diagram of automobile safety 
countermeasures and associated trade-off 
 

At the same time, improvements in 
automobile safety countermeasures, emergency 
services, etc., have meant that what had previously 
would have been fatal injuries were now serious 
injuries, and what previously would have been 
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serious injuries were becoming minor injuries 
(Figure 2). As a result, it appeared that there would 
be increases in both serious and minor injuries. 

Furthermore, if the occupant protection 
devices, car crashworthiness, etc., are not adequate to 
reduce the energy force on the human body, the 
increase in serious injuries could be assumed to be 
reflected in the increase in accident victims suffering 
lasting effects from their injuries. 

Efforts are now being made to further 
improve automobile safety technology. To better 
guarantee the effectiveness of these improvements, 
we must have a thorough understanding of trends in 
the occurrence of injuries to the human body and 
work to introduce more effective automobile safety 
technology. 

In the present study, an effort was made to 
match permanent disability data based on liability 
insurance claims from the Road Transport Bureau, 
the Ministry of Land, Infrastructure and Transport 
(MLIT), with integrated traffic accident data of the 
Institute for Traffic Accident Research and Data 
Analysis (ITARDA). Trial and error analyses were 
also made on the state of permanent disabilities 
caused by automobile collisions, and the necessity 
and practicality of constructing a “permanent 
disability database” were investigated. 
 
DATA SOURCE 
 
Occurrence of permanent disabilities resulting 
from traffic accidents 

The number of people becoming seriously 
injured in traffic accidents has stabilized (Figure 3). 
However, in contrast to the decline in fatalities, the 
number of people receiving lasting injuries has 
tended to increase. 
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Figure 3 Annual trends in number of people with 
permanent disabilities vis-a-vis number of 
fatalities and serious injuries 
 

Incidentally, 58,380 of the claims paid by 
liability insurance companies were for permanent 
disabilities in FY 2002, including payments made on 
2,420 claims of serious permanent disabilities. 

Compared with the data from 1992, that is, 11 years 
ago, these figures represent increases of 54% and 
61%, respectively. Given this background, it will be 
necessary in future traffic safety measures to 
incorporate the perspective of reducing injuries, 
including permanent disabilities. 
 
Trends in occurrence of accidents and symptoms 
of permanent disabilities by year 
 Insurance payment for permanent 
disabilities is not necessarily made in the year the 
accident occurs, and is often made one or a few years 
after the accident. In many cases, therefore, payment 
to an injured person is made more than once, and 
sometimes over a few years. This study is intended to 
analyze the occurrence of permanent disabilities in 
traffic accidents for individual victims. So we must 
make an effort to match the “integrated traffic 
accident data” which is constructed in the year of an 
accident with “permanent disability data based on 
liability insurance claims” constructed after 
permanent disabilities are certified by the appearance 
of symptoms sometime after an accident.  

Table 1 shows the relationship between the 
year an accident occurred and the year when 
symptoms of permanent disability became apparent. 
As for the accidents which occurred in 2001 and 
2002 it can be estimated that a large amount of data 
has not been added to the database since permanent 
disabilities have not yet been confirmed. Incidentally, 
for accidents which occurred in 1992 or 1993, it took 
5 or 6 years for about 98% of the permanent 
disabilities to be confirmed.  
 
Table 1 Year-by-year trends in the fixation of 
permanent disability symptoms caused by 
different accidents 
（Unit：Number of people involved in traffic accidents (upper column) and ％ (lower column）)

Year 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 Total
3,229 11,982 5,725 1,708 617 304 137 78 40 28 15 2 23,865

13.5% 50.2% 24.0% 7.2% 2.6% 1.3% 0.6% 0.3% 0.2% 0.1% 0.1% 0.0% 100.0%
5,960 13,372 5,615 1,686 579 282 114 69 39 13 2 27,731

21.5% 48.2% 20.2% 6.1% 2.1% 1.0% 0.4% 0.2% 0.1% 0.0% 0.0% 100.0%
5,973 13,044 5,303 1,649 579 250 125 67 21 5 27,016

22.1% 48.3% 19.6% 6.1% 2.1% 0.9% 0.5% 0.2% 0.1% 0.0% 100.0%
6,318 13,715 5,872 1,815 627 256 87 47 7 28,744

22.0% 47.7% 20.4% 6.3% 2.2% 0.9% 0.3% 0.2% 0.0% 100.0%
6,227 14,109 5,667 1,685 555 210 60 10 28,523

21.8% 49.5% 19.9% 5.9% 1.9% 0.7% 0.2% 0.0% 100.0%
6,683 15,486 6,113 1,648 526 152 20 30,628

21.8% 50.6% 20.0% 5.4% 1.7% 0.5% 0.1% 100.0%
7,451 17,775 6,028 1,451 349 45 33,099

22.5% 53.7% 18.2% 4.4% 1.1% 0.1% 100.0%
8,723 20,325 6,307 1,333 119 36,807

23.7% 55.2% 17.1% 3.6% 0.3% 100.0%
9,299 20,967 5,696 453 36,415

25.5% 57.6% 15.6% 1.2% 100.0%
9,420 20,646 2,369 32,435

29.0% 63.7% 7.3% 100.0%
7,271 8,369 15,640

46.5% 53.5% 100.0%
3,229 17,942 25,070 26,685 27,548 29,196 31,417 35,365 38,345 39,102 35,603 11,401 320,903
1.0% 5.6% 7.8% 8.3% 8.6% 9.1% 9.8% 11.0% 11.9% 12.2% 11.1% 3.6% 100.0%

2) The period of 5 years after the occurrence of an accident goes to 1999, and is shown by hatching.

Note 1) The year of symptom fixation is adjusted by the difference between the age at which the accident occurred and the age at
which the claim was made for permanent disability.
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 According to this result, it can be pointed 
out that it takes about 5-6 years for the symptoms to 
become fixed. In order to make a more precise 
analysis of these injuries, we need at least 5 or 6 
years after their occurrence for the study. This means 
that it is important to make a prompt and accurate 
diagnosis at the time of the accident, as well as to 
accurately predict the occurrence of permanent 
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disabilities. In other words, it is necessary to develop 
a scale for permanent disabilities at the time of injury 
diagnosis. 
 
RESULTS AND DISCUSSION 
 
Trends in the number of people sustaining 
permanent disabilities 
 Figure 4 shows annual trends in the number 
of occurrences of permanent injuries from 1992 to 
2002. As we can see, there is an increasing trend. It 
should be noted that there is still a large amount of 
data missing for 2001 and 2002, making it difficult to 
confirm permanent disabilities.  
 

 
Figure 4  Annual trends in the number of 
persons with permanent disabilities 
 
State of occurrence of major and minor 
permanent disabilities 

As for the number of victims of permanent 
disabilities from 1992 to 2002, we have classified 
their ratings into four classes (Grades 1-3: severe 
permanent disabilities, Grades 4-8, Grades 9-11, and 
Grades 12-14). At the same time, we have picked out 
the victims of high- (Grades 1-3) and low-severity 
(Grade 12-14) permanent disabilities from the four 
classes, and the Figure 5 B), A) shows the trend by 
year. Please refer to the appendix for an overview of 
the rating of permanent disabilities in the liability 
insurance system. Figure 4 shows that while the 
number of people with permanent disabilities has 
been on an upward trend over the past few years, 
minor injuries have had a higher tendency than 
severe injuries.  

From its base of 100% in 1992, the number 
of people with severe permanent disabilities was 
123% in 1999, indicating that during that time about 
45 people sustained high-severity permanent 
disabilities each year as a result of traffic accidents. 
In contrast, the number of low-severity permanent 
disabilities grew from a base of 100% in 1992 to 
176% in 1999, indicating that during that time about 
1,600 people sustained low-severity permanent 
disabilities each year as a result of traffic accidents.  

 

A) High-severity (Grades 1-3) permanent disabilities
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B) Low-severity (Grades 12-14) permanent diabilitie s
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Figure 5 Trends in high-severity (A: Grades 1-3) 
and low-severity (B: Grades 12-14) permanent 
disabilities 
 
Annual trend in rating and series (symptoms) of 
permanent disabilities 

The number of severe permanent disabilities 
(Grades 1-3) has shown an increasing trend. 
However, since the increase in minor permanent 
disabilities (Grades 12-14) is more significant, the 
component of severe permanent disabilities has been 
in a decreasing trend annually. Permanent disabilities 
of composite or equivalent symptom have been 
decreasing, and the occurrence of multiple permanent 
disabilities has been decreasing. This suggests that 
the types of personal injuries at the time of traffic 
accidents have been changing, which may imply that 
the improvements on in-car equipment and car body 
design structure have had an effective influence. 
 The permanent disabilities series 
(symptoms) is classified into (1) nervous system, (2) 
composite or equivalent symptom, and (3) symptoms 
other than (1) and (2). Their yearly trends are shown 
together with the number of traffic accident victims 
in Figure 6. 

The numbers of permanent disabilities 
related to symptoms of the nervous system have 
shown an increasing trend. In 1992, for example, 
there were 7,220 occurrences of such injuries 
(component of 29.3%), but by 1999 that figure had 
nearly doubled to 17,899 occurrences, and the 
component also grew, to 37.3%. 
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Annual trends in number of injuries and permanent disabilities
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Figure 6 Annual trends in number of permanent 
disabilities by symptom 
 
Occurrence of permanent disabilities by type of 
accident 
    The trends in the number of people 
sustaining permanent disabilities are compared with 
the number of fatal and injury accidents by type of 
accident, and also by year. Figure 7a shows the 
number of fatal and injury accidents where 
permanent disabilities occurred in 1992. Figure 7b 
shows the number of fatal and injury accidents where 
permanent disabilities occurred in 1999. 
 In the fatal and injury accidents in 1992 and 
1999, while the number of fatal cases decreased in 
every accident type, the number of minor injuries 
caused by rear-ends collisions increased remarkably. 
On the other hand, looking at the types of accidents 
that have caused permanent disabilities, we can see 
that in 1999, there was a notable increase in 
permanent disabilities caused by minor rear-end 
collisions as compared with 1992, as well minor 
injuries caused by minor front-end collisions. While 
the number of permanent disabilities resulting from 
overall severe injuries is decreasing in trend, the 
number of permanent disabilities resulting from 
severe and minor injuries in car-to-car or other types 
of accidents is notably increasing. 
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Figure 7a Frequency rate of permanent 
disabilities classified by types of accidents in 1992 
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Figure 7b Frequency rate of permanent 
disabilities classified by types of accidents in 1999 
 
Occurrence of permanent disabilities by type of 
group 

The trends in the occurrence of permanent 
disabilities are classified by group, and also by 
region of primary injury. Then the yearly changes are 
compared. Figure 8a shows the number of 
occurrences of permanent disability by group and by 
region of primary injury in 1992. Figure 8b shows 
the number of occurrences of permanent disability by 
group and by region of primary injury in 1999.  

The group seeing the biggest change in 
yearly figures for occurrence of permanent 
disabilities were occupants of four-wheeled vehicles, 
whose injuries were primarily in the neck region. In 
1992, there were 1,500 persons in four-wheeled 
vehicles receiving permanent neck injuries, but by 
1999 this figure had nearly tripled, to 7,000 persons 
(Figs. 8a and 8b). Following the neck injuries, the 
most common permanent disabilities for this type of 
vehicle were in the legs, then the head, but these 
latter two types of injuries have not increased as 
much as neck injuries. Groups that have had little 
change in neck injury occurrence are motorcyclists, 
bicyclists, and pedestrians; in all of these groups, the 
most common type of permanent disability is in the 
legs (in the order of motorcyclists, bicyclists, 
pedestrians), followed by head injuries (pedestrians, 
bicyclists, motorcyclists).  
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Figure 8a Number of occurrences of permanent 
disabilities and region of disability among 
different groups, 1992 
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Tyes involved accidents (1999)

0

1,000

2,000

3,000

4,000

5,000

6,000

7,000

8,000

Four wheelers
n=14104

Two wheelers
n=9336

Bicycles
n=6832

Pedestrain
n=6484

N
o.

 o
f p

er
so

ns
 in

vo
lv

ed
 p

er
m

an
en

t d
is

ab
ili

tie
s

Head Face Neck Chest Abdomen Back Pelvis Arm Leg Unknown No damage

 
Figure 8b Number of occurrences of permanent 
disability and region of disability among different 
groups, 1999 
 
Occurrence of fatalities, permanent disabilities, 
and injuries by gender 

Generally speaking, women tend to sustain 
permanent disabilities more often than men, with the 
frequency of occurrence being about 2-5% higher, 
especially in the young and middle age groups (Figs, 
9a, 9b). However, in the 55 and older age group, men 
and women tend to have a similar rate of permanent 
disability occurrence. For this trend, it should be 
noted that these data are from 1999, and there were 
fewer women than men of this age group who had 
driver's licenses, so these figures may just be a 
reflection of fewer chances to drive for women. 
 

A) Occurrences of permanent disabilities by ages (cars: Male drivers)
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Figure 9a Occurrence of permanent disabilities in 
men by age group (drivers in passenger cars) 

B) Occurrences of permanent disabilities by ages (cars: Female drivers)
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Figure 9b Occurrence of permanent disabilities in 
women by age group (drivers in passenger cars) 

Relation between vehicle structure and 
permanent disabilities 

It has been noted that in accidents involving 
four-wheeled vehicles, a relatively large number of 
injuries occur in the legs. Here are some figures from 
1995 to 1999 regarding the 2,792 drivers who 
sustained permanent disabilities (First guilty party: 
314 persons; Second guilty party: 2,478 persons) 

In accidents involving collisions between 
SUVs and vans in which seat belts were in use and/or 
airbags inflated, there is a growing number of deaths, 
serious injuries, minor injuries, and permanent 
disabilities sustained by persons in vans. In collisions 
involving SUVs and regular passenger cars there are 
many fatalities and serious injuries, but not so many 
minor injuries and permanent disabilities as 
compared with vans. Thus, the rate of occurrence of 
permanent disabilities varies by type of vehicle. 
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Figure 10a Differences in degrees of seriousness of 
injuries sustained in collision with different types 
of vehicle (SUV against van) 
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Figure 10b Differences in degrees of seriousness of 
injuries sustained in collision with different types 
of vehicle (van against ordinary passenger car) 
 
Relation between equipment designed to protect 
drivers and passengers and permanent disabilities 
 
   The number of fatalities of a passenger car 
driver wearing a seat belt with an airbag inflated is 
374 (1.16%), that of severe injuries is 2,785 (8.66%), 
and that of minor injuries is 29,007 (90.18%). 
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Among them, the number of people with permanent 
disabilities is 892 (2.77%). In contrast, the number of 
fatalities of a passenger car driver not wearing a seat 
belt with an airbag inflated is 662 (11.95%), that of 
severe injuries is 995 (17.96%), and that of minor 
injuries is 3,882 (70.08%). Among them, the number 
of people with permanent disabilities is 146 (2.64%) 
(Table 2). On the other hand, the number of fatalities 
of minivan drivers wearing seat belts with an airbag 
inflated is 61 (1.04%), that of severe injuries is 600 
(10.18%), and that of minor injuries is 5,232 
(88.78%). The number of people with permanent 
disabilities is 183 (3.11%). In contrast, the number of 
fatalities of minivan drivers not wearing seat belts 
with an airbag inflated is 97 (10.05%), that of severe 
injuries is 192 (19.90%), and that of minor injuries is 
676 (70.05%). The number of people with permanent 
disabilities is 26 (2.69%) (Table 2). 
   Figure 11a shows a similar trend in the 
occurrence of fatality, severe injury, non-severe 
injury, and permanent disability both for passenger 
car and minivan drivers. In particularly, wearing a 
seatbelt is 10 times as effective as not wearing it in 
preventing fatal accidents. 
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Figure 11a  Comparison of the effect of wearing 
a seat belt and not wearing it when an airbag 
inflated (frontal collision) 
 

  While the non-fatal rate is high when a seat 
belt was used and an airbag inflated, it appears that 
the component of permanent disabilities is also high. 
On the other hand, even if an airbag inflated, the 
fatality rate did not drop when a seat belt was not 
used, and the component of fatality stayed high, 
which may seem to result in a relatively low 
proportion of permanent disabilities. When an airbag 
didn’t inflate, the non-fatal rate became high due to 
wearing a seat belt (Figure 11b). However, the 
component of permanent disabilities is not as high as 
when an air bag inflated. On the other hand, when a 
seat belt is not in use, a driver is more likely to suffer 
permanent disability. This may be because when a 
driver’s body is not secured, it can collide with 
various parts of the inner wall of a vehicle (Table 3).  
  Accordingly, usage of a driver restraint 
system such as wearing a seat belt or inflation of an 
airbag can produce an effect to reduce fatality, but at 
the same time, it can increase the occurrence of 
permanent disabilities. However, this trend should be 
examined further from the aspects of the area 
receiving permanent disabilities, the type of the 
disability, etc. after the influences of driver’s gender, 
difference of collision speed, and others are adjusted.  
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Figure 11b Comparison of the effect of wearing a 
seat belt and not wearing it when an airbag did 
not inflate (frontal collision) 
 

Table 2  The number and component of drivers wearing a seat belt and those not wearing one
by degree of seriousness of injuries sustained in a frontal collis ion when an airbag inflated

Fatal Serious Minor Disabilities Fatal Serious Minor Disabilities

Seatbelt
374

(1.16% )
2,785

(8.66% )
29,007

90.18% )
892

[2.88% ]
32,166

61
(1.04% )

600
(10.18% )

5232
(88.78% )

183
[3.11% )

5,893

Non-seatbelt
662

(11.95% )
995

(17.96% )
3,882

(70.08% )
146

[2.64% ]
5,539

97
(10.05% )

192
(19.90% )

676
(70.05% )

26
[2.69% ]

965

Airbag diployment

Passenger Car
Total

Passenger Car
Total

Fatal Serious Minor Disabilities Fatal Serious Minor Disabilities

Seatbelt
1,671

(0.17% )
21,754

(2.18% )
975,691

(97.66% )
15,889

[1.50% ]
999,116

505
(0.21% )

6,887
(2.80% )

238,307
(96.99% )

4,334
[1.76% ]

245,699

Non-seatbelt
2,919

(3.33% )
7,099

(8.09% )
77,761

(88.59% )
1,754
[2.00]

87,779
716

(2.78% )
2,360

(9.17% )
22655

(88.05% )
655

[2.55% ]
25,731

No airbag

Passenger Car
Total

Passenger Car
Total

Table 3 The number and component of drivers wearing a seat belt and those not wearing it by
degree of seriousness of injuries sustained in frontal collision when an airbag didn’t inflate
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CONCLUSIONS 
 
 In an effort to use permanent disability data 
to analyze, from a new perspective, the relationship 
between automobile accidents and personal injuries, 
matching was made between integrated traffic 
accident data and liability insurance permanent 
disability data. Also an attempt was made to 
construct a permanent disability database. 
Furthermore, to get a clear understanding of personal 
injuries, particularly of the occurrence of permanent 
disabilities, we examined the effects of the 
crashworthiness and vehicle interior & exterior 
equipment designed for occupant protection and 
vulnerable users. 
 

The following results were obtained: 
1) A total of 275,434 of 370,287 accidents (persons) 

could be matched between the integrated traffic 
accident data and the permanent disability data, 
for a matching rate of 74.4%.  

2) It takes about 5-6 years to confirm the severity of 
about 98% of the permanent disabilities in 
automobile traffic accidents. 

3) The number of people with permanent disabilities 
tends to increase year by year. This trend is more 
pronounced in the low-severity group (Grades 
12-14) than in the high-severity group (Grades 
1-3). In the years between 1992 and 1998, the 
number of people with high-severity permanent 
disabilities increased by 23% (equivalent to about 
45 new high disabled persons each year). In 
contrast, the number of low-severity disabilities 
increased by 75% during the same time period 
(equivalent to about 1,600 new low disabled 
persons each year). 

4) There has been a remarkable increase in 
low-severity permanent disabilities caused by 
rear-end and side collisions. There has also been a 
remarkable increase in both high- and low-severity 
permanent disabilities caused by other types of 
vehicle-to-vehicle collisions).” 

5) The group showing the greatest change over the 
years is the four-wheeled vehicles, where the most 
common type of injury is in the neck. From 1992 
to 1999, the number of permanent disabilities 
sustained in four-wheeled vehicle accidents more 
than tripled, going from about 1,500 persons 
(incidents) to about 7,000 persons (accidents). 

6) Women tended to be more susceptible to 
permanent disabilities than men. For example, 
disabling injuries to young and middle-aged 
women drivers (20-55 years of age) were 2-5% 
higher than to men in the same age group. 

7) The degree of bodily injury varied by types of 
vehicle. Serious injuries were highest for vans, 
followed by regular passenger cars and SUVs. Van 
accidents also tended to show a high rate of 
permanent disabilities. 

8) While the non-fatal rate is high when a seat belt 
was used and an airbag inflated, it appears that the 
component of permanent disabilities is also high.  

 
Using the results from the present study, we 

would like to do a more detailed analysis of the 
occurrence of permanent disabilities in an effort to 
obtain more concise results about the effectiveness of 
automobile safety features and to come up with 
relevant and related topics and issues. 
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Rating of permanent disabilities 
   Overview of the rating of permanent disabilities 
in the liability insurance system. 
  
Grading of Permanent Disabilities
Grade Permanent disability

(1) Loss of sight of both eyes
(2) Loss of functions of both mastication and speech
(3) Loss of both upper limbs upwards of the elbow joint
(4) Total loss of the functions of both upper limbs
(5) Loss of both lower limbs upwards of the knee joint
(6) Total loss of the functions of both lower limbs
(1) Loss of sight of one eye and partial loss of vision in the other eye to 0.02 or
(2) Partial loss of vision in both eyes to 0.02 or less
(3) Loss of both upper limbs upwards of the wrist joint
(4) Loss of both lower limbs upwards of the ankle joint
(1) Loss of sight of one eye and partial loss of vision in the other eye to 0.06 or
(2) Loss of functions of either mastication and speech
(3) Severe disabilities in the functions of the nervous system or in mentality,
causing inability to engage in work for the remainder of their lives
(4) Severe disabilities in the functions of the thorax and abdominal organs,
causing inability to engage in work for the remainder of their lives
(5) Loss of all of thumbs and fingers on both hands
(1) Partial loss of vision in both eyes to 0.06 or less
(2) Severe disabilities in the functions of both mastication and speech
(3) Total loss of hearing in both ears
(4) Loss of one lower limbs upwards of the elbow joint
(5) Loss of one lower limbs upwards of the knee joint
(6) Loss of the use of all of thumbs and fingers on both hands
(7) Loss of both legs upwards of the Lisfranc's joints
(1) Loss of sight of one eye and partial loss of vision in the other eye to 0.1 or
(2) Severe disabilities in the functions of the nervous system or in mentality,
causing inability to engage in anything but very light work
(3) Severe disabilities in the functions of the thorax and  abdominal organs,
causing inability to engage in anything but very light work
(4) Loss of one upper limbs upwards of the wrist joint
(5) Loss of one lower limbs upwards of the ankle joint
(6) Total loss of the use of one upper limb
(7) Total loss of the use of one lower limb
(8) Loss of all toes on both feet
(1) Partial loss of vision in both eyes to 0.1 or less
(2) Severe disabilities in the functions of either mastication and speech
(3) Partial loss of hearing in both ears such a degree that they are unable to
hear a loud voice unless it is close to the ear
(4) Total loss of hearing in one ear and partial loss of hearing in the other ear
to such a degree of inability to hear a speaking voice at a distance of 40
(5) Severe deformity or motor impediment in the spinal column
(6) Loss of the use of two of three major joints in one upper limb
(7) Loss of the use of two of three major joints in one lower limb
(8) Loss of thumb and all fingers on one hand or loss of four digits including
the thumb and index finger of one hand
(1) Loss of sight of one eye and partial loss of vision in the other eye to 0.6 or
(2) Partial loss of hearing in both ears to such a degree of inability to hear a
normal speaking voice at a distance 40 centimeters or more
(3) Total loss of hearing in one ear and partial loss of hearing in the other ear
to such a degree of inability to hear a normal speaking voice at a distance of 1
(4) Disabilities in the functions of nervous system or in mentality, causing
inability to engage in anything but light work
(5) Disabilities in the functions of the thorax and abdominal organs, causing
inability to engage in anything but light work
(6) Loss of thumb and index finger on one hand, or loss of three or more digits
including either the thumb or index finger on one hand
(7) Loss of the use of thumb and four fingers on one hand, or loss of the use
four digits including the thumb ad index finger on one hand
(8) Loss of one leg upwards of the Lisfranc's joints
(9) Pseudoarthrosis with a severe motor impediment in one upper limb
(10) Pseudoarthrosis with a severe motor impediment in one lower limb
(11) Loss of the use of all toes on both feet
(12) Severe deformity in female's appearance
(13) Loss of both testicles
(1) Loss of sight of one eye or partial loss of vision in the other eye to 0.02 or
(2) Motor impediment of the spinal column
(3) Loss of thumb and one finger on one hand
(4) Loss of the use of the thumb and index finger on one hand, or loss of use of
thumb and two or more fingers including the index finger on one hand
(5) Shortening of one lower limb by five centimeter or more
(6) Loss of the use of one of three major joints in one upper limb
(7) Loss of the use of one of three major joints in one lower limb
(8) Pseudoarthrosis in one upper limb
(9) Pseudoarthrosis in one lower limb
(10) Loss of all toes on one foot
(11) Loss of a spleen or one kidney on one side

1st grade

2nd grade

3rd grade 

4th grade

5th grade

6th grade

7th grade

8th grade

 

(1) Partial loss of vision in both eyes to 0.6 or less
(2) Partial loss of vision in one eye to 0.6 or less
(3) Hemianopsia, contraction of the visual field or distortion of the visual field
in both eyes
(4) Severe loss in both eyelids
(5) Loss of nose with severe disabilities in the functions thereof
(6) Disabilities in the functions of both mastication and speech
(7) Those who have a partial loss of hearing in both ears to such a degree of
inability to hear a normal speaking voice at a distance of one meter or more
(8) Partial loss of hearing in one ear to such a degree of inability to hear a loud
voice unless it is close to the ear, and partial loss of hearing in the other ear to
such a degree of inability to hear a normal speaking voice at a distance one
(9) Total loss of the hearing in one ear
(10) Disabilities in the functions of nervous system or in mentality, causing
inability to engage in anything but limited work to considerable extent
(11) Severe disabilities in the functions of the thorax and abdominal organs,
causing inability to engage in anything but limited work to considerable extent
(12) Loss of thumb on one hand, loss of the index finger and one other finger
on one hand, or loss of three digits except the thumb and index finger on one
(13) Loss of the use of thumb and one finger on one hand
(14) Loss of two or more toes on one foot including big toe
(15) Loss of the use of all toes on one foot
(16) Severe disabilities in the genital organs
(1) Partial loss of vision in both eyes to 0.1 or less
(2) Disabilities in the functions of either mastication and speech
(3) Dental prostheses on fourteen teeth or more
(4) Partial loss of hearing in both ears to such a degree as to make it difficulty
to hear a normal speaking voice at a distance one meter or more
(5) Partial loss of hearing in one ear to such a degree of inability to hear a loud
voice unless it is close to the ear
(6) Loss of the index finger on one hand, or loss of two digits except the thumb
and index finger on one hand
(7) Loss of the use of the thumb on one hand, loss of the use of the index finger
and one finger on one hand, or loss of the use of three digits except the thumb
and index finger on one hand
(8) Shortening of one lower limb by three centimeters or more
(9) Loss of the big toe on one foot, or loss of four toes except the big toe on
(10) Severe disabilities in the functions of one of three major joints of one
(11) Severe disabilities in the functions of one of three major joints of one
(1) Severe disabilities in focusing or motor impediments in both eyeballs
(2) Severe motor impediment in both eyelids
(3) Severe residual loss in one eyelids
(4) Dental prostheses on ten teeth or more
(5) Partial loss of hearing in both ears to such a degree of inability to hear a
low voice at a distance one meter or more
(6) Partial loss of hearing in one ear to such a degree of inability to hear a
normal speaking voice at a distance of forty centimeters or more
(7) Deformity of the spinal column
(8) Loss of either a middle finger or ring finger on one hand
(9) Loss of the use of the index finger on one hand, or loss of the use of two
digits except the thumb and index finger on one hand
(10) Loss of the use of two or more toes on one foot including big toe
(11) Disabilities in any thorax or abdominal organs
(1) Severe disabilities in focusing of focusing or motor impediments in one
(2) Severe motor impediment in one eyelid
(3) Dental prostheses on seven teeth or more
(4) Loss of major part of auricle in one ear
(5) Severe deformity of clavicle, sternum, ribs, scapula or pelvis
(6) Disabilities in the functions of one of three major joints of one upper limb
(7) Disabilities in the functions of one of three major joints of one lower limb
(8) Deformity of a long pipe bone
(9) Loss of the use of either a middle finger or ring finger on one hand
(10) Loss of the second toe on one hand, loss of two toes including the second
toe on one foot, or loss of all of third to fifth toes on one foot
(11) Loss of the use of big toe or four other toes except the big toe on one foot
(12) Obstinate nervous symptoms in affected parts
(13) Severe deformity in male's appearance
(14) Deformity in female's appearance
(1) Partial loss of vision in one eye to 0.6 or less
(2) Hemianopsia, contraction of the visual field, or distortion of the visual field
in one eye
(3) Partial loss of eyelids or residual baldness of eyelashes in both eyes
(4) Dental prostheses on five teeth or more
(5) Loss of the little finger on one hand
(6) Loss of part of the bones of thumb on one hand
(7) Loss of part of the bones of index finger on one hand
(8) Inability to bend and stretch the last joint of index finger on one hand
(9) Shortening of one lower limb by one centimeters or more
(10) Loss of one or two of the third to fifth toes on one foot
(11) Loss of the use of the second toe on one foot, loss of the use of two toes
including the second toe on one foot, or loss of the use of all of third to fifth
(1) Loss in a part of one eyelid, or residual baldness of eyelashes in one eye
(2) Dental prostheses on three teeth or more
(3) Partial loss of hearing in one ears such a degree of inability to hear a low
voice at a distance of one meter or more
(4) Palm-size ugly scar(s) on the exposed part of one upper limb
(5) Palm-size ugly scar(s) on the exposed part of one lower limb
(6) Loss of the use of the little finger on one hand
(7) Loss of part of the bones of digit(s) other than the thumb and index finger
on one hand
(8) Inability to bend and stretch the last joint of digit(s) other than thumb and
index finger on one hand
(9) Loss of the use of one or two of the third to fifth toes on one foot
(10) Nervous symptoms in affected parts
(11) Deformity in male's appearance

9th grade

10th grade

11th grade

12th grade

13th grade

14th grade
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ABSTRACT  
This paper describes the injury pattern of car 
occupants in rollover crashes by type, location and 
severity AIS. The accident cases were collected 
randomly within GIDAS (German In-Depth-
Accident Study) at Hannover. Since 1999 in 
Germany a joint project between BASt 
(Bundesanstalt für Straßenwesen or the Federal 
Highway Research Institute) and FAT (Forschungs-
vereinigung Automobiltechnik or Automotive 
Industry Research Association) is being carried out 
in Hannover and Dresden. The paper describes the 
methodology of this project with statistically 
orientated procedure of data sampling (sampling 
plan, weighting factors) on one hand and describes 
the results of the injury pattern of car occupants 
after rollover and gives indication for understanding 
where rollovers are happened and what kind of 
influences are exist on the other hand. The rollover 
movement characteristics will be described and the 
resultant deformation pattern analysed by a detailed 
survey. 
For the study 434 cases of car accidents with 
rollovers are used for a detail comprehensive 
analysis. The portion of rollovers can be established 
at 2.3% of all accidents with casualties in the year 
2003.The accidents happened in the years 1994 to 
2000 in the Hannover area. The injury distribution 
will report about 741 occupants with rollover 
accident event. These accidents are compared with 
the others without rollover documented in the same 
sample of GIDAS under a representative random 
spot check methodology.  
The distributions of injury frequencies, injury 
severity AIS for the whole body and for the body 
regions of occupants are presented and compared to 
technical details like the impact speed and the 
deformation pattern. The speed of the car was 
determined at the point of rollover and on the point 
of accident initiency. The characteristics of the 
kinematics followed in a rollover movement are 
analyzed and the major defined types of rollover are 
shown in the paper. 
The possibilities of In-Depth-Investigation methods 
for the approach of finding countermeasures against 

rollover and explaining the biomechanics of injuries 
in rollover are shown in the paper as well.  

INTRODUCTION 

The participation in traffic is characterized by 
conflict situations that sometimes result in traffic 
accidents. About 20 % of all accidents occur without 
the participation others, mostly accidents happen at 
points where the road turns come to mind, however, 
solo-accidents also occur inside city boundaries and 
at other road sections. Especially noticeable within 
the group of solo-accidents, accident occurrences 
are those, where the vehicles slid sideways into the 
side part of the road and there sometimes rolled 
over. Publications show many indications relating to 
the corresponding severe injuries. Typically, the 
passengers did not use the safety belt, which is 
known to protect from the consequences of being 
ejected out of the car. Severe cervical spine and 
head injuries due to being ejected from the vehicle 
and the bodies hitting the ground outside the vehicle 
constituted the main injury focus points. Most 
serious and fatal injuries in rollovers result from 
ejection [Partyka 1979 - 1] and unbelted occupants 
have a higher risk of ejection than those belted, in 
cases of ejection 47% were severe or fatal injured 
(Hight 1972 - 2). Thus many of the publications on 
rollover injuries were written during the 60s and 
70s, when the safety belt was not part of the 
standard equipment of cars. 
Jones [3] reported that the fatality rates for single 
vehicle crashes mirror those for single vehicle 
crashes suggesting that the fatality rate is dominated 
by rollover crashes. NHTSA reported that for years 
1992 to 1998 there was an average of about 227000 
rollover crashes per year, following in 9063 
fatalities per year. The analysis of FARS data in US 
shows that there are significant relationship between 
the risk of rollover in single-vehicle fatal crashes 
and engineering parameters that describe vehicle 
stability, i.e. track width to cg height ration was the 
strongest predictor for pickup trucks and utility 
vehicles, although for passenger cars wheelbase was 
a better predictor. Padmanaban [4] investigated 



about 2199 occupants involved in passenger car 
rollover crashes, 59% of rollovers involve one to 
two quarter turns, 23% involve three to four quarter 
turns, 15% five to eight quarter turns and 2.6% 
involve nine or more quarter turns. Parentau found 
for belted and unbelted occupants the risk to be 
seriously injured was higher for far than near-side 
occupants. For far-side occupants, the risk was 
highest for climb-over events and collision with 
other vehicles, while it was greatest for bounce-over 
events for near-side occupants.  
In the recent years the number of persons killed in 
crashes reaches the highest level since 1990 driven 
by rollover fatalities likely due to the increase of the 
number of trucks and SUVs on the road and their 
increased likelihood to roll [Kratzke et al - 5]. Today 
rollovers have not so much incidence than in the 
past. Viano [6] reported that in the U.S. rollovers 
represent less than 5% of all vehicle crashes 
(NHTSA 1999), they account for approximately 
15% of serious (AIS 3+) injuries and 20 to 25 % of 
fatalities. 81% of two-away rollovers were single 
vehicle crashes.  
Even today, the majority of rollover accidents are 
reported from the Anglo-Saxon countries. It does 
turn out, though, that obviously the accident 
situations in the US are structured differently from 
the European countries. There the incidence of the 
accidents with resulting rollover is significantly 
lower frequent and also the severity of the injuries 
largely lower. In the traffic accidents happening in 
European countries a vehicle rollover does not 
mainly occur for solo-accidents, but also in the 
course of vehicle to vehicle accidents such after 
collision occurrences take place. Especially when 2 
vehicles collide and in the course of the post-crash 
movement a change in friction between the tire and 
the road occurs, when the vehicle slide sideways 
either enters the unpaved verge or hits the curbstone 
sideways and this way a sideways overturning 
torque is implemented. Furthermore, there are 
accident situations, where vehicles climb the 
embankment next to the edge of the road and topple 
over due to the tilted plane. All these occurrences 
number among the group of rollover accidents. 
Kocherscheidt [7] reported that 2 to 5 % of all 
accidents in Germany are rollovers, in a special 
study of BMW cars 20 % rollovers were found. An 
influence of the driving speed could be analysed 
concerning the injury severity and the deformation 
depth. Also for german accidents it was pointed out 
by Miltner [8] that there is in case of not using a 
seatbelt a high risk for ejection with 68%. In a study 
published lately on accidents involving guardrails, it 
was pointed out that the increasing use of noise 
barrier walls and dams has followed in an increase 
of such accident occurrences [Otte - 9]. 
It is thus desired to determine the importance of 
accidents with resulting rollovers and especially 

identify the resulting injuries for the current accident 
occurrences on European roads, in order to 
implement special measures on the vehicle or in the 
road construction, to limit the negative effects of 
rollovers and their pattern. 

APPROACH 

In order to investigate the accident occurrences of 
vehicles with rollover consequences more closely, 
the evaluations of enquiries at the site of the 
accident are used. This results in accident 
documentations that were started by a scientific 
team on-site and later added to in retrospect. Since 
1973 the enquiries at accident sites in Hannover 
have been conducted by the order of the Federal 
Highway Research Institute (BASt). Starting in 
1985 these are conducted using a statistic sample 
plan, where annually 1.000 traffic accidents 
involving personal injuries are analyzed and from 
1999 these have been conducted in cooperation with 
the Forschungsgemeinschaft Automobiltechnik 
(FAT) and the BASt in the areas Hannover and 
Dresden. All data is collected in a joint database 
GIDAS (German In-Depth Data Accident Study). 
The methodology and sample selection are 
described in the publication by Otte et al [10]. These 
accidents were chosen randomly, which can be 
counted as representative cross-sections of the real 
accident incidence using a statistic weighting 
process. For the enquiries, the injuries are classified 
and documented according to the AIS-scale 
(Abbreviated Injury Scale - 11) and the damages to 
the vehicles are recorded according to the CDI 
(Classification Deformation Index - 12). Driving 
and collision speeds are calculated from the traces 
found at the accident site, such as brake and skid 
marks, the final positions of the vehicles and impact 
traces on the side of the road using the basics of the 
physical impact shock theory. Based on such an 
extensive analysis of the traffic accident incidence, 
the consequences of roll-over accidents and the 
detailed vehicle movements can be reproduced. 

BASIC MATERIAL 

For the analysis of car accidents with rollover 
consequence 7,744 accidents from the years 1994 – 
2001 from the accident sample collected in 
Hannover were evaluated, altogether 9,257 cars 
participated with 11,361 passengers, of these 434 
cars resulted in a rollover. A rollover was defined to 
be a movement of the car, where the vertical axis of 
the vehicle turned at least 90° around the 
longitudinal or transverse axis to its final position. 
Thus 430 cars and 741 occupants with rollover 
constitute the basis of the study. Within the analysis 
the amount of cases can be different as basis of the 
diagrams and tables concerning different related 
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parameters. The presented percentage-values are 
based on statistical weighting procedure and is given 
additionally as n-values based on non-weighting 
numbers. 
For these cases, an extensive in-depth analysis of the 
rollover incidents in the course of an analysis of 
individual cases was conducted. There, special 
information based on the existing accident 
reconstruction details and of a scaled drawing of the 
accident location was used for the analysis, these 
were amongst others:  

- position of the individual impact on the 
vehicle 

- direction of load at each impact 
- deformation depth at the place of each impact 
- estimated energetic reduction in velocity as a 

consequence of each impact 
- location of each impact 
- direction of load in relationship to the centre 

of gravity for each impact 
- injuries in the course of each impact and 

place of impact inside the vehicle 
Additionally, in order to allow a comparison of the 
results from this paper with other scientific 
publications, the vehicle movement, where the 
Rollover is concerned, was classified; the chosen 
classification is according to NASS (National 
Accident Sampling System), where a total of 11 
different types of rollovers were differentiated 
(Figure  1). Parentau et al [13] made a careful study 
of NASS data and used the rollover-type- 
classification of NASS, they found that currently 
developed trip-over and fall-over tests reflect the 
largest proportion of rollovers in the field. 

 
Figure  1. Classification of Rollovers (NASS-
Datasampling) 

All collisions of vehicles were recorded in 
chronological order and the driving velocity at the 
start of the first traces or at the point, when the 
vehicles left the road were calculated using standard 
software (PCCrash). 
The frequencies of results will be presented with the 
percentage in weighted form and the numbers in 
absolute values. The injury severity is used by AIS 
(Association of Automotive Medicine) and used in 
the presented diagrams as 3 groups from minor (AIS 
1), severe (AIS 2 to 4) and worst/fatal (AIS 5 and 6), 
with this classification a 90% correlation does exist 
to the definition of the national statistics based on 
police reports [Otte - 14]. 

TYPOLOGY OF ROLLOVER ACCIDENTS 

Frequency distribution 

Accident structure of rollover situations 
 
The percentage of rollover accidents within the 
framework of accident investigation GIDAS 
Hanover has continuously declined and constitutes 
currently (for the year 2003) only 2.3 % (Figure  2). 
It is assumed that the significant decrease of the 
rollover risk after 1999 can be linked to the 
implementation of ESP (electronic stability 
program), as only after 1999 vehicles with ESP have 
been registered in accidents as the figure pointed 
out. Their percentage of all cars with ESP involved 
in accidents (with/without rollover) has increased to 
11 % in 2003. ESP prevents the pulling of a vehicle 
after skidding has commenced. As rollovers can also 
be seen by vehicle-vehicle-collisions, there are also 
vehicles equipped with ESP among the rollover 
accidents. 
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Figure  2. Portion of accidents with rollover 
(n=20996 Cars = 100%) on traffic accidents with 
injured persons 

Frequently, the rollover constitutes a secondary 
event. The rollover seems to be an event occurring 
on special road segments. Nearly 90% of the cases 
were preceded by a collision (88% on highways, 
straight country roads and rural curves). A third of 



these were vehicle collisions, in a quarter of the 
cases a tree impact took place first. On intersections, 
the highest frequency of secondary effect of rollover 
as can be seen in Figure  3 is based on prior vehicle 
impacts (65% on rural roads, 67% on urban roads). 

 
Figure  3. Rollover events within Accident 
Chronology 

The risk of suffering an accident with rollover is 
highest for vans at 5.2% und SUVs at 14.3%, 
whereas only 3.9 % of standard car types were 
involved in a rollover accident (Figure  4). 
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Figure  4. Portion of Rollover events on accidents 
with injured person related to type of vehicle 

Half of all accidents with rollover occur on German 
streets outside urban areas (Figure  5). Rollovers 
while cornering are not rare at 16.9%, but in 
comparison to highways (26.2%) and straight 
highways (33%) much less frequent. Accidents 
resulting in a rollover occurred at rural intersections 
only at 4.5% - at urban ones however at 8.5%. 80.7 
% of all rollover accidents occur outside city limits. 

 
Figure  5. Accident Location and Injury Severity 
of Rollover Events 

If additionally the severity of the passengers and 
drivers of cars involved in rollover accidents is 
considered, the accidents on freeways, straight 

highways and in bends outside of urban areas turn 
out to be especially injury prone: about 29% of these 
accidents have a maximum injury severity of MAIS 
2 to MAIS 4 and 3 to 5 % even fall under injury 
severity degrees MAIS 5/6. Injuries of a severity of 
MAIS 5/6 nearly completely missed in urban areas 
except at intersections (2.4%). Figure 5 shows a 
comparison with the situation in case of accidents 
without resulting rollover. A significant risk for 
resulting rollover consequences can be seen for rural 
roads and highways, thus roads where possibly a 
high velocity constitutes a significant influence. 
 
For accidents resulting in rollover most of the 
vehicles leave the road and turn over at the roadside. 
Only within city limits do more than two thirds of all 
rollover accidents occur on the road. Rollover 
accidents after a tree impact on straight sections of a 
road do only occur on urban streets (5.4% of the 
rollover accidents on straight roads). Outside city 
limits, especially ditches next to the road constitute 
frequent places of impact (41% on straight roads, 
36.6% in curves). 

 
Figure  6. Primary Impact Location of Rollover 
Events 

A rollover accident can consist of several impact 
phases and the body of the vehicle can touch ground 
at different places within the course of the rollover 
motion (Figure  7). Only on highways and in curves 
did more than 3 impacts occur in the course of a 
rollover accident (0.2% of accidents with rollover on 
highways, 1.3% of accidents in curves). 

 
Figure  7. Number of Impacts during Rollover 
Events 
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Causes of rollovers 

A rollover of a vehicle is the consequence of high 
lateral angular speed, caused by suddenly occurring 
great deceleration forces between tires and road 
surface. They can thus be the result of different 
friction values (µ-split) or of a sudden hooking in 
the area of the wheels, i.e. when sliding against a 
curb. In 3.0 % of the cases with rollover a curb stone 
was evident as cause of the rollover (Figure  8). In 
38.0 % the car was swerved under µ-constant or µ-
split conditions, in 45.4 % a sliding into an 
embankment downwards or upwards could be 
established. In 13.7 % a pre impact with another 
vehicle implemented the rollover movement.  
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Figure  8. Cause of rollover of n=411 cars (n=23 
unknown) 

In 20.2 % of the cases with rollover the banquette 
area was even, compared to 51.2% of non-rollover 
accidents (Figure 9). Only for 17 % the surface was 
situated either higher or lower.  
One third of all rollover events happened on 
grass/field surfaces (34.3%), collision objects like 
trees (1.8%) and walls (0.1%) were in 1.9 % rare as 
location of rollover impacts. A ditch and an 
embankment could be seen in 29 % as impact 
location (Figure  10).   
This resulted in the greatest risks for a rollover in 
case of a ditch running parallel to the side of the 
road, into which the skidding vehicle slid (27.9 % of 
the accidents with rollovers happened with ditches 
related to 3.3 % of accidents without rollover).  
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Figure  9. Kind of Objects along the Road in 
Accidents with and without Rollover 

Location of Rollover Impact (total n=602)
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Figure  10. Frequencies of objects strucked at 
banquette in car accidents with and without 
rollover 

PLACE AND SEVERITY OF INJURIES 

Accidents with rollover consequences result in 
injuries more frequently than those without rollover. 
For accidents with rollover (maximum injury 
severity per car) only 5.0 % of the passengers in the 
car remained uninjured. In contrast, for all accidents 
with personal injuries 55.6 % of the passengers in 
the car remained uninjured. 37.4 % of the 
passengers in the car without rollover suffered 
injuries of the degree of severity MAIS 1 (with 
rollover 66.8%) and were thus classified as slightly 
injured (outpatient), 6.4 % suffered MAIS 2 to 4 
(with rollover 25.8%) and 0.6 % suffered degrees of 
severity MAIS 5/6 (with rollover 2.4%). 
In case of rollovers 68.7 % of the vehicles were 
involved in just one impact, 23.5 % in two impacts, 
7.5 % in three impacts and 0.4 % more than three 
impacts. The severity of the injuries shows clearly 
that an increase of the number of impacts results in 
an increase of the severity of the injuries. For one 
impact only 28 % showed injuries of severity MAIS 
2 and higher (MAIS 2+), for three impacts this 
number had increased to 43 %. It also turned out 
that a rollover on the road surface results with a 
probability of 30 % in injuries of the type MAIS 2+, 
a rollover at the side of the road however does not 
necessarily increase the severity of the injuries. 
Frequently in such cases even lower degrees of 
injury severity occurred. Thus only 28 % of the 
rollovers in the paved embankment and merely 18 % 
in the unpaved embankment were related to injuries 
of severity MAIS 2+. 
Belted occupants have a lower risk for ejection 
(Figure  11). 1.6 % of the belted drivers and 2.4 % 
of the belted frontseat passengers and 2% of the rear 
seated occupants ejected during the rollover 
movement, compared to this 31.9 % of the unbelted 
drivers and 13% of the unbelted frontseat passengers 
were thrown out of their vehicles. The presented 
occupation distribution gives a 79.5% reduction for 
the driver of severe injuries MAIS 3+ by wearing a 
seatbelt. 
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Figure  11. Occupation distribution, proportion 
of ejection and injury situation of cars with 
rollover 

The type of the collision object and the place of 
impact on the vehicle seem to be of importance for 
the severity of the injuries. Concerning the place of 
impact on the vehicle, the vehicles were subdivided 
into different zones for the purpose of this study. 
The sides of the vehicles were subdivided into 6 
different zones A – F and the vehicle as seen from 
above was divided into left - centre - right. This 
resulted in the frequency distribution of the places of 
impact on the vehicles depicted in Figure  12a-c.  
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Figure  12a. Impact zones at car (first impact 
within rollover movement - n=599) 

It is visible that an impact zone that occurred very 
frequently was the front part of the car (AL,AM,AR: 
total 40.6%) and at still 15.4 % also the position of 
the driver (BL) as impact zone of the first impact in 
the course of the rollovers. But also the underbody 
structure DL can be seen with 14.6% very often as 
first impact zone within an rollover. Especially the 
position of the driver is also that with the most 
severe injuries. 42 % of the passengers suffered 
injuries of a degree of severity MAIS 2+ when an 
impact zone BL occurred. 
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Figure  12b. Impact zones at car (second impact 
within rollover movement - n=534) 
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Figure  12c. Impact zones at car (third impact 
within rollover movement - n=391) 

A rollover is mostly characterized by several 
different places of impact on the vehicle. A second 
impact in the course of the rollover was determined 
on very few parts of the vehicles (Figure  12b). 
Mostly there were places of secondary impact on 
BL, BM, BR – zones (in total 53.7%), thus in the 
area of the front passenger seat – with 
approximately 18 % each. Here, the severity of the 
injuries was usually significantly higher for the area 
of the passenger cell than outside the compartment. 
Only the third impact in the course of the rollover 
phase (Figure  12c) occurred mainly in the rear area 
of the passenger compartment (CL, CM, CR) but 
still also in the area of the front passenger seat at 
16 % (BR). The most severe injuries were mostly 
registered in the course of the third impact, if this 
impact occurred in the front part of the roof of the 
passenger cell (AL, AM, AR). 
13.8% of the injuries of car occupants were caused 
by the windscreen, 10.2% by the dashboard and 
5.7% by the steering wheel (Figure  13). Side 
glasses of the vehicle caused 9.5% of the injuries 
within rollovers and 8.3% were registered as the 
roof parts. Remarkable is the fact that 7.4% of the 
injuries were caused outside the vehicle and 9 % 
were non contact injuries called “whiplash injuries”.  
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Figure  13. Injury causing parts of car occupants 
in rollovers (n=408 injuries caused by rollover) 

KINEMATICS AND CHARACTERISTICS OF 
THE ROLLOVERS 

Concerning the typing of the Rollover according to 
NASS classification it turns out that the most 
common accident type at 29.7 % is the Trip-Over 
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type 3 (Figure  14). This is a type of accident where 
the rollover occurs on a gradient with soft surface 
and a sideways tilting vehicle. This type is followed 
by the type Trip-Over 2 at 17.6 %, where the vehicle 
skids sideways on a flat surface and topples over. 
All others of a total of 11 different types according 
to NASS occur at low frequencies. The type Flip-
Over 2 occurs relatively frequently at 9.8 %, where 
a vehicle moves mainly along the longitudinal axis 
of the vehicle, reaches a ditch by rotating around its 
longitudinal axis and topples over. These three 
dominant rollover types build 57.1% of all rollover 
events. 
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Figure  14. Frequencies of different rollover- 
types (NASS classification), n=422 

Accidents in the shape of a rollover characteristic 
with a sideways knock are not very frequent (Trip-
Over 1 - 5.7 %, Flip-Over 1 - 1.2 %, Bounce-Over - 
4.1 %), and they seemed especially minor (Figure  
15). Approximately 30 to 50 % of these resulted in 
uninjured occupants (MAIS 0). The lower severity 
of injuries can be explained by the more rotational 
speed the tilting car undergoes. In other types of 
rollover the impact to the car body suffer high 
deceleration loads. Regarding the resulting severity 
of injury, out of the accident types with increased 
frequency, the Trip-Over 2 seems to cause the worst 
injuries (26 % MAIS 2+), whereas especially 
remarkably in its complete distribution concerning 
the severity of injuries is the Flip-Over 3 with nearly 
50% MAIS 2+, where a vehicle falls sideways off 
the road onto a significantly lower terrain. The type 
Fall-Over also remarkable, it has the lowest 
percentage of soft injuries, but very few in 
occurrency. The subsequent roof impact is 
correspondingly usually massive. In 56 % of the 
cases rollover occurs over the left side of the 
vehicle. No significant change of the resulting 
severity of the injuries in relation to the side of the 
rollover was found.  

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Rollover n.f.s
. (n

=3)

Trip Over 1 (n=17)

Trip-Over 2 (n=95)

Trip-Over 3 (n=182)

Trip-Over 4 (n=34)

Flip-Over 1 (n=5)

Flip-Over 2 (n=58)

Flip-Over 3 (n=3)

Clim
b-Over (n

=32)

Fall-O
ver (n

=3)

Bounce-Over (n
=31)

vehicle-collision (n=17)

others (n=34)

Überschlagsseitenot injured MAIS 1 MAIS 2-4 MAIS 5/6  
Figure  15. Injury severity grades of belted not 
ejected occupants for different kinds of rollover 

INJURY SITUATION TO BODY 

The main emphasis where injuries on the body after 
a rollover had taken place were concerned was 
placed mainly on head, thorax and arms. 42.5 % of 
the belted not ejected occupants in car accidents 
resulting in a rollover were injured on the head, 26.2 
% on the thorax and 44.6 % at the upper extremities. 
In comparison with the injury image of belted 
occupants in car accidents without a rollover, there 
34.5 % of head, 30.9 % of thorax and 18.4 % of arm 
injuries occurred. It was thus shown that under 
rollover conditions the risk for head and especially 
for arms is much more higher than without rollover. 
That is the same for neck injuries, which could be 
seen in 25.1% of rollover cases. 
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Figure  16. Frequencies of injured body regions 
of belted not ejected occupants for different 
kinds of rollover (100% all occupants each 
group) 

The analysis of the injury pattern found this high 
risk for head impacts in rollover accidents especially 
when the car collided with additional impacts on 



other vehicles and objects before or after the 
rollover event (Table 1). 47 % of occupants of 
vehicles with additional impacts suffered soft tissue 
lesions on the head, 3.5 % fractures to the face and 
11.4 % brain injuries compared to occupants of 
vehicles with isolated rollover, 37 %suffered soft 
tissue lesions, 0.8 % facial fractures and 9.5 % brain 
injuries. Table 1 explains that an isolated rollover is 
not a severe accident event, the severity is increasing 
if a pre- or post-impact to other vehicles or objects 
occurs.  
Kind of Injuries Rollover cases 
 isolated additional 

impact 
total (n) 91 650 
soft tissue head 37.0% 47.0% 
fracture face 0.8% 3.5% 
fracture skull - 0.8% 
fracture base of 
skull 

- 1.3% 

SHT 9.5% 11.4% 
soft tissue neck - 1.9% 
whiplash injury 23.1% 18.3% 
fracture cervical 
spine 

2.0% 2.8% 

others neck 2.8% 1.5% 
soft tissue 
thorax 

25.9% 26.8% 

fracture ribs 1.4% 2.6% 
fracture sternum - 1.1% 
fracture 
shoulder 

1.4% 2.9% 

thoracic spine 0.9% 2.5% 
thorax organic 3.3% 2.0% 
soft tissue upper 
extr. 

48.1% 39.7% 

fracture upper 
arm 

- 1.6% 

fracture ellbow - 0.3% 
fracture lower 
arm 

0.8% 1.9% 

fracture hand 2.7% 2.5% 

Table 1 
Frequencies of injured body regions of belted not 
ejected occupants for different kinds of rollover 

(100% all occupants each group) 

63 % of the vehicles with rollover skidded at the 
time the accident started, 90 % of the vehicles were 
driven at velocities exceeding 60 km/h at the 
moment the accident started (Figure 17). Thus a 
high driving speed is a typical feature of accidents 
with rollover consequences. Whereas for accidents 
without rollover consequences 90 % of the vehicles 
were driven at speeds exceeding 10 km/h and 70 % 
were doing less than 60 km/h the moment the 
accident started. On the other hand, the analysis of 
collision speeds of the vehicles with and without 
rollover did not show any significantly deviating 

velocity distribution. 80 % of the vehicles with 
rollover primarily collided in the course of the 
accident primarily at speeds of up to 52 km/h, 
without rollover it was 60 km/h. This means that 
obviously a large amount of speed can be dissipated 
after the accident has started, up to the point of 
collision in the course of the skid movement. 
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Figure 17. Cumulative frequencies of driving 
speeds of cars before reaction 

DEFORMATION PATTERN ON THE 
VEHICLE AND INFLUENCE ON THE 
SEVERITY OF THE INJURIES  

Very rarely more than one complete turn occurred in 
the course of rollovers. 16.7 % were classified as ¼-
rotation, 52.1 % as ½ rotation, 6.5 % as ¾ - rotation. 
Only in 4 % of the cases more than a complete 
rotation of the vehicle was found. 88 % of the 
rollovers were consequences of previously occurred 
primary collisions. 
The deformation depth of each impact was measured 
in the direction of the impact load. Deformations of 
up to 40 cm occurred by rollovers. Looking to the 
depth of deformation for cases with minor injury 
outcome compared to those with severely injured 
occupants, only small different accumulated 
frequency distribution of the deformation depth on 
the resulting severity of the injuries MAIS for the 
belted occupants was apparent (Figure 18). 80 % of 
the severely injured belted occupants MAIS 5/6 as 
well as 80 % of the MAIS 1 minor injured belted 
occupants suffered within the rollover, deformation 
depths of up to 15 cm.  
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Figure 18. Cumulative frequencies of depth of 
deformation related to different injury severity 
grades for belted not ejected occupants 
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Each deformation on the car was related to the 
number of impacts during the rollover movement as 
primary, secondary or third contact. The 
deformation was measured with the deformation 
depth and assessed concerning the suffered speed 
change during this impact; this was done by an 
EAS-value (Energy Assessed Speed) even this could 
not be done exactly and in a physical allowed 
manner. This EAS value should be given an 
assessment for the severity of rollover impact to the 
car body shape. In these cases EAS is represent an 
assessment of the deformation-impact-configuration 
of the rollover movement. 80% of the values for 
impacts by the rollover can be found up to EAS 15 
km/h (Figure 19). Similar distributions in the 
cumulative frequency curves of this value can be 
seen for primary, secondary or third contact. In 
contrast to this 80% of the EAS-values for cars with 
no rollover were estimated above EAS 10km/h. 
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Figure 19. Cumulative frequencies of 
deformation energy assessed by EAS for cars 
with rollover for different impact situations 

For the analysis of the injury severity related to the 
rollover movement, a special MAIS was built for all 
rollover related injuries. The so called “MAIS 
rollover” was plotted in a diagram related to the 
depths of deformation by rollovers (Figure 20). The 
injury severities by rollovers are for belted 
occupants mostly not above MAIS 2 and there are 
many uninjured occupants within a rollover 
movement. The Spearman correlation coefficient 
was calculated with 0.212, that means a small 
positive relationship between deformation depth and 
injury severity was found.  
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Figure 20. injury severity MAIS of rollover 
related injuries and the depth of deformation of 
those contact points on the cars with rollover 
(n=529) 

A similarity can be established for non-rollover 
cases (correlation 0.051), but compared to the injury 
severity of rollover related deformations the injury 
severities of non rollover related deformations 
following in more significant correlation of these 
two parameters (Figure 21). Larger deformations are 
mostly linked with higher injury severities for 
deformations not related to rollovers. The Chi² test 
shows that the higher injury severity grades are 
more linked to non-rollover situations (p < 0.001). 
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Figure 21. injury severity MAIS of non-rollover 
related injuries and the depth of deformation of 
those contact points on the cars with rollover 
(n=517) 

From this analysis it can be seen that the injury 
severity MAIS of occupants after rollover resulted 
mainly from the injury severity of the head (Figure 
22), because the head is exposed as flexible 
extremity part for the injury risk. It can be pointed 
out from the diagrams that the risk for severe head 
injuries is statistically starting for belted occupants 
with roof deformation depths of above 30 cm.  
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Figure 22. injury severity of the head of 
occupants with rollover related injuries and the 
depth of deformation of those contact points on 
the cars with rollover (n=438) 

CHARACTERISTICS OF THE ACCIDENT 
SET-OFFS 

From the detailed documents of the accident 
reconstructions, especially the in-scale drawing of 
the traces found on the accident site, such as brake 
and skid traces, the take-off angle of the road 
surface, the skid, brake/skid distance could be 
determined and the period of time from hitting the 
brake to the point of the primary impact could be 
calculated. Mainly very small angle deviations from 
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the longitudinal axis of the road occurred, when the 
vehicle left the road towards the side. 65 % of the 
vehicles left the road at an angle of less than 5 
degrees (Figure 23).  
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Figure 23. Angle of running off the roadway 
(n=334). This angle exists between the direction 
of car’s centre of gravity and the direction of the 
road when leaving the roadway 

Angles of more than 25 degrees occurred only in 
5 % of the cases. This means that the take-off angle 
for accidents with rollover consequences does not 
exceed 25 degrees. An attitude angle for the vehicle 
to the left of up to 80 % between 0 and 120 degrees 
as well as to the right as to the left side can be 
determined (Figure 24).  
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Figure 24. Cumulative frequencies of attitude 
angle at rollover (n=409) 

For 80 % of the accidents with rollover 
consequences a time of up to 4.3 seconds elapsed 
from the start of the accident to the first impact 
during rollover. In only approx. 10 % of the cases 
periods of more than 5 seconds elapsed and 5% 
registered with more than 6 seconds (Figure 25). 
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Figure 25. Cumulative frequencies over time 
from the beginning of the breaking/swerving 
movement to the first impact in the course of the 
rollover (n=308) and the whole time duration 
until the rest position of the car (n=295) 

For the whole movement of a rollover to rest 
position a time duration of 1 to 4 seconds (80%) can 
be seen as useful in real accidents. 

CONCLUSIONS 

Rollovers are found in the traffic scenery in different 
situations, some are the result of a high rotation of 
the car and an increase of friction between tires and 
the road surface, others are the effect of a sudden 
hooking in the area of the wheels. For the German 
accident situation the study pointed out that a 
rollover could be observed in 3.7% of the accidents 
with casualties and that the percentage has been 
reduced over the years to the current state of 2.3% 
for the year 2003. It can be awaited in the future the 
number of rollovers accidents will further decrease 
regarding the fact that many vehicles will be 
equipped with ESP (electronic sliding protection). 
But the prospective should be not too optimistically 
because the study found cases of ESP equipped cars 
in rollover accidents as well. The portion of rollover 
events are at 11 % remarkable high for vans and off-
road-vehicles. Rollovers mainly occur in connection 
with accidents on straight road sections and at 
intersections, especially on rural roads, 20% 
occurred in a curved section only. It could be seen 
that speed influence is a major parameter for 
accident causation following in rollover events. 
Ditches and Embankments are at 29% beside the 
unpaved surfaces of fields or pastures the most 
frequent collision object within a rollover 
movement, an impact against trees or walls can be 
seen only in less than 2 %. Nearly 70% of all 
impacts within a rollover occur on flat surfaces 
(paved, field, grass). Comparing accident situations 
with and without rollover the highest risk for 
rollovers can be established, if the road side is 
equipped with a ditch. 80 % of the rollovers were 
consequences of previously occurred primary 
collisions. In 3% only the rollover was initiated by a 
wheel movement against a curb stone, in all others 
the increasing friction value during the sliding 
motion was responsible for rollover momentum. 
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The type of the collision object and the place of 
impact on the vehicle as well as the number of 
impacts within a rollover movement influence the 
injury outcome. The position of the driver is often 
hit first, the second impact zone being the roof of 
the vehicle, while the rear of the roof is more often 
hit third. The position of the driver is with the one, 
where the most severe injuries occur. 
The study shows that 3 different types of rollover 
make up nearly two thirds of all rollover cases: 
firstly the so-called “Trip-over, describing a lateral 
movement of the vehicle on a downward sloping 
ramp”and secondly the “Flip-over, these are also the 
ones with the highest injury risk for head injuries. 
The study came to the same results as Parentau et al 
[13] pointed out, that trip-over reflect the largest 
proportion of rollover in the field. But in contrast to 
Parentau which confirmed also the Fall-over test 
conditions as one major accident type, the presented 
study pointed out that rollovers in the characteristic 
of a lateral sideway movement and rotation via the 
longitudinal axis are seldom and not very severe. 
For the replication of frequent and severe real life 
rollover accidents a screwed movement of the car on 
a ramp via the longitudinal forward movement 
should be proposed as test procedure. This 
corresponds to examinations of Berg et al [15].  
Only a small influence of the deformation depth on 
the resulting severity of the injuries MAIS was 
apparent. 80 % of the severely injured occupants 
MAIS 5/6 as well as 80 % of the MAIS 1 minor 
injured occupants suffered within the rollover, 
deformation depths of up to 15 cm. This is in 
agreement with other authors, i.e. an investigation 
by Piziali et al [16] came to the conclusion, that 
there is only association between roof crush and 
injury since the occupant is not in the vehicle. 
Putting the occupant in the vehicle does not change 
association to casualty. The here presented study 
found a correlation of Injury risk and roof 
deformation for severe head injuries AIS 3+, starting 
at roof deformation above 30 cm. Also Cooper and 
Mofatt [17] found a causal relationship between roof 
crush and injury risk. A recent article from Australia 
by Rechnitzer [18] that reviews previous literature 
and several case studies concludes that roof crush 
causes injuries in rollover accidents. Also 
Friedman[19]  includes a NASS analysis to support 
their contribution that roof crush causes injuries. 
The NASS study finds that the occupant closest to 
the most significant roof crush is at highest risk of 
injury. Parentau [20] explained this effect on the 
situation of the crash, that near-side occupant´s head 
crossed the window plane more frequently than the 
head of the far-side occupant. This effect cannot be 
confirmed by the presented study, here the farside 
occupant suffered in 6.4% of the rollover cases an 
injury severity MAIS 3+ and 16 % were uninjured 
comparing to 5 % of the nearside occupants suffered 

MAIS 3+ and 20% were uninjured. The most severe 
injuries were mostly registered in the course of the 
third impact, if this impact occurred in the front part 
of the roof of the passenger cell.  
The here presented study describes details of the 
initial part of the accident phase following in 
rollovers. 65% of the vehicles left the road at an 
angle of less than 5 degrees, angles of more than 25 
degrees are very rare at 5%. An attitude angle for 
the vehicle movement from leaving the road, or after 
the primary impact, respectively to the first impact 
during the rollover was measured in 80% between 0 
and 120 degrees to the left as well as to the right 
side of the road. For 80 % of the accidents with 
rollover consequences a time of up to 4.3 seconds 
elapsed from the start of the accident to the first 
impact during rollover. In only approx. 10 % of the 
cases periods of more than 5 seconds elapsed. This 
brings strategies of accidents avoidance in the main 
focal point of interest, there could be enough time 
for activating intelligent sensor technique for the 
development of different airbag systems.  
 
The conclusions from the study can be formulated as 
follows: 
1. rollover prevention  

- avoidance of vehicle sliding ( 63 % of cars 
with a rollover slipped before the rollover) 

- reduction of driving speed (80 % of cars with 
a rollover were driven >70km/h)  

- reduction of high friction values in the areas 
of the wheels (38 % of accidents with 
rollovers were initiated by lateral sliding 
effect µ- and µ-split) 

- recommendation for the implementation of a 
paved flat strip beside the road on the same 
height-level, avioding ditches, trees and other 
fixed objects 

2. Injury prevention within rollover event 
- development of stiffer interior structures of 

the vehicle cell especially avoidance of the 
roof deformations > 30 cm 

- use of seatbelts, implemented with pre 
powered pull tight devices 

- positioning of padding together with 
additional implemented airbags in lateral 
head and roof position  

The study shown that for belted occupants in the 
current accident situation, there is with 
approximately 2 % of accidents with casualties a 
low risk to be injured in a rollover movement on 
German roads. Comparing to vehicle to vehicle 
impacts an isolated rollover event can be established 
in principle with minor injury outcome for the 
current car fleet and their safety equipment. In 
contrast to earlier studies form the 70ies [Mackay 
21] the injury outcome in current vehicles can be 
positive reduced by wearing seatbelts.  
 



REFERENCES 

[1] Partyka S.: Roof Intrusion and Occupant Injury 
in Light Passenger Vehicle Tow-away Crashes, 
NHTSA, Febr. 1992 

 
[2] Hight PV, Siegel AW, Nahum AM: Injury 

Mechanisms in Rollover Collisions, 16th Stapp 
Car Crash Conf. SAE USA Nov. 1972 

 
[3] Jones, I. S.; Penny, M. B.: Engineering 

Parameters Related to Rollover Frequency, 
SAE-Paper 900104, 73-94, 1990 

 
[4] Padmanaban, J.; Davis, M. S.: Examination of 

Rollover Accident Characteristics, using Field 
Performance Data, SAE-Paper 2002-01-2056, 
2002 

 
[5] Kratzke S.: Light Vehicle Rollover, NHTSA 

Presentations to National Academy of Science 
(www.nhtsa.dot.gov/cars/problems/studies/NA
SRoll/), April 11-12, 2001 

 
[6] Viano, D, Parenteau, Ch.: Roll Crash Sensing 

and Safety Overview, SAE 2004-01-0342, 
Detroit USA, 2004 

 
[7] Kocherscheidt, H.: Verletzungskriterien bei 

Überschlagunfällen, Unfall- und 
Sicherheitsforschung Straßenverkehr 82, S. 
135 - 140, 1991 

 
[8] Miltner,E. Wiedemann,P.: Verletzungsmuster 

von Insassen bei Pkw-Überschlägen, 
Verkehrsunfall- und Fahrzeugtechnik 10, 273-
274, 1997 

 
[9] Otte, D.: Unfälle im Bereich von Baustellen 

und an Schutzplanken, Vortrag Tagung Beton-
Marketing Hannover 2004 

 
[10] Otte, D., Krettek, C., Brunner, H., Zwipp, H.: 

Scientific Approach and Methodology of a 
New In-Depth-Investigation Study in Germany 
so called GIDAS, ESV Conference, Japan, 
2003 

 
[11] American Association for Automotive 

Medicine: The Abbreviated Injury Scale - 
Revision 98, American Ass. f. Automotive 
Medicine., Morton Grove, Illinois (USA) 
(1998) 

 
[12] CDC: Collision Deformation Classification, 

SAE J224 MAR80, SAE Handbook, Society of 
Automotive Engineers, Warrendale, USA, 
1985 

 

[13] Parentau Ch, Viano D, Shah, M: Field 
Relevance of a suite of rollover tests to real-
world crashes and injuries, Accident Analysis 
and Prevention Vol.35: 103-110, 2003 

 
[14] Otte, D.: Injury Scaling: from lesion 

assessment to passive safety improvement, 
Vortrag Round Table, Institute of Legal 
Medicine, University of Verona, Juni 1995 

 
[15] Berg, A., Behling, R., Helbig, M.: Rollover - 

Crashtests, ATZ 5/105, 3-10, 2003 
 
[16] Pizali, R., Hooper, R., Girvan, D., Merala, R.: 

Injury Causation in Rollover Accidents and the 
Biofidelity of Hybrid III Data in Rollover 
Tests, SAE paper 980362, 1- 12, 1998 

 
[17] Cooper, E., Moffatt, E., Curzon, A., Smyth, B., 

Orlowski, K.: Repeatable dynamic rollover test 
procedure with controlled roof impact: SAE 
2001-01-0476, 2001 

 
[18] Rechnitzer, G., Lane, J.: Rollover Crash Study- 

Vehicle Design and Occupant Injuries: Monash 
University ARC. Report 65, Melbourne 
Australia, 1994 

 
[19] Friedman, D., Friedman, K.: Roof Collapse 

and the Risk of Severe Head and Neck Injury, 
13th ESV Conf., 753-765, Nov. 1991 

 
[20] Parenteau, Ch., Gopal, M., Viano, D.: Near- 

and Farside adult front passenger kinematics in 
a vehicle rollover, SAE papoer 2001-01-0176, 
2001 

 
[21] Mackay, M., Tampen, I.: Field Studies of 

Rollover Performance, SAE paper 700417, 
1970 

   



  Egelhaaf 1

MOTOR COACH FIRES – ANALYSIS AND SUGGESTIONS FOR SAFETY 
ENHANCEMENT 

Markus Egelhaaf 
F. Alexander Berg 
DEKRA Automobil GmbH 
Germany 
Paper Number 05-0094

ABSTRACT 

Motor coach fires are rare events – the resulting en-
dangerment for the occupants exceeds that of passen-
ger cars by far. A large number of persons is threate-
ned by fire and smoke in an unfamiliar surrounding, 
panic reactions can occur. The clearance of the 
escape routes is limited and often blocked by luggage 
and personal belongings. 

To find out more about the real life fire occurrence 
the German Federal Ministry of Transport, repre-
sented by the Federal Highway Research Institute 
entrusted DEKRA Accident Research to analyse bus 
fires and to work out a package of measures for 
safety improvement. 

Current regulations for fire testing do not mirror all  
the requirements resulting from the findings won in 
the analyses of bus fires. A catalogue of alternative 
test procedures was compiled, geared to the 
procedures used in the railway industry to harmonise 
the requirements and to minimize the costs. 

Additional proposals for effortless and cheap realisa-
ble measurements like smoke and fire monitoring of 
the passenger and engine compartment, another 
assortment of fire extinguishers, and passenger safety 
information cards have been added. 

The complete research report [1] has been verified for 
practicability and effectiveness due to a series of full 
scale fire testing and an expert meeting. 

Most analysed fires started in the engine compart-
ment and spread there very fast. The extinguishing 
attempts of the bus drivers and persons passing by 
have been unsuccessful in the majority of the 
incidents. Nearly all fires started while the bus was 
driving, the fires were noticed in an advanced 
stadium by engine problems, malfunctions, or other 
drivers. 

The presentation will give an overview of the sugges-
ted measures, the results of the analysis of the real 
world fire occurrence, and the full scale fire testing. 

INTRODUCTION 

Merely 190 motor coach fires have been reported to 
the German insurance companies in 1999 [2] – limi-
ted to this figure, improvements regarding the fire 
protection in motor coaches do not seem to be neces-
sary. But on closer examination of the risk potential 
the endangerment of the persons affected by a motor 
coach fire is by far higher than that of those affected 
by a car fire. Without warning a large number of per-
sons is exposed to a hazard in an unfamiliar surroun-
ding. Design and utilisation lead to difficulties during 
the evacuation, particularly in combination with line-
of-sight obstruction caused by smoke and panic reac-
tions. 

The endangerment resulting from a fire does not only 
stem from the flames but rather from the fires side 
effects like the smoke density and toxicology, and the 
heat release rate. 

Within the DEKRA study the following motor coa-
ches were analysed: Vehicles designed and built for 
long distance travel, equipped with special comfort 
features for seated passengers. Standing passengers 
are not transported by these vehicles. The coaches 
have more than 9 seats including the driver’s seat [3]. 
These coaches are called “Reisebus” in Germany. 

European rules and regulations handling motor coach 
fire protection are limited to small scale fire testing of 
single components. There are no tests concerning the 
emitted smoke or the fire growth rate. Constructional 
guidelines are limited to special components, e.g. 
regulating the fuel system integrity or safe distances 
of the exhaust system. 

For a further improvement of the motor coach fire 
safety the DEKRA units “Accident Research” and 
“Fire and Arson Investigation” elaborated a catalogue 
of measures as part of the research report [1]. Besides 
new fire tests, mostly adapted from railroad regu-
lations, a series of cheap and easy to implement 
organisationally measures have been listed. 
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MOTOR COACH FIRE OCCURRENCE 

The selection of effective and realizable measure-
ments for motor coach fire safety improvements 
requires an extensive knowledge of the real world fire 
occurrence. The official German on Road Traffic 
Accidents Statistic can only offer little information on 
that topic, fire is not listed at all [4]. 

The DEKRA evaluation is based on legal expert 
opinions, elaborated by own fire and accident recon-
struction assessors. All together 55 written opinions 
from the period 1999 to 2004 could be collected and 
used for the evaluation. 

Outside influences 

Most of the analysed fires started while the engine 
was running. In 46 (84%) out of 55 cases the coach 
was driving, in three other cases (5.5%) the coach 
was stationary with the engine running. This is of 
great importance for the risk estimation – these are 
the states of operation occupants may be on board. 
The operation status while ignition is shown in Figure 
1. 
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Figure 1  Operation status in the moment of 
ignition. 

Taking a closer view to the locations the fires started, 
the urban roads and the rural roads are most fre-
quently represented, followed by the Autobahns, 
Figure 2. Thus, it appears that the driven speed plays 
a subsidiary role. The engine temperature is of more 
importance. There was no ignition in the engine 
compartment while the engine was cold. 
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Figure 2  Location of ignition. 

The date of first registration of the involved motor 
coaches was known in 42 (76%) cases. The distri-
bution is shown in Table 1. 

Table 1. 
Distribution of the age of the analysed motor 

coaches. 

 Age distribution  Number 

0 years 1 

1 years 16 

2 years 8 

3 – 5 years 7 

6 – 10 years 4 

11 - 14 years 6 

Cause of fire 

For an effective countering of an ignition it is of im-
portance to know the causes of fire and the compo-
nents leading to the fire. 

Leakages in the fuel- and oil-systems have been of 
relevance in 21 (38%) cases. With 11 (20%) cases 
each, mechanical damages and electric defects caused 
the ignition, Figure 3. It must be pointed out that the 
aforesaid causes are only one of the factors necessary 
for a combustion. Oil and fuel offer a combustible, 
mechanical and electric defects an ignition source 
Figure 4. 
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Figure 3  Causes of fire. 

 

Figure 4  Ignition Tetrahedron based on Emmons 

Documented sample cases 

Exemplarily two cases are displayed here in the 
paper. In the first an electric defect of a hand-dryer 
led to a fire in a toilet of a parked coach. The plastic 
body of the dryer burnt, emitting large amounts of 
smoke. Moreover the plastic dropped on the floor 
burning. The close locking of the toilet’s door cut off 
the oxygen supply, the fire died down itself, Figure 5, 
and Figure 6. 

 

Figure 5  Melted hand-dryer and smoke damage. 

 
Figure 6  Toilet door with smoke-marks. 
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The second case is a well documented motor coach 
fire, starting from the engine compartment, leading to 
a total loss of the vehicle. 

The fire was detected when the front door opened 
while driving on the Autobahn. After evacuating the 
coach, the driver tried to extinguish the fire, using the 
coaches fire extinguisher and two additional ones, 
made available by passing by truck drivers. Because 
of a lack of training in fire extinguisher handling the 
driver did not manage to put the fire out Figure 7. 

 

Figure 7  Driver’s attempts to extinguish the fire 
[5]. 

After turning away the attached luggage box, the 
engine fire spread very fast, the occupant compart-
ment is already filled with smoke. Nevertheless some 
passengers re-entered the coach to get out personal 
belongings, Figure 8, Figure 9. 

 

Figure 8  Engine fire after turning away the 
luggage box [5]. 

 
Figure 9  Passengers re-entering the coach [5]. 

After about 10 minutes the rear part of the occupant’s 
compartment is on fire, the whole compartment is 
filled with thick smoke, Figure 10. Less than one 
minute later a flashover sets the complete coach on 
fire, Figure 11. The thermal radiation heats up the 
luggage stored next to the bus, leading to a pyrolysis, 
Figure 12, and a self ignition, Figure 13. 

 

Figure 10  Fast fire spread, the complete coach is 
filled with thick smoke after about 10 minutes [5]. 

 

Figure 11  Flashover [5]. 
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Figure 12  Pyrolysis of the luggage stored besides 
the bus [5]. 

 

Figure 13  Self ignition of the luggage [5]. 

When the fire brigade arrived about 16 minutes after 
the detection of the fire, neither the coach nor the 
luggage could be rescued, Figure 14. The Autobahn 
has not been closed before the fire brigade arrived. 
The occupants have additionally been endangered by 
the running traffic.  

 

Figure 14  Arriving of the fire brigade after about 
16 minutes [5]. 

ESTABLISHED LAW AND LEGISLATION 

Currently the German national regulations regarding 
the motor coach fire safety are limited to the 
requirement of a single 6 kg dry powder fire 
extinguisher for long distance motor coaches and a 
second extinguisher for double deck busses [6]. 
Additional demands are made on European basis. 

Regulation 95/28/EC prescribes three different small 
scale fire tests for motor coach internal fittings. This 
directive applies to the burning behaviour (ignitabili-
ty, burning rate, and melting behaviour) of interior 
materials used in vehicles carrying more than 22 
passengers, not being designed for standing passen-
gers and urban use (city busses).  

The interior materials of the passenger compartment, 
used in the vehicle to be type-approved, shall undergo 
one or more of the following tests (if necessary the 
composite materials, as used in the vehicle, are to be 
tested): 

1. Test to determine the horizontal burning rate of 
materials, similar to FMVSS 302 [8]. 

2. Test to determine the melting behaviour of 
materials: the sample is placed in a horizontal 
position and is exposed to an electric radiator. A 
receptacle is positioned under the specimen to 
collect the resultant drops. Some cotton wool is 
put in this receptacle in order to verify if any 
drop is flaming. 

3. Test to determine the vertical burning rate of 
materials: the sample is held in a vertical 
position, exposed to a flame. Measured is the 
speed of propagation of the flame over the 
material. 

The tests 2 and 3 are only used for motor coach fire 
safety testing. This makes the procedures expensive 
and reduces the number of testing facilities to be 
considered. Moreover the tests do not really mirror 
the entire real life fire occurrence. Interactions of 
different components during the combustion and the 
smoke emission are not tested at all. 

Constructional guidelines are given in regulation 
2001/85/EC [9] applying to every single deck, double 
deck, rigid or articulated vehicle of category M2 or 
M3 (as defined in Annex II, Part A, of Council 
Directive 70/156/EEC [10]). Herein a partition of 
heat-resistant material between the engine compart-
ment or any other source of heat is approved. Electri-
cal cables shall be located in a manner that no part 
can make contact with any fuel line or any part of the 
exhaust system, or be subjected to excessive heat, 
unless suitable special insulation and protection is 
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provided. Additional requirements concering the 
battery accessability and placement are formulated. 
Spaces for a fire extinguisher and a first aid kid are to 
be provided. 

Many similar requirements are given by ECE R 36 
[11]. Extra are rules for the mounting of fuel system 
components and an electric emergency switch to cut 
off the energy supply. 

DEKRA DEMANDS 

Based on the findings won during the research 
DEKRA worked out a catalogue of demands to im-
prove the fire safety of long distance motor coaches 
and to further limit the risk of the driver and the 
passengers. Beside new fire test procedures, primarily 
adopted from the railroad standards, easy realisable 
and cheap improvements have been taken up in the 
catalogue. 

Fire detection 

With the most fires starting in the engine compart-
ment an automatic fire detection and alarm device 
should be mandatory. In fact, this is very important 
within the scope that most fires have been detected in 
a very late state. An early detection is important to 
extend the time for an evacuation and to increase the 
chance for an effective fire fighting by laities. 
Suggested is a system working with thermo detectors. 

Automatic fire suppression systems are very effective 
and already offered as an extra for many coach types 
Figure 1. But they are still expensive and weighty. 
DEKRA favours the installation of such systems, but 
they should not be mandatory. 

 

Figure 15  Automatic fire suppression system [12]. 

An early detection is also of importance in the 
passenger compartment. DEKRA suggests the use of  
optic smoke detectors. By placing them at the ceiling 
and in the toilet’s cab a smoke development can be 
noticed in an early stadium. This is relevant during 

rides at night with the passengers sleeping and while 
driving without passengers on board. The cross-
linking of the fire alarm system with that of the 
burglar alarm does also protect the parked bus. 

Fire extinguishers 

Actually there is no uniform regulation for fire extin-
guisher needs in motor coaches in Europe. If there are 
any requirements they are based on national law. E.g. 
the German Road Traffic Regulations [6] demand a 
6 kg dry powder fire extinguisher. This is based on a 
redeemed German DIN standard [13], already repla-
ced by the European Standard EN 3 [14]. A 6 kg type 
does no longer exist in that standard. 

DEKRA suggests a dry powder extinguisher with a 
minimum of at least 6 extinguishing agent units 
nearby the driver’s seat and a foam fire extinguisher 
with at least 4 extinguishing agent units (Calculated 
on basis of [14] and [15]). All together 12 extingui-
shing agent units are necessary. 

Dry powder is the best extinguishing agent for engine 
fires. Foam is the better choice for the passenger 
compartment. Foam is, what most people expect to be 
a fire extinguisher’s filling. The use of foam does not 
lead to a powder cloud (line of sight obstruction and 
difficulties of breathing), and the consequences of a 
misuse are not that serious. 

An additional foam fire extinguisher with at least 4 
extinguishing agent units is suggested for each stair-
way of double deck coaches. 

Battery and electric components information 

Interviews of fire fighters showed that they need a 
clearly visible pictogram on the battery-box and a 
map showing the locations of potentially existing 
extra batteries, of the emergency switch and the 
laying of the main wires. This can help to prevent an 
electric ignition after e.g. an accident. 

Passenger information 

The passengers should be informed about the safety 
features of the bus before starting the tour. Beside the 
location of the emergency exits and their handling, 
information about the places of the fire extinguishers 
and first aid kit, the safe storage of the luggage and 
the regulations concerning seat belt wearing should 
be covered. Additional proper instructions about the 
right behaviour in emergency situations are essential. 

Passenger information cards, as used in the aviation 
sector, are very useful for that. For the design, picto-
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grams should be used – that way language problems 
can be circumvented. 

Driver education 

The analysis of the real world fire occurrence and the 
questioning of persons who have been involved in 
bus fires have shown that many drivers are not suffi-
ciently trained in handling a fire extinguisher.  

Most passengers injured during the analysed fires 
have already been brought out of the bus, before they 
re-entered it to get out personal belongings. Hereby 
they sustained smoke intoxications. It is the bus 
driver’s job to evacuate the vehicle completely and 
lead the passengers to a safe place. He additionally 
has to avert that anybody is re-entering the bus, 
expect for live saving measurements. The right 
behaviour in case of a fire needs to be an important 
point in the drivers education. 

Design features 

With most fires starting in the engine compartment 
this is the area with the largest potential for fire 
prevention and limitation of the fire spread.  

The use of porous materials for insulation should be 
limited. Also coated materials should be banned – the 
coating can be damaged and loosing its function. 
Even if the porous material is non flammable it works 
like a candlewick by carrying the combustible 
mixture of oil, soot and other dirt. 

The separation of the passenger compartment and the 
engine compartment, the firewall, should withstand a 
developed engine fire for a couple of minutes and 
offer enough resistance against heat transfer (). 

Critical accumulations of spilling fluids need to be 
easily detected during the regular checks by the 
driver and the garage. 

The battery box needs to be an own unit separated to 
all other areas, only accessible from outside the bus. 
It needs to be resistant against battery acid. 

Fire testing 

The existing regulations for fire testing of materials 
used in motor coaches do not mirror the real life fire 
occurrence. The emitted smoke is not tested at all, the 
tests are limited to single materials, the cross-influen-
ces of materials used in larger components like the 
seats are not analysed. 

The number of standardised fire tests does not require 
the “invention” of a new one for motor coaches. Very 

useful tests can be adopted from the railway sector. It 
is also advantageous that many companies supply 
parts and components for both, railway and coach 
industries.  

The listing of the recommended tests would go be-
yond the scope of that paper. Exemplified with the 
UIC paper cushion test [16] the suggestion for seat 
testing are described.  Within that test, a standardized 
paper cushion made of newsprint is placed on the seat 
cushion at the edge with the backrest. After ignition 
at all four corners the burning behaviour is observed. 
Among other criteria, the fire must have self extingui-
shed after at least ten minutes to pass the test. 

DEKRA FIRE TESTING 

To validate the suggested tests, to check the fire per-
formance of actual offered components, and to get 
further information about the temperatures and varia-
tion in time during the fire spread DEKRA carried 
out some fire tests. 

For the tests an old coach was equipped with different 
actual seats and an actual floor and wall lining. In the 
first step an on-seat-paper-cushion test was carried 
out. The seat passed that test explicitly. The first 
smoke detector, attached to the ceiling nearby the rear 
exit, set off after about two minutes, immediately 
after the seat started to emit smoke. The CO-
concentration arose to 44 ppm in the fifth minute 
before declining again (AEGL-2 limit: 420 ppm, 
AEGL = Acute Exposure Guidline Levels, [17]). The 
HCN concentration reached the ETW-limit of 5 ppm 
but did not exceed it (ETW = Einsatz Toleranz Wert 
[18]). Both measuring points were located nearby the 
seat, an endangerment for occupants has not existed 
at any time, Figure 16 and Figure 17.  

 

Figure 16  Configuration of test 1 with paper 
cushion. 
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Figure 17  Burnt down paper cushion. 

In the second test a paper cushion was placed under a 
seat. Also that test was passed by the seat explicitly. 
The thermal load of the floor-lining led to an 
enormous smoke emission. The CO-concentration 
climbed to uncritical 84 ppm, HCN could not be 
detected. The smoke emitted by the floor lining 
would have led to line-of-sight obstructions and 
irritations of the respiratory tract, Figure 18 and 
Figure 19. 

 

Figure 18  Configuration of test 2 with paper 
cushion. 

 

Figure 19  Burning paper cushion. 

In a third test the seat was set on fire by using half a 
litre of fuel. The smoke alarm set off after just 16 se-
conds. The luggage rack started to burn with burning 
drops falling on the floor, igniting that. It took 44 se-
conds until the smoke filled the complete bus down 
to the upper edge of the backrests. The complete 
passenger compartment was filled with smoke after 
160 seconds. A self-rescue was impossible after 
84 seconds. 

The coach was completely closed during the first 
530 seconds after ignition to get further information 
about the influence of  air ventilation. The flash-over 
started 70 seconds after opening the doors. 

The maximal temperature was measured in the mo-
ment of the flash-over. The temperature at the ceiling 
reached nearly 1,000°C, Figure 20 to Figure 23. 

 

Figure 20  Seat set on fire with 0,5l of fuel 
(t = 10s). 
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Figure 21  Smoke-filled coach after opening the 
doors in second 530. 

 

Figure 22  Flash-over and start of fire fighting 
(t = 600s). 

 

Figure 23  Breaking of the side windows during 
the flash-over (t = 600s). 

The very high level of fire performance of the tested 
seats was obvious after that test. The seats located in 
front of the ignited one had only received little fire 

damage. That status could be documented by starting 
the fire extinguishing immediately after the flash-
over, Figure 24. 

 

Figure 24  Seat row in front of the ignited seat. 
Covering removed by the fire brigade. 

CONCLUSIONS AND DEMANDS 

Motor coach travelling is with just 0.14 killed per 
milliard person kilometres one of the safest ways to 
move from A to B. But that does not mean that no 
more improvements for coach safety are required. 
Within a research-project of the German Federal 
Ministry of Transport, represented by the Federal 
Highway Research Institute, DEKRA Accident 
Research was entrusted to work out a catalogue of 
demands to improve the fire safety of motor coaches. 
Based on the real world fire occurrence a list of 
measures, easy and cheap to implement, was 
developed. Additionally a catalogue of fire tests was 
drawn up. 

Good progress can be made by simple organisational 
measures. A better training of the drivers, an 
optimised fire extinguisher concept (dry powder for 
the engine, foam for the passenger compartment), 
rescue service information about the battery location, 
emergency switch and wiring, and passenger 
information cards are most promising. 

With most fires starting in the engine compartment, 
mostly noticed only in a late stadium of  fire propa-
gation by the driver, an automatic detection is of 
importance. DEKRA suggests a thermal fire detection 
system for the engine compartment and an optic 
system for the passenger compartment. 

Design features need to prevent the fire spread from 
one compartment to the other. Especially the sealing 
of the engine compartment to the passenger 
compartment needs to be mentioned here. The battery 
should be located in a separate box, only accessible 
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from outside the bus and resistant against battery 
acid. 

In the long term a replacement of the currently 
mandatory fire tests is advantageous. Yet neither the 
smoke nor cross influences of different materials are 
observed. By adapting the test procedures of the 
railway industries also extra costs can be saved by not 
having a special coach procedure. 
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ABSTRACT 

Roadside protection systems such as steel guard 
rails or concrete barriers were originally developed 
to protect occupants of cars and/or trucks – but not 
to protect impacting motorcycle riders. Motorcycle 
rider crashes into such barriers have been identified 
as resulting in sever injuries and hence has become 
a subject of road safety research. The German 
Federal Highway Research Institute (BASt) 
requested DEKRA Accident Research to analyse 
real-world crashes involving motorcycles impacting 
road side barriers and to identify typical crash 
characteristics for full-scale crash tests of a 
conventional steel system and a concrete barrier. A 
study of 57 real-world crashes identified two crash 
test scenarios which have been carried out: one with 
the motorcycle driven in an upright position and 
one with the motorcycle with the rider sliding on 
the road surface. The pre-crash velocity chosen was 
60 km/h. The impact angle was 12° for the upright 
driven motorcycle and 25° for the motorcycle and 
rider sliding. 

Two crash tests have been conducted to analyse 
impacts onto conventional steel guard rails and two 
tests to analyse impacts onto a concrete barrier. 
Two additional full-scale crash tests were carried 
out to analyse the behaviour of a modified roadside 
protection system made from steel. 

A second phase of the work involved carrying out 
computer simulations at Monash University’s 
Department of Civil Engineering. The DEKRA 
results from the crash test, where the upright 
motorcycle impacts the concrete barrier, were used 
to validate a MADYMO motorcycle-barrier model. 
This model was then used to investigate other 
impact speeds, a 25° impact angle scenario and 
different impact scenarios between an upright 
motorcycle and a wire rope barrier system. The 
results revealed, that the risk for motorcyclists of 

being injured when colliding with either a wire rope 
or a concrete barrier will be high. 

The paper describes the relevant real-world 
accident scenarios, the different roadside protection 
systems used for the tests, the crash tests, the 
modelling simulations and the results, and proposes 
improvements to barrier systems to reduce injury 
severity. 

INTRODUCTION 

In Germany, the most common roadside protection 
systems are guard rails made from steel. Concrete 
barriers are also in use. All the systems are 
described in a technical regulation [1]. The systems 
have to meet test criteria described in DIN EN 1317 
[2]. The protection systems and the corresponding 
regulations were originally developed to protect 
occupants of cars and/or trucks – but not to protect 
impacting motorcyclists. 

A similar situation exists in Australia. AS3845 [3], 
AS 1742.3 [4] and AS 5100.2 [5] are the standards 
that specify how permanent and/or temporary 
barriers are to be designed, used or tested for 
roadside and bridge barrier systems. Each State 
regulatory authority also has its own road design 
guidelines that further complicate barrier 
specifications. Whilst AS3845 discusses and 
considers impacts by motorcyclists, there are no 
references to any barrier systems specifically 
designed for protecting motorcyclists. 

Some motorcycle rider crashes into steel guard 
rails, wire rope and concrete barriers have been 
identified as resulting in severe injuries and hence 
has become a subject of road safety research. 

The German Federal Highway Research Institute 
(BASt) requested DEKRA Accident Research to 
analyse real-world crashes involving motorcycles 
impacting road side barriers and identify typical 
crash characteristics for further full-scale crash tests 



  Berg 2 

using the mostly involved conventional steel-made 
systems and a concrete barrier (see Figure 1.). 

 

Figure 1.  Two steel-guard rails and a concrete 
barrier common for German roads and 
investigated with full-scale crash tests 

REAL-WORLD CRASHES 

There are no federal statistics available for 
Germany identifying accidents related to 
motorcyclists impacting a roadside protection 
system. Forke [6] analysed detailed accident data 
from France and Austria. He predicted that 4.7% of 
all crashes involving injured motorcycle riders is 
related to impacts onto a roadside protection 
system. This indicates around 1,808 crashes occur 
where motorcycle riders are injured, can be 
estimated for Germany in the year 2003 (4.7% of 
all 38,464 crashes involving injured motorcycle 
riders registered for this year). 

To calculate the total number of accidents where 
motorcycle riders are killed, Forke uses again 
French and Austrian accident data and also German 
data collected from a region around the city of 
Tübingen. He calculated such crashes to contribute 
9.75 to 15% of all fatal crashes. This is around 92 
to 114 accidents where motorcyclists are killed for 
the year 2003 in Germany that are related to 
impacts onto roadside protection systems (9.75 to 
15% of all 38,464 crashes with injured motor-
cyclists for this year). 

The DEKRA Accident Research Unit analysed 
57 real-world crashes involving impacts of 
motorcycle, and respectively the rider, onto a 
roadside protection system. 

An example of a real-world crash is given in Figure 
2. The motorcycle was driven around a left-hand 
bend. Its speed was reconstructed to be in the range 
of 85 – 95 km/h. The driver lost control and the 
motorcycle tilted onto its side. This was followed 
by an impact of the motorcycle with the rider 
sliding on the road surface onto the roadside 
protection system. The protection system is a so 
called “einfache Schutzplanke” ESP (see_Figure 

1.). The profile of its posts is similar to the Greek 
letter Σ (Sigma). Therefore the post is called a 
“Sigma Post”. The rider’s neck directly impacted 
the post. It is reported that he suffered severe 
injures (AIS 5) such that his neck was broken 
directly underneath neck vertebra C1. He also 
suffered internal injuries from additional impacts. 
The motorcyclist died after the accident. 

63% of the 57 cases analysed by DEKRA involved 
a steel barrier “Einfache Stahlschutzplanke” ESP 
(Figure 1.). The second most frequently struck 
barrier, comprising 18% of all such crashes was 
another steel-made system, the so called “Einfache 
Distanzschutzplanke” EDSP (Figure 1.). 
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Figure 2.  Example of a real-world crash 

The DEKRA study also showed that in 51 % of the 
57 cases analysed the motorcycle impacted the 
barrier while driving in an upright position whereas 
45% of the impacts occurred where the motorcycle 
slid on its side on the road surface before it first 
struck the barrier. In 4% of the crashes the 
motorcycle impacted the barrier driving in an 
inclined position (not completely over on its side). 
In regards to road geometry, 53% being the 
majority of the crashes occurred in left-hand bends, 
50% occurred on straight roads and 7% in right-
hand bends. 

CRASH TESTS AND RESULTS 

Two impact scenarios were chosen for the full-scale 
crash test program as a result of the findings from 
the real-world crash study. In the first impact 
scenario the motorcycle was driven in an upright 
position (Figure 3) prior to impact. In the other 
scenario the motorcycle struck the barrier while 
skidding on its side (Figure 4). 

For all crash tests the pre-crash velocity of the 
motorcycle was 60 km/h. For the impacts where the 
motorcycle was driven upright the angle between 
its velocity vector and the barrier was 12°. For the 
impacts where the motorcycle skidded on the 
ground the angle between its velocity vector and the 
barrier was 25°. 
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All tests were carried out with the same make, 
model and type of motorcycle being a Kawasaki 
ER 5 Twister (Figure 5.). The mass of the 
motorcycle itself was approx. 180 kg and approx. 
272 kg with the dummy sitting on the motorcycle 
and wearing standard protective clothing. 

 

Figure 3.  Test where the motorcycle impacted 
the barrier in an upright driving position 

 

Figure 4.  Test where the motorcycle impacted 
the barrier skidding on its side 

 

 

Figure 5.  Motorcycle Kawasaki ER 5 Twister as 
used for all crash tests 

The Motorcycle rider was represented by a 
Hybrid III dummy (50th percentile male, hip the 

same as for a “standing ATD”). To evaluate the 
injury risk of the rider, the rider’s initial contact 
“primary” impact into the roadside protection 
system, the “secondary” impact onto the ground 
and the movement alongside the roadside protection 
system were assessed using measured dummy loads 
and by analysing high speed films. 

Impacts with the motorcycle moving in upward 
driving condition 

     Steel Guard Rail 
Figure 6 shows the test with the motorcycle leaving 
the sled at 60 km/h and impacting at 58 km/h in an 
upright position the so called “Einfache Distanz-
schutzplanke” EDSP. 

 

Figure 6.  Full-scale crash test where the 
motorcycle impacted the steel guard rail 
“Einfache Distanzschutzplanke” EDSP in an 
upright position 

During this test the dummy slides alongside and 
onto the steel guard rail. Here, the rider would have 
suffered severe injuries especially to the shoulder, 
the chest and the pelvis corresponding to aggressive 
contacts and snagging with some of the roadside 
protection system’s stiff parts and open profiles. 

Figure 7 further illustrates the movement 
trajectories of the motorcycle and the rider 
determined from analysis from the films of the 
overhead-view cameras for a time period of 
300 milliseconds after impact into the guard rail. 
The motorcycle reaches its final rest position 28 m 
after the point of first contact with the barrier. The 
distance between the point of first contact and the 
final rest position of the dummy was 21 m. 
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Figure 7.  Trajectory of the motorcycle and rider 
during the first 300 milliseconds after impacting 
the steal guard rail system EDSP (see Figure 6) 
determined from analysis of the overhead-view 
cameras 

Measured dummy loads for the head, the chest, the 
pelvis and the femur corresponding to the moment 
of first “primary” impact into the guard rail and the 
“secondary” impact onto the road surface are 
shown in Table 1. These measurements do not 
indicate a high-level injury risk. The compressive 
force of the right femur during the primary impact 
of 2.6 kN is somewhat high but clearly beneath the 
limit of 10 kN.  

Table 1.  Measured dummy loads for the full-
scale crash test shown in Figure 6 

Dummy 
load 

Primary 
impact 

Secondary 
impact 

Biomechanical 
limit 

Head 
HIC 

4 277 1,000 

Head 
a3ms 

9 g 74 g 80 g 

Chest 
a3ms 

13 g n. a. 60 g 

Pelvis 
a3ms 

7 g 10 g 60 g 

Femur 
Fleft 

0 kN 4.1 kN 10 kN 

Femur 
Fright 

2.6 kN 0.2 kN 10 kN 

 
     Concrete barrier 
The concrete barrier (Figure 8) does not have any 
aggressive open shaped parts as in the case of the 
steel-based systems. In this crash test the 
motorcycle left the sled at 60 km/h prior to 
impacting the barrier. This was followed by the 
dummy flying over the top of the barrier. The 
dummy reached its final rest position on the 
opposite side of the barrier (Figure 8 and Figure 9). 
The distance of the final rest position from the point 
of first contact primary impact location was 26 m 
for the dummy and 38 m for the motorcycle. 

 

Figure 8.  Full-scale crash test of a motorcycle 
impacting a concrete barrier protection system 
in an upright position prior to impact moving 

 

 

Figure 9.  Motorcycle and rider trajectories 
during the first 175 milliseconds after impacting 
the concrete barrier (Figure 8) as determined 
from analysis of the overhead-view cameras 

Table 2.  Measured dummy loads for the full-
scale test shown in Figure 8 

Dummy 
load 

Primary 
impact 

Secondary 
impact 

Biomechanical 
limit 

Head 
HIC 

0 164 1,000 

Head 
a3ms 

3 g 47 g 80 g 

Chest 
a3ms 

4 g 20 g 60 g 

Pelvis 
a3ms 

11 g 29 g 60 g 

Femur 
Fleft 

0 kN 0.6 kN 10 kN 

Femur 
Fright 

4.5 kN 0.1 kN 10 kN 
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The measured dummy loads again do not indicate 
any life-threatening injury risk (see Table 2.). The 
right femur is subjected to a compressive load of 
4.5 kN being clearly below the injury limit of 
10 kN. 

Analysis of the film revealed that the motorcycle 
and the rider were effectively not decelerated 
during contact with the concrete barrier. As a 
consequence of this the risk of being deflected by 
the barrier into oncoming traffic on the road is 
clearly higher than for a barrier protection system 
made from steel. Another disadvantage of concrete 
barriers is that during an impact they do not 
dissipate as much kinetic energy via deformation as 
the systems made from steel. 

Impacts where the motorcycle slides on its side 

     Steel Guard Rail 
Figure 10 shows the test where the motorcycle 
slides on its side and impacting the so called 
“einfache Schutzplanke” ESP (Figure 1). 

 

Figure 10.  Full-scale crash test where the 
motorcycle impacts the protection system 
“Einfache Stahlschutzplanke” ESP by sliding 
into the barrier  

The motocycle’s velocity leaving the sled was 
60 km/h. It directly impacted a sigma post at 
47 km/h that broke and was bent down to the 
ground. Immediately after this first primary impact 
the motorcycle was stopped and remained stuck 
underneath the guard rail. The dummy separated 
from the motorcycle and collided with a sigma post. 
The distance between the location of the primary 
impact point and the final rest position was 2 m for 
the motorcycle and 5 m for the dummy. 

Figure 11 shows the trajectories of the motorcycle 
and dummy before and after impact onto the 

protection system as determined from the analysis 
of the film from the overhead-view cameras. 

 

Figure 11.  Trajectories determined from the 
overhead-view cameras of the motorcycle and 
the dummy before and after impacting the steal 
guard rail (Figure 10) 

Table 3 gives an overview of some of the dummy 
loads measured at the point of first impact onto the 
protection system and from the second impact onto 
the ground. Very high loads above the 
biomechanical limits were measured for the head 
during the first contact primary impact. Due to the 
hard impact into the post, the left shoulder joint of 
the dummy was broken. 

Table 3.  Measured dummy loads for the full-
scale test shown in Figure 10 

Dummy 
load 

Primary 
impact 

Secondary 
impact 

Biomechanical 
limit 

Head 
HIC 

1,074 66 1,000 

Head 
a3ms 

125 g 28 g 80 g 

Chest 
a3ms 

39 g 39 g 60 g 

Pelvis 
a3ms 

15 g 57 g 60 g 

Femur 
Fleft 

3.4 kN 1.2 kN 10 kN 

Femur 
Fright 

0.5 kN 2.4 kN 10 kN 

 
     Concrete barrier 
The impact where the motorcycle slides onto its 
side into the concrete barrier is shown in Figure 12. 
The motorcycle left the sled at 59 km/h and the 
front wheel impacted the barrier at 46 km/h. 

The trajectories resulting from the analysis of the 
films from the overhead-view cameras are shown in 
Figure 13. 
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Figure 12.  Full-scale crash test where the 
motorcycle impacts the concrete barrier 
protection system in a sliding position 

 

Figure 13.  Overhead-view film analysis of test 
shown in Figure 12 showing the movement of the 
motorcycle and the dummy before and after 
impacting the concrete barrier protection system 

Table 4.  Measured dummy loads for the full-
scale test shown in Figure 12. 

Dummy 
load 

Primary 
impact 

Secondary 
impact 

Biomechanical 
limit 

Head 
HIC 

1,346 1 1,000 

Head 
a3ms 

135 g 8 g 80 g 

Chest 
a3ms 

50 g 4 g 60 g 

Pelvis 
a3ms 

16 g 4 g 60 g 

Femur 
Fleft 

4.1 kN 3.0 kN 10 kN 

Femur 
Fright 

1.6 kN 0 kN 10 kN 

 

Some of the measured dummy loads related to the 
point of first impact into the protection system and 
to the second impact onto the ground are shown in 
table 4. 

Deceleration of the motorcycle and dummy were 
not as rapid as during the impact where the 
motorcycle slid into the guard rail made from steel. 
Nevertheless the measured dummy decelerations 
for the primary impact were high, indicating a risks 
of severe and life-threatening injuries. The dummy 
head loads again lay clearly above the 
corresponding biomechanical limits. 

Impacts into a modified steel guard rail system 

The analysis of real-world crashes and the results of 
the crash tests shown above provided the technical 
basis to improve conventional roadside barriers 
made from steel with respect to protecting 
motorcyclists. As a first attempt a modified 
protection system was proposed and tested. 

Figure 14 provides some information in regards to 
structure and the geometry of the modified system. 
The system is a so called “Schweizer Kastenprofil” 
consisting of sigma posts and a closed box-shaped 
profile at the top. An additional underrun protection 
board was mounted near to the ground to prevent 
both the direct impact onto a post and movement of 
the motorcyclist underneath the barrier protection 
system. 

 
Schweizer Kastenprofil

150/180

Sigma post

300

150

750600

450

150

ground

M12

all dimensions in millimeters

Underrun
protection
rail

 

Figure 14.  Modified guard rail system with 
respect to better protection for impacting 
motorcyclists 
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Two additional full-scale crash tests were carried 
out to analyse the behaviour of this modified 
roadside protection system where the rider was in 
the upright-impact position and a scenario where 
the impacting motorcycle and rider were sliding on 
the road surface. 

     Impact where the motorcycle is in an upright 
     position 
Figure 15 shows the crash test where the 
motorcycle and dummy is moving upright at 
60 km/h and impacting the modified steel guard rail 
barrier system at 12°. After first contact into the 
barrier the motorcycle was redirected away from 
the barrier. The dummy separated from the 
motorcycle and fell onto the protection system. 
After sliding for a short distance on the guard rail 
the dummy fell to the ground on the opposite side. 
Because of the closed shape of the box-type profile, 
snagging did not occur and injury risk from impact 
was low as observed from the analysis of the film. 

 

Figure 15.  Full-scale crash test where the 
motorcycle impacts the modified steel guard rail 
system in an upright position 

The trajectories of the motorcycle and dummy 
before and after impact onto the protection system 
determined from the analysis of the film from the 
overhead-view cameras is shown in Figure 16. The 
characteristics of the trajectories are similar to the 
corresponding crash test onto the concrete barrier 
(compare Figure 8 and Figure 9 to Figure 15 and 
Figure 16). The motorcycle reached the final rest 
position 23 m after initial contact primary impact. 
In the case of the dummy, the distance between the 
location of the initial primary impact and the final 
rest position was measured as 22 m. 

 

Figure 16.  Trajectories of the motorcycle and 
dummy determined from the overhead view 
camera before and 230 milliseconds after 
impacting the modified steel guard rail system 
(see Figure 15) 

Measured dummy loads related to the initial 
primary impact into the protection system and to 
the secondary impact onto the ground are shown in 
Table 5. Except for the left and right femur all 
measured loads of the other body parts are low and 
clearly beneath the corresponding biomechanical 
limits. 

A compressive force of 6.3 kN for the right femur 
during the primary impact, 9.3 kN for the left femur 
and 6.5 kN for the right femur during the secondary 
impact, were markedly higher - compared to the 
corresponding results of the tests involving the 
concrete barrier and the unmodified steel guard. 
Even though this result was disappointing it could 
also be interpreted as an example of a worst-case 
condition. For instance, it was observed from the 
film sequences that the secondary impact of the 
dummy onto the ground occurred such that both 
legs initially struck the ground at the same time 
resulting in relatively high deceleration of the torso. 

 

Table 5.  Measured dummy loads for the full-
scale test shown in Figure 15. 

Dummy 
load 

Primary 
impact 

Secondary 
impact 

Biomechanical 
limit 

Head 
HIC 

1 103 1,000 

Head 
a3ms 

3 g 36 g 80 g 

Chest 
a3ms 

3 g 17 g 60 g 

Pelvis 
a3ms 

9 g 11 g 60 g 

Femur 
Fleft 

0 kN 9.3 kN 10 kN 

Femur 
Fright 

6.0 kN 6.5 kN 10 kN 
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     Impact where the motorcycle slides into the  
     barrier 
Figure 17 shows the crash test where the 
motorcycle and dummy slides on the road surface. 
The motorcycle left the sled at 60 km/h and 
impacted the barrier at 54 km/h. Due to the impact 
the underrun protection board broke and the 
motorcycle struck a Sigma post. The dummy 
separated from the motorcycle immediately after 
the initial primary impact and then the helmeted 
head struck the underrun protection board. 

 

Figure 17.  Full-scale crash test where the sliding 
motorcycle impacted the modified steel guard 
rail system 

The trajectories of the motorcycle and dummy 
before and after the impact into the protection 
system determined from the analysis of the film 
from the overhead-view cameras is shown in Figure 
18. The distance between the location of the initial 
primary impact and the final rest position is 1 m for 
the motorcycle and 7 m for the dummy. 

Table 6 gives an overview of measured dummy 
loads related to the primary impact and to the 
secondary impact. For the primary impact into the 
protection system all measured dummy loads were 
clearly less than their corresponding injury 
tolerance limits. However the measured 3-ms-96 g 
head acceleration during the secondary impact is 
above the tolerance limit of 80 g. Also the HIC in 
the secondary impact with a value of 510 but 
clearly beneath the limit of 1,000 is relatively 
severe. 

 

Figure 18.  Trajectories of the sliding motorcycle 
and dummy determined from the overhead view 
camera before and after impacting into the 
modified steel guard rail system (see Figure 17) 

Table 6.  Measured dummy loads for the full-
scale test shown in Figure 17 

Dummy 
load 

Primary 
impact 

Secondary 
impact 

Biomechanical 
limit 

Head 
HIC 

83 510 1,000 

Head 
a3ms 

43 g 96 g 80 g 

Chest 
a3ms 

10 g 31 g 60 g 

Pelvis 
a3ms 

11 g 19 g 60 g 

Femur 
Fleft 

0.9 kN 3.7 kN 10 kN 

Femur 
Fright 

3.6 kN 0.4 kN 10 kN 

 

In summary, the results from the crash tests show 
that the risk of injury for a motorcycle rider is much 
lower when impacting the modified system. The 
additional underrun protection board eliminated 
snagging of any parts of the impacting dummy. The 
additional board also absorbed kinetic energy as a 
result of its deforming during impact. However, the 
motorcycle was not redirected away from the 
protection system after initial impact. Hence, 
further improvements are still necessary to ensure 
the underrun protection board does not break and 
that the severity of the secondary impact onto the 
ground is reduced. Further questions arise whether 
the biofidelity of the Dummy Hybrid III is 
sufficient to accurately predict all injury risks a 
motorcyclist may be exposed to when impacting a 
roadside protection system and any subsequent 
impacts onto the road surface. 
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NUMERICAL SIMULATIONS 

Monash University’s Department of Civil 
Engineering has also carried out computer 
simulations to investigate motorcycle impacts into 
roadside barriers. The DEKRA results from the 
crash test, where the upright motorcycle impacts the 
concrete barrier, were used to validate a MADYMO 
motorcycle-barrier model. This model was then 
used to investigate other impact speeds, a 25° 
impact angle scenario and different impact 
scenarios between an upright motorcycle and a wire 
rope barrier system. 

MADYMO Models 

The MADYMO model consisted of four distinct 
systems; the road, the motorbike, the barrier and the 
rider. Two barrier types were modelled namely a 
concrete barrier and a wire rope barrier. 

The road was assigned as the inertial space on 
which the motorbike, barrier and rider operated. 

The motorcycle model with an adult male rider is 
shown in Figure 19. It represents a typical road 
motorbike with a dry weight of 240 kg. 

 
Figure 19 MADYMO motorcycle model 

 

The stiffness properties for the wheels, engine, steel 
and fibreglass chassis used for the motorcycle 
model were selected based on previous 
experimentally validated crashworthiness studies of 
a variety of vehicles carried out by Zou and 
Grzebieta. Because the motorcycle was constructed 
as a multi-body system, parts of the motorbike 
surface area had to be constructed in such a way as 
to be able to interact with the concrete barrier, the 
wire rope barrier and the road surface. 

The concrete barrier was modelled using a single 
ellipsoid with a height of 800 mm, a width of 
200 mm and a length of 10 m. The barriers weight 
was based on a material density of 2,500 kg/m3 and 

hence was assigned a very high stiffness function so 
that there was minimal defection of the barrier 
during the simulations. 

The wire rope barrier model was based on an actual 
installed system (Figure 20 and Figure 21). This 
barrier consisted of seven posts that supported the 
four wires of the barrier. The wires of the barrier 
that were modelled are made up of three high 
tensile steel cables woven together with an assumed 
yield stress of 500 MPa. They have a combined 
circumference of 60 mm and were represented in 
the model by a TRUSS2 finite element with a cross 
sectional area of 280 mm2 for each cable. The wires 
had an initial tension setting of 5 kN. Ellipsoids 
were used to model the support posts being 2  mm 
thick. 

A non-helmeted 50th percentile adult male 
Hybrid III MADYMO model was used for the 
rider. The rider’s seated position on the motorcycle 
is shown in Figure 19. The crash scenario where the 
rider was seated in an upright position was the only 
scenario analysed for the MADYMO model. 
Similarly only maximum value chest and head 
injuries were calculated and are listed here. No 
distinction was made between a primary or 
secondary impact. 

Figure 20 Four rope wire rope barrier 
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Figure 21 Wire rope barrier simulated in 
MADYMO 

Simulation Results 

     Concrete barrier 
Table 7 shows the resultant injury criteria from the 
DEKRA crash test compared to the MADYMO 
simulation where the rider impacts the concrete 
barrier in an upright position. Impact kinematics for 
an upright motorcycle with a rider impacting the 
concrete barrier are shown in Figure 22. The rider 
kinematics when compared to Figure 8 look similar. 
However the motorcycle seems to rebound from the 
wall, indicating further refinement of the model is 
required if it is to accurately model the actual crash 
test. 

 

 

     

             

                       

  
 
Figure 22 MADYMO simulation showing an 
upright seated rider on a motorcycle crashing 
into a concrete barrier at 60 kph and 12º 

At a shallow impact angle (12º) the resulting 
calculated injury for the head and chest indicate that 
some form of injury is probable but is below 
threshold limits. 

In each simulation the dynamics of the rider’s fall 
to the ground were different. Consequently each 
simulation produces different injury values. For 
example in the 25º collision at 80 km/h the rider 
does a full vault landing feet first rather than head 
first. Hence a slightly lower HIC value is obtained 
when compared to the slower speed collision at the 
same angle. 
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Figure 23 MADYMO simulation showing an 
upright seated rider on a motorcycle crashing 
into a wire rope barrier at 60 km/h and 12º 

 
Table 7. Measured dummy loads for the full-
scale test shown in Figure 17 

 
     Wire rope barrier 
Figure 23 shows the kinematics for an upright rider 
on a motorcycle impacting a wire rope barrier. The 
calculated injuries from the simulations suggest that 
serious injury would result regardless of speed and 
impact angle. 

In all simulations the motorcycle slides along the 
wires until it hits a post, squeezing and trapping the 
rider’s leg against the wires as it does so. The post 
contact causes the motorcycle’s front wheel to snag 
lifting the front of the motorcycle up and throwing 
the rider’s torso and head forward. Because the 
rider’s leg is trapped between the motorcycle and 
the wire ropes and the foot snags in the ropes, the 
head and torso slap into the front of the rising 
motorcycle. Eventually the leg becomes free as the 
motorcycle rotates and the rider is then catapulted 
over the barrier. This is a different result to the 
concrete barrier where the rider was thrown over 
the barrier with relatively little snagging or 
deceleration. 

In both the 60 km/h and 80 km/h impact speeds at 
an angle of 25º, the motorbike throws the rider into 
the air with the rider hitting the ground head first. 
Hence the high HIC. 

One of the motorcycling community’s key concerns 
with wire rope barriers was the possibility of a 
rider’s limb(s) becoming caught in the barrier 
during a collision. The simulations seem to indicate 
that this snagging effect occurs for both the rider’s 
leg nearest the barrier. However of greater concern 
is the snagging of the motorcycle’s front wheel on 
the barrier’s posts. 

Simulation Speed 
km/h 

HIC 
36ms 

Chest 
g 

DEKRA test 
(primary impact) 
(secondary impact) 

60 
 

 
0 

164 

 
4 
20 

60 44 15 12o Concrete barrier  
80 39 23 
60 133 32 25 o Concrete barrier  
80 100 20 
60 462 68 12 o Wire rope 
80 1205 100 
60 3,478 144 25 o Wire rope 
80 4,879 41 

  Injury criteria for a 50% male 1000 60g 
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Discussion 

Concerns have been raised by the motorcycling 
community about potential injuries resulting from 
collisions between motorcycles and wire rope 
barriers. To date little research has been undertaken 
to confirm or deny any concerns. 

The concrete barrier simulations seem to indicate 
that a motorcyclist impacting such a barrier in an 
upright position will sustain survivable injuries 
because of low decelerations during impact. 
However, the motorcyclist is exposed to 
considerable risk when catapulted over the barrier 
into the hazard being protected by the barrier, 
particularly if it is a median barrier and there is 
oncoming traffic on the other side. 

Simulations of the wire rope barrier collisions 
showed that regardless of angle or speed it is 
unlikely that the motorcyclist will clear the barrier 
very cleanly. In many cases the motorcyclist’s 
extremities became caught between the wires. This 
results in the rider being subjected to high 
decelerations and possible high injury risk 
secondary impacts into the road. 

In all the simulated wire rope barrier collisions, the 
wires guided the motorcycle into the posts leading 
to heavy contact with the post. The motorcycle and 
the rider were subjected to large decelerations 
because of this snagging effect and hence elevating 
the injury risk for the rider. 

While the simulations in this report are preliminary, 
and work is continuing to refine the MADYMO 
models and calibrate them against the DEKRA 
tests, they show that the risk of injury to a 
motorcyclist colliding with either a wire rope or a 
concrete barrier will be high. The findings also 
suggest that while the current design of flexible 
barriers has safety advantages over concrete 
barriers for passenger vehicles, the opposite may be 
true for motorcyclists. Most of all, it has 
highlighted the need for further research into the 
area of motorcycle collisions with various crash 
barriers. 

SUMMARY AND FUTURE WORK 

Vehicle safety is still a major area of applied 
research, technical development and engineering. 
Large gains have been achieved in regard to the 
long-term reduction of road users killed and 
severely injured over two decades now. But further 
efforts are necessary to maintain the continual 
reduction of the “road toll” cost paid every year as a 
consequence of modern societies demand for 
mobility and transport on our roads. 

From a political perspective example target 
objectives are outlined in the Commission of the 
European Community’s White Paper “European 

Transport Policy for 2010: Time to Decide” and in 
the “Vision Zero” legislation adopted by the 
Swedish Government. Common research objectives 
following an integrated holistic systems approach 
may provide the best potential to explore new 
options and/or better transform known solutions to 
improve vehicle and road safety in relation to the 
interaction between man, machine and 
infrastructure as a whole. The primary safety of 
vehicles has offered new perspectives but 
secondary safety seems to be offering further 
substantial gains in reducing road carnage. 

In this context the safety of motorcyclists is also of 
interest. There are safety system options available 
and elements that can be fitted to motorcycles to 
improve their secondary safety. But the secondary 
safety of vehicles - and especially of motorcycles 
does not depend entirely on the crashworthiness 
performance of the vehicle itself. 

Additional safety measures can be addressed by an 
actual research field called “compatibility”. 
Compatibility currently only addresses the 
interaction of two vehicles crashing into each other 
and the balancing of self protection and partner 
protection seen as an integrated optimum. For 
secondary motorcycle safety the car’s 
crashworthiness is very important as the most 
frequent crash partner in a motorcycle crash. 
However, the infrastructure, being compatible with 
cars, also needs to be considered in relation to 
motorcycle secondary “compatible” safety. As 
shown in the paper, research and engineering work 
dealing with motorcycle impacts onto roadside 
protection systems is another field of research 
where the secondary safety of motorcycle riders can 
be improved. 

Last but not least there are some more options 
where motorcycle rider crashworthiness can be 
improved by further improving their clothing. Not 
only is the behaviour of helmets, jackets and 
trousers, under isolated test conditions to assess and 
improve the damping and/or abrasion resistance of 
interest, but there is also an integrated approach 
possible with additional improvements of the 
performance of safety elements and systems fitted 
to the motorcycle itself and to the motorcycle 
rider’s clothing in relation to barrier impacts. 

Not only should research continue into improving 
the crashworthiness of car and truck roadside 
barrier impacts but research into improving 
motorcycle rider impact crashworthiness should 
also be considered. The research program presented 
in this paper will continue both in regards to 
experimental testing either in Germany or Australia 
and in regards to computer simulations to improve 
models so that novel crashworthy designs to reduce 
motorcycle injuries can be investigated. 
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ABSTRACT 

Alterations were made to the shoulders of the 
Japan Automobile Research Institute (JARI) 
pedestrian model. The International Harmonised 
Research Activities Pedestrian Safety Group 
(IHRA PSG) has chosen the JARI pedestrian model 
as a basis to develop an improved humanoid 
pedestrian model. It is anticipated that when the 
development and validation of this model has been 
finalised it can be used to refine the current IHRA 
pedestrian head impact test procedures. In the work 
described here the shoulders of the JARI pedestrian 
model were improved to more accurately represent 
the structure and range of movement observed in 
real shoulders. Improvements to the model were 
validated by comparing the original and modified 
models’ predictions against measures from Post 
Mortem Human Surrogate (PMHS) shoulder 
impact studies presented in the published literature. 
In contrast to the original JARI model the 
predictions from the modified JARI model were 
comparable to equivalent measures from the PMHS 
impact studies. Predicted peak shoulder impact 
forces from the original JARI pedestrian model 
were up to eight times larger than those measured 
in the PMHS impact studies or predicted by the 
modified JARI pedestrian model. Vehicle to 
pedestrian impacts were then simulated with the 
original and modified JARI models and predicted 
head impact responses from the models were 
compared. Head impact velocities from the 
modified JARI model were between 0.33 and 
1.43 m.s-1 (2 and 14 %) greater than those predicted 
by the original JARI pedestrian model. 
Furthermore, it was found that a vehicle strike to 
the rear of the pedestrian models rather than to the 
side, lead to an increase in head impact velocity of 
up to 4.55 m.s-1 (39 %). However, before the 
IHRA PSG make decisions on the JARI model’s 
head impact predictions further reviews of its 
structure and biofidelic responses are needed. 

INTRODUCTION 

The International Harmonised Research 
Activities Pedestrian Safety Group (IHRA PSG) 
has developed a sub-system head impact test 
procedure for assessing the aggressiveness of 
vehicle fronts in pedestrian head impacts. Many 

details of the IHRA head impact test procedure 
have been provisionally based on the predictions 
from pedestrian models developed by the Japan 
Automobile Research Institute (JARI), the National 
Highway Traffic Safety Administration (NHTSA) 
in the US and the Road Accident Research Unit 
(now the Centre for Automotive Safety Research, 
CASR) in Australia. These three models are 
lumped-mass models developed and run in the 
MADYMO code. Under the same impact 
conditions it was found that the three pedestrian 
models predicted significantly different head 
impact conditions. Therefore, the working group 
decided to develop an improved humanoid 
pedestrian model. The JARI model was chosen as a 
basis for the improved model because they were 
willing to make it available to the working group 
members. The intention of the working group is to 
identify and refine all the body parts of the model 
important to producing biofidelic head impact 
conditions. When the development and validation 
of this model is considered satisfactory, then it can 
be used to refine the current head impact test 
methods. 

It is anticipated that the response of the 
shoulder during vehicle to pedestrian impacts will 
be important to the resulting impact conditions for 
the head, especially if the shoulder strikes the 
bonnet first prior to the head impact. Previous work 
has been completed reviewing the shoulder 
response of the JARI pedestrian model under 
impact (Neale et al. 2003a,b) with a view to 
developing the model for the purpose of refining 
the IHRA pedestrian head impact test procedure. In 
comparison to measured results from PMHS 
shoulder impact studies presented in the published 
literature, it was found that the JARI pedestrian 
model provided a very poor representation of the 
human shoulder response under impact and was 
found to be very rigid. Furthermore, the 
modifications made to the modelled shoulders were 
not detailed enough to provide an acceptable 
representation of the biofidelic impact response of 
the human shoulder. For example, the shoulder to 
shoulder (acromion to acromion) displacement, 
predicted by Neale’s 2003 modification to the 
shoulder of the JARI pedestrian model was less 
than 1 mm, compared with an average of 39 mm as 
measured in Post Mortem Human Surrogates 
(PMHS) under equivalent shoulder impact 
conditions. The shoulder response of a further 
pedestrian model developed by TNO was also 
reviewed by Neale in 2003, this version of the 
TNO model was also found to provide a very rigid 
shoulder response compared with the measures 
obtained from the PMHS shoulder impact studies. 
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However, TRL understand that the TNO shoulder 
has been improved since.  

It is anticipated that a rigid shoulder, as is 
present in the JARI pedestrian model, could 
provide increased protection to the head in 
comparison to a real shoulder. This raises concerns 
on the accuracy of the model’s predicted head 
impact conditions for the purpose of developing the 
IHRA head impact test procedures.  Consequently, 
in response to this concern TRL Limited undertook 
a further study described here, funded by the UK 
Department for Transport (DfT), to develop a more 
biofidelic representation of the shoulder for the 
IHRA (JARI) pedestrian model. 

THE JARI PEDESTRIAN MODEL 

Figure 1 shows the external structure of the 
JARI pedestrian model. The model represents a 
50th percentile male pedestrian with a mass of 
72.5 kg. It consists of 27 anatomical segments 
joined by a series of kinematic joints.  Table 1 
details the connections between the anatomical 
segments of the model. With the exception of the 
elbows, the segments of the model are joined by a 
series of spherical or ‘ball-and-socket’ joints.  The 
elbows are formed from revolute or ‘hinge’ joints. 
All the joints have a defined stiffness characteristic 
to approximate the stiffness and range of motion of 
the equivalent anatomical joint. In addition to the 
regular anatomical joints such as the knees and 
elbows, further joints have been implemented in 
the model to simulate the bending response of the 
long bones in the legs and arms.  These have 
stiffness characteristics approximating the 
moments needed to bend the bones in these 
segments of the body. These joints are 8, 10, 13, 
15, 18, 20, 23 and 25 in Table 1. 

The JARI model was operated in this study with 
the bending response of the bones in the arms and 
neck locked (i.e. joints 5, 6, 18, 20, 23 and 25 in 
Table 1), and matched the model setup that had 
been used for runs of the model completed by the  
IHRA pedestrian working group (IHRA Pedestrian 
Safety Working Group, 2002). 

MODIFICATIONS TO THE SHOULDER OF 
THE JARI PEDESTRIAN MODEL 

The arms in the original JARI model are joined 
to the torso by spherical joints (joints 17 and 22 in 
Table 1) which are intended to characterise the 
complete relative range of movement between the 
torso and the upper part of the arm. In reality the 
connection between the torso and the upper arm 
consists of a much more complicated series of 
anatomical joints, ligaments, muscles and tendons 
connecting a series of bones in the shoulder. This 
more complex structure provides a more diverse 
range of movement in the shoulders compared with 
the spherical joints that have been used in the 

original JARI model. For instance, as shown by 
Neale et al. (2003a,b) published results from 
shoulder impacts to PMHS reveal a considerable 
degree of relative movement between the shoulders 
when impacted (i.e. acromion-acromion 
displacement), but this same response could not be 
recreated in the original JARI pedestrian model. 

Figure 1.  The JARI pedestrian model. 

Figure 2 details the osseous features of the 
human shoulder. At the anterior medial location of 
the shoulder the clavicle bone forms the 
sternoclavicular joint with the sternum, which is 
located at the centre of the rib cage. The lateral 
aspect of the clavicle forms the acromioclavicular 
joint with the acromion, a bony protrusion of the 
triangular shaped scapula bone, which lies on the 
posterior of the rib cage. The main body of the 
scapula bone is secured to the rib cage by a large 
number of back muscles. This configuration 
enables the scapula to freely float over the surface 
of the rib cage allowing a considerable amount of 
movement in the shoulder. Inferior to the 
acromioclavicular joint, the humerus (upper arm 
bone) connects with the scapula to form the 
humeroscapular joint. 

Modifications made to improve the shoulder of 
the JARI pedestrian model aimed to recreate as 
close as possible the physical structure and 
movement of the real shoulder. Figure 3 provides 
schematics of the improved shoulder developed for 
the JARI pedestrian model. At the location of the 
pedestrian model’s sternum a spherical joint 
overlays a planar joint which is rigidly fixed to the 
torso of the pedestrian model. The planar joint was 
introduced to consider the anticipated compression 
and displacement of the rib cage during shoulder 
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impacts, allowing a degree of medial-lateral and 
fore-aft movement only at this connection during 
simulated shoulder impacts. The spherical joint was 
introduced to represent the movement in the 
sternoclavicular joint. Axial rotation in this joint 
has been locked, although the joint is free to flex 
(rotate) in all other directions. 

Table 1 
Anatomical segments and joint connections of 

the JARI pedestrian model 
Joint 
number 

Joint 
description 

Joint 
type 

Joint 
initial 
condition 

Spine and neck 
1 Pelvis-

Lumbar 
Spherical Free 

2 Lumbar-
Abdomen 

Spherical Free 

3 Abdomen-
Thorax 

Spherical Free 

4 Thorax-
Clavicle 

Spherical Free 

5 Clavicle-
Neck 

Spherical Locked 

6 Neck-Head Spherical Locked 
Right and left legs 
7 & 12 Pelvis-Hip Spherical Free 
8 & 13 Hip-Femur Spherical Free 
9 & 14 Femur-Knee Spherical Free 
10 & 15 Knee-Tibia Spherical Free 
11 & 16 Tibia-Ankle Spherical Free 
Right and left arms 
17 & 22 Clavicle-

Shoulder 
Spherical Free 

18 & 23 Shoulder-
Upper arm 

Spherical Locked 

19 & 24 Upper arm-
Elbow 

Revolute Free 

20 & 25 Elbow-
Lower arm 

Spherical Locked 

21 & 26 Lower arm-
Hand 

Spherical Free 

Connected to the spherical joint is a 
translational joint representing the bending 
response of the clavicle. The lateral aspect of the 
translational joint is connected to horizontal and 
diagonal Kelvin elements which are fixed at their 
opposite ends to the posterior aspect of the 
pedestrian model’s torso. The connection between 
the translational joint and the Kelvin elements is 
intended to be equivalent to the acromioclavicular 
joint. The intention of the Kelvin elements is to 
represent the resistance of the scapula bone as it 
slides over the surface of the rib cage. 

Further to the connection between the 
translational joint and the Kelvin elements a hinge 
joint has been overlaid to consider the anticipated 
relative rotation and movement of the scapula 

about the acromioclavicular joint. Inferior to the 
hinge joint a planar joint has been introduced to 
represent the relative give within the 
humeroscapular joint under impact. Fore-aft and 
superior-inferior movement occurs in this joint but 
no rotation. Overlaying this planar joint a spherical 
joint has been introduced matching the type and 
stiffness characteristics of the joints used in the 
original JARI model to represent the complete 
shoulder response (i.e. joints 17 and 22 in Table 1). 
This spherical joint in the modified JARI 
pedestrian model is intended to represent the free 
range of motion typically observed in the 
humeroscapular joint. 

Clavicle
Acromion

Humerus

Sternum

Scapula

Anterior view of the shoulder 

Clavicle

Scapula

Humerus

Posterior view of the shoulder 

Figure 2. Details of the human shoulder. 

The location of the spherical joints representing 
the humeroscapular joints were maintained in the 
same positions as joints 17 and 22 (see Table 1) in 
the original JARI model. The position of the 
remaining joints used in the construction of the 
improved shoulders for the JARI pedestrian model 
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were based on measures presented in the published 
literature (Robbins, 1983). 
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Figure 3.  Schematic of the modifications made 
to the shoulder of the JARI pedestrian model. 

EVALUATION OF THE MODIFIED JARI 
MODEL’S SHOULDER RESPONSE 

The stiffness characteristics and range of 
movement in the shoulder structures of the 
modified JARI pedestrian model were tuned to 
approximate comparable measures from the Post 
Mortem Human Surrogate (PMHS) shoulder 
impacts studies of Compigne et al. (2003). In these 
impact studies four fresh PMHS were used as 
detailed in Table 2. For the impacts the PMHS 
were seated on a bench and instrumented with tri-
axial accelerometers secured at the following 
anatomical locations: 

In the mid-sagittal plane at T1 and 
sternum locations. 
To both the left and right hand sides of the 
internal and external clavicle extremities 
and into both acromion. 
On the impacted side only, two were 
screwed to the medial and inferior angles 
and two were screwed laterally onto the 
humerus, approximately 100 and 250 mm 
below the head of the humerus. 

The PMHS were struck by a guided impactor 
weighing 23.4 kg and fitted with a rigid 

150 x 80 mm rectangular impacting plate. A load 
cell was placed behind the impacting plate in order 
to record the impact force on the shoulder. The 
recorded force was corrected by a factor of 1.066 to 
allow for the mass of the impacting plate placed in 
front of the load cell. 

Table 2 
Details of the PMHS used in the shoulder 
impact studies of Compigne et al. (2003) 

Subject Age
(yrs)

Sex Weight
(kg) 

Height
(cm) 

Shoulder 
width 
(mm) 

Shoulder 
flesh 

thickness 
(mm) 

Left Right
1 77 F 67 161 335 20 24 
2 88 M 33 163 355 10 12 
3 79 F 52 159 355 12 10 
4 82 F 50 155 345 15 15 

The right shoulder of each PMHS was 
subjected to three sub-injurious impacts in which 
the initial impactor velocity was approximately 
1.5 m.s-1. For the three repeated shoulder impacts 
the PMHS were rotated at 0, +15 and -15 degrees 
with respect to the impact ram, as shown in Figure 
4. Following the three sub-injurious impacts to the 
right shoulder the PMHS were subjected to a 0 
degrees injurious impact to the left shoulder. For 
two of the PMHS the initial velocity of the 
impactor for the injurious impacts was 
approximately 4.2 m.s-1 and for the remaining two 
PMHS the left shoulders were impacted by an 
impactor having an initial velocity of 
approximately 6.0 m.s-1.

The original and modified versions of the JARI 
pedestrian model were modified to match the set-
up of the various shoulder impact tests as shown in 
Figure 5. Limited details were available concerning 
the set-up of the PMHS’s for the tests and many of 
these were estimated in the models. These included 
details on the exact seating posture of the PMHS 
and the geometry and structure of the bench that 
the PMHS were seated on for the impact tests. The 
simulated contact friction between the pedestrian 
models and the simulated bench was set at 0.3. 

As noted above, repeated shoulder impact 
simulations were completed with the modified 
JARI model and the joint characteristics and range 
of motion in the joints of the modified JARI 
shoulder were altered in order to tune the response 
of the model to that of the PMHS test data. During 
these simulations it was also found necessary to 
make the following additional alterations to the 
setup of the modified JARI pedestrian model: 

It was found during simulated shoulder 
impacts with the modified JARI pedestrian 
model that the contact definition between the 
high upper arm ellipsoids and the upper 
thorax ellipsoid (Figure 5) was obstructing the 
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relative shoulder to shoulder displacement. It 
was rationalised that this contact definition 
placed an unrealistic constraint on the model 
as the relative displacement between the 
shoulders will be mainly controlled by the 
anatomical connections between the 
shoulders. As such, the contact definition 
between the high upper arm ellipsoids and the 
upper thorax ellipsoid was removed. 
During simulated shoulder impacts with the 
modified JARI pedestrian model it was found 
that the contact definition between the high 
lower arm ellipsoids and the lower thorax 
ellipsoid (Figure 5) was obstructing the 
relative shoulder to shoulder displacement. It 
was rationalised that the offending contact 
definition was too stiff and did not allow for 
the fact that the thorax ellipsoids provide a 
poor representation of the stiffness and profile 
of the real human thorax. Hence, this contact 
definition was altered to allow approximately 
4 cm of free penetration between the 
ellipsoids in the contact prior to a contact 
restoring force being activated. 
The contact stiffness of the high upper arm 
ellipsoids (Figure 5) in the modified JARI 
pedestrian model was reduced. This lead to a 
slightly softer contact between the impactor 
and the right shoulder of the modified JARI 
pedestrian model in comparison to that 
generated between the impactor and the right 
shoulder of the original JARI pedestrian 
model. This change in the stiffness for the 
contact definition was partly based on the 
measured shoulder skin thickness of PMHS 
made by Compigne et al. (2003) as shown in 
Table 2. The contact stiffness of the high 
upper arm ellipsoids was also changed from a 
non-elastic contact to an elastic contact. 

Anterior

Posterior

00

Anterior

Posterior

Anterior

Posterior

00

+150+150

-150-150

Figure 4.  Setup of the PMHS sub-injurious 
right shoulder impacts from Compigne et al.
(2003). 

In addition to these modifications the mass of 
the original and modified JARI pedestrian models 
was reduced from 72.5 kg to 50.5 kg, equalling the 
average mass of the PMHS used in the impact tests. 
This was achieved by scaling the mass of each 
anatomical component of the modified and original 
JARI models by 0.69. 

Figure 5.  Set-up of the JARI pedestrian model 
for the simulated shoulder impacts. 

Results - Evaluation of the modified JARI 
model’s shoulder response 

The versions of JARI pedestrian model 
developed and applied in this study were run under 
the version 6.1 release of MADYMO. Furthermore, 
all experimental and simulated predictions were 
filtered at CFC180. For the evaluation the impact 
forces and acromion to acromion deflections 
predicted by the original and modified JARI 
pedestrian models were compared against 
equivalent measures made in the PMHS shoulder 
impact tests of Compigne et al. (2003). 

Sub-injurious shoulder impact conditions -
Measured and predicted shoulder impact forces and 
acromion to acromion displacements measured in 
the PMHS shoulder impact tests and predicted by 
the modified JARI pedestrian model are presented 
in Figure 6. As shown in the figure the predicted 
results are comparable in both magnitude and 
duration to those measured, for all directions in 
which the sub-injurious impacts to the right 
shoulders of the PMHS were simulated. In contrast 
to these results Figure 7 includes the predicted 
shoulder impact force from the original JARI 
pedestrian model for the 0° shoulder impact. It is 
noticeable in these results that the peak predicted 
shoulder impact force from the original JARI 
pedestrian model are over three times greater than 
those measured and predicted by the modified 
JARI pedestrian model. Furthermore, the profile of 

Upper thorax 
ellipsoid 

High upper 
arm ellipsoid

High lower 
arm ellipsoid

Shoulder 
impactor 

Lower thorax 
ellipsoid 
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the shoulder impact response is very different from 
that measured and predicted by the modified JARI 
pedestrian model. In the instance of the shoulder 
impact force there is an initial peak in predicted 
shoulder impact force followed by a series of short 
pulses due to a “chattering” contact between 
impactor and shoulder. This is a consequence of 
having a completely inelastic contact definition 
between the impactor and the shoulder in the 
original JARI pedestrian model. As described 
above this has been changed to an elastic contact 
definition for the modified JARI pedestrian model.  

It has been shown by Neale et al. (2003a,b) that 
the shoulders of the original JARI pedestrian model 
are rigidly connected and do not displace with 
respect to each other under shoulder impacts, i.e.
zero acromion to acromion displacement under all 
impact conditions. This behaviour is considerably 
different from that measured in the PMHS and 
predicted by the modified JARI pedestrian model, 
as shown in Figure 6, where even for the sub-
injurious impacts the peak acromion to acromion 
displacement is between 5 and 25 mm. 
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Figure 6.  Comparison of the modified JARI 
model’s predictions (red) with measured results 
from the PMHS sub-injurious impact tests of 
Compigne et al. (2003) (black). 

Injurious shoulder impact conditions - For 
the injurious shoulder impact conditions the 
modified JARI model again provides comparable 
predictions of shoulder impact force and acromion 
to acromion displacement to those measured, as 
shown in Figure 8. A noticeable difference in the 
results is that the modified JARI model predicts a 
second larger peak in shoulder impact force which 

is not observed in the experimental results. It is 
anticipated that this may be due to the fact that the 
modified model is currently unable to simulate 
damage to bones and ligaments of the shoulder. 
This explanation and behaviour is consistent with 
the lower peak values of acromion to acromion 
displacement predicted by the modified JARI 
model compared with those measured in the PMHS 
tests. 
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Figure 7.  Comparison of the original JARI 
model’s predicted shoulder impact force (blue) 
with that predicted by the modified JARI model 
(red) and measured in the PMHS sub-injurious 
impact tests of Compigne et al. (2003) (black). 
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Figure 8.  Comparison of the modified JARI 
model’s predictions (red) with measured results 
from the PMHS injurious impact tests of 
Compigne et al. (2003) (black). 

Figure 9 overlays the predicted shoulder impact 
forces from the original JARI pedestrian model 
with those measured in the PMHS tests and 
predicted by the modified JARI pedestrian model 
for the injurious shoulder impacts. The peak 
predicted shoulder impact forces from the original 
JARI pedestrian model are over eight times larger 
than those measured and predicted by the modified 
JARI pedestrian model and exhibit the same 
“chattering” response as predicted for the sub-
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injurious impact conditions. As previously noted, 
the original JARI model does not simulate 
acromion to acromion displacement. 
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Figure 9.  Comparison of the original JARI 
model’s predicted shoulder impact force (blue) 
with that predicted by the modified JARI model 
(red) and measured in the PMHS injurious 
impact tests of Compigne et al. (2003) (black). 

COMPARISON OF VEHICLE TO 
PEDESTRIAN HEAD IMPACT RESPONSES 

Five simulated pedestrian to vehicle impacts 
were completed with the original and modified 
versions of the JARI pedestrian model in order to 
assess the influence that the changes to the 
shoulder of the model have had on its predicted 
head impact response. Details of the setup of the 
simulations are presented in Table 3. Three vehicle 
shapes and two initial vehicle speeds were used in 
the simulations. The pedestrian models for the 
simulations were set in a natural walking posture as 
shown Figure 10, which closely matched the WP2 
stance set for the pedestrian models in the 
simulated pedestrian impacts completed by the 
IHRA and detailed in the IHRA Pedestrian Safety 
Working Group paper (2002). In all the simulations 
the pedestrian models were struck on the right hand 
side by the simulated vehicle, with the exception of 
model setup 5 in Table 3 in which the pedestrian 
models were rotated by 90° and were struck from 
the rear, as shown in Figure 11. These additional 
runs were completed to consider an impact 
condition in which the shoulder does not strike the 
bonnet and would not influence the interaction of 
the head with the vehicle.  

The structure of the simulated vehicle in the 
model runs matched that used by the IHRA in their 
model runs, as shown in Figure 11. It is constructed 
from three cylinders defining the edges of the 
bumper, bonnet and lower limit of the vehicle 
front. Planes have been joined between these 
cylinders to form the skart, bumper, bonnet and 
windscreen of the simulated vehicle. These 
geometric shapes were repositioned and resized to 
obtain the desired vehicle shapes for the simulated 
vehicle to pedestrian impacts. As indicated in Table
3 the pedestrian impact with the Mid-sedan at 
40 km.h-1 was repeated with a long and short 
bonnet to consider impacts in which the head 
respectively hits the bonnet and windscreen of the 
vehicle. The stiffness characteristics for the 
structures of the simulated vehicle were chosen to 
provide a “safe” vehicle impact with the pedestrian, 
with the bonnet, bumper and bonnet leading edge 
of the simulated vehicle having a maximum contact 
load of 4 kN past 0.02 m of contact penetration, as 
shown in Figure 12. The simulated friction between 
the soles of the feet and ground was set at 0.67 and 
that between the pedestrian dummy and the vehicle 
front was set at 0.3. For all the impacts the 
simulated vehicles had a simulated braking 
acceleration of 0.5 g. 

Front Side 

Figure 10.  Posture of the JARI pedestrian 
models for the simulated vehicle to pedestrian 
impacts. 

Results – Comparison of head impact conditions 
Table 4 provides the predicted head impact 

conditions and head, shoulder and neck loads from 
the original and modified JARI models’ predictions 
for the simulated vehicle to pedestrian impacts. 
Also included in the table are predictions from 
comparable simulated vehicle to pedestrian impacts 
completed by the IHRA working group with the 
original JARI pedestrian model (shaded values). 
However, in the simulations completed by the 
IHRA the arms of the pedestrian model were 
folded in front of the torso and the contact stiffness 
of the principle front end vehicle structures was 
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200 kN/m, i.e. considerably greater than the 
stiffness of the modelled vehicle used in the present 
study. Both of these vehicle stiffnesses are shown 
in Figure 12. The additional results from the IHRA 
provide added understanding on the variability that 
can be expected in the predictions from the model 
depending on how the simulations are set up. 

Side impact of JARI model

Rear impact of JARI model

Figure 11. Orientation of the JARI pedestrian 
models for the simulated vehicle to pedestrian 
impacts. 

Included in Table 4 are the effective head 
impact masses from the model runs which were 
calculated according to the following formula: 
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A discussion on the different methods available for 
calculating effective mass can be found in 
Annex A. 

Direct comparisons of the original and modified 
JARI model predictions obtained in this present 
study (i.e. all values in Table 4 excluding those that 
are shaded) provides an indication of the influence 
that the modifications to the shoulder have had on 
the model’s predictions. For these comparisons it is 
shown in Table 4 that the modified JARI pedestrian 
model predicts resultant head impact velocities 
which are between 0.33 to 1.43 m.s-1 (2 to 14 %) 
greater than those predicted by the original JARI 
pedestrian model. Overall, neither of the models 
consistently predicts the greatest head impact 

angles, although differences in these predictions 
range between 0.01 and 11.8° (0.01 and 32 %). 
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Figure 12. Stiffness characteristics of the 
modelled vehicle – (a) as used in the present 
study (pedestrian friendly vehicle 
characteristics) and (b) as used in the JARI 
model runs completed by the IHRA. 

A comparison of the predicted head impact 
velocities for setups 2 and 5 shows that rotating the 
pedestrian model by 900 so that it is struck from the 
rear leads to an increase in the head impact velocity 
of 3.45 (28 %) and 4.55 m.s-1 (39 %) for the 
modified and original models respectively. 

Predicted head impact forces were almost 
consistently the same at 4.18 kN, which was 
consistent with the upper contact load limit of 4 kN 
set for the bonnet in the model runs as shown in 
Figure 12. Similarly, none of the predicted shoulder 
impact forces exceeded 4.18 kN. An exception to 
this trend was the head impact force predictions 
from model setup 1 which exceed 5 kN as a result 
of the modified and original JARI model heads 
striking the simulated windscreen, which had stiffer 
contact characteristics than the bonnet. In all the 
simulations completed the impact was sufficient to 
cause an acromion to acromion displacement 
greater than 30 mm in the modified JARI 
pedestrian model. 
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Table 3 
Setup of the simulated vehicle to pedestrian 

impacts completed with the original and 
modified versions of the JARI pedestrian model 
Model 
setup 

Vehicle Model 
stance 

Vehicle 
speed 

(km.h-1)

Bonnet 
length 

1 Mid-
sedan 

Mid-
stance 

40 Short 

2 Mid-
sedan 

Mid-
stance 

40 Long 

3 Mid-
sedan 

Mid-
stance 

30 Long 

4 Mid-
SUV 

Mid-
stance 

40 Long 

5 Mid-
sedan 

900

Rotated 
stance 

40 Long 

Table 4 
Comparison of the modified and original (in 

brackets) JARI model predictions for simulated 
vehicle to pedestrian impacts. Shaded values are 

comparable values obtained by IHRA in their 
model runs of the original JARI pedestrian models 
with pedestrian unfriendly vehicle contact forces 

Model setup (see Table 3)
1 2 3 4 5

Resultant 
head impact 

velocity 
(m.s-1)

12.05 
(11.39) 

9.0 

10.75 
(9.32) 

9.0 

9.46 
(9.01) 
10.91 

12.08 
(10.93) 

14.20 
(13.87) 

Ratio of 
head impact 
and  vehicle 

velocity 

1.08 
(1.02) 
0.81 

0.97 
(0.84) 
0.81 

1.13 
(1.08) 
1.31 

1.09 
(0.93) 

1.28 
(1.25) 

Head impact 
angle 

(°) 

43.46 
(44.91) 

60.1 

80.82 
(69.05) 

78.4 

84.58 
(81.65) 

44.0 

84.84 
(84.83) 

29.47 
(40.49) 

Effective 
head impact 

mass 
(kg) 

5.12 
(4.34) 

4.23 
(4.13) 

4.21 
(4.02) 

3.63 
(3.60) 

6.12 
(4.98) 

Head impact 
force 
(kN) 

5.66 
(5.20) 

4.18 
(4.18) 

4.18 
(4.18) 

4.18 
(4.18) 

4.18 
(4.18) 

Head to neck 
force 
(kN) 

3.8 
(3.4) 

4.4 
(2.6) 

3.10 
(3.06) 

3.9 
(3.0) 

3.9 
(4.66) 

Acromion to 
acromion 

displacement 
(mm) 

48.2 
(0.0) 

42.0 
(0.0) 

34.0 
(0.0) 

50.0 
(0.0) 

44.1 
(0.0) 

Shoulder 
impact force 

(kN) 

3.60 
(3.83) 

4.18 
(4.18) 

3.07 
(4.18) 

3.16 
(4.18) 

3.78 
(4.18) 

Differences in the resultant head impact 
velocities and head impact angles predicted by the 
modified JARI pedestrian model with those 
previously obtained by the IHRA (shaded values in 
Table 4) range between 3.0 m.s-1 (29 %) and 40.6° 
(63 %) respectively. In two out of three of the 
possible comparisons of the results in Table 4 the 
resultant head impact velocities predicted by the 
modified JARI pedestrian model are greater than 
those previously obtained by the IHRA and in 

model run 3 the predicted head impact velocity 
from the JARI pedestrian model is lower than that 
previously obtained by the IHRA.  Unfortunately it 
is not possible to interpret the reasons for this 
outcome on account of the fact that in addition to 
the shoulder structure the posture of the pedestrian 
model and stiffness of the vehicle structure was 
different for these two sets of model runs. As such, 
it is not possible to gauge which of these 
differences has contributed to this shift in the 
pattern of the results. However, the comparison of 
these model predictions does highlight the 
variations that can be obtained in the predictions 
from the JARI model compared with those that 
have previously been obtained by the IHRA and 
used in the development of the IHRA sub-system 
head impact test procedures. 

DISCUSSION 

The modifications made to the JARI pedestrian 
model in this work have improved considerably the 
biofidelic impact response of the model’s 
shoulders. These modifications have also had a 
considerable influence on the predicted head 
impact response of the JARI model’s head during 
simulated vehicle to pedestrian impacts. This 
confirms the anticipated understanding at the onset 
of the work that the shoulder response is important 
to the dynamic response of the head during vehicle 
to pedestrian impacts. 

Strictly speaking the biomechanical evaluation 
does not show that the modified shoulder validates 
as inputs to the model have been altered 
(iteratively) in order to get the model’s predictions 
to match PMHS shoulder impact test results. These 
adjustments were made primarily to the 
characteristics of the Kelvin elements introduced 
into the shoulder, while fixed estimates were made 
for the characteristics of the joints added to the 
model. This was necessary because the required 
biomechanical data, which would typically be 
obtained from sub-system testing of the shoulder 
structure, was not available and certain anatomical 
features which would influence the shoulder 
response were not explicitly modelled. 
Nevertheless, by matching the key physical 
structures of the shoulder in the model with those 
of a real human and obtaining good agreement in 
five different impact conditions for the same model 
setup it is considered that the biofidelic response of 
the improved shoulder has been robustly tested. 

The results of this work have significant 
implications on the IHRA’s use of the JARI 
pedestrian model for developing aspects of the 
IHRA pedestrian head impact test procedures. It is 
implied from the model’s predictions that if the 
modified JARI pedestrian model developed in this 
study were adopted by IHRA then recommended 
initial head impact velocities for the IHRA sub-
system test procedures would be higher than if the 
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original JARI pedestrian model was used to obtain 
test parameters for the test procedures. In view of 
the fact that the modified JARI pedestrian model 
has been shown to provide accurate predictions of 
PMHS shoulder impact results there is increased 
confidence that the modified JARI pedestrian 
model provides predicted head impact conditions 
that are more representative than those of the 
original JARI pedestrian model. However, no firm 
conclusions can be drawn on what the final ratio of 
head impact velocity to vehicle speed should be at 
this stage. This will only emerge once the IHRA 
working group have completed their task of 
identifying and refining all the body parts of the 
model important to producing biofidelic head 
impact conditions. When the development and 
validation of this model is considered satisfactory, 
then it can be used to refine the current head impact 
test methods. Therefore, it is recommended that the 
TRL modifications made to the shoulder of the 
JARI pedestrian model should be adopted by the 
IHRA Pedestrian Safety Working Group as a first 
step towards developing their improved biofidelic 
pedestrian model. 

The previous modelling work completed on the 
JARI pedestrian model (Neale et al., 2003a,b) 
attempted to improve the model’s shoulder 
response by adopting the same shoulder structure 
as that used in the pedestrian model developed by 
CASR in Australia. In addition to this modification, 
further changes made to the structure of the model 
in this work included the removal of a secondary 
contact defined between the legs and arms of the 
model which was inadvertently introduced by the 
original authors of the model and the introduction 
of joints to simulate axial stretching in the spine, 
the details of which were also taken from the 
CASR pedestrian model. Despite the fact that the 
changes made to the shoulders of the model in this 
previous work did little to improve the biofidelic 
shoulder response of the model, in several vehicle 
to pedestrian impacts simulated with the modified 
and original JARI pedestrian models the modified 
pedestrian model provided predictions of head 
impact velocity between 0.33 and 0.86 m.s-1 (3.4 
and 6.5 %) greater than those predicted by the 
original JARI pedestrian model. The suggestion is 
that there exist additional representative changes 
that could be made to the JARI pedestrian model in 
order to improve the accuracy of its predicted head 
impact response during vehicle to pedestrian 
impacts. For instance, it is known that the modelled 
JARI spine has a far simpler structure and response 
than that of a real human spine. It is most likely 
that this simplification of a spine would have a 
considerable influence on the impact response of 
the head during vehicle to pedestrian impacts. 

It is noticeable from the models’ predictions in 
this present study that the largest influence on the 
predicted head impact response arose by striking 

the model from the rear rather than from the side. It 
is important to note that the whole body kinematics 
of the JARI model have not been validated for rear 
impacts as it has been for lateral vehicle to 
pedestrian impacts (IHRA pedestrian safety 
working group, 2002). As such it is necessary to 
place some caution on the absolute accuracy of the 
rear vehicle to pedestrian impact predictions and 
the interpretations that can be made. However, it is 
anticipated from these predictions that in addition 
to improving the biofidelic response of the 
pedestrian model, there are further alterations that 
could be made to the setup of the accident situation 
(including pedestrian stance) which could have a 
greater influence on predicted head impact 
responses. 

The current study used stiffness characteristics 
for the vehicle that were “safe”, with a maximum 
load per contact of 4.0 kN (see Figure 12). This 
was done because the IHRA test procedures are 
likely to be used to type approve cars, in which 
case the stiffness of those real cars would have to 
be broadly similar to that used. The contact 
stiffness is likely to be one of the main factors 
contributing to the differences noted between the 
‘original JARI model’ runs performed for this 
study by TRL and previously obtained by the 
IHRA.  It is therefore preferable that models used 
to obtain test parameters for type approval tests 
should have an appropriate i.e. “safe” vehicle 
stiffness, so that the headform test is representative 
of a real head impact into a type-approved vehicle. 

CONCLUSIONS 

The aim of this investigation was to improve 
the shoulder response of the JARI pedestrian 
model, which has been chosen by the IHRA to 
develop the IHRA pedestrian sub-system head 
impact test procedure. The purpose of completing 
the work has been to improve the shoulder 
interaction of the pedestrian model during 
simulated vehicle to pedestrian impacts and so 
improve the resulting interaction of the head with 
the simulated bonnet. The modifications made to 
the shoulder of the pedestrian model have 
attempted to accurately represent the structure and 
range of motion of the anatomical shoulder. 
Overall, the conclusions of the work are as follows: 

An improved shoulder model has been 
developed for the JARI pedestrian model. 
In comparison to the original shoulder, the 
structure of the improved shoulder model 
provides a much closer structural 
representation of the real human shoulder 
anatomy. 
In comparison to the original shoulder 
model, predictions from the improved 
shoulder model closely match measured 
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responses from PMHS shoulder impact 
test results. 
In general, it is implied from the models’ 
predictions that predicted head impact 
velocities for simulated vehicle to 
pedestrian impacts are higher for the JARI 
model with the improved shoulder model 
than they are for the original JARI 
pedestrian model. As such, the 
recommended IHRA sub-system head 
impact test velocities would be higher if 
the structure of the test method were based 
on the predictions from the JARI model 
with the improved shoulder response. 
However, no firm conclusions can be 
drawn on the correct head impact 
conditions until all body parts of the 
model, important to producing biofidelic 
head impact conditions, have been 
identified and improved. 
Although it is likely that the shoulder 
model could be further improved the 
robust testing of its biofidelic response 
suggests that it is sufficiently well 
developed for use by IHRA. 
It is thought likely that the other areas of 
the pedestrian model such as the spine 
may need to be improved before its 
predictions are sufficiently accurate for 
them to be used by IHRA to specify head 
impact conditions. 
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ANNEX A: EFFECTIVE MASS 
CALCULATION FOR TRL HEADFORM 
PARAMETER MODEL 

There are a number of ways of calculating 
effective mass when deriving a value for an 
impactor’s mass.  There are three decisions to be 
made: 

Use energy, impulse or average effective mass? 
Which direction to take? 
Which start and stop times to take when 
integrating? 

Document IHRA PS215 (2002) has the formula 
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dtaF
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. This is simply averaging the 
instantaneous effective mass values over the period 
t1 to t2. TRL hasn’t used this method because it’s 
possible to get values of acceleration (a) that are 
very close to zero.  These would at best have too 
much influence in the final result and could at 
worst give a result that was significantly high.  This 
risk is much greater when a specific direction is 
used rather than resultants. 

The energy method uses the deformation energy 
(obtained from integrating force by penetration) 
and the �v (which is of course the time integral of 

acceleration), and the formula 
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.
TRL has used this method in the past, for upper 
legform masses. 

The impulse method uses impulse (obtained 
from integrating force by time) and the �v, and the 

formula 
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. This is effectively 
average force over average acceleration.  This is 
the method used for the results reported. 

The effective mass can be different in different 
directions.  Physically, the forces required to cause 
a given acceleration will depend on the direction.  
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For instance, at the knee the effective mass would 
be least in the knee’s normal direction of 
movement (within its normal range), greater for 
lateral knee bending and highest of all for axial leg 
movement.  The headform parameter model is 
being used to find the appropriate parameters for a 
headform impact into a bonnet.  Although the 
headform may hit the bonnet at an angle, the �v
will be nearly normal to the bonnet, with the 
headform velocity parallel to the bonnet being 
relatively unchanged.  Therefore, TRL considers 
that the effective mass normal to the bonnet is the 
appropriate one to take, obtained by taking both 
bonnet-to-head force and head acceleration normal 
to the bonnet, ignoring orthogonal components.  
Using resultant acceleration would include neck 
interactions that cause head accelerations parallel 
to the bonnet, which are not appropriate for a 
headform impactor. 

One pair of runs with the normal length bonnet 
involved head to windscreen impact; in this case 
the force and acceleration were taken normal to the 
windscreen. 

IHRA PS215 (2002) gave three options for the 
start and stop times of the integration.  The 10% 
effective mass method is unlikely to work if the 
forces and accelerations are taken normal to the 
bonnet, as the effective mass will be more constant 
over the time history.  The dummy model HIC 
window can be quite different to the actual head to 
bonnet impact, because of acceleration components 
parallel to the bonnet, and hence to the eventual 
headform HIC window.  TRL therefore prefers and 
has used the 10% force method.   

IHRA PS215 (2002) doesn’t specify what 
points are taken when the time histories are not uni-
modal.  Where this occurred the period taken was 
from the first to the last 10% force value.  
However, in other cases if there should be a brief 
spike it might be more appropriate to take only the 
main part. 
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ABSTRACT 

This paper presents the value of “smart” 
restraint systems in mitigating the injury risk to 
occupant’s in a greater range of impact conditions 
than those presently considered in current 
regulatory and consumer impact tests. The work 
was carried out under the European 5th framework 
project PRISM (Proposed Reduction of car crash 
Injuries through improved SMart restraint 
development technologies). A generic MADYMO 
compartment model of a typical European midi-
MPV was developed with a conventional restraint 
system for the modelled driver. To identify 
variables that need to be considered in the 
performance of a “smart” restraint system and 
subsequently assess potential adaptations that could 
be made to a restraint system, two simulation 
studies were carried out with the developed model. 
The first of these studies investigated the influence 
that the following variables have on driver injury 
risk: occupant size (using both a Hybrid-III and 
human body models), the reclined position of the 
seat, the bracing response of the driver and thoracic 
fracture. Based on the models’ predictions it is 
implied that the kinematics and predicted injury 
risk of various sizes of human model are very 
different from those of a 50th percentile Hybrid-III 
dummy and that the reclined position of the seat 
and bracing response of the driver increases injury 
risk. It was not clear if fractures in the thoracic 
region would contribute to an increase in injury 
risk to other body regions. In the second simulation 
study investigations were performed to assess 
alterations that could be made to the modelled 
restraint system to adapt its performance to better 
protect different occupant sizes. It was concluded 
that if it were possible to adapt restraint 
characteristics to the specific occupant size, injury 
risk could be lowered. 

INTRODUCTION 

Current regulatory and consumer impact tests 
generally assess the effectiveness of restraint 
systems in protecting an averaged size dummy in a 
standard seated posture under a limited range of 
impact conditions. In comparison, the potential 

variables influencing a real occupant’s injury risk 
are more numerous and include the type and 
severity of the impact and the specific 
characteristics of the occupant (stature, weight, 
gender, seated posture, injury tolerance, etc.). Such 
issues have been discussed and highlighted in 
previous research (Holding et al, 2001, Schöneburg 
et al, 2003) and accident data studies (McCarthy et 
al, 2001, Cuerden et al 2001, Frampton et al,
2000). The potential therefore exists for hazardous 
impact conditions to arise that are not assessed by 
current testing protocols and conventional restraint 
systems are possibly not optimally developed for 
protecting occupants in these more diverse impact 
conditions. 

To cope with the wider circumstances of 
occupant injury risk it is expected that “smart” 
restraint systems will be needed that are able to 
adapt to the specific impact conditions and react to 
different occupant positioning and biomechanical 
tolerances. In response to the expected 
development and implementation of these systems 
in European cars the European 5th Framework 
project PRISM (Proposed Reduction of car crash 
Injuries through SMart restraint development 
technologies) was started in December 2002. 
Overall, the objectives of PRISM are to investigate 
the likely benefits of implementing “smart” 
restraint system technologies and to develop 
guidelines on how best to assess and validate the 
performance of these “smart” restraint systems. 

The objective of Work Package 3 (WP3) of the 
PRISM project was to assess the value of “smart” 
restraint systems in mitigating the injury risk to 
occupants in a greater range of impact scenarios 
than those presently considered in current 
regulatory and consumer impact tests. For this 
reason, an assessment of the injury risk to 
occupants in a greater range of impact conditions 
has been made. These results were used to identify 
injury risks that could be mitigated by the 
implementation of “smart” restraint systems and 
assess their applicability through potential “smart” 
alterations in a series of different scenario 
simulations. This paper details some of the 
predicted results obtained from the simulations 
completed under WP3 of the PRISM project. 

METHODOLOGY 

In order to assess the value of “smart” restraint 
systems in mitigating the injury risk to occupants 
the following methodology was adopted (WP3 of 
the PRISM project). A MADYMO compartment 
model of a generic midi-MPV with a conventional 
restraint system was developed to represent the 
majority of the European, post-2001, midi-MPV 
fleet. As EuroNCAP is the current measure against 
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which occupant protection is tested in Europe it 
was decided to use EuroNCAP as a baseline to 
assess the performance of the developed model. A 
midi-MPV EuroNCAP frontal impact was 
simulated with this generic model including a 
Hybrid-III model and evaluated against a variety of 
midi-MPV EuroNCAP test results. With the 
evaluated model two simulation studies were 
carried out. The first was to identify variables that 
needed to be considered in the performance of a 
“smart” restraint system such as occupant size, 
posture and bracing and the second to assess 
potential changes that could be made to a restraint 
system to better protect different occupant sizes. 
For the studies it was decided to include human 
body models since they allow the injury risk of 
varying occupant sizes to be investigated and 
potentially provide a more general insight into 
human-like behaviour during a crash.  

Two further MADYMO compartment models 
were developed representing the confines of a 
generic super-mini and a small family vehicle so 
that investigations of the influence that vehicle size 
have on occupant injury risk could be completed. 
However, only samples of the predictions from the 
midi-MPV compartment model are reported in this 
paper. 

Development of the models 

Generic midi-MPV compartment model -
The geometry of the midi-MPV compartment 
model was based on an average of basic measures 
taken from four post-2001 European MPV 
vehicles. The emphasis was to develop a generic 
midi-MPV compartment model representing the 
typical confines of a European midi-MPV. The 
term ‘midi’ used for the model describes the fact 
that the measures were made of the larger vehicles 
found in the EuroNCAP small MPV class. 

The compartment model was developed with no 
simulated intrusion and the motion of the modelled 
seat, steering wheel and column was rigidly fixed 
to that of the modelled compartment for simulated 
impacts. It was felt that this model setup was 
sufficient for simulating the injury risk in 
EuroNCAP impacts where it is normal to observe 
relatively little intrusion or relative displacement of 
the internal compartment structures. 

Restraint and airbag models - The initial 
setup of the modelled restraint system for 
simulating EuroNCAP impact conditions consisted 
of a belt with 4 kN load limiting at the shoulder, 
buckle pre-tensioning and a 55 litre single-stage 
frontal airbag model, as adapted from the standard 
MADYMO 6.2-alpha frontal impact application. 
An overview of the modelled belt setup is provided 
in Figure 1 and additional nominal values for the 
setup of the modelled restraint system for 
simulating EuroNCAP impact conditions are 

provided later in Table 1 of the paper. In the 
absence of specific data for developing the restraint 
system model these were estimated from the 
project consortiums working knowledge of these 
systems. Overall, the intention was to develop a 
modelled restraint system with a performance of 
safety consistent with that found in the majority of 
vehicles being released in the current European 
market. 

Figure 1. Setup of the modelled belt system. 

Evaluation of the compartment model 
It was anticipated that coupled with the 

compartment model the performance of the 
restraint system would provide a predicted level of 
safety consistent with that of a generic European 
midi-MPV. This anticipated performance of safety 
for the model was tested by comparing model 
predictions against equivalent measures obtained 
from a series of EuroNCAP tests completed on an 
equivalent size of vehicles. For the EuroNCAP 
simulation a MADYMO 50th percentile Hybrid-III 
dummy model was positioned in the driver seat of 
the midi-MPV compartment model and the 
EuroNCAP pulse from one of the tested vehicles 
was applied to the compartment model. 

Figure 2 provides examples of the comparisons 
made. It was found that the predictions from the 
Hybrid-III dummy model were comparable in 
magnitude to equivalent measures of the Hybrid-III 
dummies in the EuroNCAP impact tests. The 
predicted dummy chest acceleration in Figure 2 
does deviate from that measured at approximately 
70 ms. This was found to be due to a vertical 
component of chest acceleration coinciding with 
the contact of the legs with the modelled submarine 
bar and not a problem associated with the manner 
in which the restraint system had been modelled. 
Therefore, despite this deviation in the model’s 
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behaviour, it was felt that it was sufficiently 
developed for assessing the relative rather than 
absolute influence that alterations in impact 
conditions have on an occupant’s injury risk. 
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Figure 2. Comparison of predicted 50th

percentile Hybrid-III dummy responses (red 
lines) with equivalent measures (black lines) 
from EuroNCAP impact tests of five different 
midi-MPV vehicles. 

PARAMETER VARIATION STUDIES 

The following frontal impact simulation studies 
were completed with the midi-MPV compartment 
model: 

An assessment of potential variables that 
may need to be considered in the 
performance of a “smart” restraint system. 
An assessment of adaptations that could 
be made to a restraint system in order to 
better protect different occupant sizes. 

Assessment of potential variables to consider in 
the performance of a “smart” restraint system 

The purpose of this study was to investigate 
how selected accident variables influence occupant 
injury risk in order to determine possible factors 
that may need to be considered in the operation of 
“smart” restraint systems. Chosen accident 
variables investigated in this study were identified 
from accident data analysis, photographic studies 
(Bingley et al, ESV 2005, paper 319), simulated 

driver (Couper and McCarthy, 2004) and passenger 
(Morris et al, ESV 2005, paper 320) pre-impact 
response investigations completed in earlier stages 
of the PRISM project. The accident variables 
investigated and reported on in this paper and the 
reasons behind their inclusion in the investigation 
were as follows: 

Occupant size (baseline model runs) - Current 
regulatory and consumer impact tests concentrate 
on the impact response of a 50th percentile Hybrid-
III dummy. Results from McCarthy et al (2001) 
and the accident data analysis of the PRISM project 
(not currently reported) indicated that there was an 
increased injury risk to larger and smaller vehicle 
occupants. It is also questionable that dummy 
responses provide an adequate representation of the 
real human response in vehicle impacts. As such a 
series of frontal EuroNCAP simulations were 
completed with the 5th, 50th and 95th percentile 
human body models released with the 6.1 version 
of the MADYMO code. It was anticipated that 
these models would provide a more representative 
biofidelic response compared with that of the 
Hybrid-III dummy model providing an insight into 
the potential injury risk to real humans in an 
impact. Injury predictions from these model runs 
were then compared against equivalent predictions 
obtained from the evaluation model run using the 
50th percentile Hybrid-III dummy model detailed 
above. For the model runs involving the 5th and 95th

percentile human body models the seat position and 
upper anchorage for the belt were altered to 
comfortably fit the various occupant sizes in the 
compartment model. Changes made to the seat and 
belt anchorage positions matched limits for these 
variables measured in the vehicles on which the 
dimensions of the compartment model were based. 
Furthermore, the predictions from the human body 
models detailed in this section provided a baseline 
against which predictions from additional model 
runs using the human models could be compared.

Reclined 95th percentile driver - It was found 
from the results of the PRISM ‘Photographic 
Study’ (Bingley et al, 2005) that larger occupants 
tend to adopt a more reclined driving posture. This 
deviates from the seat setup for regulatory and 
consumer impact tests. Results from the PRISM 
‘Accident Data Study’ implied that this could be a 
contributory factor to injury risk, which is 
supported by the increased injury risk to larger 
occupants discussed above. To consider this setup a 
simulated EuroNCAP impact was completed in 
which the 95th percentile human model was set in a 
reclined posture with the seat reclined a further 20° 
from the baseline EuroNCAP frontal simulations 
detailed above. Predictions from this model run 
were then compared against equivalent predictions 
from the baseline 95th percentile human body 
model run. 
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Occupant bracing - In the PRISM pre-impact 
braking studies of Couper and McCarthy (2004) it 
was noticed that drivers, on perceiving a simulated 
hazard, tended to brace themselves prior to an 
imminent vehicle impact. The bracing response 
was characterised by the drivers pushing against 
the steering wheel and bracing their feet against the 
brake and footwell. However, this response does 
not match the setup of current regulatory and 
consumer impact tests, which are possibly more 
representative of occupants who are unaware of or 
have insufficient time to react to an impending 
impact. Occupant bracing in the model was 
represented by locking the motion of the hands and 
feet to that of the compartment model up until the 
point that the loading through the modelled 
occupant’s arms exceeded a defined limit. During 
this period all joints in the occupant model were 
locked. When the loading in the arms exceeded the 
defined loading limit the hands were then freed 
from the motion of the compartment model and the 
joints in the occupant model were unlocked. This 
then allowed the human model to passively interact 
with the modelled restraint system and the confines 
of the compartment model. It was not certain what 
load a typical adult could support through their 
arms in an impact. As such this limit was set at 
1 kN through each arm, which was considered a 
reasonable upper limit that could be supported by 
an adult with locked arms. The use of the 1 kN 
limit served an initial purpose of investigating the 
influence of this bracing response on an occupant’s 
injury risk. Further investigations with more 
accurate loading limits for the arms could be 
conducted if the limit was found to have a 
significant influence on the predicted injury risk or 
if the loading limit for the arms was later found to 
be considerably greater than 1 kN. Predictions from 
this bracing simulation were compared against 
equivalent predictions from the 50th percentile 
EuroNCAP baseline model run detailed above. 

Thoracic fracture - It was rationalised, 
following the PRISM ‘Accident Data Analysis’, 
that fractures in the thoracic body region could 
affect the performance of the restraint system 
during an impact and consequently influence the 
injury risk to body regions other than the thorax. 
This was considered to be a greater concern for 
older occupants who, as found in the PRISM 
‘Accident Data Analysis’ and the study completed 
by McCarthy et al (2001), were at a greater risk of 
injury than their younger counterparts. In order to 
consider the possible consequences of this 
behaviour simulations were completed in which 
additional belt length was introduced to the 
modelled belt system when the shoulder belt load 
exceeded a defined limit. It was anticipated that 
this belt representation in the model would 
approximate the sudden failure of thoracic features, 
such as the ribs, sternum or clavicle and the 

redistribution of load onto alternative body regions. 
For this investigation 6 cm of belt was introduced 
at the shoulder under shoulder belt loads of 1, 2 and 
5 kN resulting in three model runs in total. These 
belt length and belt loads were estimated to fulfil 
the immediate requirement of investigating the 
influence that thoracic fracture has on the injury 
risk to body regions other than the thorax. The 
occupant model used in these model runs was the 
50th percentile human body model and the 
compartment model was subjected to the 
EuroNCAP frontal impact pulse. Predictions from 
these model runs were then compared against those 
obtained for the baseline 50th percentile human 
body model run. 

Restraint system adaptations for different 
occupant sizes 

A series of parameter studies were completed to 
determine the required setup of the modelled 
restraint system to limit the injury risk under 
EuroNCAP frontal impact conditions of a 50th

percentile Hybrid-III dummy and 5th, 50th and 95th

percentile human body models. In these studies a 
number of restraint system parameters were varied 
across a specified range, presented in Table 1. The 
stochastic pre-processor ADVISER (Dalenoort et 
al, 2005) was used to generate the model run files 
for the parameter study. Altogether 50 model 
parameter runs were completed with each occupant 
model resulting in 200 model runs in total. Best 
Latin Hypercube sampling was used to determine 
the setting of the restraint system parameters in the 
model runs. This sampling distributes the samples 
over the design space, while maintaining its 
random character. 

An overall injury risk prediction from the 
baseline model runs was used as a baseline against 
which improvements in the performance of the 
adapted restraint systems could be assessed. The 
overall injury risk prediction used to assess 
performance improvements in the modelled 
adapted restraint systems was a predicted form of 
the Injury Severity Score (ISS). Predictions of 
HIC36, the highest of Chest 3ms, Combined 
Thoracic Injury (CTI) criterion, the knee forces for 
the human model and the femur forces for the 
Hybrid-III dummy model were obtained. These 
predictions were then compared against injury risk 
curves available on the US National Highways 
Traffic Safety Administration (NHTSA) website 
(www.nhtsa.dot.gov) to obtain Abbreviated Injury 
Scores (AIS). A reduced form of the ISS was then 
calculated for each model run based on these 
estimated AIS scores. A femur load cell was not 
available in the human models and explains why 
knee force was used to assess predicted injury risk 
in the legs. From all the estimated ISS values, the 
lowest ones were considered to correspond to the 
best performing restraint systems, within the 
variations performed in the current study. 
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RESULTS 

Analysed predictions from the model runs were 
to injury criteria associated with the head and 
chest: HIC36, Chest deflection and CTI. Lap belt 
loads were analysed in some of the model studies 
to provide a relative measure of the potential injury 
risk to the abdomen in the absence of an accepted 
injury criterion for assessing abdominal injuries. 
Analysis of the modelled occupant kinematics was 
also performed in order to capture potentially 
hazardous conditions that may not be highlighted 
by conventional injury criteria. 

Table 1 
Parameters varied in the restraint system 

adaptation study for different occupant sizes 

Restraint system 
parameter 

Range of variability 
(nominal value) 

Airbag mass flow 50–150% (100%) 

Airbag fire time 10-40ms (25ms) 

Load limiter 2–7kN (4.1kN) 

Pre-tensioner 1-4kN (always < load 
limiter) (1.5kN) 

Pre-tensioner fire time 10-40ms (25ms) 

Results – Assessment of potential accident 
variables that would need to be considered in 
the performance of a “smart” restraint system 

Occupant size (baseline model runs) -
Occupant kinematics: Figure 3 provides the initial 
and 120 ms posture of the occupant models for the 
comparable EuroNCAP simulations completed 
with the 50th percentile Hybrid-III dummy model 
and the 5th, 50th, and 95th percentile human models. 
It was noticed in the simulations that unlike the 5th

percentile human model and 50th percentile Hybrid-
III models the heads of the 50th and 95th percentile 
human models struck the roof/windscreen of the 
compartment model. The head of the 50th percentile 
human model struck the roof/windscreen following 
rebound from the frontal airbag. Due to the 
rebound from the airbag the head contact with the 
roof/windscreen was of relatively low severity as 
indicted by the low head injury risk predictions 
obtained for this model run discussed later. In 
contrast the 95th percentile human model struck the 
roof/windscreen as it went forward into the airbag 
and experienced a much greater predicted head 
injury risk. The predicted head strikes with the 
roof/windscreen were partly attributed to the 50th

and 95th percentile human models’ spines that 
experienced a large amount of rotation about the 
vertical axis, which allowed the unrestrained 
shoulder and head to move further forward with 
respect to the compartment. This was found to be 
greatest in the 50th percentile human model as 

shown in Figure 4. In comparison there was very 
little vertical spine rotation in the 5th percentile 
human model and no noticeable rotation in the 50th

percentile Hybrid-III model. 
A further factor contributing to the head strike 

was that the pelvis’s of the 50th and 95th percentile 
human models translated rather than penetrated 
into the seat during the impact and the pelvis of the 
models (though more so in the 95th percentile 
human model) rotated over the top of the lap belt, 
so elevating the position of the head within the 
confines of the compartment model. This was 
coupled with a considerable amount of stretching in 
the thoracic and cervical spines of the 50th and 95th

percentile human models. In contrast the pelvis’s of 
the 5th percentile human and 50th percentile Hybrid-
III models penetrated into the seat and dropped 
under rather than rotated over the lap belt and 
experienced considerably less stretching in the 
spine. This point is emphasised by the differences 
in the peak seat loads predicted for the 50th

percentile Hybrid-III model and the 50th percentile 
human models, which were respectively 9.0 kN and 
2.3 kN. 

Injury predictions: The injury predictions from 
the models were normalised to allow for the 
different injury tolerances of the various occupant 
sizes. The normalising process was based on the 
experimental data gathered by Mertz et al (2003). It 
was determined from this work that in order to 
normalise the injury risk of a 5th percentile 
occupant to that of a 50th percentile occupant the 
HIC15, chest deflections, neck extensions, and lap 
belt loads should be scaled by 0.9, 1.96, 1.22 and 
1.37 respectively. Comparable scaling factors 
determined for a 95th percentile occupant were 
respectively 1.04, 0.75, 0.9 and 0.84. Although 
predicted HIC36 rather than HIC15 was obtained 
from the models in this present study it was still 
considered more meaningful to use the proposed 
scaling factors for HIC15 than compare absolute 
head injury risk predictions for the various 
occupant sizes. No additional normalisation was 
made to allow for differences in the behaviour of 
human and Hybrid-III dummy model responses. 

Figure 5 provides the percentage difference 
between the normalised predictions from the 
human body models against those predicted by the 
50th percentile Hybrid-III model. It shows that all 
the 5th percentile human model’s predictions of 
injury risk, with the exception of neck extension 
were at least 50% lower than those predicted by the 
50th Hybrid-III dummy model. The predicted neck 
extension for the 5th percentile was 13% greater 
than that of the 50th percentile Hybrid-III dummy 
model. It was unexpected to find that the lap belt 
load for the 95th percentile human model was 64% 
lower than that predicted by the 50th percentile 
Hybrid-III dummy model. Further examination of 
the model animations and predictions attributed 
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this response to the fixed anchorages defined for 
the restraint systems in the model. Moving the seat 
backwards for the 95th percentile human model run 
placed the belt buckle in a more vertical alignment 
with its anchorage point. During the model run the 
belt buckle rotated a greater amount about its 
anchorage point for the 95th percentile model run 
than it did for the other occupant sizes. This 
effectively introduced additional belt slack into the 
belt system and limited the loads through the lap 
belt. All other analysed injury predictions for the 
95th percentile human model were above those 
predicted by the 50th percentile Hybrid-III dummy 

model. Higher neck extensions for the 50th and 95th

percentile human models were found to occur at 
the initial stages of the heads’ contacts with the 
inflated airbag. Chest compression for the 50th

percentile human model was over 50% greater than 
that predicted by the 50th percentile Hybrid-III 
model. Overall it was implied from the model’s 
predictions that the injury risk for a 50th and 95th

percentile human models is greater than that of a 
50th percentile Hybrid-III dummy model. In 
contrast, the overall lowest injury risk was 
predicted for the 5th percentile human model. 

0 ms 120 ms 

50th percentile Hybrid-III model 

5th percentile human body model 

50th percentile human body model 

95th percentile human body model 

Figure 3. Frames from the animations of the 50th percentile Hybrid-III and 5th, 50th and 95th percentile 
human body models for the midi-MPV EuroNCAP simulated impacts (baseline model runs). 
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50th percentile Hybrid-III model 5th percentile human model 

50th percentile human model 95th percentile human model 

Figure 4. Observed differences in the rotations experienced by the spines of the 50th percentile Hybrid-III 
and 5th, 50th and 95th percentile human models for the midi-MPV EuroNCAP simulated impacts (baseline 
model runs). 
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Figure 5. Percentage differences in the injury 
predictions from the 5th, 50th and 95th percentile 
human models against those of the 50th

percentile Hybrid-III dummy model for a 
EuroNCAP simulated impact. 

Reclined 95th percentile driver - Occupant 
kinematics: In the initial seated posture the 
shoulders of the reclined 95th percentile human 
model were behind the upper anchorage leading to 
a poor fit of the diagonal belt across the chest as 
characterised by a considerable gap between belt 
and chest (Figure 6). Similar poor belt fits were 
observed for reclined front seated passengers in the 
PRISM ‘Passenger Pre-Impact Response Study’ of 
Morris et al, (2005). The head of the reclined 
model was also initially lower than that of the 
comparable baseline 95th percentile human model 
shown in Figure 3. In contrast to the baseline 95th

percentile human model, which slides across the 
seat, the pelvis of the reclined model initially 
submarined into the seat penetrating it 15mm more 
than that of the baseline model. The underside of 

the dummy struck the submarine bar, which led to 
a high seat contact for the reclined model compared 
with that of the 95th percentile baseline model 
response. The pelvis rotated anti-clockwise as 
viewed in Figure 6, over the lap belt and 
subsequently the head of the reclined occupant was 
driven upwards into the roof/windscreen of the 
compartment. As a consequence of the relatively 
large amount of initial belt slack the reclined model 
moved further forward in the seat during the impact 
and this led to the upper part of the abdomen 
striking the lower part of the steering wheel 
possibly increasing the injury risk to the abdomen. 
Furthermore, there was less vertical rotation of the 
reclined modelled spine compared with that of the 
baseline 95th percentile model run. This is evident 
by comparing the top view of the reclined model in 
Figure 6 with the comparable image in Figure 4.

Injury predictions: As shown in Figure 7 the 
HIC, neck extension and lap belt load of the 
reclined occupant were over 70% greater than the 
equivalent injury measures predicted by the 
baseline 95th percentile human model. The lap belt 
load for the reclined model was 242% greater than 
that of the baseline 95th percentile model. This was 
attributed to the greater forward excursion of the 
reclined model in the seat during the impact. 
However, the difference in the chest deflection for 
the baseline and reclined occupant models was less 
than 4%. Based on these predictions it would 
appear that reclined occupants experience a greater 
risk of injury in an impact. 
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0 ms 

120 ms 

Top view 120 ms 

Figure 6. Frames from the model run 
investigating the influence that a reclined 
posture has on the predicted injury risk from a 
95th percentile human model 

Occupant bracing - Occupant kinematics: The 
simulated bracing response delayed the forward 
excursion of the 50th percentile human body model 
by up to 25ms. Furthermore, the penetration of the 
braced occupant into the compartment seat was 
10mm (25%) more than the seat penetration 
predicted for the baseline model run with no 
simulated occupant bracing. No other obvious 
differences were noticed in the response of the 
braced and baseline 50th percentile human model 
responses. 
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Injury predictions

Figure 7. Percentage differences in the injury 
predictions from the reclined 95th percentile 
human model against those of the baseline 95th

percentile human model. 

Injury predictions: All investigated injury 
predictions from the braced 50th percentile human 
model were between 5 and 20% greater than those 
obtained for the baseline 50th percentile human 
model (Figure 8). It was implied from this set of 
results that bracing in an impact, which is not 
considered in the current setup of regulatory and 
consumer impact tests, appears to increase the 
injury risk to an occupant. 
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Injury predictions

Figure 8. Percentage differences in the injury 
predictions from the braced 50th percentile 
human model (1 kN limited arm load) against 
those of the baseline 50th percentile human 
model. 

Thoracic fracture – Occupant kinematics: For 
all three model runs in which thoracic fracture was 
simulated the abdomen of the 50th percentile human 
model contacted the lower part of the steering 
wheel. Based on these predictions it is implied that 
thoracic fracture could increase the possible injury 
risk to the abdomen. This could have been 
anticipated due to the additional belt length added 
to the restraint system during the simulated 
impacts. No further differences in the kinematics of 
the model runs simulating thoracic fracture with 
those of the baseline model run were observed. 

Injury predictions – With simulated thoracic 
fracture all HIC36 predictions were slightly higher 
than the predicted HIC36 from the baseline 50th

percentile human model run (less than 5 % 
difference as shown in Figure 9). Both neck 
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extension and lap belt load were lower for the 
thoracic fracture model runs by between 3 and 15% 
and 5 and 23% respectively. Although differences 
in the chest deflections were less than 5% this set 
of results was obsolete for this particular 
investigation as the objective was to investigate the 
influence that a fracture in the thoracic body region 
might have on the injury risk to other regions of the 
body. As such it could be expected for this set of 
model runs that the chest injury risk for the thoracic 
fracture model runs was already greater than that 
for the baseline 50th percentile human model run. 
The lower predicted belt loads for the model runs 
imply that there was a reduced injury risk to the 
abdomen, possibly counteracting the increased 
injury risk brought about by the contact of the 
abdomen with the steering wheel as discussed 
above. Based on these predictions it was not 
possible to suggest if thoracic fracture would have 
an increased injury risk to body regions other than 
the thorax. 
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Figure 9. Percentage difference in the injury 
predictions from the thoracic fracture response 
model runs with those predicted by the baseline 
50th percentile human model run. 

Results – Restraint system adaptations for 
different occupant sizes 

The adaptations made to the parameters of the 
modelled restraint system and the subsequent 
injury predictions from the occupant models in the 
parameter model runs were visualised using the 
‘snake view utility’ in ADVISER, as shown in 
Figure 10. This figure shows how three adaptations 
made to the setup of the modelled restraint system 
(black lines) influenced the predicted injuries from 
the 95th percentile occupant model. The blue line 
provides the setup and outputs from the 95th

percentile occupant model for the baseline model 
run with no restraint system adaptations. The 
magnitude of values set for the adapted restraint 
system parameters is indicated by the black vertical 
lines in the left hand side of Figure 10 and the 
magnitude of the occupant model’s injury 
predictions is provided in the red vertical lines on 
the right hand side of the figure. As can be 
appreciated, the snake view provides an instant 
overview of the influence that variations in model 

inputs have on model predictions. For this 
investigation the snake views were used to provide 
an instant indication of the adaptations of the 
modelled restraint system that provides the lowest 
overall occupant injury risk. It is indicated from the 
example of the results obtained for the 95th

percentile occupant model shown in Figure 10 that 
increasing the load limiting level is the dominant 
parameter in mitigating the overall injury risk for 
the 95th percentile human model. However, despite 
the high load limiting force levels and 
corresponding high belt forces predicted for the 
95th human model the chest injury risk is decreased 
with respect to the baseline simulation. 

The predicted ISS for the baseline and best 
adapted restraint systems for the 50th percentile 
Hybrid-III and 5th, 50th and 95th percentile human 
body models is given in Figure 11. The greatest 
reduction in predicted ISS is achieved for the 95th

percentile human model, with a reduction of up to 
65% from the baseline situation in which there is 
no restraint system adaptation for occupant size. A 
major point contributing to this reduction in 
predicted ISS was that the best performing 
adaptation to the restraint system prevented the 
head of the 95th percentile human model from 
impacting the roof/windscreen of the compartment 
(Figure 12). It was found in the PRISM ‘Accident 
Data Study’ that similar roof/windscreen head 
strikes to those predicted by the baseline model 
runs do occur. As such it is indicated from the 
models’ predictions in this work that adaptations 
could be made to the setup of the restraint systems 
to prevent head strikes with the roof/windscreen. 

Predicted ISS for the 50th percentile human 
model was reduced by approximately 50% and 
minor reductions in injury risk were achieved for 
the 5th percentile human model and the 50th

percentile Hybrid-III dummy model. The low 
reduction in the injury risk to the 5th percentile 
human model was possibly a consequence of the 
low initial injury risk for this model in the baseline 
case, as shown in Figure 5. Low reductions for the 
50th Hybrid-III dummy model could be expected on 
account of its exclusive use in assessing the 
performance of restraint systems in current 
regulatory and consumer impact tests. 

The current parameter adaptation study of the 
modelled restraint system has investigated a 
relatively limited (50 in total) set of variations in 
the set up of the modelled restraint system in order 
to mitigate injury risk for a variety of occupant 
sizes. There are additional configurations of the 
restraint system that could yield greater reductions 
in the predicted ISS. In this respect the current 
parameter study provides an improved rather than 
an optimized restraint system solution for each 
occupant size. Even so, based on the reduction of 
predicted ISS for all four scenarios (5th, 50th, 95th

percentile human models and 50th Hybrid-III 
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dummy model), it is implied from the models’ 
predictions that if the restraint systems could be 
adapted to the most optimal setup for the particular 
occupant, “smart” restraint systems could 
considerably improve overall occupant safety. The 

compartment models developed in the PRISM 
study could support the optimisation of such 
systems. 

Figure 10. Example results from the restraint system adaptation model runs completed with the 95th

percentile human body model. Baseline restraint system parameter values and the 95th percentile human 
model’s injury predictions are indicated by the blue line. 
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Figure 11. Comparison of the overall injury risks predicted for the baseline simulations and for the best 
adapted restraint system for each occupant size. 
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Baseline response of 95th percentile 
human model – Head to roof contact

Response of 95th percentile human model with 
adapted restraint – No head to roof contact 

Figure 12. Baseline response and adapted restraint system response of the 95th percentile human model. 

DISCUSSION 

It is implied from the models’ predictions in 
this work that there are wider circumstances 
influencing injury risk that are not considered in 
current regulatory and consumer impact tests and 
that “smart” alterations of the restraint system 
could be made that could reduce the injury risk for 
all vehicle occupants. 

With respect to comparisons of the predictions 
from human and dummy models it has been found 
that the responses of human models are very 
different from those of a 50th percentile Hybrid-III 
dummy model. If this observation is consistent 
with expected behaviours in real accidents this 
emphasises the concern that restraints may be 
optimised for the responses of dummies and not 
humans. This is supported by the fact that predicted 
injury values for the 50th and 95th percentile human 
models in this work were greater than those of a 
50th percentile Hybrid-III dummy model. 
Unexpectedly, the predicted injury risk for the 5th

percentile human model was lower than that of the 
50th percentile Hybrid-III dummy model despite 
contrary evidence in the published literature. For 
instance, McCarthy et al (2001) found that greater 
injury risk is associated with older vehicle 
occupants, heavier taller males and smaller lighter 
females. In view of these findings it was proposed 
by them that “smart” restraint systems would prove 
most beneficial in protecting these occupant 
groups. It is anticipated that the low injury 
predictions for the 5th percentile human model 
obtained in this work are the result of an ideal 
initial seat posture for the 5th percentile human 
model shown in Figure 3. In practice, and evident 
from the PRISM ‘Photographic Study’ (Bingley et 
al, 2005), smaller female occupants are more 
inclined to lean further forward and therefore 

increase their injury risk in an impact. This issue 
will be investigated further in future work within 
the PRISM project. 

Increases in injury risk were also predicted by 
the models if the reclined position of the seat is 
increased and the occupant braces in an impact. In 
addition to the variations in occupant size and 
differences predicted in the injury risk of human’s 
compared with dummies, these factors would 
appear to be additional points that could or should 
be considered in the response of a “smart” restraint 
system. However, especially in the instance of 
simulating the braced occupant response, a basic 
modelling approach has been adopted to represent 
this behaviour in the model. This effectively 
delayed the impact of the occupant with the airbag 
but neglected to consider how additional bracing 
actions such as muscle tensing affect injury risk. 
The predicted increased injury risk with occupant 
bracing found in this study could therefore be an 
inherent feature of the occupant model or the 
manner in which bracing was represented in the 
model. Similar conclusions could be made about 
the manner in which thoracic fracture was 
represented in the models. In the predictions from 
these model runs it was not clear if thoracic 
fracture would promote an increased injury risk in 
alternative body regions other than the thorax. It is 
considered that further modelling work could be 
completed to investigate in greater detail how these 
factors influence occupant injury risk. 

Similar parameter studies to those presented 
here have been completed by other researchers 
investigating the influence that occupant size and 
mass has on injury risk and how adaptations to the 
setup of the restraint system could be made to 
reduce predicted levels of injury risk (Happee et al,
1998b, Iyota and Ishikawa, 2003 and Holding et al,
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2001). Holding et al (2001) obtained predicted 
reductions of up to 41, 18 and 23% in HIC36, chest 
acceleration and chest compression respectively, by 
varying seat belt anchor height, pre-tensioner 
stroke, load limiter maximum force and airbag size 
and vent area, for a family of Hybrid-III dummy 
models. They went on to substantiate some of these 
predicted improvements in restraint system 
performance in sled tests with 5th, 50th and 95th

percentile Hybrid-III dummies with standard and 
adapted restraint systems. Similar levels of 
improvement in restraint system performance have 
been observed in the predictions from the models 
used in the work described in this paper. 

In the earlier modelling studies presented 
above, the investigators also considered greater 
variations in occupant size to the conventional 5th,
50th and 95th percentile body proportions 
considered in this present study. They investigated, 
in simulated vehicle impacts, the injury risks to 
occupants with tall and thin and short and squat 
proportions, and found that the scope of the injury 
risk problem is greater than that associated with 
conventional dummy proportions. In the work of 
Iyota and Ishikawa (2003), it was found that even 
with adapted restraint systems for 5th, 50th and 95th

percentile Hybrid-III dummy models investigations 
with occupant models having a different body mass 
index to the conventional body proportions could 
still experience an elevated injury risk. These 
findings support the need to optimise the restraint 
system properties to the individual requirements of 
the occupant proportions and should not be 
restricted to standard 5th, 50th and 95th percentile 
dummy sizes. Furthermore, this links with the 
important issue that adapted or “smart” restraint 
systems should not compromise the safety of 
occupants whose characteristics are different from 
those on which the restraint system have been 
adapted for. 

In contrast to the previous work discussed 
above, the PRISM study has so far limited 
investigations to the injury risk to 5th, 50th and 95th

percentile body sizes. However, unlike the previous 
studies this present work has concentrated on 
investigating adaptations that could be made to the 
setup of the restraint system to mitigate the injury 
risk to various sizes of human rather than dummy 
occupant models. It has been found, based on 
model predictions only, that the human response is 
very different from that of a dummy. Consequently 
adapted “smart” restraint systems and conventional 
passive restraint systems should manage the injury 
risks associated with real occupants and not those 
of dummies. In the restraint system adaptation 
study presented here it is important to remember 
that improvements in restraint system performance 
were gauged with an overall body injury risk 
criterion based on a predicted form of ISS. 
Therefore, in addition to the models’ predictions 

the adapted restraint systems determined in this 
work are dependent on the applied overall injury 
risk approach. The setup of the adapted restraint 
systems for instance could be different from those 
determined in the work presented here if a different 
overall injury criterion or different types of 
predicted injury criteria were used to assess overall 
injury risk. 

In comparison to the Hybrid-III dummy model 
it was found that the human models used in this 
study predicted greater chest compression, greater 
flexibility and stretching in, the lumbar, thoracic 
and cervical spine, and greater rotation in the spine 
about the vertical axis, increasing the likelihood of 
the restrained shoulder rolling out of the belt. These 
observations match those made by Happee et al
(2000). Although this overall behaviour 
subjectively appears more biofidelic than that of 
the dummy model there are still uncertainties 
concerning the accuracy with which it predicts the 
response of real occupants. It is anticipated that the 
dynamics of the human model are more 
exaggerated than those of a real human and this 
should be considered when interpreting the results 
of this study. One particular concern arising from 
this work was the unexpected response of the 
pelvis to rotate over rather than submarine under 
the lap belt. This appeared to contribute to a 
considerable amount of bending in the lumbar 
spine of the human model. It is possible that the 
positioning of the belt anchorages and low initial 
position of the lap belt over the abdomen could 
have accounted for this behaviour. However, an 
additional feature noticed in the kinematics of the 
human models was that the lap belt was found to sit 
forward of the modelled pelvis. This is possibly 
due to a relatively stiff Hybrid-III pelvis 
characteristic defined for the human model in the 
lower pelvic region, as described by Happee et al 
(2000). In the actual impact conditions it is 
expected that the lower abdomen would deform 
more than was observed in the human models, to 
the point where the lap belt would be firmly 
engaged over the bony structures of the pelvis, such 
as the iliac wings. Further simulation work would 
be needed to clarify the significance of this 
response on the model’s behaviour, especially in 
the region of the pelvis. However, extensive 
validations of the human model’s predictions have 
been made against volunteer and Post Mortem 
Human Surrogate test data (Happee et al 2000 and 
1998a). In this earlier work it was found that the 
human models do exhibit many comparable 
biofidelic responses. 

CONCLUSIONS 

Under the European 5th Framework project 
PRISM, two numerical studies have been 
completed using a midi-MPV compartment model 
that has been developed to investigate the value of 
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“smart” restraint systems in mitigating occupant 
injury risk. The first of the numerical studies 
investigated the influence that the following 
variables have on driver injury risk: occupant size, 
the reclined position of the seat, the bracing 
response of the driver and the influence that 
thoracic fracture has on the injury risk of other 
body regions. The object behind this numerical 
study has been to determine the importance of 
these variables in the operation of “smart” restraint 
systems to mitigate occupant injury risk. It is 
necessary to place caution on the interpretations 
that can be made on the models’ predictions, but in 
consideration of this the general conclusions of this 
study were as follows: 

A MADYMO compartment model of a 
generic European midi-MPV with 
conventional restraint system has been 
developed. 

Predictions from the compartment model 
compare well against comparable 
EuroNCAP injury crash data. 

The human models demonstrate a greater 
amount of flexibility in the spine and a very 
different crash response to a 50th percentile 
Hybrid-III dummy model. This predicted 
difference in the behaviour of human and 
dummies may need to be considered in the 
performance of “smart” restraint systems. 

For simulated EuroNCAP frontal impacts 
the pelvis’s of the 50th and 95th human 
models rotated over rather than under the 
modelled lap belt. The pelvis of the 50th

percentile Hybrid-III and 5th percentile 
human body models submarined the lapbelt. 
This was possibly due to variations in the 
positioning of the lapbelt across the 
different occupant models or a factor 
associated with the modelled stiffness of the 
pelvis for the human models. 

Predicted injury risks for the 50th and 95th

percentile human body models were in 
general greater than those predicted by a 
50th percentile Hybrid-III dummy model for 
EuroNCAP impact conditions. 

Predicted injury risks for a reclined 95th

percentile human model were greater than 
those for a comparable non-reclined 
occupant model. 

It was predicted by the model that occupant 
bracing would increase occupant injury risk. 

There were no obvious indications in the 
models’ predictions that fractures in the 
thoracic body region would significantly 
influence the overall injury risk of other 
body regions. 

Overall, it is predicted that “smart” restraint 
systems should consider in their performance the 
impact response of humans and not those of 
dummies. The reclined posture of the occupant and 
their bracing response would also appear to be 
additional factors to consider in the performance of 
a “smart” restraint system. 

The second simulation study was performed to 
assess alterations that could be made to the 
modelled restraint system to adapt its performance 
to better protect different occupant sizes. It was 
concluded from the model’s predictions in this 
study that considerable reductions in occupant 
injury risk can be achieved if the restraint system is 
adapted to the responses of different sizes of 
occupant. In this particular study a 65% reduction 
in overall predicted injury risk was achieved for the 
95th percentile human body. It is proved by this 
work that the compartment models of the PRISM 
project could be used to support investigations 
optimising the performance of “smart” restraint 
systems to consider a wider variety of accident 
variables. 
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ABSTRACT 
 

This paper describes the biofidelity of the TRL 

lower leg impactor (here after referred to as “The 

Impactor”). The knee-bending angle biofidelity of The 

Impactor is compared with the THUMS (Total HUman 

Model for Safety) FEM human body model. Detailed 

sedan and SUV FEM models were generated and were 

correlated with test results. FEM results show The 

Impactor’s knee-bending angles correlate well with test 

results. 

When the tibia deflection of The Impactor is small, 

The Impactor has a larger knee-bending angle than the 

THUMS model in a finite element (FE) analysis of the 

pedestrian impacted by a sedan. When the tibia 

deflection of the THUMS is small, The Impactor has a 

similar knee-bending angle to the THUMS model in FE 

analysis of a pedestrian impacted by an SUV. 

Movement of The Impactor coincides with the 

THUMS model in an FE analysis of the pedestrian 

impacted by a sedan until the medial collateral 

ligaments ruptured. Movement of The Impactor does 

not coincide with the THUMS model in FE analysis of 

a pedestrian impacted by an SUV with a bumper height 

520 mm. If the bumper height of the SUV is less than 

420 mm, movement of The Impactor is similar to that 

in the THUMS model.  

Biofidelity of the knee-bending angle of The 

Impactor is not sufficient if compared with the 

THUMS model. Deflection of the tibia should be taken 

into account to improve biofidelity of The Impactor’s 

knee-bending angle. 

 

INTRODUCTION 
 

Rupture of pedestrian knee ligaments are 

sometimes observed in car to pedestrian accidents.  

The Impactor is one tool to evaluate the rupture of 

these knee ligaments.  The Impactor measures the 

knee-bending angle in order to estimate the rupture of 

knee ligaments.  Biofidelity of the knee-bending angle 

is crucial in order for The Impactor to precisely 

evaluate the possibility of knee ligament rupture. A 

comparison of the knee-bending angle of The Impactor 

with the knee-bending angle of a human would be 

effective in realizing the difference in behavior 

between The Impactor and a human leg. An FE model 

of the lower leg impactor and an FE human body 

model can be utilized to compare these knee-bending 

angles. 

 

FE MODELS 
  

Four FE models were generated to evaluate the 

knee-bending angle of a pedestrian as follows: 

Case 1: Sedan and The Impactor (Figure 1), 

Case 2: Sedan and THUMS (Figure 2), 

Case 3: SUV and The Impactor (Figure 3), 

Case 4: SUV and THUMS (Figure 4). 

The author developed The Impactor FE model. The 

human FE model is the Total Human Model for Safety 

developed by the Toyota Central Research and 

Development Laboratory and Toyota Motor 

Corporation (Figure 5). THUMS is the same size as an 

AM50 percentile size.                                           
  

  

  

  

 

 

 

 

 

 

  

Figure 1.  Sedan and The Impactor 

             
     
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Sedan and THUMS 
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Figure 3.  SUV and The Impactor  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  SUV and THUMS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

           

 

Figure 5.  THUMS  

 

MODEL VALIDATION 

 

    The THUMS pedestrian model was validated with 

test results with post mortem human subjects 
(1,2)
.  

Two tests were conducted in order to evaluate the 

accuracy of the knee-bending angle of case 1 and 3. 

The test conditions are similar to the EuroNCAP  

procedure(3). Both validations show good correlations 

of acceleration and knee-bending angle with the tests 

(Figure  6,7,8,9). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  Comparison of acceleration in case 1                                 

 

 

 

 

 

 

 

                                                        

 

 

 

 

 

Figure 7.  Comparison of knee-bending angle in 

case 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.  Comparison of acceleration in case 3 

 

 

 

 

 

 

 

 

 

 

 
Figure 9.  Comparison of knee-bending angle in 

case 3              
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KNEE-BENDING ANGLE      
                                          

Knee-bending angles calculated for case 1 and 

case 2 are shown in Figure. 10.  The knee-bending 

angle of The Impactor coincides with THUMS from 

0 sec to 0.01 sec. The knee-bending angle of The 

Impactor is greater than THUMS from 0.01 sec to 

0.033 sec. 

The MCL of THUMS model was ruptured at 

0.028 sec, while the maximum knee-bending angle 
of The Impactor occurs at 0.20 sec. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.  Knee-bending angles of THUMS model 

and The Impactor. 

 

The knee-bending angle calculated for case 3 and 

case 4 are shown in Figure 11. The knee-bending angle 

of The Impactor coincides with THUMS from 0 sec to 

0.02 sec.  

The MCL of the THUMS model was ruptured at 

0.012 sec, while the knee-bending angle of The 

Impactor increased to 15 degrees at 0.013 sec. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11.  Knee-bending angle in cases 3 and 4 

 

DISCUSSION 

 

SEDAN VS. THUMS AND IMPACTOR 
 

THUMS and The Impactor movements observed 

relative to fixed coordinates on the vehicle in cases 1 

and 2 are shown in Figure 12.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12.  Movements of THUMS and The 

Impactor vs. Sedan 
 

Movements of The Impactor are similar to 

THUMS at 0.02 sec, but the bumper fascia bends the 

tibia of THUMS. The tibia of The Impactor is already 

rebounding from the bumper fascia while THUMS is 

still contacting the bumper fascia at 0.04 sec. 

The tibia bending-angle and knee-bending angle 

of THUMS are shown in Figures 13 and 14. The 

knee-bending angle difference between THUMS and 

The Impactor increases as the THUMBS tibia 

bending-angle increases.  These Figures indicate the 

tibia-bending deflection should be engaged in 

evaluating the knee-bending angle of the pedestrian. 

The main reasons that The Impactor has a smaller 

tibia-bending angle than THUMS are as follows: 

� THUMS has a fibula and a tibia, which are the 

same as a human leg, while The Impactor has one 

bone structure representing both the fibula and the 

tibia (Figure 15).  

� The THUMS tibia has similar bending stiffness to 

that of post mortem human subject tests, while The 

Impactor has a much stiffer bending stiffness than 

post mortem human subject tests (Figure 16). 
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Figure 13.  Knee-bending angle of THUMS and 

The Impactor in cases 1 and 2 

 

 

     

 

 

 

 

 

 

 

 

Figure 14. Tibia-bending angle of THUMS in case 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Impactor           THUMS 

 Figure 15.  Comparison of fibula and tibia 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16.  Force displacement relationship of tibia 

resulting from a 3-points bending test (1,2)  

 

SUV VS. THUMS AND IMPACTOR 

 

THUMS and The Impactor movements observed 

from fixed coordinates on the vehicle in cases 3 and 4 

are shown in Figure 17.  The Impactor movements are 

similar to THUMS at 0.02 sec.  The THUMS tibia did 

not bend because the tibia does not come in contact 

with the bumper fascia.  The Impactor’s femur is 

already rebounding from the bumper fascia while the 

THUMS femur is still contacting the bumper fascia at 

0.04 sec. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17.  Movements of THUMS and The 

Impactor vs. SUV 

 

The main reasons for The Impactor’s femur 

rebounding at 0.04 sec are assumed as follows: 

� THUMS has a similar femur bending stiffness to 

post mortem human subject tests, while The 

Impactor has much stiffer bending stiffness 

compared to post mortem human subject tests 

(Figure 18). 

� THUMS has a knee structure similar to a human’s 

knee. The knee-bending moment of THUMS is 

generated by elongation of ligaments, while the 

knee-bending moment ofThe Impactor is generated 

by plastic bending of a single steal plate (Figure 

19). The knee-bending moment of THUMS is 

similar to post mortem human subject tests, while 

the knee bending moment of The Impactor is 

stiffer than post mortem human subject tests  

(Figure 20). 

The author estimates that excessive bending 

stiffness of The Impactor’s femur and knee-bending 

moment may affect rebounding of The Impactor’s 

femur at 0.04sec. Also, the author estimates that 

bumper height may affect the rebounding of The 

Impactor’s femur at 0.04sec. 
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Figure 18.  Force displacement relationship of 

femur 3-points bending tests (1,2) 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 19.  Comparison of knee structure  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20.  Moment bending angle relationship of 

knee(4,5,6) 

 

BUMPER HEIGHT EFFECT  

 

    Lower bumper height (LBH) is defined as 

indicated in Figure . 21.  LBH of the FE model for 

cases 3 and 4 is 520 mm.  LBH of the FE model for 

case 3 was reduced to 420 mm, 320 mm and 220 mm.  

    The Impactor movements are shown in Figure  

22.  When the LBH is reduced to 420 mm, 320 mm 

and 220 mm, The Impactor’s femur does not rebound at 

0.04 sec. The LBH of 520 mm is too high to avoid 

rebounding of The Impactor’s femur at 0.04[sec].  

An LBH upper limit for testing should be applied 

to The Impactor, as long as The Impactor has no 

pelvic mass. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21.  Definition of lower bumper height 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22.  Impactor Movement at different LBHs 
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CONCLUSION 

  

    The knee-bending angle of the TRL lower leg 

impactor FE model was compared with the THUMS 

model. 

The TRL lower leg impactor indicated more 

knee-bending angle than THUMS due to less bending 

deflection of the tibia in collisions with a sedan type 

vehicle. The tibia bending stiffness of the TRL lower 

leg impactor should be improved to better simulate 

similar knee-bending angle to that of THUMS. 

The TRL lower leg impactor indicated a similar 

knee-bending angle to THUMS in a collision with an 

SUV type vehicle.  However, rebounding of the TRL 

lower leg femur was observed.  Lower bumper height 

for testing with the TRL lower leg impactor should be 

limited to avoid rebounding of the TRL lower leg 

impactor femur. 
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ABSTRACT 
  
The structures of modern passenger vehicles are 
designed to maintain integrity up to an impact 
velocity of about 64 km/h (40 mph). The occupant 
protection system is likewise designed to efficiently 
protect the occupant up to an impact velocity of 64 
km/h. However, there are highways with a 90 km/h 
(56 mph) speed limit without separation of the 
lanes and many car occupants still die in severe 
frontal crashes. 
 
To investigate the level of occupant protection at 
very high impact velocity a full frontal full vehicle 
rigid wall crash test with a mid size passenger 
vehicle was carried out. The impact velocity was 80 
km/h (50 mph). A 50%-ile Hybrid III crash test 
dummy was positioned on the driver side. The 
dummy results show that the possibility of survival 
of an occupant in that particular vehicle in such a 
crash was minimal. 
 
With the goal to develop a protection system that in 
an 80 km/h (50 mph) crash test would result in 
dummy reading below the FMVSS 208 injury 
criteria levels a mathematical sled model was 
developed and a mechanical sled mock-up was set 
up. The mathematical model was validated by 
means of results from the mechanical sled tests. 
 
To identify the parameters of the occupant restraint 
system with the greatest influence on the efficiency 
of the restraint system factorial analysis was used in 
which a number of parameters were varied at two 
levels. The parameters were preloading of seat belt, 
load limiting of seat belts, gasgenerator output, 
steering column yield distance and airbag volume.  
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Using the results from the factorial analysis a 
mathematical sled simulation and a mechanical sled 
test were carried out with a restraint system that 
was designed give reasonable protection to an 
occupant at an 80 km/h (50 mph) impact. The 
restraint system consisted of a large volume airbag, 
a significantly longer ride down distance than what 
is available in the vehicles today, diagonal and lap 
belt pretensioning and load limiting.  Efficient 
occupant driver protection in 80 km/h (50 mph) full 
front rigid wall crash seems to be possible. 
However, the interior ride down distance needs to 
be greater than what is available in the vehicles on 
the market today. 
 
INTRODUCTION 
 
Modern passenger vehicles are being extensively 
tested for the ability to protect vehicle occupants in 
the event of a crash. Regulatory as well as rating 
tests are carried out all over the world. The results 
from these tests are publicly available and receive 
great attention. For the consumer the results from 
these tests are an important factor that influences 
the choice of vehicle when buying a new passenger 
vehicle. The impact velocities at which these tests 
are run have been increasing over time. The rating 
tests carried out at present in the US and in 
EUROPE (USNCAP and EUNCAP) are run at 
impact velocities of 56 km/h (35 mph) and 64 km/h 
(40 mph). It has even been proposed to run crash 
tests at 80 km/h impact velocity to evaluate 
compartment integrity [1]. 
 
The structures of modern passenger vehicles are 
designed to maintain integrity at an impact velocity 
of 64 km/h (40 mph) and lower. The occupant 
protection system is likewise designed to protect 
the occupant up to an impact velocity of about 64 
km/h (40 mph). However, there are highways with 
a 90 km/h (56 mph) speed limit without separation 
of the lanes and many car occupants still die in 
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severe frontal crashes. In Sweden alone 
approximately 150 fatalities occurred in frontal 
collisions in 2003 which is about half of all car 
occupant fatalities [2]. 
 
Crash protection in high-speed barrier crash tests 
with up to 80 km/h (50 mph) impact velocity was 
studied in the seventies in the Experimental Safety 
Vehicle (ESV) program [3]. Since then there seems 
to be a gap in research efforts in this area. 
However, recently another study was published in 
which different driver restraint system 
configurations were studied in a mathematical 
model with the goal to achieve interior crash 
protection at 80 km/h [4]. In the study potential for 
good driver protection in an 80 km/h frontal crash 
was shown. The aim of this study was to analyze 
the theoretical and technical possibilities to design 
an efficient crash safety system for the driver of a 
passenger car subjected to fully distributed frontal 
crashes at 80 km/h (50 mph). 
 
METHODOLOGY 
  
To investigate the level of protection the restraint 
system of a vehicle offers an occupant at high 
impact velocity a full frontal rigid wall crash test 
was performed. The test was run with a mid size 
passenger vehicle and with an impact velocity of 80 
km/h (50 mph). A 50%-ile Hybrid III crash test 
dummy was positioned in the driver seat according 
the FMVSS 208 specifications.  
 
To analyze the theoretical and technical potential to 
design an efficient crash safety system for 
passenger vehicle occupants in a frontal crash at 
high impact velocity models were developed. A 
mathematical sled model and a mechanical sled 
mock-up were set up based on the geometry of the 
vehicle used in the crash test. The mathematical 
model was validated by means of results from the 
mechanical impact sled test. In order to limit the 
scope of this study only the interior restraint system 
was analyzed. 
 
The validated mathematical sled model was used 
for a parameter sensitivity analysis of the restraint 
system. A test matrix was created with design of 
experiment technique (fractional factorial analysis 
at two levels). 
 
Using the results from the factorial analysis the 
mathematical model was modified to incorporate a 
restraint system that was designed to provide the 
occupant with protection in high impact velocities. 
This restraint system was also evaluated 
mechanically by a sled test. The mathematical 
simulation and mechanical sled test were carried 
out an impact velocity of 80 km/h (50 mph). The 

results were compared to the FMVSS 208 injury 
criteria levels.  
 
Mechanical Full Vehicle Full Frontal Crash Test 
 
In the mechanical crash test carried out a mid size 
passenger vehicle was impacting at a 0 degree 
angle full front into a rigid wall. The closing speed 
was 80 km/h (50 mph). The vehicle was equipped 
with a standard 3 point belt system and a driver side 
airbag. The initiation of airbag inflation was done 
by the existing sensor and triggering system in the 
vehicle. A 50%-ile Hybrid III crash test dummy 
was positioned according to FMVSS 208 
specification in the driver side of the vehicle 
(Figure 1). In the dummy, head acceleration, chest 
acceleration, upper neck force, upper neck moment, 
chest deflection and femur force were recorded. In 
addition both lap and shoulder belt forces were 
recorded. Vehicle acceleration was measured on the 
tunnel, trunk and the left and right b-pillar. 
 

 
Figure 1. Occupant position in full vehicle crash 
Test 
 
Development and Validation of Mathematical 
Model 
 
To design and evaluate a restraint system for 
occupant protection at high impact velocity a 
mathematical sled model was developed and a 
mechanical sled mock-up was set up. The geometry 
of the occupant compartment in the mathematical 
model and mechanical sled mock-up was based on 
the geometry of the occupant compartment of the 
vehicle tested. The mathematical model was a 
multi-body dynamics model (MADYMO) that 
incorporated a 50%-ile HIII-dummy, a windscreen, 
a ceiling, a seat, a knee bolster, a belt system, an 
airbag, a steering wheel and a energy absorbing 
collapsible steering column (Figure 2). The 
mechanical mock-up of the driver environment was 
mounted on an impact sled. The mock-up was 
incorporating a windscreen, ceiling, seat, steering 
wheel with column, airbag, knee restraints and seat 
belt (Figure 2). 
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In the mathematical model and in the mechanical 
sled test the acceleration from the full frontal rigid 
barrier crash test at 80 km/h was used. However, 
the effect of occupant compartment intrusions was 
not included in the study. 
 
The model was validated by means of results from  
mechanical sled tests. The predictions and results 
that were used for validation were head 
acceleration, chest acceleration, chest deflection, 
pelvis acceleration, femur force, belt forces, 
steering column yield distance and airbag pressure. 
 

 

 
Figure 2. Principal layout of the computer model 
and the sled test geometry 
 
Design of Experiments (DOE) 
 
In order to limit the number of computer runs and 
mechanical tests factorial analysis technique was 
used to identify the restraint system parameters 
with the greatest effect on the dummy response. A 
resolution III design was chosen with seven two 
level variables (Table 1). A resolution I I I design is 
a fraction of the full 27 factorial (128 runs) namely 

a 2 47

III
−

 design that results in 7 different 

combinations of the variables to be tested in 8 
experiments or as in this study 8 computer runs. 
The following layout of the test matrix was chosen. 
Minus sign means low level of the parameter and 
plus sign means high level (Table 2). 
 

 
Table 1. 

Design of Experiments Matrix 
Variable 
 
Run 

A B C D E F G 
Result 

1 - - - + + + -  
2 + - - - - + +  
3 - + - - + - +  
4 + + - + - - -  
5 - - + + - - +  
6 + - + - + - -  
7 - + + - - + -  
8 + + + + + + +  
Design 
pattern 

   A
B 

A
C 

B
C 

A
B
C 

 

 
The parameters selected for variation at two levels 
were airbag volume, gasgenerator output, 
ventilation area, diagonal belt pretensioning force, 
diagonal belt load limiting force, lap belt load 
limiting force and steering column yield force 
(Table 2). The alteration of the gasgenerator output 
was achieved by modification of the temperature of 
the gas. 
 

Table 2. 
Design of Experiments Variables 

Parameter - + 
Airbag volume 60 liter 72 liter 
Gas generator Original Temp x 2 
Vent area (cm2) 1,7 cm2 7,8 cm2 

Pretensioner force 2 kN 4 kN 
Load limiter diagonal 
belt 

5/3 kN 8/5 kN 

Load limiter lap belt 3 kN 6 kN 
Steering column yield 
force 

5 kN 8 kN 

 
A reduced factorial design always results in 
confounding patterns where interactions between 
two or several variables may result in responses 
that can not be distinguished from the main effects. 
However in this study the effect of interactions 
were considered to be of minor importance and 
have not been further studied. 
 
Mathematical Sled Simulations and Mechanical 
Sled Test Based on DOE Results 
 
Based on the results from the factorial analysis the 
mathematical model and sled mock-up were 
modified with a restraint system that was designed 
to restrain an occupant at an 80 km/h crash. The 
driver restraint systems consisted of a three-point 
seat belt with an upper B-pillar mounted retractor 
and a dual chamber 72-litre airbag mounted in a 
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state of the art steering wheel. The seat belt system 
consisted of a dual stage load-limiter with a force 
level of approximately 5.5 and 3.5 kN. Initially 
prior to contact between occupant and airbag the 
load-limiter force was 5.5 kN and after occupant to 
bag contact the force level was reduced to 3.5 kN. 
There was no limitation to the spool out due to load 
limiting. In all tests there were dual pretensioning 
devices. One pretensioner on the diagonal belt and 
one on the lap belt. All pretensioners and the airbag 
were all fired at various times into the crash 
sequence. The applied pre loading force was 
approximately 2 kN. The quasi-static elongation of 
the seat belt webbing was 10% at 10 kN. The airbag 
mounted in the steering wheel was inflated from a 
tank with stored gas. The valve of the stored gas 
tank was opened prior to impact. Therefore 
inflation of the airbag was initiated before impact. 
The steering column had a special collapse 
mechanism to allow for a stroke of maximum 200 
mm at predetermined force levels (in the computer 
model there was no restriction to the stroke). The 
deformable element consisted of aluminum 
honeycomb. The yield force of the steering column 
was, based on the results from the factorial 
analysis, set at a force level of 7 kN. Two load cells 
were installed to register the yield force. A 
reinforced standard seat was used in all tests. As 
string potentiometer was used to register the yield 
distance of the steering column. A steel plate was 
built in under the seat cushion in order to avoid 
excessive seat cushion deformation and seat chassis 
deformation during testing. The seat was positioned 
in the mid position with a 26° seat back angle. The 
knee bolsters consisted of energy absorbing 
polypropylene (density 40 kg/m3). 
 
RESULTS 

Results Mechanical Full Vehicle Barrier Test 
 
For the vehicle acceleration measurements the 
tunnel acceleration was less than 30 g until 35 ms 
into the crash. At 35 ms the acceleration increases 
rapidly to 55 g (Figure 3). Thereafter the 
acceleration decreases slowly until 0 which was 
reached at approximately 120 ms. Significant 
deformation of the vehicle was observed. A global 
dynamic deformation of the vehicle of 1,06 m was 
obtained. In addition there was intrusion of the 
firewall into the vehicle. 
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Figure 3. Vehicle acceleration and deformation 
 
For the steering wheel there was significant 
displacement (Figure 4). The steering wheel 
intruded into the vehicle and moved upwards. In 
addition the wheel rotated from the initial 25 
degrees to a horizontal position. The rotation 
started at 50 ms and at 70 ms into the crash the 
horizontal angle for the wheel was reached.  
 
Due to the translation and rotation of the steering 
wheel the occupant was not protected by the airbag. 
The airbag was trapped under the chin of the 
occupant and the chin was pushed upwards. In 
addition deployment of the airbag was observed to 
be initiated after about 15 ms. Such rather late 
deployment resulted in that the pressure in the bag 
was not at a sufficient level to protect the occupant 
when the airbag was reached by the head of the 
occupant. 
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Figure 4. Steering wheel, airbag and occupant at 
70 ms (computer graphics for enhanced 
visualization) 
 
For the vehicle occupant all injury measures but 
chest deflection and femur left force were greater 
than the FMVSS 208 injury criteria levels (Figure 5 
and 6) (Appendix A) [3].  HIC15 was 352% greater 
than the FMVSS 208 injury criteria level.  
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Figure 5. Injury reading in full vehicle crash test 
 

Results Development and Validation of 
Mathematical Model 
 
The mathematical model was validated by means of 
results from the mechanical sled tests. Generally 
good agreement between predictions from the 
model and results from the sled test was obtained. 
 
In addition to validation at an impact velocity of 80 
km/h (50 mph) the model was validated for an 
impact velocity of 56 km/h (35 mph). 

Results Design of Experiments 
 
In the factorial analysis it was found that the 
greatest effect on head acceleration was from the 
steering column yield force with the higher force 
level increasing head acceleration with 184 m/s2 
(Figure 6). This leads to the conclusion the force 
level in the energy absorbing mechanism is an 
important parameter influencing head acceleration. 
However, all runs with a low force level were 
associated with a column stroke between 230-400 
mm. Since it was considered that such a stroke 
would be extremely difficult to realize the higher 
force level of 7 kN was selected to be realized in 
the sled tests. This force level produced strokes 
between 61-160 mm. The higher load limiting level 
in the lap belt had an effect of 84 m/s2 in reducing 
the head acceleration. The lower level of force in 
the load limiter in the lap belt had the highest effect 
on the chest acceleration and reduced it with 76 
m/s2 (Figure 7). It had the second largest effect on 
chest deflection with a reduction of 4,5 mm. Then 
largest effect on chest deflection had the load 
limiting force in the diagonal belt with the higher 
force level increasing chest deflection with 7,5 mm 
(Figure 8). The second largest effect on chest 
acceleration had the load limiting force level in the 
diagonal belt with the higher force level increasing 
the chest acceleration with 72 m/s2. The higher 
column force had an effect of 41m/s2 and increased 
the chest acceleration but had only a minor effect 
on the chest deflection with an increase of 2 mm. 
The larger air bag decreased chest acceleration with 
an effect of 41 m/s2. Taking all this information 
into account further computer analysis was made to 
design a restraint configuration that would result in 
dummy injury values below FMVSS 208 injury 
criteria levels. 
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Figure 6. Effect on head resultant acceleration 
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Figure 7. Effect on chest resultant acceleration 
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Figure 8. Effect on chest deflection 
 

Results Mathematical Sled Simulations and 
Mechanical Sled Tests Based on DOE Results 

 
The restraint system of the mathematical model was 
modified based on the results from the DOE to 
efficiently restrain a driver at an 80 km/h crash 
(Figure 9). 
 
 
 

 
Figure 9. Mathematical model occupant 
kinematics at 40 ms 
 
In the simulation with a restraint system designed 
to protect an occupant at 80 km/h (50 mph) the 
injury readings predicted from the model were all 
below the FMVSS 208 injury criteria levels (Figure 
10). HIC15, chest acceleration, chest deflection, 
femur right force and femur left force were all 
significantly lower than the FMVSS 208 injury 
criteria levels. In addition, steering column yield 
distance was 195 mm. 
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Figure 10. Injury readings in mathematical sled 
model 
 
The restraint system in the mechanical sled test 
mock-up was also modified in the same way as was 
done in the mathematical model (Figure 11). 
 

 
Figure 11. Mechanical sled test occupant 
kinematics at 40 ms 
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In the results from the corresponding mechanical 
sled tests that was mimicing the mathematical 
model not all injury measures were below the 
FMVSS 208 injury criteria levels (Figure 12). 
HIC15 and chest acceleration were somewhat above 
the injury criteria levels while neck tension-
compression, NIJ, chest deflection, femur left force 
and femur right force were significantly lower than 
the injury criteria levels. In addition, steering 
column yield distance was 156 mm. 
 
One of the reasons for the differences between the 
mathematical model predictions and sled test 
results can be that the kinematics of the airbag 
differed between the mathematical analysis and the 
mechanical test (Figure 9 and 11). 
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Figure 12. Injury readings in mechanical sled 
test 
 
DISCUSSION 
 
In the 80 km/h full vehicle full front crash test most 
occupant injury readings were above the FMVSS 
208 injury criteria levels. Therefore the chance for 
survival of an occupant in such a crash is minimal. 
There were extremely high occupant injury values 
measured for the head, neck and chest of the 
occupant. The intrusion of the firewall and the 
intrusion of the steering wheel were likely to 
contribute to the high injury measures. The high 
neck forces were likely to be caused by the steering 
wheel being trapped under the chin of the occupant 
and the inflating bag pushing the chin upwards. 

 
For an occupant protection system to protect the 
occupant at such high impact velocity the system 
has to be adapted to such high impact velocities. To 
evaluate the theoretical and mechanical potential to 
adapt an occupant restraint system for such high 
impact velocities mathematical modeling and 
mechanical sled testing were used.  Both the 
compartment geometry of the mathematical 
occupant model and the mechanical sled mock-up 
were based on the compartment geometry of the 
vehicle tested. However intrusion of the firewall 
and steering wheel was not included in the study 
since it was assumed that the intrusion can be 
eliminated through design modifications of the 
vehicle structure. 
 
A number of parameters which possibly influence 
the performance of an occupant restraint system in 
a crash test were studied. From the analysis of these 
results valuable insights were given that will be 
used in future work. However other parameters 
with possible influence on the occupant response 
should also be studied. The restriction on the 
occupant’s forward displacement due to the 
geometry of the occupant compartment especially 
the upper windshield frame was not addressed. 
However the test at 80 km/h showed “reasonable” 
occupant kinematics. It is, however, obvious that 
the forward displacement of the occupant must be 
controlled in order to avoid a head contact with the 
windshield frame. Such a contact can result in high 
HIC numbers and neck loads.  There are three 
major load carrying systems directly controlling the 
ride down of the dummy’s thorax namely the load 
limiting belt, the airbag and the collapse 
mechanism in the steering column. The phasing-in 
of the functions of these systems is of importance, 
especially for the chest deflection, and should be 
further explored. 
 
The results from the study show that with proper 
design of an adaptive restraint system efficient 
occupant protection can be achieved at both high 
and very high impact velocities. However, in the 
proposed protection system the ride down distance 
of the occupant was greater than what is available 
in the vehicles on the market today. In addition 
there was a very early coupling between the 
occupant and the vehicle through the airbag. The 
airbag was inflated from a tank with stored gas. A 
fast opening valve was controlling the flow from 
the tank to the airbag. Due to the slow evacuation 
of the tank the valve was opened prior to impact. 
Therefore inflation of the airbag was initiated 
before impact. However, it needs to be evaluated if 
the proposed airbag system in an 80 km/h crash can 
be fired after initial contact or if the airbag has to be 
fired prior to impact. 
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The goal was to define an occupant protection 
system that in crash testing in high velocity with an 
occupant would result in injury measures below the 
FMVSS 208 injury criteria levels. The results form 
the mathematical model indicated that such a 
system can be developed. However, in the 
mechanical test carried out not all results were 
below the FMVSS 208 injury criteria levels. One 
reason can be the difference in airbag kinematics 
between the simulation and the mechanical test. 
However, this need to be studied in more detail. 
 
In addition a restraint system designed to protect 
the occupant at very high impact velocities can be 
too stiff for the occupant at low impact velocities. 
In addition it can be too stiff for the elderly 
population with lower tolerance limits. However, 
with proper tuning of an adaptive restraint system 
(belt and bag) good protection can be achieved in 
both high and low impact velocities. 
 
The analysis was made with a specific crash pulse 
obtained from crash testing of a conventional mid-
sized car. As it is well known that the crash pulse 
has an effect on the dummy response it is 
recommended to try different crash pulses and 
study their effect on the dummy response. 
 
The basic configuration of the tested restraint 
system was advanced. However, belt force limiting 
devices with other characteristics and a more 
sophisticated energy absorbing seat structure should 
be tried. 
 
CONCLUSION 
 
• Efficient driver protection at frontal impacts up 

to 80 km/h appears to be reachable. 
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APPENDIX A: FMVSS 208 INJURY 
CRITERIA LEVELS 
 
HIC15  700 
NIJ  1 
Chest Acceleration  60 g 
Chest Deflection 63 mm 
Femur Force  10000 N 
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ABSTRACT 

A considerable potential for reducing fatalities of 
pedestrians and other vulnerable road users lies in the 
design of car front shapes. Vehicle safety tests have 
been proposed by the EEVC WG17, and are currently 
in discussion by legal entities, as well as car makers. 

In this study, we first present numerical 
simulations of various pedestrian impacts against 
several different simplified hood shapes. Impacts 
were simulated using a detailed finite element model 
of a mid-size pedestrian that has been extensively 
validated in previous studies. As expected, the model 
revealed that biomechanical loading patterns are 
heavily influenced by hood leading edge shape.  

In a second step, femoral and pelvic bone surface 
strains were measured in five full body PMTO 
impacts at 40 kph using physical representations of 
the simulated car shapes. Each PMTO was 
instrumented with strain gauges on the impact side: 
four on the femoral shaft, three on the femoral neck, 
and three on the superior ramus of the pelvis. 
Accelerometers were placed on the dorsal aspect of 
vertebra T6 and L5. High speed digital video was 
recorded at 1,000 frames per second from the side. 
Fracture risk was examined with respect to car 
geometry, pedestrian stature, and bone quality as 
indicated by peripheral quantitative computed 
tomography (pQCT) of the femoral neck. 

Experimental results indicated a remarkable 
predictive ability of the finite element model in 

assessing femur and pelvic injury risk. Strain data 
yielded valuable insight into the failure threshold of 
the pelvic rami, which was observed to fracture in 
three of the tests. The largest factor in pelvic fracture 
was low bone quality, rather than car geometry. 
Based upon results of the model and PMTO 
experiments, recommendations are offered for a more 
appropriate characterization of the hood shape with 
regard to pelvis and femur injury risk.  

INTRODUCTION 

Pedestrians and bicyclists represent an extremely 
vulnerable population of road users, and thousands 
are severely injured or killed every year. It has been 
reported that upper leg and pelvis injury occur in just 
over 10% of pedestrian-vehicle impacts (Matsui et 
al., 1998). Vehicle-pedestrian crashes are responsible 
for 10% to 20% of all adult pelvic fractures and 60% 
to 80% of pediatric pelvic fractures (Sheppard, 2001).  

The intelligent design of automotive front-end 
geometry holds a large potential for reducing injuries 
in unprotected road users. In order to assess the risk 
posed to a pedestrian by an automobile, the European 
Experimental Vehicles Committee (EEVC) has 
proposed three subsystem pedestrian dummy tests 
(EEVC Working Group 17, 1998). These tests 
represent a significant investment of the limited 
resources available for pedestrian protection. For 
such tests to be useful, it is essential to concentrate on 
the most relevant aspects of automotive design, and 
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employ testing protocols that are capable of 
successfully identifying high-risk vehicles. This 
study focuses on the upper leg (UL) impact portion of 
the EEVC protocol, which is intended to assess the 
risk of femur and pelvis injury in a struck pedestrian.  

Vehicle front end geometry plays a critical part 
in the resulting kinematics of pelvic/upper leg impact. 
The EEVC prescribes a systematic method for 
characterizing the front end geometry of an 
automobile. With regard to the UL subsystem test 
protocol, three geometric parameters are considered: 

1) Upper Bumper Edge Height (BH) – The upper 
limit to significant points of pedestrian contact 
with the bumper. It is defined as the vertical 
distance between the ground, and the upper-
most point of contact between a 700 mm long 
reference line and the bumper when the line is 
inclined rearwards by 20 degrees, and 
traversed across the car front at ground level.  

2) Hood Leading Edge Height (LEH) – Defined 
as the point of contact between a reference line 
1000 mm long and the front surface of the 
hood when the line is inclined rearwards by 
50°, with the lower end 600 mm above 
ground. 

3) Bumper Lead (BL) – is the horizontal distance 
between the upper bumper reference line and 
the hood leading edge reference line. 

 
The EEVC WG17 test protocol employs these 

characteristics within a system of look-up tables 
based on kinematic analysis of cadaver and dummy 
impact experiments. The look-up tables are intended 
to incorporate pedestrian impact kinematics into the 
UL testing protocol. Previous studies have identified 
an apparent discrepancy between injury risk as 
assessed by the EEVC UL test protocol, and real-
world accident experience (Matsui et al. 1998, 
Konosu et al. 1998, EEVC WG17 1998, Konosu et 
al., 2001, Okamota et al. 2001, Snedeker et al., 2003).  
This discrepancy has been primarily attributed to the 
simplification of the complicated three dimensional 
kinematics of vehicle-pedestrian impact, to a one 
dimensional impact test. 

The current study examines the possibility that 
this discrepancy also arises from an inadequate 
characterization of vehicular front end geometry. The 
geometric characteristics that play a critical role in 
pedestrian impact are examined with the goal of 
identifying potentially important considerations that 
are neglected or improperly accounted by the current 
version of the EEVC protocol. 

METHODS 

In this study, we first performed numerical 
simulations of various pedestrian impacts against 
different simplified hood shapes. Impacts were 
simulated using a detailed finite element (FE) model 
of a mid-size pedestrian (THUMS) that has been 
extensively validated against PMTO experiments in 
previous studies (Iwamoto et al., 2002) and 
specifically validated for use in the study of 
pedestrian impact (Snedeker et al. 2003).  

In a second step, measurements of femoral and 
pelvic cortical bone surface strains were recorded in 
five full body PMTO impacts at 40 kph against 
physical representations of the simplified car shapes 
used in the FE simulations. Each PMTO was 
instrumented with strain gauges on the impact side 
femur and pelvis, as well as with accelerometers on 
the dorsal aspect of the spine. The results from the 
impact tests were then compared with the 
corresponding simulations. 

Finally, insights obtained from the first two steps 
were used to critically reexamine the EEVC UL test 
protocol. Specifically, an attempt was made to 
redefine the important aspects of car geometry, and 
implement them into a revised protocol. 

Creation of the simplified automotive geometries 
Fifteen simplified automotive car shapes were 

created for FE simulation of pedestrian impact. The 
car geometries were equally divided among three 
classes: Sedans, SUVs, and Vans/One-Box. Five to 
six actual production vehicles from each class were 
individually measured to produce a geometric 
template for the class. The geometric parameters used 
to create each template are illustrated in Figure 1. 
Class average and standard deviations for each class 
are listed in Table 1. 

Within each class, five geometries were created 
by varying the radius of the hood leading edge, while 
keeping all other parameters constant. Radii of 0, 50, 
100, 250 and 500 mm were created. Thus within a 
given class, all geometries had identical bumper 
height, bumper width, bumper lead, leading edge 
height, hood pitch, and windscreen position, but 
differing hood leading edge roundedness. 

In the FE simulations, each automotive geometry 
was modeled using a total of 1,000 quadratic shell 
elements. The front end was represented by a 0.8 mm 
thick sheet metal (ASTM-A36) hood supported with 
a stiff steel frame. The bumper was modeled as 2 mm 
thick ASTM-A36 steel plate covered by a 50 mm 
thick hard PVC shell. A plastic hardening function 
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was employed to represent the yield behavior of steel. 
Thicknesses of the hood sheet metal and bumper 
materials were set to accord with realistic 
deformations as reported in the literature (Matsui et 
al., 1998, Ishikawa et al., 1993, Bunketorp et al. 
1983).  

 
Figure 1. The geometric characteristics used to create 
each automotive class temp 

Table 1. Average measurements (lengths in mm; angles 
in degrees) and standard deviations for the geometric 
parameters used to create an automotive class template. 

Van / 
 Sedan SUV 

A-Box 

  
Class 
Avg. STD 

Class 
Avg. STD 

Class 
Avg. STD 

Model 
Year 1996 2.9 1998 1.4 1997 1.7 
BH 500 20 640 30 580 60 
BL 140 20 140 50 160 60 

LEH 740 50 1020 90 860 130 
Rad. 
LE 230 130 410 370 730 530 

Hood 
Pitch 79 1.5 80 2.9 65 4.5 

Pedestrian impact finite element simulation 
The FE model used to simulate pedestrian impact 

was the Total Human Model for Safety (THUMS), 
provided by Toyota Central R&D Lab., Inc., and 
implemented within the PAM-Crash® v2001 FE 
software. The THUMS model consisted of nearly 
85,000 elements, and over 1,000 separate material 
models. In addition to bone structures and soft 
tissues, the model included relevant muscles, 
ligaments, and tendons. For specific information on 

the construction of the human FE model, the car 
geometry FE models, and the validation of the 
THUMS femur and pelvis for use in simulating 
femur and pelvic injury, the reader is referred to 
Snedeker et al., 2003. 

 
Figure 2. Simplified vehicle geometries were 
constructed for actual PMTO impacts (left). The 
vehicles were constructed according to the specifications 
used in FE simulations (right). 

In each simulation, the THUMS model was 
permitted to settle under the load of gravity such that 
each leg supported 50% body weight at the time of 
impact. The foot/ground coefficient of friction was 
set at 0.65. The coefficient of friction between the car 
surfaces and impacted body parts was set at 0.25. The 
initial velocity of the car was 40 kph (11.1 m/s) at 
time of impact, and the car was decelerated at 6.9 
m/s2, to replicate braking by the driver.   

Construction of the PMTO impact vehicle geometries 
In the PMTO impacts, four vehicle fronts were 

constructed according to the same physical 
specification as used in the FE simulations. The sheet 
metal thickness was adjusted until force deflection 
characteristics matched those of the FE model. The 
geometries constructed for the PMTO tests consisted 
of: a sedan with a 50 mm radius hood leading edge 
(Sed050), a sedan with a 250 mm radius hood leading 
edge (Sed250), a van with a 50 mm radius hood 
leading edge (Van050), and a van with a 250 mm 
radius hood leading edge (Van250). 

PMTO impact experiments 
All PMTO tests were performed in accordance 

with German federal and local laws regarding the use 
of human test subjects. Cadavers were obtained from 
the Medical University of Hanover anatomy 
department.  

As indicated in Table 2, the PMTOs varied in 
age, sex and stature. Test subjects were excluded 
from the study for pre-existing bone fractures of the 
legs and pelvis, as indicated by diagnostic radiograph 
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images. Each PMTO was instrumented with ten 
strain gauges (Vishay Micro-Measurements, Inc., 
Raleigh, NC, USA) to measure cortical bone surface 
strains. Strain gauges were applied using well 
established techniques (Cordey, 1998). Briefly, the 
periosteum was scraped away using a scalpel blade 
and surgeon’s rasp, the gauging area was cleaned 
with a chemical solvent to remove lipid 
contaminants, and a combination activator-
cyanoacrylate bonding agent was applied to the back 
of the gauge before mounting.  

Table 2. PMTO specifications 

ID  Sex  Age 
Height 
(cm) 

Mass 
(kg) 

T1  F  52  160  50 

T2  F  76  166  74 

T3  M  32  177  75 

T4  M  78  180  64 

T5  M  76  172  60 

 
An anterior, inverted - “L” shaped incision was 

made from the left knee to the hip, and then from the 
hip to the pubic symphysis. Care was taken to 
minimize disruption of ligaments and tendons; 
however, access to the femoral neck required partial 
dissection of the hip joint. It should be noted here that 
no hip dislocations were observed in post-impact 
autopsy. A single axis strain gauge was centered on 
the midpoint of the lateral aspect of the femoral shaft, 
with the principal axis of the gauge aligned with the 
long axis of the bone. A strain gauge rosette was 
placed on the medial aspect of the femur, with the 
axis of the center gauge aligned with the long axis of 
the bone. A second strain gauge rosette was placed on 
the inferior/anterior aspect of the femoral neck, and 
another on the superior/anterior aspect of the superior 
ramus of the pelvis. All gauges were placed on the 
left (impact) side of the PMTO according to Figure 3.  
Location of the strain gauges necessarily varied 
between subjects due to anatomical differences in 
bone geometry and obstruction of the gauge 
installation site by tendon and ligament insertions.  

Strain gauges were excited in a quarter-bridge 
configuration using a DC-amplifier and signal 
conditioner (Vishay model 2100, Vishay Micro-
Measurements, Inc., Raleigh, NC, USA). Output 
signals were digitized and recorded using a 16 bit 

analog/digital data acquisition system (Labview v7.0 
and NI DAQCard-6036E, National Instruments 
Corporation, Austin TX, USA). Triaxial 
accelerometers (Endevco Corporation, San Juan 
Capistrano, CA, USA) were screwed into the dorsal 
aspect of vertebrae T6, and vertebrae L5.  

 
Figure 3. Strain gauge placement (Anatomy adapted 
from Sabotta, 1993) 

Prior to impact, the PMTO was positioned in the 
stance phase of gait, with the left foot forward. To 
prevent the arms from obstructing contact with the 
car front, the hands were bound at the wrist in front 
of the subject. At 65 ms prior to impact, the subject 
was released from an overhead support using an 
electro-mechanical switch. The PMTO was thus 
permitted to settle under the load of gravity for 65 ms 
before being impacted from the left side. 

For each PMTO, one of the four automotive 
geometries described above was bolted to the test 
sled. The initial velocity of the sled was 40.0 ± 0.3 
kph at time of impact, and the sled was decelerated at 
13 m/s2 after contact. Details about the impact 
conditions of each test are listed in Table 3. Impact 
and post-impact kinematics were recorded at 1,000 
frames per second from two high speed digital video 
cameras mounted perpendicularly to the sled track. A 
lateral view of the car geometries and relative statures 
of the PMTOs is shown in Figure 4. 
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Table 3. The LEH/Hip ratio gives an indication of the 
hood edge contact point on the leg. For example, in the 
case of 100%, the hood edge strikes the greater 
trochanter. A ratio of 75% would correspond roughly 
to contact with the midshaft of the femur.  

PMTO Geometry Impact 
Speed 

Ratio LEH to 
Hip height 

T1 Sedan 250 40.1 97% 

T2 Sedan 250 40.0 91% 

T3 Sedan 050 40.0 83% 

T4 Van 050 39.8 96% 

T5 Van 250 39.7 100% 

 

Figure 4. While geometries for a given vehicle class have 
identical hood edge height as defined by the current 
EEVC protocol, the effective hood leading edge height is 
higher with respect to smaller stature pedestrians. 

After impact, diagnostic radiographs were made 
of the struck-side femur, tibia/fibula, knee joint, hip 
joint, and pelvis. The body was then autopsied by a 
qualified forensic medical doctor, and impact-related 
injuries were catalogued. Sections of bone specimens 
were removed at the strain gauge location, and were 
assessed for bone quality using a peripheral 
quantitative computer tomography (pQCT, Scanco 
Medical, Bassersdorf, Switzerland).  The pQCT scans 

with a spatial resolution 90 µm were analyzed for 
cortical and trabecular bone architecture, and were 
assessed with regard to osteoporosis. According to 
World Health Organization standards, subjects with 
bone quality more than 1 standard deviation below 
average of a healthy population are considered “low-
bone” and subjects more than 2.5 standard deviations 
below are clinically diagnosed as having 
osteoporosis. It should be noted that pQCT provides 
vastly superior spatial resolution over two-
dimensional diagnostic techniques, and provides the 
capability to analyze bone structure geometrically. 
However, baseline data-sets published in the 
literature are limited. The baseline dataset (n=60) 
used in this study comes from Hirokoshi et al., 1999. 

Data analysis 
Raw strain gauge data were filtered using a low-

pass CFC-600 filter, and converted to strain data 
using the calibration gauge factors provided by the 
manufacturer. Bone stresses and bending moments 
were calculated by multiplying strain by an assumed 
elastic modulus of 17 GPa (McElhaney, 1966). 
Bending moments at the femur were calculated using 
classical beam theory:  

or
IEM **ε

=  where, [ ]44

4
io rrI −=

π
, 

ε is measured strain, E is the elastic modulus, I is the 
moment of inertia for a hollow cylinder, and ri and ro 
are mean femoral midshaft internal and external radii, 
respectively. The midshaft radii were obtained during 
autopsy by averaging five measurements of periosteal 
shaft diameter and cortical wall thickness. 

Kinematic analysis of the high-speed video was 
performed to assess the danger presented to the 
pedestrian for a head first secondary impact with the 
road. A qualitative comparison between the 
kinematics of the FE model and those of the PMTOs 
was also performed. Video was further analyzed to 
estimate the closing speed of contact between the car 
hood leading edge and the leg or pelvis of the PMTO. 
Finally, the measured bone strains, bone stresses, and 
observed injuries were analyzed with respect to car 
geometry and bone quality as assessed by pQCT. 

Proposed Modifications to the EEVC Upper-leg 
Testing Protocol 

An attempt to improve the current EEVC UL 
impact protocol was made via a modification of the 
test conditions. It was hoped to increase bio-fidelity 
of the test protocol with minimal changes to the 
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impactor itself. Modifications of impact velocity, 
impactor mass, impact angle, and impact height 
(leading edge height) were based on simplified 
geometric/anatomical principles and observations 
from both the FE simulations and PMTO 
experiments. Madymo® simulations employing the 
proposed protocol changes were then compared 
against the default EEVC conditions, the results of 
the FE model, and the PMTO impact results. 

RESULTS 

Bone fracture, and other injuries: Simulation vs. 
PMTO experiments 

Three PMTO fractures of the struck-side superior 
ramus were observed, including the sedan 250 (T2) 
and both van geometries (T4 and T5). Fractures of 
the acetabulum were also observed in both van 
impacts (T4 and T5). FE simulation predicted pelvic 
fractures for only the small radius van geometry 
(Van050). Acetabular fractures were not predicted by 
the THUMS for any car/van geometry. No PMTO 
femoral fractures were observed, nor were they 
predicted by the FE simulations for any of the test 
geometries. Fractures of the lower legs were not 
analyzed using the model. 

Kinematic analysis revealed a straightforward 
mechanism of pelvic loading when impacted by high 
leading edge geometry (LEH ≥ hip height); the hood 
leading edge contacted the femur at or above the 
greater trochanter, loading the pelvis obliquely 
through the axis of the femoral neck (the PMTO 
pelvis was rotated 20 degrees (cw) in the coronal 
plane with respect to the impact direction). However, 
for automotive geometries with hood leading edges 
lower than the hip, the soft tissues of the thigh make 
first contact, and the loading path to pelvic structures 
is considerably more complicated.   

Only PMTO T3 (a 50th% man impacted by 
Sed050) was clearly a case of leading edge contact 
with the midshaft of the femur. This can be seen 
qualitatively in Figure 4 above, and quantitatively in 
Table 3 as the ratio of LEH/hip-height. The other 
PMTO trials, including PMTO T2 (impacted by 
Sed250), were to a much greater extent impacted at 
the proximal femur and pelvis. 

Bone quality measured by pQCT 
To investigate the possible influence of bone 

quality on the observed fracture patterns, the femoral 
necks of all five PMTOs were scanned using pQCT 
(Table 4, Figure 5) and analyzed for bone quality.  

Consistent with their age group. subjects T1 and 
T3 had healthy trabecular bone, cortical bone, and 
overall total bone quality, while subjects T2, T4 and 
T5, had poorer trabecular density, trabecular 
connectivity, cortical bone density, and lower overall 
bone density. 

Table 4. PMTO bone quality and geometry ( * = low 
bone, ** = Osteoporosis). The bone mineral density of 
the PMTOs in terms of trabecular, cortical, and overall 
bone mineral density are normalized to values from 
Horikoshi et al, 1999. 
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T1 0.3 1.5 0.9 24 6 22 12 

T2 -2.8** 4.2 0.1 29 7.5 28.5 13.5 

T3 6.0 2.7 2.8 31 7 31.5 14.5 

T4 -1.2 -5.5** -1.9* 30 7 39 21 

T5 -3.9** 2.2 -1.7* 32 7 36 N/A 

 
The observed fractures corresponded heavily to 

relative bone quality of the PMTO, with all pelvic 
and acetabular fractures occurring in the lowest bone 
quality subjects. Thus analysis of the resulting 
injuries with respect to car geometry, age, and bone 
quality shows that bone quality seems to be a major 
factor for a pelvic/acetabulum fracture (Table 5). It 
also appears that acetabulum fracture is more likely 
with a high leading edge, such as present on the van 
geometries. Finally, femur fracture did not occur for 
any hood leading edge shape, regardless of bone 
quality. It should be noted, that the large bumper lead 
of the tested geometries may have helped prevent 
femur fracture for even sharp hood edges. 

Loading mechanism of the femur in lateral pedestrian 
impact: Finite element results  

In the simulations, the automotive front-end 
geometry had a large effect on the nature of the 
bending stresses in the femur. In the case of the 
sedan, the relatively low hood leading edge (745 mm) 
and moderate bumper lead (150 mm) delays the first 
contact of the thigh with the hood. This permits the 
pelvis and proximal femur to accelerate before first 
contact, thus reducing the closing speed between the 
thigh and the hood leading edge to between 1 and 6 
m/s, depending on the hood leading edge radius.     In  
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the case of the van/one-box construction (or a sedan 
with high LEH and/or short BL), the pelvis and 
proximal thigh do not considerably accelerate before 
contact with the hood leading edge. Hence, the 
contact closing velocity is much higher than that of 
the sedan, and the bending induced by this contact is 
more severe. In car geometries that involve a hood 
leading edge lower than the height of the hip, it 
appears that the bending of the femur, and 
consequently the associated risk of fracture, are 
directly related to the closing speed of contact 
between the thigh and the hood leading edge (Figure 
6).  According to the model (and verified by the 
PMTO tests), the roundness of the hood leading edge 

imparts a rolling motion to the thigh, which reduces 
the closing speed of contact. 

Loading of the femur in lateral pedestrian impact: 
PMTO results  

In general, the mechanism of femoral loading 
and the corresponding femur shaft cortical strains and 
bending moments (both magnitude and time history) 
in the PMTO femur corresponded very well to those 
predicted by the THUMS model ( Figures 7 and 8).  
However decrepencies arose due to differences in 
stature between the THUMS and the PMTOs. In tests 
T1 and T5, the small stature of the subject with 
respect to the hood edge causes the hip to be 

Figure 5. Bone quality was assessed using pQCT scans of the femoral neck.  
 
Table 5. Lower extremity injury related to car geometry, age, pedestrian stature, bone quality. 
 

 Sedan Sedan Sedan Van Van  
Trial T3 T1 T2 T5 T4 

Hood Radius 50 mm  250 mm  250mm 250 mm  50 mm  
Age 35 52 76 76 78 

Hood Height (% of Hip Height) 83% 97% 91% 100% 96% 
Bone Quality Good Good Poor Poor Poor 

Lower Leg Fracture No Yes Yes Yes Yes 
Pelvic Ramus Fracture No No Yes Yes Yes 

Pelvic Acetabulum Fracture No No No Yes Yes 
Femur Shaft Fracture No No No No No 



 8

contacted by the hood before the femoral bending 
moment (and stresses) can fully develop. With 
respect to hip height, Trials T1 and T5 are more 
similar to an SUV type impact on a 50th% man, for 
which the hood edge engages the hip/pelvis at or 
above the greater trochanter.  

In no case was femoral fracture observed. 
Consistent with this observation, peak recorded 
femoral shaft cortical bone strain never approached 
the 2500 µε threshold associated with fracture 
(McElhaney, 1966). The measured bone strains and 
corresponding bending moments of the first peak 
tend to be less than those predicted by the THUMS 
model. This may indicate that the THUMS knee is 
more rigid than that of the PMTO, where skeletal 
tissues tend to dissipate or absorb impact energy 

 
Figure 6. (Top) The larger leading edge radii impart a 
rolling motion to the thigh. This effectively reduces the 
closing velocity, and consequently, the peak bending 
moment in the femur. (Bottom) As closing speed 
increases, so does the bending load applied to the 
femoral shaft due to hood contact. These trends were 
also observed in the PMTO experiments. 

 
Figure 7. The bending moment in the medial femoral 
shaft impacted against the sedan. (Top) In PMTO T3, 
the stature of the subject is very similar to the THUMS. 
Accordingly, there is particularly good agreement 
between the experimentally measured bending moments 
and those predicted by the THUMS model. In PMTO 
T2 (Middle) and T1(Bottom), the smaller stature of the 
subject causes hip contact with the hood before the 
bending moment can fully develop. With respect to hip 
height, trial T1 is more similar to a van/SUV type 
impact on a 50th% man. A resulting fracture of the 
superior pubic ramus in T2 may have also influenced 
the resulting loads.  
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Figure 8. In both van impacts, a catastrophic failure of 
the acetabulum and superior pubic ramus on the struck 
side of the PMTO may have contributed to decreased 
loading of the femur.  
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Figure 9. Summary of peak femoral shaft cortical bone 
strain for the PMTO test series and the corresponding 
THUMS simulations. Peak tensile strains are less than 
thresholds associated with tensile fracture (2500 µε), 
consistent with no observed femoral fractures. 

Loading of the pubic ramus in lateral pedestrian 
impact  

The recorded pubic rami strains were similar for 
all PMTO’s ( Figure 10).  Bone strain increased 
rapidly after contact between the thigh/buttocks and 
the hood, then either dropped immediately in the case 
of pelvic fracture, or continued to rise and then 
gradually decrease in cases of non-fracture.   

The measured peak stress magnitudes in the 
PMTO pubic rami are consistent with those predicted 
by the THUMS model (Figure 11). The fracture of 
the strain-gauged pubic rami observed in PMTO T2, 
T4, and T5 provide insight into the failure behavior 
of this structure. Analysis of bone quality by pQCT 
shows that the discrepancy between the ultimate 
strains of the fracture cases and the non-fracture cases 
is most likely due to differences in bone quality (age-
related osteoporosis).  

Loading of the femoral neck in lateral pedestrian 
impact 

Surgical access to the femoral neck was hindered 
by the ligaments at the hip. Generally the strain 
gauges were placed on the inferior/anterior aspect of 
the femoral neck. Since the gauge placement was 
variable between trials, the direct comparison of 
PMTO and FE model femoral neck stresses is 
complicated.  

As can be seen in Figure 12, a prominent peak in 
the stress vs. time curves can be seen in T2, T4, and 
T5 at approximately 20 ms after impact. Video 
analysis indicated that this peak coincided with 
contact between the hip and hood leading edge.  

Analysis of high-speed video: secondary road impact 
Video analysis revealed that all PMTOs were 

rotated between 190 and 270 degrees in the sagital 
plane depending upon the shape of the vehicular 
hood. The pedestrians struck by the sedan geometries 
often made a secondary impact with the hood before 
landing on the ground. This secondary impact 
provided additional rotation of the body, and 
prevented the PMTO from landing head-first on the 
test track. The shorter, angled hoods of the van 
geometries, and head contact with the van windscreen 
caused PMTOs T4 and T5 to rotate approximately 
190 degrees, thus resulting in a head-first contact 
with the ground (Figure 13). It should be noted that 
PMTO T4 had a cranial fracture, and PMTO T4 and 
T5 both experienced cervical spine fractures at C7. 
However, it is not clear whether these injuries 
occurred as a result of primary, or secondary impact. 
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Figure 10. Cortical bone stresses in the superior pubic 
ramus. Pelvises of T2, T4, and T5 were fractured during 
impact, as indicated by the sharp drop in strain.  
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Figure 11. Peak superior pubic ramus tensile cortical 
strain for the PMTO and THUMS simulations. 
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Figure 12. Cortical bone strains in the femoral neck.  

 
Figure 13. Secondary road impact is an very important 
design consideration that is often neglected. PMTOs 
struck by the sedan landed on their sides. PMTOs 
struck by the vans were thrown onto their heads.  
Notice the use of ground padding cushioned secondary 
impact, possibly resulting in fewer injuries than would 
be observed against a rigid road surface. 

Proposed Modifications to the EEVC Upper-leg 
Testing Protocol 

Observations from the THUMS simulations and 
PMTO experiments indicate that EEVC designated 
hood leading edge is often not the first point of 
contact with the pedestrian P/UL. The proposed 
changes to the method of geometric characterization 
define the hood leading edge height using a “wrap 
around” contact definition method similar to that 
already employed for the EEVC headform test 
protocol. In the proposed modification, hood leading 
edge height is defined as the first point of contact 
between the hood and a 1,000 mm long string rotated 
from the EEVC upper bumper reference line. The 
impact angle is defined as the angle between the 
string and the vertical plane (Figure 14). 
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Results from the present study show that for 
hood leading edge heights exceeding approximately 
90 cm (defined as per the modified method), the 
threat of fracture posed to the femur is reduced, and 
the likelihood that a pelvic fracture will occur is 
raised. Thus, this LEH threshold is proposed as a 
transition from test conditions and failure criteria 
suited to the femur to conditions appropriate for 
assessing pelvic fracture risk. The test conditions for 
each of these cases are outlined below in Table 7. 
The impact tests are executed in exactly the same 
manner, regardless of whether the pelvis is being 
tested, or the femur. The difference lies in the 
selection of the impactor mass, and the pass/failure 
criteria applied when analyzing the test results. 

In particular, the current EEVC UL test protocol 
fails to reflect the true closing speed of contact 
between the pedestrian UL and the hood leading 
edge. This inaccuracy is especially important since 
impact energy (a critical value with regard to injury 
likelihood) varies quadratically with impact velocity. 
With certain velocity assumptions (Figure 14), the 
closing contact velocity (normal to the long axis of 
the femur) is a simple geometric relationship. The 
proposed method uses this geometrical relationship 
for determining a more appropriate impactor velocity. 
The selection of the impactor mass is based upon the 
mass of the involved body segments. For a 50% male 
pedestrian, the mass of the upper leg (thigh) is 
approximately 7.5 kg. This is the mass then 
designated for impact tests of vehicles with a LEH ≤ 
90 cm. The 11.1 kg mass for LEH > 90 cm, 
corresponds to the mass of the 50% male pelvis plus 
10% of the upper leg mass. It should be noted that an 
impact mass of 7.5kg is 2kg less than the default 
weight of the current EEVC UL impactor. Thus for 
testing geometries with LEH ≤  90 cm, modification 
to the default impactor will be necessary. 

The impactor trajectory should follow the 
measured impact angle along a path such that the 
impactor shaft centerline coincides with the newly 
defined leading edge height (Figure 15). Unlike the 
current version of the EEVC UL protocol, the impact 
angle and the point of first contact between the 
impactor and the car front is roughly the same as the 
actual pedestrian impact. 

The proposed test pass/failure criteria (Table 7) 
are based upon the following observations: 
1) The femoral shaft is likely to fail in lateral 

impact due to stress induced by bending 
moments. A nominal threshold of 320Nm is 
suggested based upon quasi static tests of 
Yamada (1971), and dynamic tests of Powell et  

 

 
Figure 14. The proposed method for determining the 
EEVC leading edge height.  

Table 7. Description of differences in pelvic vs. femur 
UL test 

Region LEH 
(cm) 

Impact 
Mass  Failure Criteria 

Femur ≤ 90 7.5 kg    

Average Bending 
Moment > 320 Nm 

(Yamada 1971, Powell 
et al. 1975, Kress et al. 

2001,) 

Pelvis > 90 11.1 kg  Peak Average Force > 
10 kN (Cesari 1982) 

 
Figure 15. The impactor is directed along a trajectory 
such that the impactor centerline is aligned with the 
Mod-EEVC LEH reference point.  Impact masses are 
determined by the mass of the involved body segments. 
The test impact mass values are derived from the 
anthropometric study of Roebuck et al. 1975. 
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al. (1975) and Kress et al. (2001). Peak bending 
moments observed in the present PMTO study 
also suggest that this threshold is reasonable. 

2) To our knowledge, no comprehensive data set 
exists for injury tolerance of the femoral neck 
and greater trochanter under lateral impact 
loading. 

3) The PMHS studies of Cesari et al. (1982) 
establish a peak force limit of 10 kN for lateral 
impacts directed at the greater trochanter, and 
along the axis of the femoral neck. This is the 
best suited criteria given the information 
available from the EEVC UL impactor sensors. 

Assessment of the proposed modifications to the 
EEVC UL Protocol 

The proposed modifications to the EEVC UL test 
protocol were employed in simulated EEVC testing 
of several automotive geometries. The fifteen 
simplified car geometries used in this study were 
tested using the Madymo® FE model of the EEVC 
UL impactor. The simulation results from the 
modified protocol were then compared to those of the 
original protocol, as well as against the results from 
the THUMS FE model and PMTO results. 

Generally, the modified EEVC protocol methods 
employed substantially lower impact velocities than 
those prescribed by the original version of the EEVC 
UL testing protocol. This is due a more appropriate 
characterization of the leading edge and contact 
velocity between the thigh and the hood. 

The proposed modifications to the EEVC test 
conditions greatly improved correlation to both the 
THUMS pedestrian model and PMTO impact results 
for bending moments (Figure 16). However, the 
modified EEVC simulations still predict higher 
bending moments than the THUMS simulations or 
PMTO tests. 

A separate test condition (11.1 kg impact mass 
instead of 7.5 kg) and failure criterion (10kN peak 
impact force) were applied to those vehicles with an 
Mod-EEVC LEH greater than 90 cm. Thus, the 
Van000 geometry and all SUV geometries except 
SUV500, were tested for pelvic impact. As can be 
seen in  Figure 17, the 10 kN peak impactor force 
threshold yielded a good correlation with THUMS 
injury prediction. However, the modified EEVC 
protocol simulation predicts that a van geometry with 
no leading edge radius (Van000) will cause no pelvic 
fracture, while the THUMS model and PMTO 
experiments predict that this geometry will cause a 
pelvic fracture to occur. The modified EEVC test 

protocol also inherently assumes that no pelvic 
fracture will occur in vehicles with Mod-EEVC LEH 
<  90 cm.  

Thus the SUV000 and Van050 geometries, for 
which THUMS simulations predicted pelvic fracture 
and for the latter of which PMTO tests showed pelvic 
fracture, were not tested for pelvic injury risk 
according to the modified EEVC proposal. As 
indicated by the PMTO test results, it may therefore 
be necessary to apply both force and bending moment 
injury criteria to vehicles with LEH near the 
pelvis/femur decision threshold. 

Peak Bending Moment THUMS, PMTO vs. EEVC UL Test
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Figure 16. Comparison of the peak bending moments 
for impact against sedan geometries. 
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Figure 17. Comparison of pelvic fracture predictions 
between the modified EEVC protocol, PMTO test 
results, and the THUMS model. 

DISCUSSION 

The intelligent design of automotive front-end 
geometry holds a large potential for reducing injuries 
to vulnerable road users. In order to assess the risk 
posed to a pedestrian by an automobile, the European 
Enhanced Vehicle-Safety Committee has proposed 
three subsystem pedestrian dummy tests. These tests 
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are currently in use on production vehicles, and are 
published regularly by EuroNCAP. For such tests to 
be useful, it is necessary to concentrate on the most 
important aspects of automotive design, and employ 
testing protocols that are capable of successfully 
identifying high-risk vehicles. The current study 
focuses on the upper leg impact portion of the EEVC 
protocol, which is intended to assess the risk 
presented to the thigh and pelvis of a struck 
pedestrian.  

Vehicle front end design, including hood leading 
edge height, bumper height, and bumper lead play a 
critical part in determining the complicated 
kinematics of pelvic/upper leg contact with the hood 
leading edge. The EEVC test conditions, which have 
been based on kinematic analysis of PMTO and 
dummy impact experiments, intend to incorporate 
these kinematics into the UL testing protocol. 
However, the reduction of a complicated three 
dimensional impact into a simplified, one 
dimensional impact test appears to fall short in 
replicating the complex nature of actual upper 
leg/pelvic impacts (Konosu et al., 2001, Okamoto et 
al. 2001, Snedeker et al. 2003). 

In the current study, a full body FE model, 
THUMS, was used to simulate pedestrian impact 
against several simplified automotive geometries. 
The results from these simulations indicate that hood 
leading edge radius is an important factor in 
determining the injury risk posed to a pedestrian by a 
given automotive form. The model also indicates that 
acceleration of the distal femur by the bumper and 
rolling motion imparted to the thigh by the hood 
radius drastically reduce the closing speed of contact 
in appropriately designed vehicles. In a previous 
study we have shown that the current EEVC WG17 
upper-leg testing protocol does not reflect these 
critical factors (Snedeker et al., 2003). The purpose 
of the present study was to validate the THUMS 
model predictions against actual PMTO experiments, 
use the PMTO experiments to deepen our 
understanding of femur and pelvic injury 
mechanisms, and use this insight to make 
recommendations for an improved characterization of 
vehicle geometry. 

In general, the predictive capacity of the THUMS 
pedestrian model was excellent. The predicted 
femoral bone strains and bending moments 
corresponded very well to the experimental PMTO 
measurements. The model tends to over-estimate the 
“first-peak” bending moment imparted to the thigh by 
contact with the bumper. This may imply that the 
model knee is more rigid than that of the PMTO, in 

which the soft tissues of the knee dissipate impact 
energy, and force transmission from the lower leg to 
the femur is dampened. It may also be due, in part, to 
the fact that the THUMS model does not account for 
soft tissue injuries or fracture of the tibia or fibula. 
Such injuries were observed in three of the five trials, 
and would serve to inhibit force transmission to the 
femur. 

Interpretation of the strain gauge data from the 
pubic ramus and femoral neck is more difficult, since 
the precise loading mechanism of these structures is 
relatively unknown. These measurements were also 
complicated by variability in the anatomical 
placement of the gauges due to individual differences 
in bone geometry, and difficulty in accessing bone 
surfaces heavily invested by connective tissue. In an 
effort to compare the measured bone strain data with 
the THUMS model, the time history of cortical bone 
strain was compared against individual finite 
elements located in corresponding anatomical 
positions. The element strains in the THUMS pubic 
rami vary widely between even neighboring 
elements, suggesting both that the strain distribution 
in these bone structures is complex and that the mesh 
discretization was perhaps too coarse. However, the 
strain time history of certain THUMS elements in 
each case was similar to that measured with the 
PMTO strain gauges, and the predicted THUMS 
stress magnitudes are appropriately matched to the 
corresponding measurements of PMTO stress 
magnitude ( Figure 11 above).  

When considering automotive front end 
geometry, the observed PMTO injury patterns were 
surprising. The THUMS model predicted no injuries 
for any geometry except the van with a sharper hood 
edge (Van050). It was anticipated that the large 
bumper lead and hood radius of the sedans, and the 
van with the rounded hood edge (Van250) would 
permit sufficient acceleration of the distal femur prior 
to contact with the hood, such that the closing speed 
would be reduced and no injury would result. In fact, 
no injuries to the femur were observed.  However, 
two factors are likely causes to why this hypothesis 
failed with regard to the pelvis: bone quality and 
victim stature.  

In an attempt to explain the prevalence of pubic 
rami fracture in PMTOs T2, T4, and T5, test subject 
bone quality was assessed using pQCT. As can be 
readily seen in Figure 5, marked differences in bone 
quality existed between subjects. Further, the three 
impacts that resulted in pelvic fracture all involved 
subjects with compromised bone integrity.  While 
these subjects had diminished bone quality with 
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respect to young healthy adults, their bone quality 
was typical of the older pedestrians that represent a 
significant proportion of pedestrian victims. Thus, it 
appears that age and age-related bone loss may be at 
least as important as car geometric design when it 
comes to the injury outcome of a car-pedestrian 
collision. 

Victim stature with respect to leading edge 
height is the second factor that explains the 
prevalence of hip and pelvis injuries in these 
experiments. All THUMS simulations, and indeed 
most reported biomechanical studies, involve the 
anatomy of a 50th% man or have data normalized to 
this standard. Only two of the subjects tested in the 
present study are representative of such a subject, and 
the other three subjects were considerably smaller in 
stature. Thus the hood of a sedan with a leading edge 
height of 765 mm will most certainly contact a 
standing 50th% man on the femoral midshaft, but 
shorter pedestrians are likely to be struck at the hip or 
pelvis. With regard to PMTOs T1, T2, and T5, the 
hood front contacted the pedestrian at the hip, and 
thus these impacts are perhaps better compared to the 
THUMS being struck by an SUV or van with a high 
leading edge height. With regard to the hip and pelvic 
fracture of subject T4, it is possible that the violent 
loading of the femur due to the sharp hood edge, may 
have caused a “push-through” fracture of the 
acetabulum, and a subsequent fracture of the superior 
ramus. 

CONCLUSIONS: 

• A method for dynamic measurement of femoral 
and pelvic bone strains in a laterally struck 
pedestrian has been successfully established 

• The THUMS pedestrian model is capable of 
accurately assessing pelvic and femoral injury 
risk in laterally struck pedestrians.  

• It may be possible that “safe” cars can be 
identified using only geometric measurement, 
and that an UL impactor is unnecessary. 

• A car sufficiently exhibiting: low hood leading 
edge height, large hood edge radius, moderate 
bumper lead, and high bumper edge height 
would practically exclude the possibility of a 
femoral fracture in primary lateral impact of a 
50th percentile male pedestrian at impact 
velocities less than 40 kph. 

• Bone quality and pedestrian stature are critical 
considerations with regard to injury outcome 
that are not considered by the current EEVC UL 
test protocol. 

• The hood leading edge roundness has an 
important effect on the upper leg kinematics of 
pedestrian impact. This effect is not sufficiently 
encompassed by the one dimensional impactor 
or the test condition look-up graphs employed in 
the current version of the EEVC test protocol. 

• The closing speed of contact between the thigh 
and car hood is a critical factor in injury 
likelihood that does not appear to be sufficiently 
accounted for in the current EEVC test protocol. 
The closing speed is often not equivalent to 
vehicular speed, and can largely depend on the 
roundedness of the hood leading edge. 

• Separate test conditions and test pass/fail criteria 
should be implemented for low leading edge 
height (LEH < hip height) and high leading edge 
height vehicles (LEH > hip height). Specifically, 
low LEH vehicles should be tested with regard 
to the femur, and high LEH vehicles should be 
tested with respect to the pelvis.  

• A modified EEVC UL test protocol has been 
offered. The modified EEVC protocol is based 
on a logical geometric determination of impact 
conditions derived from pedestrian 
anthropometry and vehicle front end shape. 

• The modified proposal accounts for reduced 
impact velocity in cases where the impacted 
femur has been accelerated by the bumper prior 
to impact with the hood leading edge thus 
reducing impact energy. 

• The modifications to the EEVC protocol yield 
impactor bending moments that correspond 
much better with those predicted by the THUMS 
pedestrian model and PMTO experiments. It is 
therefore deemed to be a significant 
improvement on the current EEVC protocol. 

• Validated numerical models provide a powerful 
low-cost alternative to the use of impactors in 
assessing pedestrian injury risk.  

OUTLOOK 

The present study represents a significant leap 
forward in the assessment of pedestrian injury risk 
through the use of numerical models. The THUMS 
pedestrian model has been shown to predict with a 
high degree of accuracy the resulting pelvic and 
femoral loading patterns in laterally struck 
pedestrians. However, there is still work to be done. 

The proposed modifications to the EEVC UL test 
protocol are based upon numerical simulations that 
require experimental validation.  Additionally, the 
effects of pedestrian stature should be investigated 
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using numerical models of varying dimensional scale. 
Finally, the effect of hood stiffness was not addressed 
in the current work, and a parametric study of hood 
force-deformation characteristics could provide 
valuable insight automotive design insight.  
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ABSTRACT 
 

Although the number of pedestrian fatalities and 
injuries is steadily declining worldwide, pedestrian 
protection is still an important issue. Extensive 
researches have been carried out for pedestrian 
protection in order to establish regulations for 
pedestrian safety. The automobile hoods and bumpers, 
which pedestrians frequently collide into during 
accidents, should be designed for the safety of the 
pedestrians.  

Two analysis methods, a real experiment and 
computer simulation, are utilized to design safe 
structures of the hood and the bumper. A real 
experiment is very expensive while computer 
simulation has modeling imperfections. It would be 
optimal to obtain all the data from experiments to 
identify the design tendency. However, computer 
simulation is generally used due to budget restrictions.  

In this research, a method, which uses an 
experiment and simulation simultaneously, is 
developed. Orthogonal arrays are employed to link the 
two methods. The minimum number of experiments is 
allocated to some rows of an orthogonal array and the 
simulations are allocated to the rest of the rows. 
Experiments should be allocated to have the cases of 
the experiments orthogonal. Mathematical error 
analysis is conducted. Based on the proposed methods, 
a hood and a bumper are designed to protect 
pedestrians. Real experiments and computer 
simulations are conducted for the rows of orthogonal 
arrays. The results show that the errors are distributed 
uniformly and a precise design is obtained. 
 
INTRODUCTION 
 

With the great number of pedestrian deaths and 
injuries occurring from automobile accidents, an effort 

is being made worldwide to establish automobile 
safety regulations for pedestrian protection. The hood 
and bumper, with which pedestrians come in frequent 
contact, can be designed and manufactured to be 
pedestrian friendly, effectively decreasing injuries [1-
2]. During the development of a safe hood and bumper 
structures, experiments and computer simulations are 
used to evaluate their performances. Computer 
simulations contain many errors from inaccurate 
modeling and approximation of governing Equations. 
On the other hand, experiments are considered to be 
accurate even with the possibility of experimental 
errors and inaccuracies. In design, it would be the best 
if all the data could be obtained from experiments. 
However, an experiment is generally very costly. 
Therefore, limited experiments are performed in many 
application fields. 

Orthogonal arrays are exploited very well for 
experiments with a limited number. They are used for 
the matrix experiments in design of experiments 
(DOE) [3]. When an experiment is extremely 
expensive, even the experiments with an orthogonal 
array are almost impossible to conduct in order to find 
a good design. In this case, some experiments can be 
replaced by computer simulations. As mentioned 
earlier, computer simulation has a large amount of 
errors [4].  

A method is utilized to simultaneously use 
experiments and computer simulations in an 
orthogonal array. Experiments and simulations are 
assigned to the rows of an orthogonal array. The 
method of the assignment is proposed to minimize the 
error. The error is reduced since it is distributed evenly. 
The automobile hood and bumper structures are 
designed from the results of the orthogonal array. The 
results indicate that the proposed method finds design 
variables accurately [5].  
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EVALUATION OF PEDESTRIAN INJURIES 
 
Pedestrian Accidents 

 
Pedestrian accidents make up a large portion of 

traffic accidents. In the year 2000, pedestrian 
casualties numbered 19.0% (7,000) in Europe, 11.3% 
(4,739) in the U.S., 28.3% (2,605) in Japan, 38.0% 
(3,890) in Korea, and 50% (19,000) in China. There 
were also numerous cases of injuries - over 300,000 in 
Europe, 78,000 in the U.S., 86,000 in Japan and 
74,102 in Korea [1-2][6].  

Most pedestrian injuries (AIS 2-6) are head, face, 
and neck injuries, accounting for 36.9% and leg 
injuries accounting for 32.4% [7]. AIS (abbreviated 
injury scale) is an index used to classify injuries into 7 
levels, from AIS 0 (no injuries) to AIS 6 (death). The 
greatest causes for head injuries are automobile 
windshields (33.5%), hood and wing surfaces (19.5%), 
and window frame and A-pillar (17.2%). The causes 
for leg injuries are bumpers (61.2%) and vertical parts 
of the hood (12.1%) [7].  

 
Pedestrian Protection Regulations and 
Experiments 

 
Impact test for pedestrian protection is implemented 

as illustrated in Figure 1 [6]. The experiment uses the 
standards of the impact experiments for the second 
stage child head model and the first stage lower body 
model in the Directive 70/156/EEC (2003/102/EC) [8]. 
The child head model is impacted on the hood. The 
horizontal impact angle is 50° with the wrap around 
distance (WAD) between 1,000-1,500mm. Impact 
speed is 40km/h and the required HIC (Head Injury 
Criterion) is 1,000 or lower. HIC is calculated from 
Equation (1) [6][8].  
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where a  is the resultant acceleration measured in 
units of gravity “g”(1g = 9.81m/sec2), t1 and t2 are the 
two time instances(expressed in seconds) during the 
impact, defining an interval between the beginning 
and the end of the recording period for which the 
value of HIC is the maximum ( 12 tt − ≤15msec). 

A legform is used for the bumper impact test. 
Impact is applied to the bumper on at least three points 
where injuries or shape changes may result. Impact is 

imposed at 40km/h horizontally in line with the 
automobile. The maximum dynamic knee bending 
angle shall not exceed 21°, the maximum dynamic 
knee shearing displacement shall not exceed 6mm, and 
the acceleration measured at the upper end of the tibia 
shall not exceed 200g [6][8].  
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Figure 1.  Schematic of impact experiments for 
pedestrian protection. 

 
A DESIGN METHOD USING ORTHOGONAL 
ARRAYS WITH EXPERIMENTS AND 
COMPUTER SIMULATIONS 
 

Using an optimization formulation, a design 
problem can be expressed as [4][9]: 

 
Find nR  ∈b   

to minimize  )(bf   

subject to ( ) kihi ,,1            ,0 L==b                               

( ) ljg j ,,1          ,0 L=≤b     

         UL    bbb ≤≤                       (2). 
 

where b  is the design variable vector with n  
elements, f  is the objective function, ih  is the i -
th equality constraint, jg  is the j -th inequality 
constraint, and Lb and Ub  are the vectors for lower 
and upper bounds of design variables, respectively. k  
is the number of equality constraint, and l  is the 
number of inequality constraint. When an orthogonal 
array is used directly in design, the characteristic 
values are used by changing the functions in Equation 
(2). 

 
Design Using Orthogonal Arrays 

 

A full combination of experiments with design 
candidates can find the best design. However, real 
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experiments are very expensive. Even computer 
simulation is costly for crashworthiness. In this case, 
orthogonal arrays are exploited well to replace the full 
combination to reduce the number of experiments [3-
4][10]. Using the orthogonality of the rows in the 
orthogonal array, the minimum number of 
experiments is conducted. After the experiments of the 
rows are performed, a design is found by analysis of 
means (ANOM). The error variance is reduced due to 
the orthogonality [3-5].  

Suppose we select the orthogonal array )3( 4
9L   

where 9 is the number of rows, 3 is the number of 
levels, and 4 is the number of design variables.  As 
shown in Table 1, an experiment is carried out for each 
row. The average of the characteristic values from 

)3( 4
9L  of Table 1 is 

 

∑
=

=
9

19
1

i
im η                            (3).  

 
where iη  is the characteristic value of the i -th row. 
When factor A is A3, the average is 

3Am  as 
 

)(
3
1

9873
ηηη ++=Am                     (4).  

 
Table 1.  

)3( 4
9L  orthogonal array 

 
Factor assigned Exp. 

No. A B C D 
Characteristic

value (η ) 

1 1 1 1 1 1η  

2 1 2 2 2 2η  

3 1 3 3 3 3η  

4 2 1 2 3 4η  

5 2 2 3 1 5η  

6 2 3 1 2 6η  

7 3 1 3 2 7η  

8 3 2 1 3 8η  

9 3 3 2 1 9η  
 
Therefore, the effect of level A3 is )(

3
mmA −  when 

additivity is satisfied. Equation (4) is identical to 
Equation (5) by the additive model [11].  
   

)(
3
1)( 98733

eeeamA ++++= µ             (5).  

where µ  is the true average value of η , 3a  is the 
true value of )(

3
mmA −  and je  is the error of the 

j -th row of Table 1. When we use an orthogonal 
array to solve the problem in Equation (2), constraints 
exist. The characteristic function η  is usually a 
function of the objective function f  in Equation (2). 

For constrained problems, the following augmented 
characteristic function augη  is defined as: 

 

_
Pfaug +=η                             (6).  

sljgkihP ji ×=== ),,1;,,,1;,0max(
_

LL        (7).  

 
where 

_
P  is a penalty function defined from the 

maximum violation of the constraints and s  is the 
scale factor. The size of the scale factor determines the 
way the constraints are considered. The constraints are 
usually normalized to fairly consider the constraints. 

augη  is utilized instead of η  in constrained problems.  
A one-way table is established and the solution from 

the one-way table is intermediate design 1. The best 
one from the orthogonal array is intermediate design 2. 
In other words, iη , which has the least objective 
function while constraints are satisfied, is intermediate 
design 2. Since interactions are not considered, a 
confirmation experiment should be conducted with 
intermediate design 1. If a constraint is violated by 
intermediate design 1, the design is discarded. 
Otherwise, intermediate design is compared with 
intermediate design 2 and the better one is selected for 
the final design [11].  

 
A Method to Simultaneously Consider 
Experiments and Computer Simulations with an 
Orthogonal Array [4-5]  

 
The method using experimental and computer 

simulation results simultaneously with an orthogonal 
array is explained. For example, if we have four 
design variables with three levels, orthogonal array 

)3( 4
9L  in Table 1 can be used. The standard deviation 

for error is eσ  and the standard deviation for the 
estimate 

3Am  in Equation (5) is eσ3/1 . Assume that 
experiments are performed for rows 1, 5, 9 of the 
orthogonal array in Table 1 and computer simulations 
are performed for the rest. Suppose the standard 
deviation for the experimental error is exσ  and the 
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standard deviation for the error of computer 
simulation is simσ . It is assumed that simex σσ << . 
Then Equation (5) yields 

)(
3
1)( 33 exsimsimA eeeaµm ++++=             (8).  

 
where sime  is the simulation error and exe  is the 
experimental error. The total error variance 2

Eσ , when 
each error is independent, is as follows:  
 

222

9
1

9
2

exsimE σσσ +=                      (9).  

 
If exsime σσσ >>≅ , then the error variance in 

Equation (9) is much less than the error variance in 
Equation (5). In rows 1, 5, 9 of Table 1, the design 
variables A, B, C are distributed so that each level 
equally appears. This will allow identical decrease in 
error variance for each level.  

 
DESIGNING AN AUTOMOBILE HOOD AND 
BUMPER STRUCTURE 
 

An automobile hood and bumper structure is 
designed to reduce pedestrian injuries. A “variable 
frontal structure” is installed to the test vehicle. This 
structure includes the hood and the bumper of a 
compact car. It allows adjustment of structural 
members which are design variables. The adjustment 
is made for each row of the selected orthogonal array. 

)3( 4
9L  orthogonal array is selected for the hood 

structure and )32( 71
18 ×L  orthogonal array is selected 

for the bumper structure. At the same time, the finite 
element model is established for each row of the 
orthogonal arrays. 

The flow of the design process is illustrated in 
Figure 2. A design where only computer simulation 
results are used for each case in the existing 
orthogonal array and a design where both 
experimental and simulation results are used, are 
compared. A commercial finite analysis program LS-
DYNA ([12]) was used for analyzing the hood and 
bumper structures.  

 
Design of the Hood Structure 

 
For the hood structure, three design variables A, B 

and C are selected. They are A = height of the striker 
which is the locking device on the front part of the 
hood; B = number of holes in the inner frame 
supporting the hood panel; C = height of the hinge 

which is a fastening device on the rear part of the hood 
[5][13]. For the parameter study of the design 
variables, impact is applied on three points of the hood 
at the places between 1,000-1,500mm of the wrap 
around distance (WAD). The child headform is 
impacted on the three points. 

 

 
Figure 2.  Flow of the design process.  

 
Figure 3 presents the design variables and the 

impact points. P1 in Figure 3 affects the striker and the 
hinge (design variable A), P2 affects the hood frame 
holes (design variable B), and P3 affects the inner 
structures of the engine room (design variable C) 
[5][12]. Design variables are determined by 
considering the tests on these three points. The 
neighbor of P3 is stiffer than the other places, therefore, 
a larger weighting factor is imposed on the 
characteristic function for P3. 

The design problem is formulated as: 
 
Find A, B, C 
to minimize  

321 PPP 4.03.03.0 HICHICHIC ++=η  

subject to    

1000
1000
1000

3

2

1

P

P

P

≤
≤
≤
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                      (10). 

Select level values among candidates 

Analyze characteristic values: η  
(ANOM) 

Start 

Determine the final design 

Select candidates of each factor 

Select a standard orthogonal array 
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1. Simulation method 
2. Experiment & simulation  

method  

End 
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where 
i

HICP  is the HIC value at point iP  of Figure 
3. The level values for design variables are defined by 
A (mm) = {0, 10, 20}, B (ea) = {0, 7, 16} and C (mm) 
= {0, 20, 40}. 

 

 

Figure 3.  Impact points and design variables of 
the hood structure. 
 

The Design Process of the Hood Structure Using 
Computer Simulation 

Experiments and computer simulation are 
performed to evaluate the system. The finite element 
model is presented in Figure 4. The test facility with a 
“variable frontal structure,” is shown in Figure 5. The 
first experiment is performed with respect to the first 
row of Table 2. For this case, the finite element model 
is tuned to match the simulation results with the 
experimental results. Then the finite element model is 
regarded as the established one. Computer simulations 
are performed for all the rows of Table 2. The results 
are shown in Table 2. 

 

 
Figure 4.  FE model of the child headform impact 
test. 

Table 2.  
)3( 4

9L  orthogonal array using computer 
simulation for the hood structure 

 
Factor 

assigned Characteristic value Exp.
No.

A B C η  
_
P  augη  

1 1 1 1 989.9 204.0 1193.8 √ 
2 1 2 2 839.3 25.0 864.3 √ 
3 1 3 3 784.0 0.0 784.0 √ 
4 2 1 2 955.2 133.0 1088.2 √ 
5 2 2 3 832.5 0.0 832.3√ 
6 2 3 1 785.5 0.0 785.5√ 
7 3 1 3 963.8 153.0 1116.8 √ 
8 3 2 1 831.8 0.0 831.8√ 
9 3 3 2 814.9 0.0 814.9√ 

 
augη  is defined from Equations (6) and (10) and the 

scale factor is set by s  = 1. Rows 1, 2, 4 and 7 of 
Table 2 do not satisfy the constraints and are marked 
by √ on augη . Through the ANOM (one-way table), 
intermediate design 1 is found and it is A2, B3 and C3.  
A simulation for confirmation is carried out with 
intermediate design 1. The result is that augη  = 768.0 
and the constraints are satisfied. Intermediate design 2 
is selected from Table 2. It is the third row. The two 
designs are compared and the final solution is 
intermediate design 1. The final design is: striker 
height A = 10mm, numbers of hole in hood frame B = 
6ea, and hinge height C = 40mm. The simulation for 
confirmation shows that

1PHIC = 824.3, 
2PHIC = 605.7 

and 
3PHIC = 847.6. 

 

Design by Experiments and Computer Simulation 
for the Hood Structure 

Experiments are performed in the facility in Figure 
5. Experiments are prepared for rows 1, 5 and 6 of 
Table 3 and simulations are prepared for the remaining 
rows. augη  and the scale factor are defined in the 
same manner as the previous process. The results with 
the )3( 4

9L  orthogonal array are shown in Table 3. 
Rows 1, 2, 4, 5 and 7 in Table 3 do not satisfy the 
constraints and are thus marked by √ in augη . A2, B3, C3 
are obtained as intermediate design 1 from the ANOM 
(one-way table).  

Intermediate design 1 is confirmed by computer 
simulation. augη  = 768.0 and the constraints are 
satisfied. Intermediate design 2 is the third row of 
Table 3. These results are the same as the previous 
results. Therefore, A2, B3 and C3 are the final solution. 



Lee 6

 

Figure 5.  Child headform impact test setup. 
 

Table 3.  
)3( 4

9L  orthogonal array using experiments and 
computer simulation for the hood structure 

 
Factor 

assigned Characteristic value Exp. 
No. 

A B C η  
_
P  augη  

1 1 1 1 1056.1 225.5 1281.6 √ 
2 1 2 2 839.3 25.0 864.3 √ 
3 1 3 3 784.0 0.0 784.0 √ 
4 2 1 2 955.2 133.0 1088.2 √ 
5 2 2 3 795.0 35.0 830.3 √ 
6 2 3 1 785.5 0.0 785.5 √ 
7 3 1 3 963.8 153.0 1116.8 √ 
8 3 2 1 831.8 0.0 831.8 √ 
9 3 3 2 794.6 0.0 794.6 √ 

 
Design of the Bumper Structure 

 
For the bumper test, a legform is impacted on the 

bumper. A bumper structure is presented in Figure 6. 
Five design variables are chosen as shown in Figure 6. 
They are A = distance between the edge of the hood 
and the edge of the bumper; B = thickness of the 
bumper foam absorbing the impact energy; C = 
distance between the edge of the stiffener (a structure 
to decrease the bend angle of the lower-body) and the 
edge of the bumper; D = strength of the bumper cross 
member; and E = bumper height [5][13]. Variable E is 
different for each vehicle model.  
 

A

B D

C
E

A

B D

C
E

 
Figure 6.  Design variables of the bumper 
structure. 

 
Since there are five design variables and three 

levels, )32( 71
18 ×L standard orthogonal array is 

selected [3]. The values of the design variables from 
an existing one are set to level 1’s. Ones higher than 
the initial values are set to levels 2 and 3.  

The problem is to find the levels of the five design 
variables to minimize the acceleration, the bending 
angle, and the shear displacement of the legform. The 
legform is impacted at a velocity of 40km/h to the 
center of the bumper structure. Since the acceleration 
and bending angle requirements are more difficult to 
satisfy, the corresponding weighting factors are larger. 
The problem is formulated as  

 
Find A, B, C, D, E 
to minimize  

)
6

._10.0
21
_.45.0

200
.45.0( dispshearanglebendaccel

×+×+×=η    

subject to  

mmdispshear
anglebend

gaccel

6._
21_.

200.

≤
°≤

≤
                  (11).  

 
where .accel  is the acceleration measured at the 
upper end of the tibia, anglebend _.  is the maximum 
dynamic knee bending angle, ._ dispshear  is the 
maximum dynamic knee shearing displacement, and 
η  is the characteristic function. Level values for the 
variables are A(mm) = {78, 105, 132}, B(mm) = {25, 
50, 75}, C(mm) = {none, -25, 0}, D(ratio) = {1, 0.7, 
0.5} and E(mm) = {0, 30, 60}.  

 

The Design Process of the Bumper Structure Using 
Computer Simulation 

Experiments and computer simulation are 
performed to evaluate the system. The finite element 
model is presented in Figure 7. The test facility with a 
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“variable frontal structure,” is shown in Figure 8. The 
first experiment is performed with respect to the first 
row of Table 4. The tuning process of the finite 
element model is the same as before. Computer 
simulations are performed for all the rows of Table 4. 
The results are shown in Table 4. 

 

 
Figure 7.  FE model of the lower legform impact 
test. 
 

Table 4.  
)32( 71

18 ×L  orthogonal array using computer 
simulation for the bumper structure 

 
Factor assigned Characteristic valueExp. 

No. A B C D E η  
_
P  augη  

1 1 1 1 1 1 1.325 0.688 2.010 √
2 2 2 2 2 2 1.063 0.310 1.373 √
3 3 3 3 3 3 1.026 0.097 1.122 √
4 1 1 2 2 3 1.329 0.557 1.886 √
5 2 2 3 3 1 0.782 0.000 0.782 
6 3 3 1 1 2 1.152 0.695 1.847 √
7 1 2 1 3 2 1.109 0.667 1.775 √
8 2 3 2 1 3 1.339 0.538 1.877 √
9 3 1 3 2 1 0.997 0.106 1.103 √
10 1 3 3 2 2 0.690 0.000 0.690 
11 2 1 1 3 3 1.238 0.829 2.067 √
12 3 2 2 1 1 0.820 0.000 0.820 
13 1 2 3 1 3 1.030 0.104 1.134 √
14 2 3 1 2 1 1.098 0.629 1.726 √
15 3 1 2 3 2 1.108 0.238 1.346 √
16 1 3 2 3 1 0.942 0.065 1.007 √
17 2 1 3 1 2 0.983 0.072 1.054 √
18 3 2 1 2 3 1.192 0.776 1.968 √

 

augη  is defined from Equations (6) and (11) and the 
scale factor is set by s  = 1. All the rows except for 
rows 5, 10, and 12 do not satisfy the constraints and 
are marked by √ on augη . Intermediate design 1 is A3, 
B2, C3, D3 and E1. From the simulation for confirmation, 

augη  = 0.587 and the constraints are satisfied. The 
acceleration is 166.5g, the knee bending angle is 8.3°, 
and the shearing displacement is 2.1mm. Intermediate 
design 2 is the tenth row of Table 4. Since 
intermediate design 1 is better, it is selected as the 
final solution. The solution is A = 132mm, B = 50mm, 
C = 0mm, D = 0.5 and E = 0mm.  

 

Design by Experiments and Computer Simulation 
for the Bumper Structure 
Experiments are carried out by the facility in Figure 8. 
Experiments are performed for rows 1-6 of Table 5 
where each level of a design variable appears twice. 
Computer simulations are carried out for the rest of 
the rows. As shown in Table 5, all the rows except for 
rows 3, 5, 10, 12 do not to satisfy the constraints and 
are marked by √ on augη . Intermediate design 1 is A3, 
B2, C3, D3 and E1. 

 

 
Figure 8.  Lower legform impact test setup. 

 
Computer simulation is conducted for confirmation 

with intermediate design 1. The results are augη  = 
0.587, acceleration = 166.5g, knee bending angle = 
8.3°, and shearing displacement = 2.1mm. The 
constraints are satisfied. Intermediate design 2 is 
obtained from Table 5. It is the third row with A3, B3, 
C3, D3 and E3. Since intermediate design 2 is better, it 
is chosen as the final solution. The final solution is A 
= 132mm, B = 75mm, C = 0mm, D = 0.5, and E = 
60mm. For the final solution, the acceleration is 86.6g, 
the knee bend angle is 15.2° and the shear 
displacement is 2.7mm. 
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Table 5. 
)32( 71

18 ×L  orthogonal array using experiments 
and computer simulation for the bumper structure 

 
Factor assigned Characteristic valueExp. 

No. A B C D E η  
_
P  augη  

1 1 1 1 1 1 1.348 0.614 1.962 √
2 2 2 2 2 2 0.816 0.143 0.957 √
3 3 3 3 3 3 0.565 0.000 0.565 
4 1 1 2 2 3 1.007 0.257 1.265 √
5 2 2 3 3 1 0.588 0.000 0.588 
6 3 3 1 1 2 1.055 0.657 1.712 √
7 1 2 1 3 2 1.109 0.667 1.775 √
8 2 3 2 1 3 1.339 0.538 1.877 √
9 3 1 3 2 1 0.997 0.106 1.103 √
10 1 3 3 2 2 0.690 0.000 0.690 
11 2 1 1 3 3 1.238 0.829 2.067 √
12 3 2 2 1 1 0.820 0.000 0.820 
13 1 2 3 1 3 1.030 0.104 1.134 √
14 2 3 1 2 1 1.098 0.629 1.726 √
15 3 1 2 3 2 1.108 0.238 1.346 √
16 1 3 2 3 1 0.942 0.065 1.007 √
17 2 1 3 1 2 0.983 0.072 1.054 √
18 3 2 1 2 3 1.192 0.776 1.968 √

 

Discussion 
The two methods give the same solution in the 

design of the hood structure. However, they give 
different solutions in the design of the bumper 
structure. The designs are improved in both cases. 
Computer simulations contain large amount of errors 
that can change the design results. Therefore, when 
experiments and simulations are simultaneously used, 
a more precise solution can be obtained.  

 
CONCLUSIONS  
 
From this research, the followings are concluded: 

1) A new method is proposed to use experiments 
and computer simulation in design. Orthogonal arrays 
are employed in the design process. Error analysis is 
conducted for the method. Automobile hood and 
bumper structures are designed for pedestrian 
protection by using the proposed method. 

2) Designs are carried out in two methods - one 
utilizing only computer simulation, and one utilizing 
experiments and computer simulation. The results 
from the two methods are compared. Precise solution 

is obtained from the method by using experiments and 
computer simulation because the errors are reduced.  

3) The final design of this research is for pedestrian 
protection. More researches are needed to see if the 
design satisfies other regulations on frontal impacts, 
offset impacts and bumper impacts, etc. 
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ABSTRACT 
 
The Japan Automobile Manufacturers Association, Inc. 
and the Japan Automobile Research Institute are 
jointly engaged in the development of a flexible 
pedestrian legform impactor (hereafter referred to as 
"Flex-PLI").   However, a study for the development 
of a pedestrian lower extremity protection car using 
the Flex-PLI has not been reported. 
 
In this study, development of sedan, minivan and SUV 
type cars for pedestrian lower extremity protection 
was conducted using a Flex-PLI.  This study results 
indicated a good possibility of lower-extremity 
protection in collisions by pushing the pedestrian's 
legs forward within the extent of not causing bone 
fractures. However, such protection methodology is 
difficult for SUVs because they need high ground 
clearance and large approach angle  as for rough road 
condition running purpose. 
 
This study is the first trial study for the development 
of pedestrian lower extremity protection car using a 
Flex-PLI , therefore, additional s imilar studies are 
necessary.  
 
INTRODUCTION 
 
The Japan Automobile Manufacturers Association, Inc. 
and the Japan Automobile Research Institute are 
jointly engaged in the development of a flexible 
pedestrian legform impactor (hereafter referred to as 
"Flex-PLI") [1][2][3]. The bone and knee of the 
Flex-PLI have a bending deformation characteristic 
equivalent to those of the human lower-extremity. The 
Flex-PLI is equipped with more built-in measuring 
instruments than are conventional pedestrian legform 
impactors.  
 
It is reasonable to consider that the Flex-PLI is more 
suited for the development of proper pedestrian 
lower-extremity protection car, however,  there has 
been no report of such vehicle development using a 
Flex-PLI before. In the present study, therefore, 
pedestrian lower-extremity protection methods for 

various types of cars were examined using a Flex-PLI. 
 
METHODOLOGY 
 
Pedestrian Legform Impactor 
 
The pedestrian legform impactor employed in the 
present study is shown in Figure 1. It is the 
latest-version model developed in 2004 and is called 
Flex-PLI 2004 [3] (hereafter simply "Flex-PLI"). As 
listed in Figure 2, the Flex-PLI has a total of 10 
measurement items including bone core strain and 
knee ligament elongation. Based on the relationship 
between the strain and bending moment of the bone 
core derived from bone core calibration tests (see 
Appendix B), it is possible to calculate from the 
measured value of strain the value of bending moment 
applied to the bone core.  
 
In the present study, measurement of the elongation of 
the lateral collateral ligament ("LCL") was omitted 
since the LCL could not be elongated by the types of 
vehicles used in the present study. 

Thigh 
(Flexible)

Leg 
(Flexible)

Knee Joint 
(Ligament restraint 

system)

 
Figure 1.  Overall design of Flex-PLI. 
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Leg 1 (strain)

Leg 2 (strain)

Leg 3(strain)

Leg 4(strain)

Thigh 1 (strain)

Thigh 2 (strain)

Thigh 3 (strain)

PCL (elongation)
MCL (elongation)

ACL (elongation)

LCL (elongation)

Knee Joint 

137 mm

217 mm

297 mm

134 mm

214 mm

294 mm

374 mm

Impact

 
 Figure 2.  Measurement items of Flex-PLI (2004 ). 
 

Test Vehicles  
 
The four types of cars used in the present study are 
shown in Figure 3 and Table 1. They were two sedans, 
a minivan and an SUV (Sedan 1, Sedan 2, Minivan, 
SUV).  
 
For each car type, the test was conducted with the car 
in its original parts. Then, based on the test results, the 
car was modified and tested to determine suitable 
methods to protect the pedestrian lower- extremity.  
 
Test Conditions 
 
The test conditions are introduced in Figure 4. The 
initial impact speed of Flex-PLI was 11.1 m/s, and the 
impact position was at the center of the vehicle's front 
face. In accordance with a conclusion drawn by the 
International Harmonized Research Activity 
Pedestrian Safety Working Group [4], the lowest point 
of Flex-PLI was set 25 mm above the ground to allow 
for the shoe sole height.  
 
Injury Risk Levels (tentative) 
 
The tentative 50% injury risk levels assumed for the 
present study are listed in Table 2. These tentative 
50% injury risk levels for the American 50 percentile 
male were derived from available literatures for the 
present study [5][6][7][8][9]. 
 

Car Type LEH* (mm) BL** (mm)
Sedan 1 703 157
Sedan 2 765 185
Minivan 829 164

SUV 925 211
* LEH: bonnnet leading edge height.
** BL: bumper lead.

Figure 3.  Test cars. 
 

Table 1.  Dimensions of test cars. 

Sedan 1 Sedan 2 Minivan SUV

+ Modified conditions
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Figure 4.  Test conditions. 
 

Table 2.  Injury risk levels (tentative). 

50% injury risk level for 50
percentile American male

(tentative)
References

Leg BM (312 - 350 Nm)
BM (312 Nm): Kerrigan et al., 2004

BM (350 Nm): INF GR/PS/82

Knee MCL EL (18 - 20 mm)**
BA (18 deg).: Ivarsson et al., 2004

BA (20 deg).: INF GR/PS/82

ACL EL (10 mm)*** SD (10 mm): IHRA/PS/309

PCL EL (10 mm)*** SD (10 mm): IHRA/PS/309

Thigh BM (372-447 Nm) BM (372 - 447 Nm): Kerrigan et al., 2004
BM (390 - 395 Nm): Kennedy et al., 2004

** Estimated from BA (18-20 deg.), *** Estimated from SD (10 mm)
* BM: Bending moment, EL: Elongation, BA: Bending angle, SD: Shearing displacement.

Body regions

+25mm

V= 11.1 m/s

ground level
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RESULTS 
 
Sedan 1 
 
Test results with the original Sedan 1 are given in 
Figure 5. In a collision with Sedan 1 the risk of 
causing a thigh or leg fracture to the pedestrian proved 
to be low, but the risk of an injury to the medial 
collateral ligament (MCL) of the knee might be high 
(located in the tentative injury risk level). The reason: 
although the bumper rigidity was insufficient to cause 
a fracture, the bumper also lacked suffic ient force to 
push the pedestrian's legs forward, thus generating a 
large bending of the knee.  
 
In view of the above results, Sedan 1 was modified as 
shown in Figure 6. A second bumper face and a pad 
were added to the bumper's lower section in order to 
increase the bumper rigidity.  

 
As shown in Figure 7, the modified Sedan 1 yielded 
test results that were clearly below the injury risk level 
for the thigh, leg and knee alike, thus indicating a high 
pedestrian lower-extremity protection capability of the 
modified Sedan 1. 
 
The test results with the original Sedan 1 and the 
modified Sedan 1 were compared in Figure 8. The 
modified sedan recorded lower bending moment and 
elongation values at the various positions on the 
Flex-PLI except the Leg 4 position, as  compared to the 
original sedan. This was attributed to the 'leg sweeping 
structure' of the modified bumper, whereby the overall 
load on the lower-extremity was lightened by pushing 
the leg region forward. 
 
 

Figure 5.  Test results of Sedan 1 (Original). 
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1) Additional pad 2) Additional bumper face

Figure 6.  Modifications to Sedan 1. 

Figure 7.  Test results of Sedan 1 (Modified). 
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Sedan 2 
 
Test results with Sedan 2 are shown in Figure 9. Sedan 
2 was found to be similar to Sedan 1 in that, although 
the risk of thigh or leg fracture proved to be low, the 
risk of knee injury might to be high. The reason: 
similar to Sedan 1, Sedan 2 lacked a sufficient bumper 
force to push the pedestrian's leg forward, although the 
bumper rigidity was low enough to prevent thigh or 
leg fractures. Thus, a large bending of the knee was 
observed.  
 
The pedestrian lower-extremity protection methods 
adopted to Sedan 2 are shown in Figure 10. A pad was 
added so as to increase the rigidity of the bumper's 
lower portion.  
 

The test results with this modified sedan are given in 
Figure 11. The measured bending moment and 
elongation values at all the positions on the thigh, knee 
and leg of the Flex-PLI were measured to be below the 
injury risk level, thus affirming a capability of the 
modified Sedan 2 to protect the pedestrian 
lower-extremity in a collision.  
 
The test results with the original Sedan 2 and the 
modified Sedan 2 were compared in Figure 12. The 
modified sedan recorded lower bending moment and 
elongation values at the various positions on the 
Flex-PLI except the Leg 3 and Leg 4 positions, when 
compared to the original sedan.

Figure 8.  Comparison of the test results between the Original and Modified Sedan 1. 
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Figure 9.  Test results of Sedan 2 (Original). 

Figure 10.  Modifications to Sedan 2. 
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Figure 11.  Test results of Sedan 2 (Modified). 

Figure 12.  Comparison of the test results between the Original and Modified Sedan 2. 
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Minivan 
 
Test results with the original Minivan are given in 
Figure 13. Similar to Sedans 1 and 2, although its bone 
fracture risk was low, the risk of knee injury  might to 
be high. The reason: similar to Sedans 1 and 2, the 
Minivan lacked a sufficient bumper force to push the 
pedestrian's leg forward, although the bumper rigidity 
was low enough to prevent thigh or leg fractures. Thus, 
a large bending of the knee was manifested.  
 
The pedestrian lower-extremity protection introduced 
into the Minivan is shown in Figure 14. A pad was 
added so as to increase the rigidity of the bumper's 
lower portion. The test results with this modified 
Minivan are given in Figure 15. The measured MCL 
elongation remained at the tentative injury risk level, 
and it was evident that the addition of the pad was 
ineffective.  
 

The test results with the original and modified 
Minivans were compared in Figure 16. The protection 
employed in the modified Minivan proved to be 
ineffective, except that elongation values for the knee 
slightly improved. This was attributed to the fact that 
because several pads already existed in the bumper 
area of the original Minivan (see Figure 14), the 
additional pad had to be placed on top of them in a 
higher position comparing to the Sedan 1 and Sedan 2 
(see Figure 17).  
 
The lower the impact point on the leg, the more the 
rotating motion of the entire lower-extremity. To 
reduce the load on the knee, therefore, the position of 
the added pad needs to be lowered and/or the rigidity 
of the pads used in the original Minivan must be 
increased within the extent of not causing bone 
fractures. 

Figure 13.  Test results of Minivan (Original). 

0
2
4
6
8

10
12
14
16
18
20
22
24

ACL PCL MCL

E
lo

ng
at

io
n 

(m
m

)

0

50

100

150

200

250

300

350

400

450

500

Thigh-3 Thigh-2 Thigh-1 Leg-1 Leg-2 Leg-3 Leg-4

B
en

di
ng

 m
om

en
t (

N
m

)

Minivan (Original), Flex-PLI 2004

0 ms 8 ms 16 ms 24 ms 32 ms 40 ms

50% injury risk level for 50 
percentile American male 
(tentative)

50% injury risk level for 50 
percentile American male 
(tentative)

50% injury risk level for 50 
percentile American male 
(tentative)

50% injury risk level for 50 
percentile American male 
(tentative)



 

KONOSU 10 

 

Additional pad
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Figure 14.  Modifications to Minivan. 

Figure 15.  Test results of Minivan (Modified). 
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Figure 16.  Comparison of the test results between the Original and Modified Minivan. 

Figure 17.  Comparison of the additional pad position. 
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SUV 
 
Test results with the original SUV are given in Figure 
18. In a collision with the SUV the risk of causing a 
thigh or knee injury proved to be low, but the risk of 
leg fracture was high. The reason: while the bumper 
rigidity was insufficient to cause a thigh fracture or a 
knee ligament injury, the original SUV lacked a 
structural member to support the lower part of the leg 
because SUVs are required to have a high ground 
clearance and a large approach angle. As a result, a 
large bending load was applied to the leg.  
 
Accordingly, the Minivan was modified as shown in 
Figure 19. An additional bumper face was installed 
underneath the standard bumper to support the 
pedestrian's leg. Although the introduction of this 

additional bumper face may make the vehicle deviate 
from the definition of an SUV, this step was taken 
because no other effective protections could be found 
at this stage. As shown in Figure 20, the modified 
SUV clearly reduced the leg fracture risk.  
 
The test results with the original and modified SUV 
were compared in Figure 21. The modified SUV was 
able to reduce the general lower-extremity injury risk 
thanks to the addition of a bumper face that supported 
the lower leg part. To further reduce the injury risk to 
a satisfactory level, however, additional steps will be 
necessary, for example the padding of the back of the 
added bumper face. 

Figure 18.  Test results of SUV (Original). 
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Figure 19.  Modifications to SUV. 

Figure 20.  Test results of SUV (Modified). 
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DISCUSSION  
 
In the present study, lower-extremity protection 
possibilities were examined for sedan, minivan and 
SUV types of vehicles. The results indicated a good 
possibility of protecting the pedestrian 
lower-extremities for all the vehicle types by pushing 
the legs forward within the extent of not causing leg 
fractures. This possibility was most saliently observed 
in Sedan 1 and Sedan 2.  
 
In the case of the Minivan, the present study failed to 
obtain satisfactory injury risk values. However, to 
lower the position of the additional pad position and/or 
by increasing the rigidity of the standard pads within 
the extent of not causing bone fractures , the Minivan 
output also has a high possibility to be lower the injury 
risk level. 

 
As for the SUV, it was considered difficult for this 
type of vehicle to provide sufficient lower-extremity 
protection because the requirement of a high ground 
clearance and large approach angle makes it difficult 
to introduce methods of pushing the pedestrian's legs 
forward.  
 
However, this study is the first trial study for the 
development of pedestrian lower extremity protection 
car using a Flex-PLI, therefore, additional similar 
studies are necessary. 
 

Figure 21.  Comparison of the test results between the Original and Modified SUV. 
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CONCLUSIONS  
 
• In the present study the pedestrian 

lower-extremity protection performances of 
sedan, minivan and SUV types of cars were 
tested using a Flex-PLI. 

 
• The test results indicated a good possibility of 

lower-extremity protection in collisions by 
pushing the pedestrian's legs forward within the 
extent of not causing bone fractures.  

 
• In the case of SUVs, however, it was found 

difficult to provide such protection because of 
their high ground clearance and large approach 
angle which make difficult the introduction of 
methods to push the pedestrian's legs forward. 

 
• This study is the first trial study for the 

development of pedestrian lower extremity 
protection car using a Flex-PLI, therefore, 
additional similar studies are necessary. 
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Appendix B:  
Dynamic Component Calibration Test Procedure 

for Thigh and Leg of Flex-PLI 2004 
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B1:  Dynamic Component Calibration Test Procedure  for Thigh of Flex-PLI 2004 
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B2:  Dynamic Component Calibration Test Procedure  for Leg of Flex-PLI 2004 

Ram (Mass: 67.8kg, Initial impact speed: 1.0m/s)

Drop Test
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Step 2: Obtain calibration values derived from Strain and Bending moment 
relations
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Abstract 
Current passenger cars offer an assemblage of complex systems for the protection of occupants in 

different accident configurations. The adaptivity of the systems will widen in the future, i. e. the 

systems will be adapted to offer optimized and increased protection for different occupant classes 

during serious crash situations. This will lead to an augmentation of system complexity. Only through 

an intensive application of CAE based methods is one able to a) chose the appropriate system 

components and b) assess and optimize the interaction of the latter to fulfill the requirements. 

 

The competence of developing and assessing new features is one of the core tasks of car 

manufacturers. To satisfy this demand, Audi and Volkswagen started the KISS (key competence 

integrative safety systems) project. The main goal of KISS is to increase the development and 

assessment competence of occupant restraint systems throughout the complete development 

process, which consists of the actual vehicle, the occupants, the restraint systems, sensors, airbag 

control unit and the algorithm which is implemented to control the deployment of protective measures. 

 

Because KISS kicks in at the very beginning of the development process when essential properties 

are yet to be defined and boundary conditions are still fluid (e. g. package, system architecture,...), 

KISS is able to lay the groundwork for an effective and – concerning its complexity – controllable 

occupant restraint system. Along with conventional car and occupant simulations FEM crash 

simulations can also be increasingly used for the optimized placement of crash sensors and the 

computation of sensor signals. Using modern mathematical methods of signal classification, these 

signals are utilized to generate a first implementation of a crash classifying algorithm. Using 

stochastical and statistical methods the robustness of a solution can be assessed in a qualified way 

long before hardware for tests is actually available. 
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The universal and integrative design of the system is driven by the requirements. Starting with the 

global request “Protect each occupant as well as possible in each crash situation” one can derive 

different requirements for the restraint systems, the control unit, the sensor system and the crash 

algorithm. KISS enables considerable acceleration of the entire development process. 

 

The realisation of new, innovative systems is only possible in close collaboration with system 

suppliers. A structured approach based e. g. on the V-model starts with a detailed analysis of the 

requirements to be satisfied. Based on these requirements different solution concepts are created. 

One of the concepts is finally chosen and implemented. Despite the different focus of car 

manufacturers and system suppliers in the development process, it is crucial to build up overlapping 

areas of expertise and competence to jointly develop innovative, robust and cost-optimized solutions. 

 

The following presentation gives a survey of the content, the interaction of the processes and 

technologies used in the KISS project and their impact on the future role allocation between OEM and 

system suppliers.  

Introduction & approach  

Today’s vehicle safety systems are characterised by high levels of functionality and more and more 

demanding product requirements. In some cases, this leads to very complex systems. For this reason, 

it is difficult to adapt existing systems to new requirements or to guarantee a sufficient degree of 

quality from the outset of a new development.  

When using traditional, hierarchical and purely deterministic developmental methods, the necessary 

development requirements are inordinately dependent upon: 

 

• the number of requirements 

• the number of functions 

• the degree of complexity  

 

This is especially true of vehicle safety. Over the last few years, vehicle functional requirements have 

increased significantly, both in scope and complexity. And there is no end to this rapid development in 

sight. On the contrary, it is anticipated that the number of requirements will rise significantly. Passive 

safety is a particularly good example that can be used to illustrate how functional requirements have 

increased over the last few years (Figure 1). 

A paradigm shift in the approach to product development appears inevitable, without which the 

dramatic increase in development costs and resources (development effort) cannot be countered. 

 



KISS – A universal approach to the development and design of occupant restraint systems  3 

In
te

lli
ge

nt
 In

fr
as

tr
uk

tu
r

P
ed

es
tri

an
 P

ro
te

ct
io

n

A
ss

is
te

nt
 S

ys
te

m
s

R
ol

lo
ve

r

F
us

io
n 

A
ct

iv
e 

an
d 

P
as

si
ve

 S
af

et
y

FM
V

S
S

20
8

Requirements
Functions

Complexity

E
ffo

rt
 in

 d
ev

el
op

m
en

t

C
on

ve
nt

io
na

l 

Ap
pr

oa
ch

KISS Approach

 

Figure 1: Development effort vs. increasing requirements, functions and complexity. 

The solution 

As part of the scope of the KISS (Key competence Integrative Safety Systems) project, new 

technologies are to be introduced to the development process in order to check the disproportionate 

increase in development effort and secure control over system complexity. This will take place by way 

of: 

 

• an increased use of process models within the development process for mechanical 

components and control software, with a view to creating a targeted and requirement-driven 

approach, 

• the application of modern mathematical modelling techniques from the field of multi-variant 

data analysis and soft computing as a means of containing and maintaining control over 

complexity, and 

• the application of stochastic processes for robustness management and for the handling of 

uncertain data. 

• the rethink of the allocation and understanding of roles between OEM and suppliers. 

 

No one person alone is able to make the breakthrough suggested by the above. Only a targeted, 

requirement-driven and suitably integrated implementation can produce the desired effect. 
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Organisation structure and role allocation 

When looking at the occupant restraint system from a systematic, global perspective "Intelligent 

control" should be considered as a separate component. It is of crucial importance since it drives the 

functional integration of various hardware components (sensors and actuators). This is what we would 

call a key technology, and the essential element needed to meet current and future requirements. 

A logical consequence of this is that the OEM takes on this task as a core competence of global 

system integrator. 

Only the OEM is in the position to implement "intelligent control" calculations and associated 

mathematical evaluation models within the early concept-led development phase, and thus do justice 

to its integrative nature. Future requirements cannot be fulfilled efficiently without the active, 

constructive integration of algorithms and mathematical control models within overall system 

development. Thus, competence in control logic is a decisive factor in being able to maintain control 

over the increasingly complex systems of the future.  

 

This need will be intensified by the increasing heterogeneity of electronic hardware and further 

separation  of hardware and software. Open databus systems and increased integration of all different 

kinds of control systems (active and passive safety) will mean that integrative capabilities will increase 

in importance. 

In particular, topic areas such as sensor fusion, which has been the subject of intense discussion, will 

not be able realistically to be implemented without such core competences. On the other hand, this will 

not mean a decline in the importance of the system supplier. Instead, a new kind of partnership is 

required, characterised by a greater intensity and improved quality. The OEM shall supply concept 

proposals and requirements to the system supplier in a much more professional and homogenous 

form, thus improving the basis for fine-tuning and final implementation. 

Process models and requirement management 

A process-based control of disparate functions and high levels of complexity require new approaches 

to the development process, which will be driven by software technology. 

 

Over the last years, formal process models have become more established. There are two reasons 

why. Firstly, because of a need to improve Quality Assurance measures in the development process. 

Secondly, through the use of synergies - the extensive reuse of similar process models in 

development processes. Examples of these include the object-oriented development methods or the 

V-model.  

 

These process models have a number of variants, which, aside from their detailed attributes, have 

more or less the same basic structure: first of all, an intensive requirement analysis is carried out and 

a requirement model is created. Based on this model, one or more concepts for the system blueprint 
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are developed. The chosen concept is then constructed in a system development phase and fed into 

the concrete implementation process. 

 

It is important here that the process begins with a thorough requirements analysis which will then be 

used to drive development. This may sound like common sense but it is not always applied in practice. 

In fact, often the exact opposite is true:  

For existing systems, new requirements are only implemented incrementally without having carried out 

a proper requirements analysis and without sufficient examination of the effect on the global 

requirements complex. Development is driven by the solution which is already in place, avoiding all but 

the most essential changes. Many innovations stand alone from the global system, on the level of 

individual components. This means that system development is component-driven, in other words by a 

detailed technical solution, often without sufficient assessment being carried out of its impact and 

weighting within the system as a whole. 

The above procedures are pragmatic, you may say feasible for simple, well-known systems. When 

complex systems are involved, the cumulative effect of looking at requirements on an incremental 

basis is often underestimated or not considered at all. There is then the danger of finding oneself at 

the end of an ill-conceived trial and error scenario.  

 

Today, where a requirements analysis is carried out at all, it often consists of nothing more than a 

simplistic, more or less structured collection of requirements in a database or Excel file. Occasionally, 

a specialised tool (such as DOORS) might be used to collate requirements. 

Object-oriented software development technology takes this a stage further by modelling the 

requirements with UML for example, and generating code (proposals for technical realisation) directly 

from the requirement models. This enables requirement conflicts to be identified earlier. 

 

A similar requirements analysis can also be carried out for mechatronic systems. Requirement 

conflicts can be detected and resolved very early on in the development process. This can be 

achieved by representing the functional requirements of a mechatronic control system’s classification 

module in mathematical form, using concrete examples from the planned behaviour. Multivariate 

statistical methods, such as cluster analyses, can be used to reveal conflicts between required firing 

times for certain sensors for example. This also works when explicitly taking into account tolerances 

and uncertainties. 

Requirement management becomes more than filling out checklists. Instead, it is a constructive, 

engineer-supported development tool that is far more than just an approval criteria applied 

retrospectively. 

Mathematical modelling 

The control algorithms are the essence of all “intelligent systems” and are described using mathematic 

models. By using a suitable mathematical formulation for each requirement, statistical regression can 
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be used to derive the mathematical model for the implementation of the control task: with the proviso 

that any requirement conflicts are resolved first. 

 

This procedure is universally applicable, and not just limited to the current crash classification. The 

creation of mathematical models to describe systems cannot only be applied directly to control 

systems, but also aids the decision-making process during development. It will bring about a similar 

wave of innovation, as numerical simulation for virtual product development once did in the design of 

structures.  

 

The required mathematical basis has been fully developed and is readily available. Methods such as 

 

• Multivariate data analysis, 

• Statistical regression and prediction models, 

• Fuzzy logic, 

• Neural networks, 

• Machine learning, 

• Stochastic validation 

 

will be used on a more broader basis in the future as development tools, and not only by specialists. 

 

The way tasks are created for signal classification can be applied universally, and is also applicable to 

many other applications. A general classification framework in the middleware of embedded systems 

will no longer just be a dream. Today, a classification object library could be created allowing the 

processing of sensor signals to be standardised for simple sensors. The functionality would be then 

provided by parameterisation alone, while preserving full-scale individualisation of vehicles. 

Example of application 

The following concrete example is used to illustrate the KISS approach. At its core are the 

requirements, which drive development. Figure 2 shows the basic structure of the requirements of a 

restraint system with the scope of passive vehicle safety.  
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Figure 2: Requirement structure for passive safety 

 

The upper requirement level represents the general, global requirements. These determine which 

crash scenarios vehicle occupants must withstand without serious injury, which legal standards must 

be met and which market requirements must be taken into account, etc. 

Out of these come the technical concepts for the restraint systems: the functional requirements, e.g. 

an adaptive airbag is required to meet certain global requirements, etc. 

This must then drive the selected components of the restraint system. Next come the requirements 

of the control system, e.g. that the airbags must be fired at certain, pre-defined times when a crash 

occurs. In turn, this requires appropriate control electronics to be installed which enable real-time 

realisation of these classification requirements. Thus, the firing time is a functional requirement of the 

control algorithm, which follows from technical realisation via a specific airbag! 

 

In KISS up to now, the second layer used to set up the detection algorithms and sensor systems was 

revised on the basis of the functional requirements of the restraint system. The functional 

requirements of the restraint systems, such as the requisite trigger times for actuators on the basis of 

pre-defined sensor signals were represented using examples (crash tests and/or simulations). Using 

multivariate data analysis, requirement conflicts for firing times can be detected quickly and, above all, 

on a statistically quantifiable basis, before being fed back into restraint system design. Appropriate 
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statistical regression methods are then used to derive the mathematic models for signal classification 

from the models of requirements for restraint system control. 

The objective here is to create a universally-applicable framework for a classification algorithm, in 

which the quasi-automatically generated classification modules can be integrated seamlessly. 

 

In principle, the same methodology can also apply to the level of functional requirements of the 

restraint system. The lowest requirement level will be represented in future using model-based 

applications or through the availability of appropriate control unit middleware. In the future, excessive 

specialised knowledge of embedded programming will no longer be a prerequisite for the application 

of intelligent control algorithms. 

 

At present, the requirement structure shown in Figure 2 is a reflection of the organisational structure of 

the car manufacturer. Each requirement level is usually handled by a separate organisational unit. As 

a result, a great deal of time passes before a response can be received concerning technical feasibility 

after an additional global requirement has been implemented. This is because all requirement levels 

must be considered in turn. The new technology in KISS, coupled with a reduction in response times 

on a sensor systems requirements level, opens up an opportunity to establish a vertical, project-based 

organisational structure. In the future, this structure will enable the processing of all requirement levels 

within a very small time frame. Based on this, qualified concept assessments can be submitted. 
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Integration into the V-Model 

At present, the V-model is the standard method used for the development of embedded software in 

cars. Accordingly, the development steps described above must be adapted to this standard. Figure 3 

illustrates the V-model as applied to KISS. 
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Figure 3: V-Model 

 

First of all, a system analysis is carried out in the form of a requirements analysis with the resultant 

system design (=concept). This may be used to determine the requirements (using examples of load 

cases) which actually need to be fulfilled, followed by the number and type of restraint devices to be 

fitted to the vehicle. This is normally carried out by the appropriate technical department for the 

development of restraint systems. The result is a list of functional requirements (airbag firing times) 
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which are represented as concrete examples (test and/or simulation data) depending on the project 

phase. 

Next, the system requirements are converted into the functional components, which are used to 

control the individual actuators. The result here is a mathematical classification module that is 

generated on a quasi-automated basis, e.g. to control the side airbag deployment or the second level 

of an frontal airbag. The technical department for restraint systems may also be in charge here. This 

department applies the methodology to continuously verify the functional feasibility of its firing 

requirements. The technical department for vehicle structural design can also use this methodology to 

verify sensor settings. The final implementation model for the functional components can then be fine-

tuned by the technical department for algorithm and control logic, for example. This department 

integrates the functional components within a global algorithm for the control of restraint systems 

and adapts the individual functional components to their overall effect. The global algorithm is created 

in standardized form as an algorithm model which is independent of final hardware implementation. 

The validated global algorithm model serves as a reference and template for the implementation 

within the control unit. Only at this stage is the actual hardware to be used to be considered in 

greater detail. The system supplier adapts the referential algorithm to his hardware and optimises 

runtime and memory space requirements accordingly. Correct implementation can be verified using 

implementation tests with specified input and output behaviours for pre-defined test cases. The 

system supplier is responsible for integrating the control unit into the overall electronic infrastructure 

with the associated sensors and actuators. At the end of the process, the vehicle manufacturer will 

approve and integrate this into the vehicle. 

 

These days, much of the time and effort is concentrated on the right-hand branch of the V-model. A 

reason for this lies in the technical status of embedded systems, for which software must be 

programmed in very close proximity to hardware requirements. This means a large adaptation effort is 

often required even for minimal changes. These days, electronic details play any extremely important 

role, and in some cases can even influence the system concept. In future, the databus used for sensor 

communication must not be important for a restraint system. The architecture of the trigger logic 

should be almost entirely independent of such an electronic configuration.  

In future, software and hardware will be to a large extent separable from each other. The operating 

systems and middleware required here (programming language for embedded systems) are already in 

development and will be available in the next few years. The right-hand branch of the V-model can for 

the most part be implemented automatically. This releases the energy required to address the left-

hand branch more intensively. This is essential for further development since for the most part the 

quality of the whole system is already determined in the first two blocks of the V-model. At present, 

these blocks are given insufficient attention on account of the predominately solution-based and 

requirement-driven approach currently in existence. 
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Validation and safeguard strategies  

In the future, validation and system safeguarding will assume a more important role than at present.  

 

In the main, this applies to the functional level of mathematical system models used to assure the 

functionality of control and classification modules. Considering the number and great variety of 

requirements this task is by no means an easy one. Increasing functionality means it is almost 

impossible to thoroughly test all combinations in the time available, let alone within a hardware test 

(Each discrete new function compounds the number of possible system configurations). Stochastic 

validation methods and probabilistic approaches will be the best tools to assure system functionality.  

 

In addition, the aim here is also to assure the underlying design data, which in future will be principally 

taken from numerical simulations. In order to prevent problems from arising, these simulation data 

must be subjected to quality checks. The stochastic nature of the underlying problem (a crash is not 

deterministic) means that stochastic validation methods are also well suited here.  

 

Formal validation will become more important due to new role models with supplemental/modified 

process interfaces. A high degree of validation is required to enable conceptual designs/ requirements 

to be transferred in qualified form. 

 

Summary 

As an element of the KISS project, a key design concept has been drawn up for the future 

development process of intelligent control systems. The following points can be summarized in this 

regard: 

• “Intelligent control” has been identified as a key factor in controlling vehicle safety systems 

which are likely to increase in complexity in the future. As a result, a greater focus will be 

placed on taking this into account early on in the development process.  

• It will become increasingly important to consider system development on a holistic and 

integrated basis. 

• System modelling using modern mathematical methods represents the underlying core 

technology. This can be applied directly on a control unit level and also used to aid decision-

making processes within development.  

• The use of KISS not only means that parts of a classification algorithm are taken on by the 

OEM, but represents an entire paradigm shift in the whole development process. The resulting 

benefits come about through a targeted combination of: 

o example-based methods 

o an object-orientated approach 

o use of stochastic methods and other soft computing methods 
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• The organisational scope for targeted use is provided by software technology with formal 

approach models, such as object-orientated development methodology or the V-model.  

• The development process should always be driven by requirements and not by already 

available technical solutions. 

• A requirement-driven process structure means that development is also driven from the state 

brought about by the requirements. In general, this is the design of the restraint system and 

not the electronics. 

• This methodology can be integrated seamlessly into the V-model. 

• The car manufacturer can concentrate on the left branch of the V-model. In other words, on 

core themes cost and quality determiners. 

• The right branch of the V-model is the remit of the system supplier of the electronic control 

systems. 

• The interface between the vehicle manufacturer and system supplier can be a global 

standardised algorithm model, which can become the open industry standard. The 

differentiation on account of function is provided by the functional modules. These can 

automatically be generated using suitably edited requirement data based on practical 

examples. 

• The result of intensive cooperation between the OEM and system supplier will be an 

improvement in quality. 

Conclusions and outlook 

Continuing to use the approaches within KISS will result in the following scenarios for the future:  

• The methodology will be extended across the level of requirements made of the restraint 

system (vertical expansion). In other words, in future this methodology will also be used more 

intensively in the development of the restraint system itself, not only on the sensor 

system/algorithm level. 

• The methodology will also be applied to other applications, perhaps making use of synergies 

within sensor evaluation (horizontal expansion and sensor fusion). An example here is the 

fusion of active and passive safety.  

• In the foreseeable future, the right-hand branch of the V-model will become more standardized 

using better hardware, common operating systems, suitable middleware for embedded 

systems and the resultant increase in automation. The separation of hardware and software 

will make it possible to concentrate on the real function of control tasks, of the formulation of 

the “intelligence” within engineering, without being strongly limited by electronic hardware 

realisation.  

• Generally speaking, existing control tasks are universally applicable. For this reason, the form 

of the classification module can become the standard, which will be applied universally in the 

middleware of the software of all control units.  
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• Driven by requirements, vertical, project-orientated organisational units can realise prototypes 

of intelligent control systems within a very short period of time. 

• The OEM can direct most of its attention to the concept and system design phases within the 

development process, where quality and cost considerations are decisive. 
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ABSTRACT 
     Sudden natural death while driving has been 
insufficiently elucidated in Japan owing to the system 
of voluntary notification of relevant diseases when 
applying for driver's licenses and the low autopsy 
rates of traffic accident deaths. This report discusses 
the behaviors of the vehicles immediately after the 
drivers' death and the circumstances of the accidents 
with information obtained from police and the 
forensic autopsy findings. The results suggested that 
in a number of cases the cause of death of the driver 
might be misidentified as injuries resulting from an 
accident caused by human error such as delayed 
recognition, misjudgment or mishandling of the 
vehicle, if autopsy had not been performed. 
Furthermore, accidents caused by sudden natural 
death of the driver might be misclassified among 
fatal accidents in Japanese traffic statistics. 
     Our results demonstrate the importance of 
employing information gained from autopsy records 
in accident analysis to distinguish between fatal 
accidents and sudden natural death while driving, in 
order to clarify the degree to which human factors 
contribute to causing accidents. 
 
INTRODUCTION 
 
     Dramatic improvements have been made in 
automotive collision safety performance in recent 
years as a result of continuous upgrades in global 
safety standards. In Japan, the results of assessments 
by the JNCAP, the country’s first independent 
automotive safety evaluation body, have been made 
public since 1999, providing consumers with more 
detailed information on automotive collision safety. 
This has contributed to increased concern among 
Japanese consumers regarding safety performance, 
leading to a noticeable increase in the use of safety 
devices in automobiles. Although fatalities of vehicle 
occupants in automobile accidents have been 
decreased in Japan since 1995, they have still 
exceeded 3000 in 2003 [1]. 

     Traditionally, the human factors accounting for 
road traffic accidents have mainly been classified as 
human error; i.e. delayed recognition, errors in 
judgment, mishandling of the vehicle. However, 
when we examined such accidents in detail, we found 
that some driver might have lost consciousness, or 
had already been dead before the accident, because 
the cause of death was diagnosed as sudden natural 
death with forensic autopsies. Given the likelihood 
that human error is not the cause of such accidents 
and those injuries sustained by the driver are not the 
direct cause of death, these accidents must clearly be 
distinguished from other fatal accidents. However, 
this fact has been underestimated in conventional 
studies. This paper will deals with sudden natural 
death of the while operating the vehicle. We analyze 
the subsequent behavior of the vehicle, the 
characteristics of the resulting accident, previous 
medical histories of the driver and autopsy findings. 
Furthermore, the paper will discuss Japan’s legal 
regulations concerning competence in vehicle 
operation and the importance of forensic autopsy to 
distinguish between natural deaths while driving and 
traffic accident fatalities. 
 
ACCIDENT STATUS 
 
     In Japanese traffic accident statistics, human 
factors accounting for traffic accidents are generally 
classified as human error, with a breakdown as 
follows (All percentages refer to single vehicle fatal 
accidents): Delayed recognition, due to forward 
inattention, etc. (27%), errors in judgment (27%), 
mishandling of the vehicle (40%) [2]. The majority of 
human error is ascribed to alcohol or fatigue; the 
statistical data does not refer to the effects of natural 
diseases in Japan. Although many studies of sudden 
natural death while driving have been reported to 
date [3]-[8], no comprehensive analysis concerning 
the circumstances of the accidents or avoidance 
maneuvers of the drivers of the vehicles involved 
have been shown. In addition, physical and mental 
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factors are not studied in Japanese national traffic 
accident surveys and have not been well recognized 
and appeared as a category in national statistics. 
Furthermore, most of surveys in specific regions have 
reported either the circumstances leading to accidents 
and the vehicles involved or medical findings 
concerning natural diseases suffered by the drivers. 
Therefore, it is urgently necessary to clarify the status 
of accidents due to sudden natural death and to obtain 
a comprehensive perspective on this issue for 
evaluating the risk of fatal accidents caused by 
natural diseases and for preventing them. 
 
HEALTH PROBLEMS AND ROAD TRAFFIC 
LAW 
 
     Japan’s Road Traffic Law was partially revised in 
1999 with the formulation of new laws concerning 
conditions for the disqualification of disabled persons 
from holding drivers’ licenses. These laws came into 
effect in June 2002. This revision of the Law did 
away with former provisions stating that individuals 
suffering from specific medical conditions were 
disqualified from holding a driver’s license (or from 
taking a licensing test), and has provided, instead, for 
judgment in individual cases as to whether the 
driver’s medical condition would affect their ability 
to drive safely. 
     In cases where an applicant for a license suffers 
from one of the conditions listed below and there is 
concern that the condition will diminish their ability 
to drive safely, the license may be refused or held 
back, even if the driver has successfully passed the 
test. (In the case of individuals already possessing a 
license, the license may be revoked or suspended). 
The specific conditions are involved in: 
 
1. Schizophrenia 
2. Epilepsy 
3. Recurrent syncope 
4. Asymptomatic hypoglycemia 
5. Manic-depressive psychosis 
6. Severe dyssomnia 
7. Other conditions involving symptoms which may 

diminish the ability to drive an automobile safely 
 
     Where a driver has declared that they have any of 
the conditions listed above or the symptoms listed 
below, the Public Safety Commission has the power 
to conduct individual interviews and, where 
necessary, to hold back or suspend licenses. At this 
time the driver may be requested to submit a medical 
certificate, and tests may be conducted. The 
symptoms are: 
 

1. The driver has lost consciousness due to illness or 
an undetermined cause. 
2. The driver has experienced paroxysmic general or 
local seizures or paralysis as a result of illness. 
3. The driver falls asleep in the midst of their daily 
activities three or more times a week, despite getting 
sufficient sleep. 
4. The driver has been advised by a physician not to 
obtain a driver’s license or drive a vehicle due to 
illness. 
 
     Declaration of these conditions or symptoms 
which may disqualify the driver from holding a 
driver’s license is made on a special form when 
receiving or renewing a license. This system 
basically relies on self-declaration. In addition, 
making an accurate judgment on whether the driver 
has a possibility to lose consciousness while driving 
or not, is difficult. However, the law was revised as 
mentioned above in order to take the right of the 
disabled to drive into account. Evaluating the risk of 
fatal accidents due to natural diseases is therefore 
important in enabling discussion on standards to be 
established with regard to medical conditions which 
may result in loss of consciousness while driving. To 
do so, we must first clarify the status of accidents 
involving sudden natural death. 
 
ANALYSIS OF SUDDEN NATURAL DEATH 
WHILE DRIVING WITH FORENSIC 
AUTOPSIES 
 
     In the seven-year period between 1997 and 2003, 
130 forensic autopsies (an average of 18.6 per year) 
on fatalities in traffic accidents occurring in Tochigi 
Prefecture (in the north of the Kanto Region in which 
Tokyo is also located) were performed at the 
Department of Legal Medicine at the Dokkyo 
University School of Medicine. This represents 
almost all of the traffic accident-related forensic 
autopsies conducted in the prefecture during this 
period. In the traffic accident death, the cause of 
death is confirmed with the findings of clinical 
diagnosis and examinations. However, for the cases 
in which the clinical diagnosis is not defined; the 
death from suspicious accident; unknown death 
whether due to internal or external cause, forensic 
autopsy is performed. Because there were 1446 
traffic accident fatalities in Tochigi Prefecture in the 
same period (an average of 206.7 per year) 
According to the statistics of Transportation Bureau 
of National Police Agency, the 130 autopsies 
conducted in the prefecture represent 9% of this 
figure. Cause of death was given as sudden natural 
death in 22 of these 130 cases. Even taking into 
consideration the fact that forensic autopsies are 
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generally only conducted when the cause of death is 
not easily determinable, this indicates that we may 
infer that accidents involving sudden natural death 
occur more often than we normally think. 

Concrete block wall Stone wall Utility pole

13m 120m 25m20m

     Looking at a breakdown of the deaths from 
disease, we found that the average age at death was 
55.6 ± 12.0 years, with males comprising 
86%(19cases). The leading cause of death is ischemic 
heart disease(73%, 16cases). (Figure 1) 

Ischemic heart disease 

Aortic disease

Cerebrovascular disease

Others

 
Figure 1.  Distribution of Cause of Sudden 
Natural Death 
 
     In the following sections we discuss two autopsy 
cases with consideration of their implications. 
 
Autopsy case 1 
 
     Accident circumstances  
     At approximately 8:00 in the morning, a 47-year-
old woman wearing a seatbelt had been driving on a 
city street in a small passenger vehicle being 
equipped with no air bags. The vehicle made repeated 
contact with fences and walls on the left side of the 
street, coming to a stop after colliding with a utility 
pole on the right side of the street. Although the 
driver was transported to a hospital, she was 
pronounced dead at 1:30 in the afternoon. 
     Vehicle behavior during the accident 
     While traveling along an almost straight road of 
5.4m in width, the vehicle struck a concrete block 
wall on the left side of the road. The vehicle 
proceeded approximately 20m and struck another 
wall on the left side of the road. Proceeding a further 
13m, the vehicle again struck a stone wall on the left 
side of the road. The vehicle then proceeded 
approximately 120m and struck a utility pole on the 
left side of the road, after which it veered to the right, 
finally colliding almost head-on with a utility pole 
approximately 25m further on the right side of the 
road (Figure 2). 
 

 
Figure 2.  Vehicle Behavior of Case 1 
 
     Status of damage sustained by the vehicle 
     Frontal impact with the pole caused significant 
deformation of the front central section of the engine 
housing. (Figure 3) The steering wheel and column 
were deformed, but no significant deformation of the 
sides of the vehicle or of the cabin was observed.  
 

Figure 3.  Status of the Vehicle of Case 1 
 
     Autopsy findings 
     Height: 154.5cm; Weight: 46.5kg; Previous 
medical history: None. 
 
     Region of the head: Subarachnoid hemorrhage due 
to the rupture of aneurysm, a diameter of 1.5cm, at 
the top of the basilar artery was found, accompanied 
by a subarachnoid hemorrhage. No other traumatic 
changes were observed. (Figure 4) 
Region of the neck: Hemorrhages in the soft tissue of 
the anterior surface of the cervical vertebrae and 
fractures of the 3rd intravertebral disk, and the 6th 
vertebral body of the neck, were observed. No 
abnormal findings in the dura of the cervical 
vertebrae and the spinal cord were found. 
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     Region of the chest: Hemorrhage of the anterior 
surface of the pericardial cavity of the anterior 
mediastinum, and fractures of the right 8th rib (lateral 
part of the chest), right 9th-12th ribs (posterior part of 
the chest) and left 2nd rib (anterior part of the chest), 
and peripheral intramuscular hemorrhage were 
observed. No abnormal findings were found in the 
lungs, the heart and the thoracic aorta. 
       The cause of death was diagnosed as 
subarachnoid hemorrhage due to a ruptured aneurysm 
of the basilar artery. 

 
Figure 4.  Subarachnoid hemorrhage shown in 
autopsy case 1 
 
     Considerations 
     In this case, during the accident the vehicle made 
repeated contact with structures at the side of the road, 
from the initial contact with a concrete block wall to 
the impact with the utility pole. There was no sign 
that the driver had attempted avoidance maneuvers 
by braking, turning the steering wheel, etc. during the 
accident. In addition, the scratches left by the initial 
contact with the wall suggest that it was a minor one, 
and given that she was wearing a seatbelt, it is 
difficult to imagine that it would have caused 
sufficient trauma to the driver to render her incapable 
of operating the vehicle. We may therefore infer that 
the driver was already incapable of steering the 
vehicle at the time of initial contact with the wall. 
     Although the trauma was caused by the secondary 
impact with interior components of the vehicle, none 
of which could have been the direct cause of death. 
Because of the presence of a ruptured aneurysm, the 
subarachnoid hemorrhage was judged to be 
endogenous, and the driver was judged to have died 
of natural causes. However, no prior medical history 
for the driver existed and multiple fractures were 
observed in the regions of the neck and chest, if no 
eyewitness accounts of the accident had been 
available, without autopsy, this accident would have 

been incorrectly classified as mishandling of the 
vehicle. 
 
Autopsy case 2 
 
     Accident circumstances 
     At approximately 7:45 in the morning, a 59-year-
old man was driving on the expressway in a 
passenger vehicle. After making repeated contact 
with the guardrails on the left and right sides of the 
road, the vehicle collided with a guardrail on the 
median divider and came to a stop. The police arrived 
at the scene at 7:57 and found the driver unconscious. 
He was wearing a seatbelt and the airbag was inflated. 
An ambulance arrived at 8:06, at which time the 
driver was judged to be in a state of cardiopulmonary 
arrest. Although he was transported to a hospital, 
where he was pronounced dead at 8:50. 
     Vehicle behavior during the accident 
     At an estimated speed of 100km/h, the vehicle 
struck a guardrail on the median strip at a gentle 
right-hand curve, and continued in contact with the 
rail for several meters. The vehicle then veered to the 
left and proceeded for approximately 100m. It struck 
a guardrail on the left shoulder of the expressway and 
continued for approximately 30m in contact with it.   
The vehicle then veered to the right and proceeded 
for approximately 80m. It struck a guardrail on the 
median strip and continued in contact with the rail for 
approximately 70m, when it came to rest with its 
right side in contact with the rail. Slip marks were 
observed in the gutters at the points where the vehicle 
struck the guardrails, but there were no skid marks on 
the road surface, indicating that the driver had 
applied the brakes. (Figure 5) 

 

100m 80m 70m30m

Slip mark

Median strip

Figure 5.  Vehicle Behavior of Case 2 
 
     Status of damage sustained by the front 
suspension and wheel were broken. No significant 
damage to the engine housing or deformation of the 
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cabin was observed. Both front airbags were inflated. 
(Figure 6) 
 

 
Figure 6.  Status of the Vehicle of Case 2 Just after 
the Crash 
 
     Autopsy findings 
     Height: 166cm; Weight: 64kg; Previous medical 
history: Angina pectoris. No traumatic changes were 
observed on the body surface. 
     Internally arterosclerosis and stenosis of the 
coronary arteries were observed. No other abnormal 
regions were found except the findings of acute death. 
Histologically massive ischemic changes of the 
cardiac muscle were found. The cause of death was 
diagnosed as ischemic heart failure (natural causes). 
Considerations 
     Viewing this case from the perspective of vehicle 
behavior (the fact that there was no evidence of 
avoidance maneuvers, etc.), we may infer that the 
driver was already unconscious or dead when the 
vehicle first struck the guard rail on the center divider. 
Slip marks and the damage on the guard rails indicate 
that the airbag was probably triggered by the initial 
contact with the guard rail. However, because the 
vehicle remained virtually parallel to all the 
guardrails it scraped along, there was minimal impact 
to the vehicle or occupant. Furthermore, because the 
driver was wearing a seatbelt no trauma was 
observed. There was therefore little chance that this 
could be judged as a case of death due to accident 
trauma. However, if the vehicle had collided head-on 
with a man-made structure such as the pillar of a 
guardrail and the driver had consequently been 
injured, that the accident could be misjudged as a 
case of a driver having fallen asleep at the wheel. 
 

CONCLUSION 
 
     Accidents occurring due to the sudden natural 
death of the driver are not caused by negligence in 
vehicle operation, and the injuries sustained by the 
driver in the accident are not the direct cause of death.  
Therefore, when accident surveys are conducted and 
when measures to prevent accidents are examined, 
this type of accident must be clearly distinguished 
from accidents due to human error such as 
mishandling of the vehicle. Therefore, we must first 
clarify status and attain a comprehensive 
understanding of these accidents. 
     In Japan, because forensic autopsies are conducted 
on only 4-5% of all traffic accident fatalities, in some 
cases the causes of deaths are not necessarily be 
accurately identified. In addition, there have 
traditionally been very few accident surveys and a 
lack of statistical data which deal with the sudden 
natural death of vehicle drivers. For this reason our 
knowledge of sudden death while driving is limited. 
Therefore, we must carefully determine whether the 
cause of death due to a natural disease or not, 
especially in a condition which might cause loss of 
consciousness or sudden death. With considering the 
past medical histories of the driver, we must actively 
carry out autopsies to determine the cause of death.   
At the same time, it is essential that we record the 
details of these accidents and thus accumulate 
knowledge. To enable this, in future it will be 
necessary, in addition to expanding the scope of 
accident surveys, to share knowledge with medical 
staff and relevant government agencies, and to create 
a system ensuring that these accidents are not 
overlooked. Autopsy results will play an important 
role in this process. 
     Moreover, we must also put into effect 
preventative safety measures, which take into 
consideration the physical condition of drivers, in 
order to reduce the incidence of these types of 
accidents, and also implement measures to prevent 
secondary accidents which may result from them. 
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ABSTRACT 
 

A pop-up hood system has been developed to 
reduce the severity of head injuries to pedestrians in 
pedestrian-to-automobile accidents.  

The system employs sensors located on the 
bumper to detect impact with a pedestrian. If an 
impact occurs, a signal is sent to an actuator to raise 
the rear portion of the engine hood approximately 
100mm. This provides a space between the engine 
and other hard components and the hood, resulting in 
reduced pedestrian head injuries. 

Previous studies have mainly employed 
headform impactors to evaluate the head injury 
criteria (HIC) values for pop-up hoods. 
    This report describes studies of the effect of the 
pop-up hood on injury parameters and kinematics 
using the POLAR pedestrian dummy.  
The effectiveness of the pop-up hood system was 
confirmed by the significant reduction of HIC values 
in impact tests using the POLAR dummy. 
 
INTRODUCTION  
 

There are approximately 2,300 pedestrian 
fatalities annually in Japan, accounting for roughly 
30% of all traffic fatalities. (1) In the EU this figure 
is approximately 7,000 fatalities (20%) (2), and in the 
USA approximately 4,700 fatalities (11%) (3).  

The most frequent area of injury, in pedestrian 
fatalities, is the head in approximately 60% of the 
cases (2), and the vehicle area causing these injuries 
most often is the hood. (4) To reduce the number of 
pedestrian fatalities, countermeasures can be taken to 
help reduce the severity of head injuries caused by 
the pedestrian’s head impacting the hood.  
As means of helping reduce pedestrian head injuries, 
Honda has adopted impact-absorbing structures in 
the hood, link type hinges, pyro-actuators and 
sensors in the front bumper.  

Honda has developed a pop-up hood that 
provides a space in the engine bay by lifting up the 
hood at the time of collision, thereby helping reduce 
the severity of a pedestrian’s head impact with the 
hood.  

Previous studies of pop-up hoods have reported 

Head Injury Criteria (HIC) evaluations according to 
tests using headform impactors. (5) 

The purpose of this paper is to evaluate the 
effect of the hood pop-up action on dummy 
kinematics and on HIC, using pedestrian dummies 
(6). 
The research includes the following:  
1) Calculations of contact time of the pedestrian’s 
head with the hood using a computer simulation  
 
2) Setting the device operation time  
 
3) The pop-up hood system  
 
4) Test confirmation of the deployment time  
 
5) Confirmation of dummy kinematics and injury 
values, through pedestrian dummy tests  
 
CALCULATIONS OF CONTACT TIME OF 
THE PEDESTRIAN’S HEAD ON THE HOOD 
 

Figure 1 shows the simulation model. Each part 
of the dummy model body is expressed as ellipsoid 
elements. (7) The dummies used were C6Y, AF05, 
and AM50. The dummies represent pedestrians 
impacted from the side while crossing a road. The 
hood edge height in this vehicle model was 
approximately 670mm. 

 

Figure 1. Simulation model of dummy crash.

C6Y

Vehicle
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The impact speed was set at 40km/h, and the 
location of the impact was the center of the vehicle.  
    The height of each dummy model and the time 
to collision of the head with the hood, obtained 
through the simulations, are given in Table 1.  
    The shorter the height, the shorter the head 
contact time with the hood. With C6Y, the contact 
time was 63ms under this simulation condition.  
 
 

 
 
 
 
SETTING THE DEVICE OPERATION TIME  
 

Based on the results of C6Y’s simulation, the 
target device operation time was set at 60ms or less 
in this study so that the device completes its 
operation faster than the time between the 
pedestrian’s leg contacting the bumper and the 
pedestrian’s head contacting the hood.  
 
POP-UP HOOD SYSTEM 
 

As shown in Figure 2, the pop-up hood is 
composed of a sensing system and hood lifting 
elements. 

  
 
 
 
 

 
 
 
 

Sensing System 
 

As shown in Figure 3, sensors are located on the 
structure in front of the bumper beam, in areas that 
deform due to collisions with pedestrians.        

Accelerometers are used for the bumper sensors. 
Bumper sensors detect collisions with an object of a  
weight equivalent to that of a pedestrian. 

The ECU located inside the cabin judges the 
need for device operation, according to collision 
signals from the bumper sensors, and vehicle speed 
information.  

 
 
Hood Lifting Elements 
 

As shown in Figure 2, the hood lifting elements 
are actuators, hood hinges, and the hood. A 
pyro-actuator has been adopted so that the hood lifts 
rapidly. The actuator is composed of a micro gas 
generator and a shaft, as shown in Figure 4. 

 
 

 
The hood hinge adopted is a link type hinge, as 

shown in Figure 5. The link hinge is composed of an  
upper bracket, lower bracket, arm A, arm B, three 
pivots, and a pin.  
    According to an ignition signal from the ECU, 
gas from the micro gas generator raises the shaft. The 
shaft shears the hood hinge pin, lifting the rear 
portion of the hood approximately 100mm, thereby 
providing a space between the hood and the hard 
components under the hood, such as the engine.  
 
 
 

C 6Y AF05 AM 50

Height 1.15m 1.52m 1.77m
Head contact tim e 63m s 97m s 140m s

Table 1.
Dummy’s height and head contact time.

Figure 3. Sensing system.

Bumper beam

Accelerometer

Figure 4. Pyro-Actuator. 

Shaft

Micro gas
generator

Pyro
Actuator

Link type hood hinge

ECUBumper sensor

Hood

Figure 2. Pop-up hood system.
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TEST CONFIRMATION OF THE 
DEPLOYMENT TIME  
 

The setup for the hood lift operation testing is 
given in Figure 6. The actuators were placed near 
the hood hinges, one each on the left and right sides. 
The actuators were operated by an ignition signal, 
and the time until the hood has been lifted 100mm 
was measured.  

 

 
 
As the target device operation time was equal or 

less than 60ms, as noted above, the target 
deployment time was set at 30ms or less in this study, 
excluding the sensing time.  

Figure 7 gives the test results. With the adoption 
of the pyro-actuators, a hood lift time of no more 
than 30ms was confirmed.  

 
 

 
 
 
CONFIRMATION OF DUMMY KINEMATICS 
AND INJURY VALUES,  
THROUGH PEDESTRIAN DUMMY TESTS  
 

In order to confirm the effect of the hood lift 
operation on dummy kinematics and on injury values, 
impact tests were performed using a pedestrian 
dummy. The test conditions and setup are shown in  
Figure 8.  
   
 

   
 

Tests were conducted both with and without 
operation of the hood lift device. The pedestrian 
dummies were set to receive a collision impact from 
the side. The dummy’s arms were in front, and both 
wrists were tied together with rope. High-speed 
digital cameras were set in order to record the 
kinematics of the dummies during the collisions. The 
impact speed was 40km/h, and the impact location 
was the center of the vehicle.  

Figure 9 shows the test results of the dummies’ 
head and chest trajectories, both with and without the 
hood lift device operation.  

Large differences in head and chest trajectories 
against the vehicle were not seen when comparing 
results with and without hood lift device operation. 
The hood lift actuator operated approximately 15ms 

Figure 5. Hood hinge of link type.

Upper bracket

Lower bracket

Arm  A

Arm  B

Shear pin Pivot

Figure 6. Setup for hood lift operation testing. 

Figure 8. Setup of Pedestrian dummy test.
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Figure 7. Results of hood lift operation testing.  
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after collision, and the time until the hood to be 
completely lifted was approximately 45ms.  

 
 
 
 

 
 
 
 
Figure 10 shows the dummy’s resultant head 

speed against the vehicle, both with and without the 
hood lift device operation. The head speed rises from 
approximately 70ms, when the head starts to swing. 
The resultant head speed starts to lower from 
approximately 120ms when the shoulder and hood  
contact. The time of head contact with the hood was 
approximately 130ms.  
    It was confirmed that this system supports the 
hood up during the dummy’s torso impacts the 
vehicle, until its head impacts with the hood.  
    Large difference in head speed against the 
vehicle was not seen when comparing results with 
and without hood lift device operation. 
 

    
 
 
 

    Table 2 gives the wrap around distance (WAD), 
the speed at which the head impacts the hood, and 
the HIC value, both with and without the hood lift 
device operation. 
 
 

 
 
 
Comparing the test results with the hood lift 

device operation and without its operation, the wrap 
around distance was the same. At the moment of 
head-hood contact, there were no great differences in 
head impact speeds.  
    There was an approximately 30% reduction in 
HIC values with the use of the pop-up hood system. 

It is believed that increasing the space between 
the hood and the hard components under the hood, by 
lifting the hood, helps reduce the severity of the head 
contact with the hard components under the hood, 
thereby reducing HIC values.  
 
 
 
CONCLUSIONS 
 

C6Y’s head contact time with the hood was 
determined through simulation, and a target device 
operation time was set at 60ms or less.  

Giving due consideration to the sensing time, 
the target deployment time was set at 30ms or less in 
this study.  

A pop-up hood system was developed, 
composed of bumper sensors, link type hinges, and  
pyro-actuators. The device operation was confirmed 
through tests.      

Furthermore, pedestrian dummy tests were 
conducted, confirming the effect of the hood lift 
operation on dummy kinematics and on injury 
values.  
 
The findings are as follows:  
 
1) The hood lift time was within the targeted time of 
30ms. With the adoption of pyro-actuators, a rapid 
operation speed was actualized.  
 
2) Comparing the test results with and without the 
hood lift device operation, there were no great 
differences in dummy trajectory, or in head impact 
speed. And the wrap around distance was the same. 
 

Figure 9. Head and chest trajectories with
pop up hood compared to standard hood.
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3) The effect of the pop-up hood system was a HIC 
reduction of approximately 30%, and this was 
confirmed through pedestrian dummy tests.  
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ABSTRACT 
 

Passenger airbags are currently designed for 
the optimal support of a 50-percentile adult in a 
crash, reducing the risk of severe injury for a 
maximum range of occupants. However, such a 
fixed-level, high-energy airbag deployment can be 
extremely dangerous for very small occupants, for 
example the 5-percentile woman or children in 
infant seats. For this very reason, new standards 
such as FMVSS 208 (Federal Motor Vehicle Safety 
Standard No. 208) include differentiated airbag 
deployment strategies according to occupant 
classification. 

IEE, Luxemburg, develops and manufactures 
such occupant classification systems. An example 
of which are the sensor mats made by IEE, which 
tier one automotive suppliers use globally for their 
seating systems. These mats measure the two-
dimensional pressure profile in the seat area, and 
deliver these values for a pattern recognition 
algorithm as basis for occupant classification. An 
innovative development project, currently being 
conducted by the company, is an optical system 
which can provide three-dimensional information 
on the occupant, enabling highly differentiated 
classification. This system is projected to become 
commercial by 2007. 
 
LEGAL AND SENSOR REQUIREMENTS 
FMVSS 208 
 

According to FMVSS 208, restraint systems 
have to be designed in such a way that, in the event 
of an impact, they create less risk of airbag induced 
injuries, particularly for small women and young 
children. 

To achieve these goals FMVSS 208 proposes 
three airbag deployment strategies in the event of a 
crash:  

‘Suppression In Case Of Presence’, if sensors 
detect an infant seat, occupied by a child up to six 
years old, and deployment of the airbag, if a person 
in the range of a 5-percentile woman or taller is 
detected, 

‘Low Risk Deployment’ (LRD) means that 
the airbag deployment does not harm an occupant 
at close range from the airbag module. For 
verification a dummy is positioned close to the 
dashboard while the airbag is deployed and the 

corresponding dummy injury criteria must not 
bypass certain values to be in line with the low risk 
deployment strategy. Sensing technology can be 
used to switch the airbag to a low output mode. 

‘Dynamic Automatic Suppression Strategy’ 
(DASS), meaning that in addition to a qualitative 
occupant classification (as with LRD), the 
occupant’s current position in relation to the airbag 
deployment door (in-position, out-of-position) has 
to be traced and the airbag is suppressed if the 
occupant is at close range to the airbag deployment 
door. 

‘FULL’ LRD, as well as the sophisticated 
DASS strategy, require highly-sensitive, advanced 
occupant classification systems, which can deliver 
the complex data set necessary to take the best 
possible decision. 
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Figure 1: Different certification strategies 
proposed by the NHTSA FMVSS208 final 
rulemaking 

 
For the standards ‘3 year-old child’, ‘6 year-

old child’ and ‘5-percentile woman’, the LRD 
strategy is already widely used. For the 1 year-old 
child in a rear-facing infant seat (RFIS) and placed 
on the passenger seat, both ‘Suppression’ and LRD 
are also included in the standards. However, airbag 
technology does not yet permit energy limitation, 
as required by LRD. In such cases, today’s systems 
are changed to a controlled switching off of the 
airbag. This ensures at least a certain minimal 
security for all accident scenarios. 

Dynamic Automatic Suppression Strategy 
(DASS) provides considerably more opportunity. 
The newly-developed IEE 3D-System provides the 
necessary information for differentiated 
recognition. In all cases of occupation, including 
the RFIS and out-of-position occupation, this 
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system provides the essentials to adapt 
correspondingly-modified airbag modules to the 
‘Low Output Mode’.  

Although a DASS strategy for the 1 year old 
child is not yet approved and optimized, an airbag 
strategy for real life child seat scenarios could be as 
follows: 

- an RFIS is always considered as ‘out-of-
position’, 

- for a FFCS a specific airbag suppression 
zone (ASZ) could be defined. Only if the child is 
out of this area, the airbag will be deployed (with 
less energy). 

Accordingly, the 3D system allows an airbag 
strategy matched to the situation (RFIS / FFCS / 
person OOP / person in position), rather than the 
presently insufficient differentiated strategy based 
on age. Suggestions for respective test procedures 
have been submitted for assessment by the US 
NHTSA (National Highway Traffic Safety 
Administration). 

Requirements for the specific sensors may 
distinctly differ, depending greatly on the OEM’s 
own safety strategy and the individual design of the 
car (small roadster or large truck). On the other 
hand, the installed sensor families should meet 
differing safety requirements in the US and other 
parts of the world. 
 
RELATED WORK 
 

Current technology for occupant 
classification systems is mainly based on pressure 
sensors installed inside the vehicle seats, for e.g. , 
the IEE OC® sensor. However, with vision based 
system, the position of the occupant and orientation 
of the child seat can be also be determined. 
Different approaches in the vision systems can be 
broadly divided into different categories based on 
the sensing technology. Sensing technology is 
either based on the video camera (for example see 
[1]) or on stereo-vision based range images ([2], 
[1], [3], [4]). In the reference [2], a 3-D vision 
system using stereo cameras was developed. It was 
argued that stereo vision offers a potential to 
produce detailed results within real-time constraints 
and it suited for irregular environment. In 
references [3] and [4], stereo-based range data was 
used to detect whether and where humans are 
inside a vehicle. In [1], Krumm and Kirk developed 
a system based on both intensity (2-D) and 
stereovision-based (2 and half-D) range data and 
found for each class the principle components, with 
which nearest neighbor classification was 
performed. However, these methods are based on 
stereo vision which are sensitive to varying 
illumination conditions inside the car. Furthermore, 
extra equipment and processing is required to 
capture 3-D information from the stereo images. 
Another important aspect for a serial production is 

the cost of such a system. Hence, above systems 
are definitely not cost effective as they require two 
cameras for capturing the scene, and the need of 
important processing power and time. 
 
REAL TIME 3D TIME-OF-FLIGHT 
IMAGING 
 

Key element of the new optical occupant 
classification system developed by IEE is a 3D 
Modulated Light Intensity (MLI) System. The 
system’s ability to deliver three dimensional 
images is based on the measurement of the phase 
shifts of the modulated emitted light signal and its 
reflection by the object. The smaller the difference, 
the shorter the distance between the object (the 
occupant or the infant seat) and the 
sender/recorder-combination. Thus every snap-shot 
delivers an image with differentiated depth 
information for the complete detection area.  

Other time of flight (TOF) technologies apply 
a different principle emitting a short pulse of high 
optical intensity (Figure 2). The light velocity turns 
into a flight time of only 66ps per meter distance 
(resolution 1cm). These short periods require 
sensors of extremely high sensitivity. In order to 
obtain a resolution in the 1 cm range, the frequency 
bandwidth has to be greater than 10 GHz. This in 
turn creates high energy consumption, which is 
difficult to supply in the automotive industry. 
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Figure 2: Light pulse based time of flight. The 
turn around time of an emitted light pulse is 
measured and put into relation of the distance 
d=c⋅∆t/2 

 
The IEE MLI System uses a different 

approach. By emitting a continuous wave-
modulated cone of light, with a defined wave 
length, the phase difference between sent and 
detected signal can be measured and to generate a 
topographic image provided afterwards to the 
classification algorithm (Figure 3). This principle, 
which consumes much less energy, is the basis on 
which the IEE system works. 

A key feature is an active, non-scanning light 
source, which emits amplitude modulated near 
infrared light (NIR) and thus delivers a 
homogeneous illumination for the camera field of 
vision (FOV).  
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Figure 3: Detected light intensity as a function 
of time. The sinusoidal modulation (top curve) 
of the illumination causes a periodically 
modulated signal in the receiver (lower area). 
The phase offset can be computed by evaluating 
the signal amplitudes a0, . . . ,a3 at 4 different 
temporal positions t0, . . . ,t3. 
 

Due to the travel time of the light to and from 
the target, the phase of the detected beam is 
retarded compared to the phase of the modulation 
signal in the transmitter (see Fig. 3). This phase 
delay can be measured and directly converted into 
the distance between the target and the camera. The 
amplitude and phase of the received signal can be 
retrieved by synchronously demodulating the 
incoming modulated light within the detector. 
Demodulation of a received modulated signal can 
be performed by correlation with the original 
modulation signal (cross-correlation). The 
measurement of the cross-correlation function at 
selectively chosen temporal positions (phases) 
allows the phase of the investigated periodical 
signal to be determined [5]. With the selected 
temporal positions t0 = 0°, t1 = 90°, t2 = 180°, t3 = 
270°, one can calculate the phase offset via the 
formula 
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Figure 4: Cross sectional view of the CCD pixel 
layout 
 

Figure 4 shows the layout and a cross-section 
view of the pixel. By applying proper gate voltages 
to the photo gates, the potential gradient in the 
semiconductor is influenced. If the voltages of the 
photo gates are changed synchronously with the 
modulated light, optically generated charge carriers 

move either to the integration gate (IG) or are 
dumped to the dump diffusion. This process is 
repeated until the integration gate has accumulated 
a sufficiently large signal. The four amplitudes a0; : 
: : ; a3 are obtained by subsequently repeating this 
process at 4 different phase offsets [5]. The IEE 
sensor is based on a 4 tap-pixel sensor, a design 
which acquires the 4 amplitudes simultaneously. 

With regards to system accuracy, the 
assumption is made that depth is not limited by 
electronics/noise of the detection system but only 
by the photon shot noise (a physical limit). 
Achieved accuracy can therefore be calculated, and 
depends on  

- background illumination and other noise 
sources, and 

- on the object reflectance and its distance to 
the sensor. 

The dependence of reflectance and 
background noise is calculated and read out as 
relative fault of the amplitude value. This ensures 
adequate action can be taken should measurement 
error become too great. 

Moreover, the mean amplitude value per 
pixel (corresponding to the intensity of the 
reflected light) allows the generation of a grey 
scale image of the complete detection area. 

In summary, the main advantages of the IEE 
3D-Camera-Solution are the simultaneous 
provision of distance information and accuracy, 
combined with a real life b/w image. 
 
CAMERA HARDWARE 
 

A monocular camera is integrated in the 
vehicle’s center overhead module, enabling a field 
of view of 120° × 90° (136° in the diagonal) with a 
resolution of 50 by 52 pixels. Using a near infrared 
light, unperilous to the human eye, at a wavelength 
of around 890nm, sensing range is up to 750cm 
(limited by the modulation frequency of the light). 
At a distance of 150cm, depth accuracy is at 2.2cm.  

The sensor as key component of the whole 
system is realized in a 4-tap pixel architecture. This 
4-tap pixel is built in form of two single 2-tap 
structures. These two structures are controlled in a 
way that the phases 0° and 180° as well as the 
phases 90° and 270° can be captured in parallel. 
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Figure 5: Key function of the imager: Detection 
of light, fast separation of the generated 
electrons into the 4 different taps; repetition of 
the measurement until reliable signal generated 
and storage in of signal in pixel before reading 
out complete imager 

 
The sensor transforms the incoming optical 

signal into electron-hole pairs. The efficiency of 
this process is basically limited by the inherent 
quantum efficiency of the chosen semiconductor 
material and the fill-factor of the optical sensor. In 
order to demodulate the incoming 20MHz signal, a 
fast charge separation and transport has to take 
place within each pixel. The sensor’s ability to 
separate and transfer the charges to the 
corresponding output node represents the 
demodulation contrast (2), which is defined as the 
ratio of the demodulated amplitude A (1) and the 
acquired offset signal B, 

 

B

A
C =ondemodulati    (2) 

 
Within one single modulation period of 50 ns 

(corresponds to the modulation frequency of 20 
MHz) typically only a few photons impinge on 
each individual pixel and hence only a few 
photoelectrons are generated in the pixel. For a 
broad range of operating conditions – statistically 
spoken – even less than one electron is generated 
per modulation period. The repeated addition of the 
electrons generated over numerous modulation 
periods is thus necessary and represents a very 
important feature of the current embodiment. The 
approach of adding charges almost noise-free at the 
pixel level is tightly linked to the CCD pixel 
realized in a CMOS technology. This CCD pixel 
represents a key element to the success of the 

present technique. Moreover, the in-pixel storage 
and the processing of the different signal samples 
allow a high degree of flexibility in the readout 
process.  

An automotive occupant monitoring system 
requires the development of a specific lens for the 
imager. The optical field of view for an occupant 
classification system must have an opening of at 
least 120° in the horizontal x-axis of the vehicle. 
The point spread function, a low f-number and an 
application specific anti-reflection coating are only 
some of the elements which characterizes this lens 
development. 

The active light emitter is realized on a single 
board. The module is built in a chip-on-board 
(COB) technology. The illumination unit is covered 
by a structured lens in order to distribute uniformly 
and to guide the optical power to the regions of 
interest defined by the type of the application. The 
lens provides and additional safety margin to the 
requirements of the eye-safety norm EN 60851 
class 1. The developed system emits a sinusoidal 
wave illumination front with a total mean power of 
600mW.  
 
STATIC CLASSIFICATION ALGORITHM  
 

The algorithm related to the static occupant 
classification is a three step process (Figure 6): The 
pre-processing of the data recorded by the camera 
is followed by a feature determination step and the 
classification step. In a fourth step, the localization 
and the dynamic tracking of the occupant’s head 
position complete the process 
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Figure 6: Algorithm flowchart for static and 
dynamic classification 
 
Step 1: Preprocessing 
 

Step one starts with a pre-processing 
algorithm to reduce the image noise and to 
eliminate the background. This involves a distance 
clipping of the range images; with this operation, 
range measurements are compared at each pixel 
location with a reference distance image that 
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corresponds to the empty car interior. This allows 
removing any information regarding the 
background (or objects outside the car), i.e. a 
binary image can be generated where all 
background pixels are set to 0 and non-background 
pixels to 1. Once this is done they are then 
transposed as a three dimensional matrix in a 
Cartesian coordinate system (Figure 8).  

 

   
 
Figure 7: (left side) intensity image of the scene. 
(right side) color coded distance raw image 
before preprocessing 
 

As the comparison with the inserted b/w 
image in Figure 7 and 8 proves, multiple 
information is available about the occupant’s head, 
hands and shoulder position, as well as the 
occupant’s position in relation to the car seat 
backrest. 

 

   
 
Figure 8: (left) preprocessed distance image; 
(right) topographical view 
 
Step 2: Feature Computation 
 

The second step covers the feature 
determination. For this purpose the recorded 
patterns are compared with basic patterns stored in 
a database, and subsequently characteristic 
analogies are used to characterize the content of the 
recorded image. As an example, the comparison of 
the patterns of an RFIS and a small adult who is sat 
upright uses indicators like the angles between the 
typically fixed structures (seat and backrest) and 
the variable structures, determined by the 
characteristic seat occupation (slope of the infant 
seat backrest, position of the person in relation to 
the car seat backrest). Once the differentiation 
between infant seat and person has been completed, 
and a person has been identified, the position of the 
person’s head is detectable. 

Feature computation aims in obtaining a 
compact representation of significant information 
required to describe the relevant parts of the 
original image. The goal is to preserve as much 

classification information as possible contained in 
the original image. This representation in terms of 
features should be computationally inexpensive so 
as to fulfill the real-time requirement. Descriptors 
are used that are either derived from the range 
frame itself or from the representation of the data in 
the Cartesian vehicle coordinate system. Shape 
features can be calculated directly from a binary 
2D range image. By keeping only pixels in the 
vicinity of a discontinuity in range, an edge image 
can be calculated, for which contour descriptors 
can be derived, e.g. area, height and orientation of 
ellipsoidal contours. Additional features can be 
gained from the distribution of scatter points in the 
3D vehicle coordinate system. Therefore, the 
coordinates are projected on certain planes and then 
fitted to different shapes like ellipses or planes. 
From the fitted shapes information are gained about 
the object for example its size, height, volume etc.. 
In total ten features are extracted, which basically 
establish the input of the classification algorithm. 
 

Feature Subset Selection The computed 
features may contain redundant information. It is 
desirable to reduce the size of the feature set to 
gain robustness in classification performance. 
Feature subset selection aims at evaluating the 
effectiveness of individual features or their 
combination for classification, and selects only the 
effective ones. This requires an evaluation criterion 
and a search algorithm. The evaluation criterion 
evaluates the capacity of the feature subsets to 
distinguish one class from another or the 
classification accuracy, while the search algorithm 
explores the potential solution space. Sequential 
Forward Selection (SFS) search methods are used 
as search algorithms to select the feature subset. 
[6]. 

 
Step 3: Classification Method 
 

Step 3 covers the action to be taken in the 
event of an accident , determined by situation and 
according to FMVSS 208 LRD. The system has to 
find out 

- if the seat is occupied or not, 
- if yes, if the seat is occupied by a FFIS or a 

RFIS, or 
- if the seat is occupied by a small person, the 

pattern of which corresponds to either a 3 year-old 
child, a 6 year-old child, or a 5-percentile woman. 

A polynomial classifier has been selected for 
the classification task. Classifiers based on 
polynomial regression are confirmed techniques 
[7]. The advantage with this approach is that it 
makes no assumptions about the underlying 
statistical distributions and leads, when using the 
least mean square error optimization criterion, to a 
closed solution of the optimization problem 
without iterations.  
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The discriminate function is given by,  
 

)()( vxAvd T=   (3) 
 

where A is a coefficient matrix which is to be 
optimized using training samples and is given by, 
 

{ } { }TT xyExxEA
1−=   (4) 

 
and )(vx  is the matrix of polynomials of the input 
feature vectors [7]. The discriminate function has 
as many components as there are classes defined to 
be discriminated. Finally the decision is based on 
the nearest neighbor principle, 
 

( ))(maxarg vdBestmatch i
i

=   (5) 

 
DYNAMIC TRACKING ALGORITHM 
 

 
 
Figure 9: Definition of occupant in position (top 
image), occupant out of position (middle image) 
and occupant in critical out of position (bottom 
image) 
 

The fourth and last step covers the 
recognition and tracking of the occupant’s head 
position in relation to the dashboard surface. For 
this purpose, an edge detection and a 

morphological boarder separation are first carried 
out for the object of interest. From these results, the 
shapes of interest (ellipses comparable to a human 
head) are selected and finally a decision is taken, 
which of the ellipses detected are in accordance 
with a human head (and not with similar shapes 
such as a headrest or a football). The selected shape 
is then transferred into a Cartesian coordinate 
system. This data then permits the read out of the 
actual distance between the head and the place of 
airbag deployment in an x-, y-, and z-axis (and also 
to track the head position over a selected period of 
time). 

With a 100Hz system refresh rate of the 
respective algorithm loop, the occupant’s head 
position is determined and matched into one of 
three areas: ‘in position’, ‘out of position‘ and 
‘critically out of position‘ (Figure 9). Following 
completion of this fourth step, all required data is 
available to take the right decision on how to 
deploy the airbag (either not at all, with reduced 
energy, or fully) in line with the Dynamic 
Automatic Suppression Strategy. 
 
SYSTEM PERFORMANCE EVALUATION 
 

To evaluate the performance of the optical 
occupant classification system, as developed by 
IEE, static classification tests were carried out in-
house. For this purpose, a verification of the system 
according the FMVSS 208 requirements was 
performed. Subsequently the tests were expanded 
to include a ‘misuse test scenario’, as developed by 
IEE. Tests with separate alternating learning and 
testing sequences were conducted with an empty 
seat, both RFIS and FFIS, ‘boosters‘, which are 
used to give older children a higher sitting position, 
and with five different population types of humans 
ranging from the 3 year-old child to the 95-
percentile man (Figure 10). 

 

Empty seat RFIS FFIS Booster

50%tile male5%tile female6 yo 95%tile male3 yo

Empty seat RFIS FFIS Booster

50%tile male5%tile female6 yo 95%tile male3 yo  
 
Figure 10: Overview of different occupant types 
used for static classification 
 

To check the reliability of the test system, a 
range of different environmental influences were 
applied (i.e. temperature, vibration, contamination 
of air and camera lens, reflections and scattered 
light from different sources) as well as various 
occupant scenarios (i.e. blankets, reflecting glasses, 
magazines etc.). On top of that a large variety of 



 
 

Federspiel 7 

torso positions and inclinations of the backrest was 
compared for the adult occupants. 

The results are highly convincing, both for 
the test series where separate frames were 
analyzed, and for those with sequences of up to 50 
frames (corresponding to a duration of half a 
second), where a simple filter was applied, 
significantly improving the results. For the separate 
frames series, the rate of correctly detected 
scenarios varies from 99.9% for the FFIS to 92.5% 
for the adult dummy, and for the sequences this 
rate varies between 100% (empty seat and FFIS) 
and 97.8% (adult dummy). The uncertainties in the 
distinction of persons versus RFIS result from very 
far forward bending persons, as no history buffer 
and filtering logic was applied. 
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Figure 11: Summary of classifier performance 
based on single images (no history), misuse 
scenarios included 
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Figure 12: Summary of classifier performance 
based on 50 consecutive images, misuse 
scenarios included (simple filter, no history) 
 

It is to be expected that filtering strategies 
based on history buffers will of course eliminate 
misclassification of adults into the child seat 
category, as false-true criteria will back up the 
decision robustness of the system 

Further tests show the limits of the test 
procedure, using living persons as test subject: 

Distinction between adjacent size classes (e.g. 
5-percentile vs. 50-percentile) is possible at a rate 
of about 90%.  

Distinction between 5-percentile and 95-
percentile is possible with almost 100% reliability. 

A distinction between six year-old children 
and small adults is difficult to achieve with high 
confidence, as the normal distribution of the two 
classes overlap. 

Children on a booster are particularly difficult 
to determine as their stature is close to the one of 
the 5%tile female. 
 

%

True Class
3 - 6 year
or smaler

5%tile
or larger

3-6 year on booster 75.6 24.4

3-6 year 90.9 9.1

5%tile 7.5 92.5

50%tile 3.6 96.4

95%tile 0.1 99

Estimated Class

 
 

Figure 13: Summary of classifier performance 
for different population percentiles 
 

Beyond occupant classification, as described 
above, the IEE 3D-Camera can also be used for the 
head-tracker-test, as separate investigations have 
shown. Tests had been conducted according to the 
proposed FMVSS 208 S28.4, DASS test procedure 
(petition submitted in November 04). For this, a 
working group called “Smart Vision” (TRW, 
Siemens VDO, Bosch and IEE) had developed a 
dynamic OOP test tool to certify the performance 
of dynamic occupant detection systems in vehicles. 
Three different analyses – vehicle braking tests, 
sled tests with braking action, and MADYMO 
modeling – were conducted to determine the 
appropriate motion for the DASS tester.  

Test results show that  
- there is a certain vertical movement of the 

head, but its vertical position does not change 
significantly during the tests, and 

- the maximum average occupant acceleration 
relative to vehicle interior is around 4.1 m/s2. This 
determines (an additional safety factor included) a 
resulting acceleration of the tool of around 4.1 m/s2 
in the specific test setup.  

 

 
Figure 14: DASS test tool 

 
This led to the definition of the following 

parameters for the DASS Head Tracker Test: 
- Linear motion 
- Acceleration: 0 to 1.2 g 
- Deceleration: 0 to 3 g 
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- Velocity: 0.5 to 3.1 m/s 
- Dummy height: 546 to 635 mm (adjustable) 
- Maximum travel: 525 mm 
 
Figure 15 shows a comparison between the 

positions of 
- the test tool,  
- the dummy head as recorded by the 3D MLI 

system, and  
- the dummy head as detected by the Head 

Tracker software.  
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Figure 15: Head tracker performance. Motion 
of test device (blue); Head position seen by the 
camera (yellow) vs position of head defined by 
tracker (orange) 
 

The short initial period of only a few hundred 
milliseconds, when the traces of tracker and camera 
deviate, marks the time required by the tracker to 
verify the correspondence of the identified ‘ellipse’ 
and the real object of interest, the head. The 
virtually perfect coincidence of both traces after 
this period proves that an optical sensor system, 
such as the IEE 3D camera, is also applicable for 
high speed tracking of a moving dummy. 
 
SUMMARY 
 

As the investigations described here prove, 
the 3D system developed by IEE provides distance 
data, which allows a highly precise recognition of 
the position of an object / a passenger in the FOV 
(field of view) and thus allows the application of 
LRD and DASS strategies. 3D data is directly 
available at the output of the sensor, therefore no 
additional image processing is required. 

The test results also show that vision-based 
sensors will have their place in the automotive 
passive safety. Camera systems will be used in 
future in various passive and active safety 
applications. Stand-alone camera solutions, as well 
as a combination of different sensing technologies, 
will be part of the next generation safety strategies. 
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ABSTRACT 

Pedestrian safety is one of the most demanding 
topics in vehicle safety in Korea. Although the total 
numbers of deaths and injuries have continuously 
decreased year by year, the pedestrian is still a major 
source of traffic victims. Among 240,832 cases (total 
traffic accidents), 37% (89,443) was pedestrian 
involved accidents in 2003.  Last year, 50% (3,594 
fatalities) of all traffic accidents that related fatality 
(total 7,212) was vehicle-pedestrian type accident in 
Korea. Among them, numbers of deaths in pedestrian 
age under 6 were 142 with 13,528 injured children.  
 

In 1999, Korean government, Ministry of 
Construction and Transportation, launched a research 
project to develop a proper solution on pedestrian 
protections from vehicle related accidents. The project 
also included the evaluations of current existing test 
methods, i.e. EEVC type test and IHRA type test, and 
the possibility of harmonization with these test 
methods.  
 

The main objective of the presented method is to 
develop the adequate dynamic test procedure and 
injury assessment criteria. The current all existing 
passenger vehicles of the front shape were measured 
and categorized into three groups according to IHRA 
recommendation, and the effect of vehicle shape on 
pedestrian kinematics was investigated to define the 
head impact speed, head impact angle and WAD with 
the various impact speeds and walking postures as the 
test procedures. In this paper, JARI pedestrian 

computer model, TNO MADYMO computer model 
and FEM H-model were used to configure and 
compare the pedestrian dynamic behaviors during the 
various impact events. With head impact tests and 
simulations, the design feasibility, lead times for auto 
industry and suitable injury criteria were investigated. 
 
Based on the research, Korean government will 
extend the KNCAP on new vehicle’s pedestrian 
impact test to evaluate how vehicle front structure 
is pedestrian friendly. With careful study on the 
results of NCAP, after that pedestrian regulation 
will come into effect within 2 or 3 years later.  
 
ASSESSMENT OF PEDESTIRAN RELATED 

TRAFFIC ACCIDENTS IN KOREA 

Late 80’s when Korea rapidly increases of use 
the automotive as a personal transportation means, 
the traffic related accidents were inevitable. 
Early ’90, over the 13,000 valuable lives killed by 
the vehicle related accidents. Until 1997, the 
number of persons killed each year in the traffic 
accidents is about 10,000 and more than 300,000 
peoples were injured though it has shown a 
decreasing trend. Casualties who were involved 
with vehicle to pedestrian related accidents were 
approximately up to 50% of the total traffic related 
death in 2003 and unfortunately the rate is still 
increasing year after year.  
 
Based on the police reports, total traffic accident 
fatality was 7,212 and vehicle to pedestrian type 
accident’s fatality was 3,595 including fatality of 
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occupants on vehicles. In terms of pure pedestrian, 
the death was 2,896. It is 40.2% of all traffic 
accident fatality. The injured pedestrian was 53,069 
while total traffic injured person was 376,503. The 
pedestrian injured rate was 14.1%. The main reason 
why the fatality is so higher than injured rate is that 
the pedestrian is relatively weak compared with the 
stiffness of vehicle outer structure surfaces. In order 
to reduce the number of victims from traffic 
accidents, the Ministry of Construction and 
Transportation (MOCT) has been investigated 
adoption of regulation for pedestrian protections 
from vehicles. During last 3 years of research works, 
studied characteristics of domestic environments of 
pedestrian along with pedestrian related traffic 

accidents investigations.  
 

Trends of Traffic Accidents Patterns 
Since 1990, 48% of all accumulated police 

reported fatality accident data (1990-2003) was a 
vehicle-pedestrian crash type accident as shown in 
Table 1 and Fig. 1. Each year’s data is shown in Fig. 
2. This is the largest accident type cause the death 
during the accidents. The total reported data exceed 
3 million accidents. In fatality, the second accident 
type was a vehicle-pedestrian accident. It was about 
36% of total accidents while the total case of 
accidents is the largest. The remaining 4% of total 
accidents was vehicle only involved accident and 
vehicle only accident’s fatality is about 15%. 

 
 

Table 1. Trends of Traffic Accidents Periods of 1990 – 2003 in Korea  

Vehicle-vehicle Vehicle-person Vehicle only Vehicle-train Total 
 

Accidents Deaths Accidents Deaths Accidents Deaths Accidents Deaths Accidents Deaths 

1990 110,513 4,442 133,282 6,441 11,395 1,376 113 66 255,303 12,325 

1991 118,897 4,805 136,941 6,952 10,036 1,609 90 63 265,964 13,429 

1992 125,006 4,455 122,951 5,802 91,39 1,321 98 62 257,194 11,640 

1993 133,587 3,947 117,431 5,241 97,98 1,159 105 55 260,921 10,402 

1994 149,899 4,204 105,261 4,641 10,859 1,194 88 48 266,107 10,087 

1995 146,783 4,315 91,395 4,564 10,603 1,378 84 66 248,865 10,323 

1996 166,677 5,390 87,292 5,070 11,037 2,160 46 33 265,052 12,653 

1997 162,085 4,981 74,144 4,458 10,192 2,134 31 30 246,452 11,603 

1998 158,732 3,593 70,631 3,495 10,318 1,949 40 20 239,721 9,057 

1999 190,437 3,788 74,527 3,692 10,943 1,855 31 18 275,938 9,353 

2000 206,971 4,208 72,932 3,890 10,569 2,135  9 3  290,481 
 

10,236 

2001 185,207 3,258 65,898 3,243 9,466 1,590 8 6 260,579 8,097 

2002 164,334 2,808 59,271 3,201 7,411 1,207 10 6 231,026 7,222 

2003 141,841 2,197 89.443 3,595 9,531 1,416 17 4 240,832 7,212 
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Figure 2.  Accident type distribution of fatalities in Korea 
 
 

Pedestrian Accident Patterns by Age Group 
As shown in Table 2, 44.6% of pedestrian death 

is over 61 years and older people. Their total death 
is 1,291. Among them, 724 deaths are over 71 and 
years older elderly peoples. The statistics of 
casualties standardized by population distribution 
by age or those of fatalities by age indicate that the 
rate of meeting with accidents or being killed in 
such accidents increases among pedestrians at age 
61 and over. Fatality of child (less than 14 years 
old) is 9.5% (274 death). However in terms of 
injured case, 24.8% (13,181 injured child) of all 
pedestrian injured cases is less than 14 years old 
child. Elderly people’s injured rates are less than 
10% (61-70 years old: 9.8%, over 71 years and 
older: 6.6%). It may be due to the different 

characteristics of biomechanics behaviors during 
crash.  

 
As shown in Figure 3, pedestrian casualty (both 

death and injured) per 10,000 populations, injured 
over 61 years and older is the largest group with 
158.6 persons. The ratio is more than 2 times of 
those of 20 years old age group. Fatality ration of 
elder people is 24.3 persons per 10,000 
populations while 21 – 30 years old group’s ration 
is less than 1.8 persons. This indicates killed rate 
of elder pedestrian is more than 13 times of those 
of 21 – 30 years old group. This indicates that, the 
more elderly peoples in near future, the more 
pedestrians are likely to meet with accidents. 

 
 
 

Figure 1.  Accumulated accident type distribution of fatalities in Korea 



 Youn  

Table 2.  Pedestrian fatality and injury by age group in 2003  

 

 

Fig. 3. Age group pedestrian death and injured rates per 10,000 populations in 2003  
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Fig. 4. Age group accident type death rate per 10,000 populations in 2003  

 

 
Total 

14 

less 
15-20 21-30 31-40 41-50 51-60 61-70 71 over N/A 

Death 2,896 
274 

(9.5%) 

54 

1.9%) 

141 

(4.9%) 

279 

(9.6%) 

429 

(14.8%) 

400 

(13.8%) 

567 

(19.6%) 

724 

(25.0%) 

28 

(1.0%) 

Injured 53,069 
13,181 

(24.8%) 

3,528 

(6.6%) 

6,768 

(12.8%) 

6,729 

(12.7%) 

7,850 

(14.8%) 

5,618 

(10.6%) 

5,202 

(9.8%) 

3,527 

(6.6%) 

666 

(1.3%) 



 Youn  

Figure 5 show that the percentage of injured 
parts of traffic accidents involved persons who 
had experienced at least hospitalized 2 or 3 days. 
Up to serious injured cases, the incidence of 
injury is the most frequently observed in the 

lower leg and necks, followed by head.  
In the fatal accidents, injury to the head is the 

major cause of death (64%), followed by lower 
legs (11%) and neck (9%). The body of injured 
occupant in the vehicle is shown in Figure 5.  

 

 
 

Fig. 5. Injured body parts and Fatality caused main severely injured body parts in pedestrian 
 

RESEARCH AND RULE MAKING 
ACTIVITIES 

This accidents data analysis indicates that 
significant improvement of vehicle safety 
performances are needed to protect the 
pedestrians during the accidents. In order to 
reduce number of fatalities, especially from the 
vehicle, the Ministry of Construction and 
Transportation (MOCT) has been seriously 
considered adoption of pedestrian protection 
regulations. Recently  MOCT of Korea 
launched special task team for pedestrian 
researches. This research group studied the 
patterns of Korean pedestrian accident, and 
injury as well as survey of existing test methods 
for feasibilities and international harmonization 
as shown in Figure 7. 
 

 
Fig. 7. Scheme of research procedures 

 
Pedestrian Kinematics During Vehicle Impacts 

Figure 7 shows two pedestrian models 
currently used for the simulation study. These are 
JARI, and TNO pedestrian models that already 
validated by TNO and IHRA (JARI) with 
comparing results from their computer 
simulations and published PMHS (Post Mortem 
Human Subject) tests. 

According to IHRS recommended simulation 
procedures, a parameter study was conducted to 
understand the influence of pedestrian size, 
waling position, vehicle shape, vehicle stiffness, 
and vehicle impact speed onto the pedestrian 
impact condition such as head impact velocity, 
head impact angle, and head impact location 
(Wrap Around Distance: WAD). IHRA’s three 
walking position WP1, WP2, and WP3 were used 
for the parameter study as well as a standing 
position with 40kph vehicle impact speed.  

 

 
 

Fig. 7. Pedestrian Models (AM50) 
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Two different vehicle stiffness, IHRA’s hard 
and friendly, was used, and the definition of the 
head impact velocity and the head impact angle 
and the definition of the head impact velocity and 
the head impact angle are illustrated in Figure 
8.   . 
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Fig.  8.  Pedestrian simulation conditions 

 
Vehicle Shapes in Different Categories 

Based on the IHRA and WP29 W/G studies, front 
shape of passenger car was investigated and 
categorized into three groups, Sedan, SUV and 1-
Box, so that the effect of vehicle front shape on the 
pedestrian impact was studied with computer 
simulations focusing on the head impact velocity, 
head impact angle, WAD (Wrap Around Distance) 
and head effective mass. 

 
Figure 8 shows the car front shape corridors for 

the three groups obtained from current Korean 
production cars with overplots of IHRA’s results. 
The measured corridors of domestic vehicles are 
fall into the results of IHRA measures. However the 
hood angle of one 1-BOX vehicle is less than 30 

degree. This means that even though intended 
design and purpose of vehicle was 1-BOX vehicle, 
the test procedure will be followed by SUV vehicle 
category. It will mislead the government’s 
pedestrian protection policy and the level of 
protections.  
 

 
 

 

 

 
Fig. 8.  Three vehicle categories 2-D 

front shape corridors from domestic vehicles 
 

Pedestrian Trajectory Simulation Results 
As shown in Figure 9, it is clear that the 

pedestrian size and the vehicle category affects to 
the head impact condition, especially for the head 
impact location, angle, and head velocity.  
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Compared with JARI and TNO model, however the 
simulations were influenced by pedestrian–vehicle 
contact locations, contact characteristics, and upper 
arms interference with vehicle and body parts of 
dummy.  

 
In general, the head contact locations, WAD are 

similar, but impact velocity and angle are shown 
some discrepancy for adult pedestrian model. In 6 
years old child model case, JARI and TNO model 
show the consistent results both in speeds and 
angles. This is due to the relatively small body that 
contact with striking vehicle with initial stage of 
crash.  

 

   

    

 
Fig. 9.  Sedan type vehicle simulation 

results with JARI and TNO models( A50 and 6Y) 

 
Fig. 10.  Results of head impact speeds with 

JARI and TNO models( A50) 

 
Fig. 11. Results of Head impact angle with JARI 

and TNO models( A50) 

 

Fig. 12. Results of head impact WAD with JARI 
and TNO models( A50) 

 
 

Evaluation of Existing Head Impact Test 
methods with Simple Hood Structure Model 

The EEVC performed several studies and 
proposed various recommendations on test 
methods to assess pedestrian protection. The 

test methods should be based on sub-system 
tests, essentially to the bumper, bonnet leading 
edge and bonnet top surface. The test methods 
should be considered to evaluate the performance 
of each part of the vehicle structure with respect 
to both child and adult pedestrians, at car to 
pedestrian impact speed of 40 km/h with fixed 
impact angle for all applicable vehicles. (adult: 
60 ° with 4.8 kg mass, child: 50 ° with 2.5 kg 
mass)  

 
However, according to finds from IHRA study, 

Japan announced their new pedestrian regulation 
for head protection in both adult and child. IHRA 
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approach is quite different that based on the 
observations from real world accidents. The 
starting point is different frontal shapes must 
influence the kinematics of occupant which leads 
specific head impact velocities and impact angles. 

Japan’s regulation based on the IHRA’s results 
is same impact speed both child (mass: 3.5kg) 
and adult(mass:4.5kg) with 32kph. But the 
different vehicle categories have different head 

impact speeds. 65 ° / 90 ° / 50 ° (sedan/SUV/1-
BOX) for adult, and f65 ° / 60 ° / 25 ° 
(sedan/SUV/1-BOX) for child. 

UNECE/WP29 is under discussion for 
harmonization between EEVC and IHRA test 
method and injury criteria. 

Meanwhile, NHTSA proposed the most sever 
head impact conditions. To maximum protections, 
the impact angle should be perpendicular to the 
bonnet surface that leads the maximum 
penetration of head into the bonnet surface.  

 
In our study, three different test methods were 

evaluated using computer simulation with a hood 
of common passenger vehicle. To eliminate the 
interference of engine block structure, only hood 
was modeled with proper boundary conditions. 
As shown in Figure 13, 2.5kg or 3.5kg child head 
form was impacted center of hood with three 
different test conditions (EEC, IHRA and 
NHTSA) 

 

 
Fig. 13. Child head form impact model 

 
 

Table 3 Comparison with three different child head impact test methods 
 

2.5kg 3.5kg 2.5kg 3.5kg 2.5kg 3.5kg

50˚ 1.00 0.79 0.77 0.63 0.64 0.53

65˚ 1.14 0.90 0.90 0.72 0.75 0.60

90˚ 1.18 0.92 0.91 0.73 0.77 0.61

40km/h 35km/ h 32km/h
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Fig. 14. HIC of Child head form impact simulations 
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ECONOMIC APPRAISALS AND FUTURE 

PLANS  

During the research, it must be make sure that the 
establishment of rule-making activities achieved 
proper number of lifesaving effects assuming that it 
is introduced and that all the vehicles concerned are 
replaced with vehicles complying to the regulation.  
Target Population is estimated for each of the age 
groups as following variables.  
- Pedestrian head injury ratio (Pha)  
- Death ratio of the head injury accidents (Pdhk)  

- Ratio of the pedestrian accidents under 40kph 
[PVd40] 

- Ratio of injury over HIC 1000 [H1000,d] 

Benefits are estimated using target population 
and social costs for the life savings and incident 
injury reduction. Social costs [Cda] are estimated 

using accident compensation cost for the car 
insurance. The benefits are calculated by the 
following equation.  

 
The estimate used the traffic statistics of 1999 

and took into account passenger cars with 3500 kg 

or less in gross vehicle weight (the weight range of 
trucks being different from that of the regulation). 
The injury reference value was set to HIC 1,000. 

 

 Fig. 15. Scheme of economic appraisals
 

 
 

Fig. 16. Milestone of pedestrian protection rule-making activities 
 

 
 

dddhahapdada HpvppDCB ,100040, ⋅⋅⋅⋅⋅=
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Fig. 17. Expected reduction of pedestrian related fatalities with enhanced rule-making activities 
 
 

As a member of both on 1958 and 1998 
agreements, Korea will continuously work for 
international harmonization. An informal group, 
GRSP/PS was organized under ECE/WP29/GRSP 
for establishing a Global Technical Regulation for 
pedestrian safety. According to its Terms of 
Reference, the informal group plans to finalize its 
written justification by the middle of 2005 and its 
complete and detailed recommendation by 2005 for 
a head protection regulation and a leg protection 
regulation. 

Accordingly, Japan plans, respecting the 
discussion to be held in this Informal Group to the 
maximum, to introduce also a regulation for leg 
protection, while working for the harmonization of 
head protection regulations. 
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ABSTRACT 
 

Side impacts present a severe collision mode from 
the perspective of occupant protection because there are 
relatively few vehicle structural components (such as a 
center pillar and door) and relatively little vehicle crush 
space exist. In recent years, technology has advanced 
including enhanced body structural integrity, torso air 
bags and curtain air bags. Further advances in these 
technologies are anticipated in the future. A dummy with 
excellent biofidelity is indispensable for such advanced 
technical development, and it is reported that the recently 
developed SID-IIs, exhibits better biofidelity compared 
with previous side impact dummies ES-1 and DOTSID. 

However, when considering the compression 
characteristic of the upper arm of SID-IIs, it was found 
that the stiffness is excessively high compared with post 
mortem human surrogate (PMHS) data. It is thought that 
this characteristic can have considerable influence on 
thoracic rib deflection in side impacts because the upper 
arm transmits force from the door and/or the side airbag to 
the thorax. 

In this study, a new upper arm component for 
SID-IIs has been developed to provide a better interaction 
with the thorax rib. According to the ISO guideline of side 
impact biofidelity evaluation, a series of tests with the 
new arm were conducted on the dummy. 

It was shown that the biofidelity of the dummy with 
the modified arm, especially its thoracic responses, was 
improved by replacing the original arm with the newly 
developed one. 
 
INTRODUCTION 
 

Side impacts are a severe type of collision from the 
perspective of occupant protection. This is partially due to 
the fact that in the event of a side impact there are few 
vehicle structures for absorbing the energy from a side 
impact and little vehicle crush space in the event of a side 
impact as compared to other types of collisions. 

Side impact tests are generally performed using a 
moveable deformable barrier (MDB) representing a 
passenger vehicle, which collide with a vehicle. In order 
to promote higher degree of occupant protection 
performance, an impact test using an MDB corresponding 
to an SUV is used for impact testing. A test method in 
which the side of a vehicle collides with a fixed 
pole-shaped object was also developed and put into 
practice. 

Occupant protection technologies have also 
progressed in recent years, which can be seen by the 
application of technologies including vehicle structures 
with superior integrity, as well as curtain and torso side 
airbags.  Further advances in these technologies are 
anticipated from these technologies in the future. In order 
to evaluate such new occupant protection technologies, a 
dummy with high biofidelity and injury measuring 
capabilities is essential. 

The SID-IIs is a side impact dummy representative 
of a small human female. Development began in 1993 by 
the Occupant Safety Research Partnership (OSRP) with 
the intent of adding a high biofidelity dummy 
representative of small females.  In 1995, the dummy 
was completed, and the structure and characteristics were 
announced [1]. The biofidelity of the SID-IIs was also 
evaluated by OSRP, which reported results showing 
superior biofidelity to other side impact dummies [2]. The 
evaluation method with target corridors for the biofidelity 
of side impact dummies is set forth in ISO 9790[3]. 
However, ISO 9790 defines corridors for the 50th 
percentile adult male (AM50), not a small female. Thus, a 
scaled corridor was used by OSRP to evaluate the SID-IIs. 
The results show a high score of 7.01 out of a total 10 
possible points. 

Furthermore, ISO 9790 includes biofidelity 
corridors regarding the head, neck, shoulders, thorax, 
abdomen, and pelvis. Although ISO 9790 covers most 
main parts of the body, it is still lacking on some points. 

For example, observations of collisions between 
the dummy and the interior during side impacts and the 
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constraint posture resulting from the side impact airbag 
often showed the arms sandwiched between the chest and 
the door or the airbag. Based on these observations, it is 
reasonable to assume that arm characteristics influence 
both the dummy reaction force to the vehicle and dummy 
internal response. However, current biofidelity 
evaluations do not define characteristics of the arm itself, 
and no framework exists for defining the influence of 
arms from the two aspects mentioned above. Therefore, 
studying arm characteristics and their influence is 
considered essential to developing a dummy with higher 
biofidelity. 

According to the literature of SID-IIs development 
[1], the structure and characteristics of the shoulder and 
arm of the SID-IIs are summarized as the following. 

The shoulder is structured for lateral displacement, 
and the attached arm takes on a rounder shape than 
BIOSID with a higher stiffness than EuroSID-1. The arm 
length is 7 mm shorter than that of the AF05 Hybrid-III 
dummy, so as not to provoke deformation of the 
abdominal ribs. A pad corresponding to the height of the 
upper arm shoulder is used to control the initial impact 
pulse. The shoulder characteristics target a corridor that 
scales from the characteristics in ISO 9790. 

It is not clear in the description whether the shape 
and characteristics of the arm itself were compared to an 
actual human arm. 

Research regarding arm characteristics often focus 
on tolerance and characteristics such as three-point 
bending. However, there is little research on the lateral 
compression characteristic of the arm. Kanno (1993) has 
performed a study to obtain the lateral compression 
characteristic of the arm [4]. The study used an impactor 
with 152 mm diameter, 16 kg mass, and speeds of 2 and 4 
m/s to impact two PMHS arms, respectively (Figure 1). 
Fixed to a flat plate, the circumference of these arms was 
32cm. The arm’s compression characteristic from the 
4m/s test is shown (Figure2).  

 
 
 
 
 
 
 
 
 

Figure 1. A dummy arm in pre-impact test position, actual 
tests unembalmed PMHS arms were used [4]. 

 
 
 
 
 
 
 
 
 

Figure 2. Force-deflection curves of PMHS arms 
(ARM02, ARM04) for 4m/s pendulum impacts [4]. 

Recently, anther research was conducted at Virginia 
Tech by Kemper et al (2005) to evaluate the compressive 
response of human humeri with soft tissue [5]. These 
compression tests were also performed at 2.0m/s and 
4.0m/s loading rates on 4 whole unembalmed fresh 
human humeri obtained from 2 matched pairs (Table 1) 
using a drop tower with a 16 kg impactor (Figure 3). The 
ends of the humeri were constrained in order to prevent 
the human humeri from rotating or translating during the 
impact event (Figure 3). The arm was placed on the 
support with a 152mm diameter and impacted. The arm’s 
characteristics are shown (Figure 4). 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Humerus compression loading test setup  
(Front View). 

Upon comparing the arm characteristics of SID-IIs 
under similar conditions, it was found that the arm of 
SID-IIs differed from that of the human (Figure 4). 

In light of the above background, this paper 
explores improvements of the upper arm biofidelity and 
their influence on the dummy response for SID-IIs. The 
content of this paper focuses on the following three 
points: (1) development of an upper arm with excellent 
biofidelity for use in the SID-IIs; (2) verification of the 
biofidelity of the SID-IIs dummy in which this arm is 
used, and (3) determination of the influence on measured 
dummy injury values when using this arm. 
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Figure 4. Comparison of Arm Force-deflection Curves 
Between PMHS and Dummies. 

 
ARM DEVELOPMENT 
 
Arm Design Targets and Test Method 

The following items were used as design 
requirements for the upper arm of the SID-IIs. 
Dummy Exterior Shape 

The shoulder width dimension of the dummy was 
not changed. 
Human Body Dimensions and Mass 
 Targets for arm thickness, width, length, and mass 
were set based upon data for the AF05’s upper arm from 
UMTRI [6] (Table 2). 
Upper Arm Lateral Compression Characteristic 

The upper arm lateral compression characteristic of 
dummy was compared to that obtained from the PMHS 
test performed by Kemper et al. (2005). 

 

 
 
 
 
 
 
 
 
 

 
Table 2. Dimensions and Mass of SID-IIs and Human  

Arms (AF05). 
 
 
 
 
 

Arm Development and Arm Biofidelity Test (Upper 
Arm Lateral Compression Characteristic) Results 
Upper Arm Shape and Mass 
 The major and minor axes of the elliptical cross 
section of the arm were matched to human dimensions 
(UMTRI). However, 9 mm were eliminated from the 
inner side of the arm. This is because the arm contacts the 
thorax rib and will not rest alongside the chest when the 
breadth (minor axis) is set to 67 mm without modifying 
the shoulder width (Table 3). 

Table 3. Improved Arm Dimension and Mass. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Modified SID-IIs Arm. 

Mass Breadth Depth
(kg) (mm) (mm)

SID-IIs 0.89 56 74
Human 1.12 67 89

Arm

Mass Breadth Depth
(kg) (mm) (mm)

UMTRI 1.12 67 89
Modified 1.06 58 89
Original 0.89 56 74

Arm
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Tests ID# Test
Speed

Subject
Number

Mass Height Breadth Humerus
Circumference
with soft tissue

(m/s) (kg) (cm) (mm) (cm)
Arm 1 2.00 A 44.81 152.4 55.56 24.13
Arm 2 2.00 B 74.09 160.02 63.5 24.77
Arm 3 4.00 A 44.81 152.4 60.33 24.13
Arm 4 4.00 B 74.09 160.02 58.74 27.31

Table 1. PMHS upper arm data for arm compressive tests [5]. 

Impact Speed 2m/s

0

2

4

6

8

10

0 10 20 30 40 50
Deflection  (mm)

Fo
rc

e 
 (k

N
)

SID-IIs
PMHS arm1
PMHS arm2



 

Matsuoka 4 

 The cross section of the steel, representing bone, 
has a circular shape, and the position of the shoulder joint 
was displaced outward in order to set the bone at the 
center of the arm. In order for the arm mass to correspond 
to that of a human body (UMTRI AF05), the diameter of 
the steel bone was adjusted (Figure 5). 
Selection of Arm Foam Materials 
 Of the three types of EPDM (ethylene-propylene 
rubber) arms with different compression characteristics 
the arm (Modified A) had a compression characteristic 
closest to the target characteristic was selected (Figure 6). 
As a result, an arm was developed with characteristics 
more closely resembling those in a human body than the 
characteristics of the arm prior to modification. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Force-Deflection Responses of Target and 
EPDM Arm. 

 
DUMMY BIOFIDELITY EVALUATION 
 
Dummy Biofidelity Evaluation Method 
 
 Biofidelity tests were performed mainly for the 
purpose of evaluating the influence of the new arm 
development on dummy response. 

The evaluation method was based on the test 
method set forth in ISO 9790: 1990 (E) [3], which is 
employed as a general test method of side impact dummy 
biofidelity.   
 However, the small female (AF05) corridor 
necessary for evaluation is not given in ISO 9790[3].  
Therefore, corridors scaled to the AF05 were developed 
[2] based upon ISO 9790.  

Among the ISO test methods, those tests for the 
neck, shoulder and thorax, which are considered to be 
most affected by modifications of the arm, were 
performed. However, the tests listed below were not 

conducted because the results are unlikely affected by the 
arm modifications. 

Thorax Tests 1, 2: The test method consists of 
setting the arm at a 90-degree angle to the thorax and 
hitting the thorax with a pendulum. Therefore, the arm 
modifications would have no influence on the results.  

Thorax Test 4: The special pad defined for use in 
this test cannot be obtained at present, thus the test could 
not be performed. 
 The tests performed and not performed are shown 
(Table 4). 

 
Neck Biofidelity Tests 
 
Neck Test 1 
Method 

The dummy was placed on a seat fixed 
perpendicular to the thrusting direction of the sled so that 
the dummy’s neck is vertical. The dummy was restrained 
by two wooden plates to suppress rotation of the arms and 
thorax, the shoulders and pelvis were restrained by belts. 
The upper ends of the plates were 50 mm below the top of 
the shoulders. The following items were evaluated: T1 
acceleration (y-direction), relative movement of T1 with 
respect to the sled (y-direction), relative movement of 
head center of gravity position with respect to T1 (y- and 
z-directions), time of maximum movement of head center 

Table 4 Biofidelity Test Matrix 

Requirement Test Description Tested 

Test 1 7.2G Sled Impact Done 

Test 2 6.7G Sled Impact Done Neck 

Test 3 12.2G Sled Impact Done 
Test 1 4.5m/s Pendulum Done 
Test 2 7.2G Sled Impact Done 
Test 3 12.2G Sled Impact Done Shoulder

Test 4
8.9m/s Padded  

WSU Sled 
Done 

Test 1 4.3m/s Pendulum Not tested

Test 2 6.7m/s Pendulum Not tested

Test 3 1.0m Rigid Drop Done 

Test 4 2.0mPaddeddrop Not tested

Test 5
6.8m/s Rigid  

Heidelberg Sled 
Done 

Thorax 

Test 6
8.9m/s Padded  

WSU Sled 
Done 
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of gravity position, head center of gravity acceleration (y- 
and z-directions), neck lateral bending angle, and neck 
torsion angle.  
Results 

The sled speed was 6.83m/s with the maximum 
acceleration of 6.8G inside of the corridor. The individual 
data and biofidelity score for this test are shown (Table A1 
and A2). Other than the maximum horizontal 
displacement of the T1 rib, there are no substantial 
differences between the current arm and modified arm. 
Modified arm biofidelity is 7.4, and exceeds 7.15 of 
current arm in Test 1. 
Neck Test 2 
Method 

A rigid seat, with its back inclined 15 degrees, was 
fixed perpendicular to the thrusting direction of the sled.  
A plate was fixed perpendicular to side surface of the seat, 
and the dummy was placed in the seat with its thorax and 
lumbar region contacting this plate. The upper end of the 
plate was 50 mm below the top of the shoulder. 

A thorax cross belt, waist belt and horizontal thorax 
belt were also used for restraint. The following items were 
evaluated: neck lateral bending angle, neck lateral 
bending moment, neck anteflexio moment, neck torsional 
moment, neck lateral shearing load, neck longitudinal 
shearing load, and head composite acceleration. 
Results 

The sled speed was 5.79m/s and peak acceleration 
was 6.92G. The individual data and biofidelity score are 
shown (Table A3, A4 and Figure A1). There is a 
difference between the current and modified arms under 
tensile load. The biofidelity score of current arm is 3.99, 
and exceeds the score of 3.53 of modified arm. 
Neck Test 3 
Method 
 The dummy was restrained by two wooden plates 
to suppress rotation of arms and thorax. Belts were used to 
restrain the shoulders and pelvis. The following items 
were evaluated: T1 acceleration (y-direction), head center 
of gravity acceleration (y-direction), relative movement of 
head center of gravity position with respect to T1 
(y-direction), neck lateral bending angle, and neck torsion 
angle. 
Results 

The sled decelerated at 7.0 m/s; its maximum 
deceleration was 11.44G within the corridor. The 
individual data and biofidelity score for this test are shown 
(Table A5, A6 and Figure A2). There are some differences 
between the current and modified arms for horizontal 

acceleration and transversal deflection angle of T1 rib. 
The biofidelity score of modified arm is 5.34, which 
exceeds the score of 5.26 of current arm. 

 
Shoulder Biofidelity Tests 
 
Shoulder Test1 
Method 
 A 150 mm diameter pendulum weighing 14 kg was 
targeted to impact the shoulder at 4.5 m/s, with the 
dummy arm in a resting state (down). The pendulum load 
and maximum displacement of the dummy shoulder rib 
were evaluated. 
Results 
 For pendulum load, neither the SID-IIs current arm 
nor the modified arm fell into the standard corridor.  The 
biofidelity score for both arms was 5 points. 
 Regarding the maximum displacement of the 
shoulder rib in a corridor of 22 to 30 mm, both the current 
arm and modified arm received no points. According to 
the biofidelity formula defined by ISO, they scored 5.0 
points. The test results and scores are shown (Table A7, 
A8 and Figure A3). 
Shoulder test 2 
Method 
 Test method was similar to that of Neck Tests 1. T1 
acceleration (y-direction) and relative movement of T1 
with respect to the sled (y-direction) were evaluated. 
Results 

The individual data and biofidelity score are shown 
(Table A9 and A10). The biofidelity point of modified 
arm is 7.5, which is higher than 6.25 of current arm. 
Shoulder test 3 
Method 
 Test method was similar to that of Neck Tests 3. T1 
acceleration (y-direction) was evaluated. 
Results 

The individual data and biofidelity score are shown 
(Table A11 and A12). The Biofidelity Point of current arm 
is 10.0, which is higher than 5.0 of modified arm. 
Shoulder Test 4 
Method 
 This was a padded Wayne State University (WSU) 
sled test performed at 8.9 m/s. The test setup is shown 
(Figure 7). The seat and seat back are Teflon-coated so 
that there is no effect on the dummy due to friction during 
sled motion. A load meter for the impact surface was fixed 
perpendicular to the sled direction. Regarding the dummy 
posture, the sagittal plane was set upright and the arm 
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angle was inclined 45 degrees forward of the thorax. The 
sum of shoulder and thorax loads was evaluated. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Shoulder and thorax test jig. 
Results 
 For the sum of the shoulder and thorax loads, both 
the current and the modified arm received a biofidelity 
score of 5.0 points.  In addition, evaluation of T12 
movement was eliminated from the judgment factors 
because the human body corridor was not deemed reliable 
enough. According to the biofidelity formula defined by 
ISO, therefore both arms scored 5.0 points. The test 
results and overall scores are shown (Table A13, A14 and 
Figure A4). 

 
Thorax Biofidelity Tests 
 
Thorax Test 3 
Method 

The dummy was faced sideways and hung in a 
horizontal position, and the arm angle was inclined 20 
degrees from the spine toward the front of the dummy.  
With this orientation, the dummy was dropped in free fall 
from a height 1.0 m above a rigid plate (impact surface).  
In this test, the load on the thorax rigid plate and 
maximum displacement of the thorax upper rib were 
evaluated.   
Results 
 For the thorax plate load, both the current arm and 
modified arm were within ±1 corridor, thus receiving a 
biofidelity score of 5 points.  However, for the 
maximum displacement of the thorax upper rib, the 
current arm received 2.5 points from 2 out of 3 test results, 
whereas the modified arm received 5 points. According to 
the biofidelity formula defined by ISO, the current arm 
scored 5.0 points for an overall evaluation of “marginal”, 
and the modified arm scored 5.0 points. Test results and 

overall scores are shown (Table A15, A16, A22 and 
Figure A5). 
Thorax Test 5 
Method 
 The test was performed in a similar format to the 
testing that was carried out at Heidelberg University (HU). 
A rigid plate was used as the impact surface at 6.8 m/s. 
The setup was similar to Shoulder Test 4 (Figure 7). The 
arm is at rest (down) in the test. The distance from the 
dummy to the impact surface was set to 0.35m. The 
following items were evaluated: shoulder/thorax plate 
load, T1 maximum acceleration, T12 maximum 
acceleration, and maximum acceleration of the thorax 
upper rib. 
Results 
 Both the current and modified arm received 10 
points with respect to the shoulder/thorax plate load. T1 
(lateral direction) maximum acceleration responses in the 
lateral direction were within –1 corridor. Similar to T1, 
both arms received 0 points for T12 maximum 
acceleration responses in the lateral direction. For 
maximum acceleration in the lateral direction of the 
thorax upper rib, the current arm received 5.0 points, 
while the modified arm received 10.0 points.  According 
to the biofidelity formula defined by ISO of one out of 
three tests, the current arm scored 3.75 points, and the 
modified arm scored 4.11 points. The test results and 
overall scores are shown (Table A17 and A18). 
Thorax Test 6 
Method 

The test method was similar to that of Shoulder 
Tests 4. The sum of the shoulder and thorax plate force 
was evaluated. 
Results 

The individual data and biofidelity score for Thorax 
Test 6 are shown (Table A19, A20 and Figure A6). The 
biofidelity score of the current arm is 5.0 points, which is 
equal to that of the modified arm. 

 
Biofidelity Evaluation Scores 
 
 Biofidelity scores based upon biofidelity tests with 
the current arm and modified arm are summarized (Table 
A21). The scores for the current arm regarding each 
measurement item and each test are compared with those 
of the modified arm. These results show that the modified 
arm leads to an increased score in Neck Tests 1, 3, 
Shoulder Test 2 and Thorax Tests 3, 5, and a reduced 
score in Neck Test 2 and Shoulder Test 3. 
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Summary of Biofidelity Evaluation 
 
 Some biofidelity tests were not performed because 
the results would not be affected by the arm 
modifications.  
 Due to the arm modifications, the thorax score 
increased, although the shoulder score decreased.  The 
class designation by level was “good” for the thorax, 
while the shoulder and neck remained unchanged with a 
“fair” evaluation. 
 
INFLUENCE ON INJURY VALUES ASSOCIATED 
WITH ARM MODIFICATION 
 

In order to determine how dummy injury values (ex. 
Thorax rib deflection) changed, the biofidelity test 
analysis and full scale SUV MDB side impact tests were 
conducted. 
 
Comparison of Thorax Injury Values in Biofidelity 
Tests 
 
 In the thorax biofidelity test 3, middle rib deflection 
and thorax plate force are the items used to evaluate 
biofidelity. However, in this test, thorax deflection and 
abdomen deflection were measured to determine the 
extent of the influence arm modifications have on injury 
values for the thorax and abdomen. 
Results of Analysis on Biofidelity Test 

The shoulder, abdomen and thorax injury values of 
SID-IIs in biofidelity test are shown (Figure 8). 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Dummy Injury Measurements in 
Biofidelity Thorax Test 3. 

In the thorax biofidelity test 3 results, shoulder 
deflection increased. However, there was no significant 
change in plate force (Fig A5).  

Furthermore, thorax deflection was reduced in the 

case of the modified arm. 
 

Full Scale SUV MDB Side Impact Test 
 
 In order to investigate how dummy injury values 
change due to the modifications of the SID-IIs arm, the 
dummy was evaluated in SUV MDB impacts to the side 
of a vehicle at 50 km/h performed by IIHS.  The vehicle 
was a sedan sold in the U.S. market, which was equipped 
with curtain airbags in the front and rear seats, and side 
torso airbags in the front seats. SID-IIs dummies were 
placed in the front and rear seats on the impact side. The 
front seats were equipped with side airbags. The rear seats 
were not equipped with side torso airbags. 
 For comparison purposes, the test was performed 
twice: dummies having current arms were placed in one 
vehicle, and dummies with the modified arms were 
placed in the other vehicle. 
Result s of Full Scale SUV Side Impact 
 The front seats were equipped with side airbags. 
Thorax and abdomen deflection of the dummy are shown 
(Figure 9). 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. SID-IIs Driver Injury Measurements in IIHS 
SUV MDB Side Impact. 

Compared to the current arm, the modified arm of 
the dummy in the driver position showed a decrease of 
4.3mm in deflection of the thorax upper rib. Other thorax 
ribs showed approximately the same values. 

The rear seats were not equipped with side torso 
airbags. Deflection of thorax and abdomen ribs of the 
dummy in the rear seat is shown (Figure 10). 

Compared to the current arm, the modified arm of 
the dummy in the rear passenger position showed a 
13.5mm decrease in thorax upper rib deflection, and a 
7.6mm decrease in thorax middle rib deflection. There 
was no significant change in results for the abdomen. A 
comparison of the upper rib G waveforms in the impact is 
shown (Figure 11). 
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Figure 10. SID-IIs Rear Passenger Injury Measurements 
in IIHS SUV MDB Side Impact 

Figure 11. Rear Passenger Upper Rib Acceleration 
Response 

 
DISCUSSION 
 
Influence on Dummy Biofidelity 
 
 Biofidelity tests were performed in all conditions 
believed to be affected by modifications made to the arm. 
These results and the evaluation scores for all items are 
defined in ISO 9790 

The results show a slight improvement in 
biofidelity due to the arm modifications without leading to 
deterioration in the overall biofidelity of the SID-IIs. The 
modifications are considered beneficial. 

 
Influence of Arm Modifications on Thorax Injury 
Evaluation 
 

By comparing thorax injury values in Thorax Test 3, 
shoulder deflection increased while thorax rib deflection 
decreased in the case of modified arm. However, there 
was no significant change in the impact load. 

 The decrease of thorax rib deflection is the result of 
softening arm skin characteristic, which led to a smaller 
reaction force from the thorax rib on the arm inner side 
and further deformation of the shoulder rib. A small 
reaction force from the rib on the arm means that the force 
of the arm pressing on the rib is also small, thus reducing 
thorax deflection. 
 Vehicle full-scale test results showed some 
differences between the current and modified arms in the 
front seat at which side airbags deployed. Compared to 
the current arm, the modified arm showed a slight 
decrease in deflection of the thorax upper rib. Other 
thorax ribs showed approximately the same values. 
 Furthermore, a notable difference was observed in 
the rear seat where airbags were not equipped. Compared 
to the current arm, the modified arm showed a significant 
decrease in thorax upper rib deflection, and also a 
decrease in thorax middle rib deflection. There was no 
significant change in results for the abdomen. 
 Accordingly, since the characteristic of the current 
arm is harder than a human arm, it appears that the thorax 
deflection value may be excessive in cases where the 
current arm and thorax rib come into contact. 
 
CONCLUSIONS 
 
1. The current SID-IIs arm does not accurately represent 

the human body in terms of compression 
characteristics, dimension, and mass. Thus, a modified 
SID-IIs arm was developed to more closely simulate 
these properties. 

2. According to a series of tests, thorax biofidelity 
improved through the use of this modified arm. 
Although the shoulder became slightly worse, the 
overall biofidelity of the SID-IIs improved. 

3. In cases where the arm came into contact with the 
thorax during a side impact, it was found that arm 
characteristics influence the thorax injury values.  For 
this reason, dummy arm characteristics need to more 
closely represent a human arm. 

4. The following were observed in full-scale vehicle tests, 
(IIHS SUV 50 km/h side impact test): 

4-1. No unique phenomena due to arm modifications 
were found. 

4-2. Small differences exist in thorax deflection due to 
arm modifications in driver seat, which was 
equipped with a torso airbag. 

4-3. Large differences in thorax deflection exist due to 
arm modifications in rear seat without torso airbag. 
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5. The modified arm increases the ability of the SID-IIs 
to accurately predict injury during side impact 
events. 
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ATTACHMENT 
ISO 9790: 1990 Biofidelity Evaluation Results 
The corridor used in the attachment is from SAE paper 983151. 

Table A1: Neck Test 1 Current Arm Results (7.2G Sled) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table A2: Neck Test 1 Modified Arm Results (7.2G Sled) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table A3: Neck Test 2 Current Arm Results (6.7G Sled) 
 
 
 
 
 
 
 
 
 
 
 
 

Avg of
Lower
Bound

Upper
Bound Run 1 Rating Run 2 Rating Run 3 Rating

Rating
R2,1,k

Hori. Acc. of T1( g) W2,1,1 5 10 15 9.0 5 8.8 5 5
Hori. Disp. of T1
Relative to Sled (mm) W2,1,2 5 38 51 36.9 5 38.3 10 7.5
Hori. Disp. of Head
C.G. Relative to T1(mm) W2,1,3 8 106 132 121.9 10 122.6 10 10
Vert. Disp. of Head
C.G .Relative to T1(mm) W2,1,4 6 63 96 48.2 5 51.2 5 5

Head Excursion Time (s) W2,1,5 5 0.151 0.166 0.191 0 0.193 0 0
Lat. Acc. of Head(g) W2,1,6 5 7 9 9.4 5 9.6 5 5
Vert. (Downward)
Acc. of Head (g) W2,1,7 5 7 8 7.5 10 7.6 10 10
Flexion Angle(degrees) W2,1,8 7 48 65 53.3 10 54.3 10 10
Twist Angle(degrees) W2,1,9 4 -45 -32 -36.3 10 -38.3 10 10

7.2G Sled
Weight factor

V2,1=7

Test
Rating

7.15

CorridorWeight Current arm Results
Factors
W2,1,k

Avg of
Lower
Bound

Upper
Bound Run 1 Rating Run 2 Rating Run 3 Rating

Rating
R2,1,k

Hori. Acc. of T1(g) W2,1,1 5 10 15 9.7 5 9.7 5 9.7 5 5
Hori. Disp. of T1
Relative to Sled(mm) W2,1,2 5 38 51 43.0 10 42.9 10 41.8 10 10
Hori. Disp. Of Head C.G.
Relative to T1 (mm) W2,1,3 8 106 132 126.6 10 123.8 10 123.9 10 10
Vert. Disp. of Head C.G.
Relative to T1 (mm) W2,1,4 6 63 96 54.6 5 56.2 5 54.5 5 5

Head Excursion Time (s) W2,1,5 5 0.151 0.166 0.195 0 0.193 0 0.194 0 0
Lat. Acc. of Head(g) W2,1,6 5 7 9 10.1 5 10.1 5 10.0 5 5
Vert. (Downward)
Acc. of Head ( g) W2,1,7 5 7 8 7.7 10 7.7 10 7.7 10 10
Flexion Angle(degrees) W2,1,8 7 48 65 55.9 10 56.0 10 56.0 10 10
Twist Angle(degrees) W2,1,9 4 -45 -32 -39.2 10 -38.5 10 -38.7 10 10

7.2G Sled
Weight factor

V2,1=7

Test
Rating

7.4

Weight Corridor
Factors
W2,1,k

Modified arm Results

Avg of
Lower
Bound

Upper
Bound Run 1 Rating Run 2 Rating Run 3 Rating

Rating
R2,2,k

Flexion Angle (degrees) W2,2,1 7 44 55 51.6 10 54.7 10 10
Bending Moment of A-P
Axis at O. C. (Nm) Mx W2,2,2 7 22 27 17.3 5 18 5 5
Bending Moment of R-L
Axis at O. C. (Nm) My W2,2,3 3 11 16 3.3 0 3.6 0 0
Twist Moment (Nm) Mz W2,2,4 4 8 11 7.3 5 7 5 5
Shear Force at O. C. (N) W2,2,5 7 500 567 353 0 351 0 0
Tension Force at O.C.(N) W2,2,6 3 233 267 287 5 325 0 2.5
P-A Shear Force (N) W2,2,7 4 217 250 79.2 0 84.7 0 0
Resultant Head Acc.(g) W2,2,8 7 15 20 12.8 5 12.5 5 5

Test
Rating

3.99

6.7G Sled
Weight factor

V2,2=6
Factors
W2,2,k

Current arm ResultsWeight Corridor

10
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Table A4: Neck Test 2 Modified Arm Results (6.7G Sled) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table A5: Neck Test 3 Current Arm Results (12.2G Sled) 
 
 
 
 
 
 
 
 
 

Table A6: Neck Test 3 Modified Arm Results (12.2G Sled) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

          Figure A1. Sled Acceleration of Neck Test 1               Figure A2. Sled Acceleration of Neck Test 3 
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Avg of
Lower
Bound

Upper
Bound Run 1 Rating Run 2 Rating Run 3 Rating

Rating
R2,2,k

Flexion Angle (degrees) W2,2,1 7 44 55 54.3 10 50.5 10 54.5 10 10.0
Bending Moment of A-P
Axis at O. C. (Nm) Mx W2,2,2 7 22 27 16.6 0 15.7 0 18 5 1.7
Bending Moment of R-L
Axis at O. C. (Nm) My W2,2,3 3 11 16 3.8 0 4.3 0 3.6 0 0.0

Twist Moment (Nm) Mz W2,2,4 4 8 11 7.6 5 8.7 10 7.5 5 6.7

Shear Force at O.C.(N) W2,2,5 7 500 567 359 0 359 0 362 0 0.0
Tension Force at O.C.(N) W2,2,6 3 233 267 307 0 290 5 355 0 1.7
P-A Shear Force (N) W2,2,7 4 217 250 77.1 0 81 0 80.5 0 0.0

Resultant Head Acc.(g) W2,2,8 7 15 20 12.7 5 12.8 5 13.1 5 5.0

Test
Rating

3.53

6.7G Sled
Weight factor

V2,2=6
Factors
W2,2,k

Weight Corridor Modified arm Results

Avg of
Lower
Bound

Upper
Bound Run 1 Rating Run 2 Rating Run 3 Rating

Rating
R2,3,k

Lat. Acc. of T1(g) W2,3,1 5 14 19 18.8 10 18.5 10 10
Lat. Acc. of Head C.G.(g) W2,3,2 5 21 39 12.8 0 13 0 0
Hori. Disp. of Head C.G.
Relative to Sled (mm) W2,3,3 8 151 185 191 5 195 5 5

Flexion Angle(degrees) W2,3,4 7 68 82 66 5 72.17 10 7.5
Twist Angle (degrees) W2,3,5 4 62 75 48.52 0 51.23 5 2.5

Test
Rating

5.26

12.2G Sled
Weight factor

V2,3=3

Corridor Current arm Results
Factors
W2,3,k

Weight

Avg of
Lower
Bound

Upper
Bound Run 1 Rating Run 2 Rating Run 3 Rating

Rating
R2,3,k

Lat. Acc. of T1(g) W2,3,1 5 14 19 19.7 5 20.9 5 19.5 5 5
Lat. Acc. of Head C.G.(g) W2,3,2 5 21 39 13.5 0 13.8 0 13.3 0 0
Hori. Disp. of Head C.G.
Relative to Sled (mm) W2,3,3 8 151 185 201 5 206 5 206 5 5

Flexion Angle(degrees) W2,3,4 7 68 82 75.4 10 76.7 10 75.8 10 10
Twist Angle (degrees) W2,3,5 4 62 75 53.77 5 54.12 5 53.40 5 5

5.34

Test
Rating

12.2G Sled
Weight factor

V2,3=3
Factors
W2,3,k

Weight Corridor Modified arm Results
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Table A7: Shoulder Test 1 Current Arm Results (4.5m/s Pendulum Impact) 
 
 
 
 
 

Table A8: Shoulder Test 1 Modified Arm Results (4.5m/s Pendulum Impact) 
 
 
 
 
 

Table A9: Shoulder Test 2 Current Arm Results (7.2G Sled) 
 
 
 
 
 

Table A10: Shoulder Test 2 Modified Arm Results (7.2G Sled) 
 
 
 
 
 
 

Table A11: Shoulder Test 3 Current Arm Results (12.2G Sled) 
 
 
 
 

Table A12: Shoulder Test 3 Modified Arm Results (12.2G Sled) 
 
 
 
 

Table A13: Shoulder Test 4 Current Arm Results (8.9m/s Padded WSU Sled) 
 
 
 
 
 

Table A14: Shoulder Test 4 Modified Arm Results (8.9m/s Padded WSU Sled) 
 
 
 
 
 

Avg of
Lower
Bound

Upper
Bound Run 1 Rating Run 2 Rating Run 3 Rating Rating

R3,1,k

Pendulum Force(N) W3,2,1 8 5 5 5 5
Shoulder Deflection(mm) W3,2,2 6 22 30 36.7 5 36.7 5 36.4 5 5

4.5m/s Pendulum Impact
Weight Factor

V3,1=6

Test
Rating

5.00

Weight Corridor Current arm Results

FigureA3

Factors
W3,1,k

Avg of
Lower
Bound

Upper
Bound Run 1 Rating Run 2 Rating Run 3 Rating Rating

R3,1,k

Pendulum Force(N) W3,2,1 8 5 5 5 5
Shoulder Deflection(mm) W3,2,2 6 22 30 37.2 5 37.9 5 36.7 5 5

4.5m/s Pendulum Impact
Weight Factor

V3,1=6

Test
RatingFactors

W3,1,k

FigureA3
5.00

Modified arm ResultsWeight Corridor

Avg of
Lower
Bound

Upper
Bound Run 1 Rating Run 2 Rating Run 3 Rating Rating

R3,2,k

T1 Horiz. Acc. (g) W3,2,1 6 10 15 9.0 5 8.8 5 5
T1 Horiz. Disp.
Relative to Sled (mm) W3,2,2 6 38 51 36.9 5 38.3 10 7.5

7.2G Sled
Weight factor

V3,2=5

Test
RatingFactors

W3,2,k

Current arm Results

6.25

Weight Corridor

Avg of
Lower
Bound

Upper
Bound Run 1 Rating Run 2 Rating Run 3 Rating Rating

R3,2,k

T1 Horiz. Acc. (g) W3,2,1 6 10 15 9.7 5 9.7 5 9.7 5 5
T1 Horiz. Disp.
 Relative to Sled (mm) W3,2,2 6 38 51 43.0 10 42.9 10 41.8 10 10

7.2G Sled
Weight factor

V3,2=5

Test
RatingFactors

W3,2,k

7.50

Modified arm ResultsWeight Corridor

Avg of
Lower
Bound

Upper
Bound Run 1 Rating Run 2 Rating Run 3 Rating Rating

R3,3,k

T1 Horiz. Acc. (g) W3,3,1 6 14 19 18.8 10 18.5 10 10 10.00

12.2G Sled
Weight factor

V3,3=3

Weight Corridor
Factors
W3,3,k

Test
Rating

Current arm Results

Avg of
Lower
Bound

Upper
Bound Run 1 Rating Run 2 Rating Run 3 Rating Rating

R3,3,k

T1Horiz. Acc. (g) W3,3,1 6 14 19 19.7 5 20.9 5 19.5 5 5 5.00

12.2G Sled
Weight factor

V3,3=3

Test
Rating

Corridor Modified arm ResultsWeight
Factors
W3,3,k

Avg of
Lower
Bound

Upper
Bound Run 1 Rating Run 2 Rating Run 3 Rating Rating

R3,4,k

Shoulder+Thoracic
Plate Force(N) W3,4,1 9 5 5 5 5 5.00

8.9m/s Padded WSU
Sled

Weight factor

Test
Rating

Current arm Results

Fig A4

Factors
W3,4,k

Weight Corridor

Avg of
Lower
Bound

Upper
Bound Run 1 Rating Run 2 Rating Run 3 Rating Rating

R3,4,k

Shoulder+Thoracic
Plate Force[N] W3,4,1 9 5 5 5 5 5.00

8.9m/s Padded WSU
Sled

Weight factor

Test
Rating

Modified arm ResultsWeight Corridor

Fig A4

Factors
W3,4,k
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         Figure A3. Pendulum Force of Shoulder Test 1          Figure A4. Shoulder Plate Force of Shoulder Test 4 
Table A15: Thorax Test 3 Current Arm Results (Rigid 1.0m/s Lateral Drop) 

 
 
 
 
 

Table A16: Thorax Test 3 Modified Arm Results (Rigid 1.0m/s Lateral Drop) 
 
 
 
 
 

Table A17: Thorax Test 5 Current Arm Results (6.8m/s Lateral Sled into Rigid Heidelberg type Wall) 
 
 
 
 
 
 
 

Table A18: Thorax Test 5 Modified Arm Results (6.8m/s Lateral Sled into Rigid Heidelberg type Wall) 
 
 
 
 
 
 
 

Table A19: Thorax Test 6 Current Arm Results (8.9m/s Padded Sled WSU Type Wall) 
 
 
 
 
 

Avg of
Lower
Bound

Upper
Bound Run1 Rating Run2 Rating Run3 Rating

Rating
R4,3,k

Thorax Plate Force(N) W4,3,1 8 5 5 5 5.0
Deflection of
Impacted Rib(mm)

W4,3,2 8 24 32 42.1 0 40.6 0 41.3 0 0.0

Test
Rating

2.5

Corridor

FigureA5

Weight Current arm ResultsRigid 1.0m/s
Lateral Drop

Weight factor V4,3=6
Factors
W4,3,k

Avg of
Lower
Bound

Upper
Bound Run1 Rating Run2 Rating Run3 Rating

Rating
R4,3,k

Thorax Plate Force(N) W4,3,1 8 5 5 5 5.0
Deflection of
Impacted Rib(mm)

W4,3,2 8 24 32 35.3 5 35.2 5 33.3 5 5.0

Test
Rating

5
FigureA5

Modified arm ResultsWeight Corridor
Factors
W4,3,k

Rigid 1.0m/s
Lateral Drop

Weight factor V4,3=6

Avg of
Lower
Bound

Upper
Bound Run1 Rating Run2 Rating Run3 Rating

Rating
R4,5,k

Thorax Plate Force(N) W4,5,1 8 5 5 5 5.0
Lat. T1Acc. (g) W4,5,2 7 99 133 61.3 0 62.9 0 60.3 0 0.0
Lat. T12Acc. (g) W4,5,3 7 105 143 71.2 5 71.1 5 70.8 5 5.0
Lat. Upper Thorax
Rib Acc.(g)

W4,5,4 6 87 117 128.2 5 135.0 5 132.3 5 5.0

Test
Rating

3.75

Current arm Results6.8m/s Lateral Sled
Rigid Heidelberg type Wall
Weight factor V4,5=7

Factors
W4,5,k

FigureA6

Weight Corridor

Avg of
Lower
Bound

Upper
Bound Run1 Rating Run2 Rating Run3 Rating

Rating
R4,5,k

Thorax Plate Force(N) W4,5,1 8 5 5 5 5.0
Lat. T1Acc. (g) W4,5,2 7 99 133 59.6 0 64.7 0 58.7 0 0.0
Lat. T12Acc. (g) W4,5,3 7 105 143 75.2 5 80.5 5 74.4 5 5.0
Lat. Upper
Thorax Rib Acc. (g)

W4,5,4 6 87 117 78.6 5 84.0 5 94.3 10 6.7

Test
Rating

4.11

Factors
W4,5,k

FigureA6

6.8m/s Lateral Sled
Rigid Heidelberg type Wall
Weight factor V4,5=7

Modified arm ResultsWeight Corridor

Avg of
Lower
Bound

Upper
Bound Run1 Rating Run2 Rating Run3 Rating

Rating
R4,6,k

Shoulder+Thorax
Plate Force(N)

W4,6,1 9 5 5 5 5.0 5

Test
Rating

Corridor Current arm Results8.9m/s Padded Sled
WayneState typeWall
Weight factor V4,6=7

Factors
W4,6,k

FigureA7

Weight

13

0

1

2

3

4

5

0 10 20 30 40 50 60
Time(ms)

Pe
nd

ul
um

 F
or

ce
(k

N
)

Current arm
Modified arm
Corridor
±1Corridor

0

2

4

6

8

10

12

14

0 10 20 30 40 50 60
Time(ms)

Sh
ou

ld
er

 +
 T

ho
ra

x
Pl

at
e 

Fo
rc

e 
(k

N
)

Current Arm
Modified Arm
Corridor
±1Corridor



  Matsuoka 

Table A20: Thorax Test 6 Modified Arm Results (8.9m/s Padded Sled WSU Type Wall) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

        Figure A5. Thorax Plate Force of Thorax Test 3               Figure A6. Thorax Plate Force of Thorax Test 5 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A7. Thorax Plate Force of Thorax Test 6 
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Avg of
Lower
Bound

Upper
Bound Run1 Rating Run2 Rating Run3 Rating

Rating
R4,6,k

Shoulder+Thorax
Plate Force(N)

W4,6,1 9 5 5 5 5.0 5

Test
Rating

Modified arm Results8.9m/s Padded Sled
WayneState typeWall
Weight factor V4,6=7

Factors
W4,6,k

FigureA7
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BIOFIDELITY POINT 
 
1. Neck, Shoulder and Thorax Biofidelity regulated by ISO 9790 
 
・Arm modification gets the thorax biofidelity point up, the neck and shoulder ones down. 
・Thorax biofidelity is good. Neck and shoulder biofidelities are fair. There is no change in biofidelity class. 

Table A21 Biofidelity Point of Neck, Shoulder and Thorax 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Good: 6.5≤B<8.6 
Fair: 4.4≤B<6.5 
Marginal: 2.6≤B<4.4 

2. Overall Biofidelity regulated by ISO 9790 
 
・ Arm modification gets the increase of 0.11 point about overall biofidelity. 
（Notice※ ：In ISO calculation method, weighting factor of the thorax is 10, and shoulder one is 5. So, thorax point has more 
contribution to overall than that of shoulder） 

Table A22: Biofidelity Point （Body Region and Overall） 
 
 
 
 
 
 
 

Good: 6.5≤B<8.6 
Fair: 4.4≤B<6.5 
Marginal: 2.6≤B<4.4 

Modified arm improved the over all biofidelity of SID-IIs as followings. 
(1) Overall biofidelity point 

Current arm：6.24 → Modified arm：6.35  (up 0.11 points) 
(2) Thorax biofidelity point 

Current arm：6.74 → Modified arm：7.2  (up 0.46 points) 
(3) Shoulder biofidelity point 

Current arm ：6.01 → Modified arm：5.6  (down 0.41 points) 

Body region
Rating

Overall
Rating

Body region
Rating

Overall
Rating

Body region
Rating

Overall
Rating

Neck U2 6 4.9 5.61 5.56

Shoulder U3 5 6.2 6.01 5.60

Thorax U4 10 7.8 6.74 7.20

6.59 6.24 6.35

Prototype Current Arm Modified Arm
Body

Regions
Weight
Factors

Test
Rating

Biofidelity
Rating

Test
Rating

Biofidelity
Rating

Test1-7.2G Sled V2,1 7 7.15 7.40
Test2-6.7G Sled V2,2 6 3.99 3.53
Test3-12.2GSled V2,3 3 5.26 5.34
Test1-4.5m/s Pendulum Impact V3,1 6 5.00 5.00
Test2-7.2G Sled Impact V3,2 5 6.25 7.50
Test3-12.2GSled Impact V3,3 3 10.00 5.00
Test4-8.9m/s Padded WSU Sled V3,4 7 5.00 5.00
Test1-4.3m/s Pendulum Impact V4,1 9 10.00 10.00
Test2-6.7m/s Pendulum Impact V4,2 9 10.00 10.00
Test3- Rigid 1.0m/s Drop V4,3 6 3.00 5.00
Test4-Padded 2.0m/s Drop V4,4 0 0.00 0.00
Test5-6.8m/s Rigid Heidelberg V4,5 7 3.75 4.11
Test6-8.9m/s Padded WSU Sled V4,6 7 5.00 5.00

Shoulder 6.01 5.6

Thorax
6.74 7.2

Modified Arm

Neck 5.61 5.56

Body
Region Test condition Weight

Factors

Current Arm
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ABSTRACT 
Recently, the applications of optimization 

technique for occupant simulation are increasing 
to achieve a good correlated model, simulation 
reliability with actual test condition and design 
improvement. However, when the simulation 
model becomes complicated, the number of 
unknown parameters increases. Currently, point 
(one dimension) parsing has been used in 
optimization technique. Therefore, it takes longer 
time to parse all design parameters and to control 
the input parameters after parsing design 
parameters. Also, a longer time is required to run 
all input parameters. 

To overcome this problem and achieve a 
good correlated model with test, this study 
introduces the new developed process, curve 
parsing method (two dimension parsing) and 
applications for correlation methodology with test 
and simulation using optimization technique. 
Particularly, the component and system level of 
occupant simulation are applied to the program 
developed with Engineous. Thus, simple parsing 
with the design parameters can be achieved for 
the optimization technique application.  

From the result, the convergence accuracy of 
new approach was better than the old approach 
with specific optimization techniques. And the 
simulation run numbers and time had dramatically 
reduced compared to the ones in the previous 
approach. 

 
INTRODUCTION 

 
Traditionally, the trial and error method for 
correlation of occupant simulation has been used. 
The correlation quality and reliability of 

simulation depended on engineer’s experience, 
comparison of results and deviation of 
acceleration shape. Currently, the correlation 
methodology that can numerically express the 
correlation level has been developed by some 
company. Deren Ma, Jennifer Matlack, et al.,(1) 
presents the paper that the correlation quality of 
overall kinematics and dynamic response is 
scored and color-cored from weak, marginal, 
adequate, good to excellent. And Jack Van Hoof, 
et al.,(2) introduced a commercial software 
package “ADVISOR” which contains a model 
quality-rating module with its own measurement 
criteria. In this manner, the correlation 
methodology is very critical and most sensitive in 
simulation area. 

Recently, the usage of optimization 
technique at occupant simulation are increasing to 
obtain good correlation with actual test (1)~(6). 
Especially, Yan Fu, Eung Lee, et al (3) attempted 
to solve the problem systematically by using a 
genetic algorithm which is a valuable 
optimization tool to obtain a high quality 
simulation model.  

Also the multi-body dynamic model has 
many uncertain parameters. For the example, in 
case of ellipsoid modeling, the geometry of actual 
shape can not be exactly represented and can not 
be modeled with exact material damping and 
moment of inertia, joint stiffness, etc. Also, it 
requires tremendous time to correlate with actual 
test, although the model has exact input shape, 
moment of inertia and so on. However, the 
optimization technique can be easily applied at 
multi-body dynamic model because it does not 
take a long time to run. 

In case of frontal MADYMO simulation 
model, it requires more than 25 force-
displacement curve data including loading and 
unloading curves. And it takes a long time (about 
2months) to obtain those curve data from proto 
component tests. Also, even after gathering all F-
D curve data, we usually spend a long time to 
correlate with component test results. 
Nevertheless, many assumptions for correlation 
are required to give a reliable occupant simulation 
before conducting the component test. Also, 
assumptions are required when there are only sled 
and barrier test results without component test 
results. 

Currently, the optimization program is 
deficiency since it parses the input parameters 
using 1demesional point. For example, a lot of 
time is spent to parse the input parameters when a 
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certain curve to object function needs parsing.  
To overcome this problem and achieve the 

good correlated model with test, this study 
introduces the new developed process, curve  

 
CURRENT SIMULATION METHOD 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

igure 1. Current process of occupant simulation 

rently, MADYMO (MAthematical Dynamic 
Odeling) program prevails in the occupant 
mulation, but we need a lot of component test   

lts (F-D curve) to build the frontal occupant 

 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Example of correlation optimization 

arsing method (two dimensional parsing) and 
applications for correlation methodology with test 

d simulation using optimization technique. 
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simulation. Previously, the trial and error method
to correlate with actual test and tune the F-D 
curve and uncertain parameter has been used in 
occupant simulation. (see Figure 1.)   



Therefore, a centralized correlation optimization 
an help to solve the problem using commercial 
ftware, i-SIGHT.  

Also, the centralized correlation optimization 
rogram was developed to match test and  
 
URRENT OPTIMIZATION 
ROBLEMS 

 
Currently, the optimization prog

st 1 dimensional point value for objective and 
erefore, a user 

ut the curve for 
d the 

n comparing test  

NT 

 
 
 
 
 

 
 

Fig

 

 
 

re 4.

tically when using the 
ld data (previous vehicle data) without the new 
ehicle component test results or the unknown 
arameter in components model.(see Figure 2.) 

 
 
 
 
 
and simulation curves in every simulation. Also, it 
require a long time to parse the objective function 
(test and simulation), specially when input 
parameter have many curves. And even after 
finishing parsing of all curves to object, the total 
run number is increased and it requires a long 
time to run the simulation.  
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objective and input parameters. An
automation job is needed whe
 
PROGRAM DEVELOPME
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 Launch I-SIGHT description  
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The program consists of three parts : pre-
rocessor, launching i-SIGHT and post processing. 
he pre-processor includes a process that parses 

rve  

igure 5. Post Processor description  

The launching of i-SIGHT brings the parsed 
put parameter or objective function (curves) 
om the pre-processor into i-SIGHT program. 
ee Figure 4.)  

ROGRAM EVALUATION 

To evaluate the developed program, the 
eflection example of a simply supported beam 
antilever beam) solved by NASTRAN has been 

pplied. As a result (see Table 1.), the number  

able 1. Evaluation results of MOBIS tool 

tting or exponential to parse physical means of 
e acceleration curve shape. Then, this can be 

ompared with the simulation and test 
cceleration result. (see Figure 3.) 

 

hen
sults and optimized results, and the convergence 

nd 
xported to the animation files. (see Figure 5.) 

 

uced considerably than the ones 
 old method. The accuracy of convergence is 

igher than the one in old method. And only 
he old 

ethod was taken. 
   

able 1. Evaluation results of M tool  
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T , the post-processor shows the simulated 
re
process of simulation can be animated a
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PROGRAM APPLICATIONS 
 
Droptower Test and Simulation
 
The droptower example with objective function 
curve and input parameter of point value is show
in Figure 6. 

n 

igure 6. Droptower test and simulation 

lso, the acceleration pulse before correlation 
ptimization is shown in Figure 7 and the 
omparison results of acceleration after 
orrelation optimization is shown in Figure 8. 

n optimization 

Figure 8. After the correlation optimization 

nee Impact Test and Simulation
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Figure 7. Before the correlatio

 

 

K
 
The knee impact example with objective function 

n in Figure 7.  

igure 9. Knee impact test and simulation 

he tolerance can be found even though the F-D 
urve has been extracted from component test 
sults since mostly the kneebolster surface is a 

lane and it requires modification of F-D curve 
 the FE 
ion 

 

 
Fi

 
Figur

and input parameter curves is show
 
 
 
 
 
 
 
 
 
 
 
 
 

F
 
T
c
re
p
obtained from component test result using

odel for kneebolster. Therefore, correlatm
optimization or trial and error method are needed
in order to compare with component result.  

gure10. Before the correlation optimization (1) 

e11. Before the correlation optimization (2) 

Hong5 



Figure12. Acceleration pulse before correlation 
ptimization 

igure 10 shows the kneebolster loading curve 
efore correlation optimization, Figure 11 shows 
e kneebolster unloading curve before correlation 

ptimization, and Figure12. show the comparison 
f results of knee impact test and simulation 
cceleration before correlation optimization.   

igure 13.  Input parameter of K/Bolster-

 
Figur
unl

 14 show the kneebolster loading 
nd unloading curve after correlation optimization, 

f 

 
 
 
 
 
 
 
 
 

n 
o
 
F
b
th
o
o
a
 

 
F
loading curve after correlation optimization 

e 14. Input parameter of K/Bolster-
oading curve after correlation optimization 

 
Figure 13 and
a
and Figure 14 shows the comparison of results o
knee impact acceleration curve between 
simulation and test. 
 

 
 
 

Figur
o

e 15. Acceleration pulse after correlation 
ptimizatio

 
Steering Wheel Impact Test and Simulation
 
 
 
 
 
 
 
 
 
 

igur
imulation model 

Figure 17. Rim joint stiffness curves with 
correlated model and original model 

 
 
 
 
 
 
 
 
 
 
 
 
F e 16. Steering wheel stiffness test setup and 
s
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(a) Head

) Head form
igure 18. Correlation of the head form 
cceleration in simulation model with the 
omponent test  

odyblock Impact Test and Simulation

 form acceleration of initial model 
 
 
 
 
 
 
 
 
 
 
 
 
(b  acceleration of correlated model 
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) Steering column axial stiffness 

 
 
 
 
(b) St
Figur a -D 
curves of joints  
 
 

) Bo  initial model 

 
 
 
 
 
 
(b) Body block acceleration of the correlated 
model 
Figure 21. Comparison of bodyblock acceleration 
in test and simulation 
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process  
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imization technique. And the conclusion 
marks are as follows.  

 
1. It was possible to reduce the run time 
and number of run because the curve was 
recognized as one parameter. 
2. It was possible to predict the unknown 
parameters (Specific Curve, Damping, 
Friction, etc) using optimization technique. 
3. It was possible to construct the validated 
simulation model and simulation procedure. 

e used in this 
correlation of 

the occupant simulation model that has 2-
dimensional test input data (F-D curve).  
It will be a powerful tool for correlation 
problem between test and simulation using 
optimization technique.  
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ABSTRACT 
 
In 2003, rollover accidents caused more than 10.000 
fatalities and 229.000 injuries in the US alone. In 
view of this statistic and in order to provide a better 
occupant protection, the interest in the behavior of 
the vehicle structure and passive restraint systems 
under rollover loads is continuously growing.  
 
In order to ensure a realistic reconstruction of the 
vehicle behavior in development tests, four new 
different test setups have been elaborated according 
to accident analysis results. For the restraint system 
development, knowledge about the borderline 
between roll and no roll is essential. To save 
expensive prototypes, this borderline is determined 
before performing first tests by using numerical 
simulations. The test and simulation tools support a 
comprehensive development process, which allow 
the adaptation and optimization of protection systems 
for rollover. 
 
One key component of the restraint system is the 
algorithm, which has the task of rollover accident 
detection and determination of the optimal system 
activation time. For the latter task, knowledge about 
real occupant movement is essential. The low 
acceleration and rotation rates over a long period, 
which occur during some rollover constellations, lead 
to considerable movement deviations between the 
test dummy and the human. The firing time therefore, 
based on the dummy movements can only be 
determined approximately. Great optimization 
potential exists for activation algorithms which are 
adapted to humans. This adaptation is possible with a 
new developed simulation tool, which takes the 
possible muscle work of the human against occurring 
rollover loads into account. It determines the 
occupant movement during a rollover and has been 
validated to the human behavior by sled tests. 
 
INTRODUCTION 
 
The American traffic accident statistics, which is 
publicized by the National Highway Traffic Safety 
Administration (NHTSA) included for the year 2003 
more than 6.3 million police reported motor vehicle 

crashes that occurred in the United States. More then 
42,000 people lost their lives and nearly 2.9 million 
people were injured in motor vehicle crashes.  
 
In these so called traffic safety facts the rollover 
accident is a separate category. For the year 2003 
nearly 3 % of all passenger vehicles in crashes were 
rollover events (see Figure 1). This represents a 
minority in regard to the overall accident details.   
 

  
Figure 1. Vehicles and fatalities by collision type 
2003 
 
An other impression comes up by looking at the 
fatalities that occurred in crash events. Here the 
rollover is on the 2nd grade with nearly 33 % (see 
Figure 1) and the violence of rollover events is 
discernable.  
 
In order to protect the occupants in rollover crashes 
in a better manner, passive safety elements like belt 
pretensioner and curtain airbags have to be activated 
in occurrence of such an event. The use of 
pretensioners help to retain the belted passengers in 
their seats and the activation of curtain airbags 
cushions the impacts of the head with interior parts, 
external environmental objects and prevent partial or 
full occupant ejection.  
 
For the integration of passive safety elements in 
occupant protection the algorithm is one key point. 
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Here full scale rollover crash tests provide 
information about the sensor signals and the 
requested trigger time for the activation of these 
pyrotechnical protection devices under rollover loads. 
The test results are also useful to analyze the 
compartment intrusion and damage to the structure, 
which might occur.   
 
Supplemental to the full scale tests, numerical 
simulation is a perfect development tool to consider 
the enormous number of possible rollover 
constellations and to figure out the borderline 
between roll and no roll events. This helps to save 
expensive prototypes during the development. In a 
further step numerical simulation can help to consider 
the real human movement behavior in some critical 
rollover constellations to prevent misuse cases and to 
optimize the firing time for the occupants.  
 
TESTS DUMMIES 
 
The rollover presents a new area in passive safety 
development. This explains why an anthropometric 
test dummy does not yet exist for rollover load cases. 
Pertaining to this, modifications to existing dummies 
or the development of new dummies in the near 
future have not been planned. This applies to Europe 
as well as to the US. For performing hardware tests 
an existing test dummy had to be chosen which has 
been developed for frontal, rear or lateral impact 
loading cases.  
 
The crash tests, which are presented in this paper, are 
carried out with the EuroSID. An exception is the 
FMVSS 208 rollover test. Here the Hybrid III 50% 
dummy is specified by the corresponding directive. 
The EuroSID is a lateral impact dummy which is 
specified in the 96/27/EG directive for the protection 
of motor vehicle occupants.   
 
The lateral impact dummy was chosen because 97 % 
of rollover accidents that happen in the field are 
rolling over the vehicle's x axis. Only 3% of rollover 
accidents are so-called pitch-over cases which are 
also described as end over end cases. These involve 
rolling over the vehicle's Y axis. Due to this distinct 
split it becomes clear that the area of application for 
the anthropometric test dummy is rather lateral than 
frontal.  
 
A further point making the case for the EuroSID is 
it's availability due to it being laid down in the 
96/27/EG directive. New developments in the 
dummy sector such as THOR or the World-SID are 
rare and currently not available in the testing labs. 
This is also the case for the Bio-SID. It is admittedly 

older but is mostly just used for development 
purposes.  
 
A further argument supporting the choice of the 
EuroSID is his reproducibility. This goes hand in 
hand with the calibration of a dummy. All test 
dummies for frontal impact, for example the Hybrid 
III dummy, are exclusively calibrated for this loading 
case only. This explains why it's reproducibility 
laterally can not be determined, due to the lack of a 
calibration method in this direction. 
 
Due to the high frequency of head injuries from 
rollover accidents, reproducibility should be 
particularly paid attention to in this body area (see 
Figure 2). 
 

 
 
Figure 2. Injuries in roll/ no roll events [3] 
 
This is the reason why the US-SID was not selected 
as a rollover dummy for hardware tests. The head and 
neck of the US-SID are not calibrated. 
Reproducibility of the head accelerations therefore 
and also of the neck-head kinematics is not possible.  
 
The biofidelity, which describes the behavior similar 
to humans, is restricted with all anthropometric test 
dummies and has already been examined in many 
studies, for example by Professor Kallieris [1] from 
University of Heidelberg, to analyze the differences 
between anthropometric test dummies and humans. 
  
Biofidelity of new developments on the dummy 
sector has certainly improved in comparison to older 
test dummies. However, these dummies have not 
been thoroughly investigated and the availability 
already discussed, is not adequately given.  
 
Generally speaking, the test dummies developed for 
frontal impact react very stiff, particularly the neck-
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head areas under lateral loads. The US-SID and the 
Bio-SID were developed for lateral loads. However 
they use components in the neck-head area from 
dummies which have been configured for frontal 
loading cases. This explains, why the neck-head area 
is very stiff, even with both lateral impact dummy 
representatives. In this case the EuroSID is an 
exception. The neck-head area consists of a 
construction which is more flexible. Due to this the 
EuroSID does not show the stiffness of the other 
anthropometric test dummies described. 
 
TESTS TOOLS 
 
The following description of the different test set ups, 
represents an overview of the tests that have been 
developed by Siemens Restraint Systems together 
with other suppliers and OEMs. 
 
The field relevance for the laboratory tests was 
assessed in a study from C. Parenteau [2 ] for the US 
by using field data from the National Accident 
Sampling System-Crashworthiness Data System 
(NASS-CDS) from 1992-1996.  
 
The NASS-CDS consists of police reported tow-
away traffic crashes in the US and defines different 
initiation types for rollover. The definition includes 
trip-over, fall-over, flip-over, turn-over, end-over-end, 
climb-over and bounce-over (see Figure 3).  
 

 
 
Figure 3. NASS classification for rollover 
initiation types  
 
The soil-trip rollover is a lateral movement of the car 
into a sand bed. The car is placed on a flying floor 
and slides laterally into the sand after a sharp 
deceleration of the sled with deformation tubes (see 
Figure 4). 
 
This test induces a fast occupant movement, which 
requested an early firing time. The lateral 

acceleration is in a middle range over a long period. 
The roll conditions of the test car varied with the 
adjusted velocity and the used soil.  
 

 
 
Figure 4. Soil-trip rollover test set up 
 
In the US, the soil-trip represents 91 % of the trip-
overs in the field for passenger cars and 93 % for 
LTVs (light truck vehicle). With this the soil -trip test 
covers nearly 52 % of the rollover crashes for 
passenger cars in the field and nearly 48 % for LTVs. 
 
A study from Siemens Restraint Systems and the 
medical university of Hannover concerning rollover 
accidents in Germany between 1994 and 2000 shows 
the same result [3]. In this study 6713 passenger 
vehicle crashes were analyzed from the German In-
Depth Data Accident Study (GIDAS).  
 

 
 
Figure 5. GIDAS Rollover initiation Types 1994-
2000   
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4.2 % of the involved passenger vehicles rolled over. 
The distribution of the rollover initiation types in this 
study states the trip-over as the most frequent reason 
for rollover in Germany (see Figure 5). 
 
In the embankment rollover test the vehicle is 
leaving the crash track and drives on a slightly 
declined slope of a ditch (see Figure 6). The surface 
of the slope is sand to enable a lateral sliding of the 
car. Different approach angles and slope angles can 
be adjusted in this test set up. Also steering can be 
considered, which is necessary in some cases to 
ensure rolling over. 
 

 
 
Figure 6. Embankment rollover test set up 
 
This test induces a slow occupant movement, which 
requested a relatively late  deployment time. The 
lateral acceleration is in a lower range. The roll 
conditions of the test car vary with the adjusted 
velocity, approach angle, slope angle and steering 
actuation.  
 
The field relevance for this laboratory test was 
assessed for the US with 100 % of the fall-overs in 
the field for passenger cars and LTVs. With this the 
embankment test covers nearly 13 % of the rollover 
crashes for passenger cars in the field and nearly 
15 % for LTVs.  
 
For Germany the embankment test plays not such a 
significant role, because fall-overs are less frequent 
in the field, with 1.7 % of all rollover events in the 
years 1994 - 2000. 
 
The ramp rollover test is performed on the crash 
track. During the test, the vehicle drives with one side 
of the car over a ramp (see Figure 7). Different ramp 

types are used to realize roll and no roll events (see 
Figure 8). 
 

 
 
Figure 7. Ramp rollover test set up 
 
This test induces a fast occupant movement, which 
requests an early deployment time. The lateral 
acceleration is in a middle range. The roll conditions 
of the test car vary with the adjusted velocity and 
used ramp type.  
 

 
 
Figure 8. Different ramp types 
 
The field relevance for this laboratory test was 
assessed for the US with 83 % of the flip-overs in the 
field for passenger cars and 74 % for LTVs. With this, 
the embankment test covers nearly 10 % of the 
rollover crashes for passenger cars in the field and 
nearly 5 % for LTVs. 
 
For Germany the ramp test plays a more significant 
role, because flip-overs are more frequent in the 
rollover accident field, with 12.3 % of all rollover 
events in the years 1994 - 2000. 
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The curb-trip rollover test has only a lateral 
movement. The test car is placed on a flying floor 
and hits laterally against a curb with the wheel rims. 
The height of the curb depends on the wheel size. 
After the impact between the wheel rims and the curb, 
the sled is decelerated by deformation tubes without 
influence on the car movement (see Figure 9). 
 

 
 
Figure 9. Curb-trip rollover test set up 
 
This test induces a rapid occupant movement, which 
requests an early deployment time. The lateral 
acceleration is in a higher range. The roll conditions 
of the test car vary with the adjusted velocity and 
used curb high.  
 
The field relevance for this laboratory test was 
assessed for the US with 51 % of the bounce-overs in 
the field for passenger cars and 47 % for LTVs. 
Additional the curb-trip test was assessed for the U.S. 
with 8 % of the trip-overs in the field for passenger 
cars and 6 % for LTVs. With this the curb-trip test 
covers nearly 9 % of the rollover crashes for 
passenger cars in the field and nearly 7 % for LTVs. 
 
For Germany the curb-trip test plays also a 
significant role. Although bounce-overs are less 
prevalent in Germany, with 4.3 % of all rollover 
events in the years 1994 - 2000, trip-overs are more 
frequent in the rollover accident field in Germany, 
with 63.4 % of all rollover events in the years 1994 - 
2000. 
 
For the FMVSS 208 rollover test the car is placed on 
a sled inclined under 23°, which is moved laterally 
(see Figure 10). The test velocity is 30 mph. After a 

sharp deceleration of the dolly with deformation 
tubes, the car is thrown off the sled under high roll 
conditions around the longitudinal axis of the car.  
 

 
 
Figure 10. FMVSS 208 rollover test set up 
 
This test is used to analyze the behavior of the 
vehicle structure under rollover loads and here 
especially the remaining survival space for the 
occupants. 
 
The field relevance for this laboratory test is very low. 
This statement is valid for passenger cars and LTVs 
in USA and Germany. 
 
As well, different  misuses rollover tests are 
performed on a proving ground or in the laboratory. 
 

 
 
Figure 11. Proving ground for rollover misuse 
tests 



Linstromberg 6 

The tests are implemented to avoid inadvertent 
activation of the pyrotechnical protection devices and 
to increase the robustness of the rollover algorithm 
(see Figure 11). 
 
Tests for rollover misuse typically include up and 
down hill driving, hill jumping, slalom, elk test, U-
turn, figure eight and sliding. Results of misuse 
programs from lateral and frontal applications like 
curb impact or washboard track will be considered 
for the rollover algorithm, too. 
 
SIMULATION TOOLS 
 
For the protection of the occupants in rollover events 
roll bars, belt pretensioners and the curtain airbags 
have to be activated in order to retain the belted 
passengers in their seats, to cushion the impacts of 
the head and to prevent partial or full ejection. The 
key component for activating these pyrotechnical 
protection devices is the algorithm. The algorithm 
has to determine the system activation time in cases 
of rollover event detection. The system activation 
time is defined as the Requested Time To Fire 
(RTTF). The RTTF is determined through the time, 
when the head of the occupants penetrates the space, 
which is necessary for the curtain airbag deployment. 
This information is provided by rollover crash tests 
and will be supported by numerical simulation with 
ADAMS and MADYMO.  
 
The rollover protection development process contains 
the crash and misuse tests and the simulation. (see 
Figure 12).  
 

 
 
Figure 12. Rollover protection development 
process 
 
Here ADAMS is used for the simulation of the 
vehicle dynamics, while MADYMO is used for the 
prediction of the RTTF. 

ADAMS is an adequate software tool to simulate 
vehicle dynamics. The different test set ups for 
rollover like ramp, soil-trip, embankment and curb-
trip were generated in ADAMS as road models for 
simulation (see Figure 13). 
  

 
 
Figure 13. ADAMS road models; above: 
embankment, middle: ramp,  down: curb-trip 
 
Also some misuse rollover tests are simulated with 
ADAMS like lane change and slalom. 
 
In the beginning, ADAMS simulation is used to 
restrict the borderline between roll and no roll for the 
baseline crash tests in a preliminary study. For this 
first step, a car model is used, which is validated 
against all available test data in this development 
stage e.g. driving tests. 
 
The data of the performed rollover crash tests will 
then be used to validate the ADAMS models for 
rollover (see Figure 14).  
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Figure 14. Validation of ADAMS against rollover 
crash test 
 
After validating these models a parameter study will 
be performed in ADAMS. Here e.g. different car 
loads, different ramp geometries, different velocities, 
different approach and slope angles are considered. 
 
The outputs of every ADAMS simulation run are e.g. 
accelerations, displacements and angles in X, Y and 
Z direction for a specific point in the car. The result 
of the parameter study with ADAMS represents the 
basis for the MADYMO simulation. 
 
For the MADYMO simulation a model of the 
specific passenger compartment has to be generated. 
Usually this is done with CAD data, which is 
provided by the car manufacturer. In the 
compartment model different contact characteristics 
for door trim, B-pillar trim and seats are considered, 
to represent the different stiffness of the interior.  
 
The movements of the occupants are represented in 
the MADYMO simulation by using EuroSID dummy 
models. Typically the MADYMO model contains a 

driver and a passenger occupant (see Figure 15). The 
rear passengers on the second or third row can also 
be considered if necessary.  
 
The movements of the simulation EuroSID dummy 
models are validated against the dummy movements 
in the performed rollover crash tests.  
 

 
 
Figure 15. MADYMO model for driver and 
passenger 
 
For the validation, the movement of head, neck and 
shoulder is considered to get the information for the 
RTTF. The MADYMO simulation enables to 
consider the occupant movements in far more 
possible rollover constellations, than in crash tests. 
 
Critical rollover cases in regard to the dummy 
movements and the upcoming loads can be simulated 
with an adapted dummy model  [4]. This dummy 
takes the possible muscle tension of human beings 
against the occurring rollover loads into account.  
 
A critical situation is defined, when the dummy 
during a test permanently penetrates the necessary 
space for the curtain airbag deployment before the 
measured loads indicates a rollover. If, in the ongoing 
test, then a roll event is introduced by counter steer or 
tripping, the head of the occupant is Out of Position 
(OoP). Activating a state of the art curtain airbag, 
which deploys from the roof downwards, will keep 
the occupants head out of the car in this situation. 
This is the opposite of the intended effect of the 
curtain airbag and will lead to severe or fatal injuries 
for the involved occupants. This critical situation can 
occur in rollover cases with low acceleration and 
rotation loads, e.g. in embankment rollover tests. 
 
The standard simulation dummy model maps only 
translational load directions. The rotational 
movement as it happens during a rollover is not 
considered. A dummy simulation model, which takes 
such a behavior into account, is not available at the 
moment. Therefore it is necessary to analyze the 

Angular Rate X 

Y Acceleration Z Acceleration 
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difference between dummy and human movement 
behavior and to modify the standard simulation 
EuroSID dummy model in MADYMO for a better 
forecast of the human behavior during rollover 
situations.  
 
In order to provide a basis for the simulation model a 
series of sled tests were performed with a bungee 
driven sled for translational and/or rotational 
movements with low accelerations. For the validation 
5 different test constellations for dummy and 
volunteer were performed.  
 
The performed tests contain pure translation or pure 
rotation or a combination of both (see Table 1). The 
pulses are a cutout from the acceleration curves of 
performed rollover crash and misuse tests. 
 

Table 1. 
Test conste llations 

 
Test 
No. 

Specification 

1 Pure translation 
2 Pure rotation 
3 Translation with following superposed 

rotation 
4 Pure low translation (0,3 x test no. 1) 
5 Rotation with following superposed 

translation 
 
Because of the in section "test dummies" mentioned 
reasons an EuroSID dummy was used. For the 
comparability, a volunteer was chosen with a mass of 
74.5 kg and a height of 1.78 m, which is very close to 
the dimensions of the EuroSID, which has a mass of 
76 kg and a height of 1.75 m (see Figure 16).  
 

 
 
Figure 16. Test set up of the sled with dummy and 
volunteer 

On the sled a seat, footrest and B-pillar with retractor 
and belt deflection point was mounted (see Figure 
16). The belt pretensioner was not in use to avoid 
injuries on the volunteer.  
 
The dummy and the volunteer have been marked on 
several points with targets for film analysis to 
compare the different movement behaviors (see 
Figure 17). 
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Figure 17. Position dummy target points for film 
analysis 
 
In the comparison between dummy and volunteer, the 
differences in head movement behavior can be seen 
(see Figure 18). 
 

 
 
Figure 18. Head top displacement for dummy and 
volunteer during test number 5 
 
The results of the volunteer tests show different 
behavior within a certain range of lateral loads. While 
the human being acts actively against his body 
displacement with muscle tension, this is impossible 
for the dummy.  
 
Therefore the dummy is only beneficial for lateral 
loads, because the response regarding rotation of a 
vehicle is exclusively a result of the dummy inertia.  
 
The volunteer reacts differently on translational and 
rotational movement. For pure translation the 
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volunteer is not able to resist against this motion. In 
case of rotation the volunteer reacts against this 
movement to keep the upper body and the head 
upright.  
 
Major differences between human and dummy in 
lateral head displacement can be stated for low 
accelerations, low rotation rates and temporal long 
lasting loads, which occurs e.g. in embankment tests. 
Minor differences are realized for higher 
accelerations and rotation rates and temporal short 
lasting loads, which occurs e.g. in soil trip tests. 
 
For the validation of the MADYMO model, the 
correlation of the points head top (1) and chest left 
(8) and right (9) had been used. The head targets are 
the main points to get information of the RTTF for 
human occupants, which are needed for activating the 
curtain airbag (see Figure 19).  
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Figure 19. Head Top displacement curves for 
simulation model in comparison to the sled tests 
with volunteer 
 
Due to the already mentioned active work against the 
body displacement, the head of the volunteer 
penetrates the deployment space for the curtain 

airbag distinctively later then the dummy. Therefore 
there is more time available for rollover sensing and 
curtain airbag deployment for human occupants (see 
Figure 20). 
 

 
 
Figure 20. Head displacement and RTTF during 
rollover case  
 
The positive effect of the active work on the RTTF 
depends on the input signals for rollover cases and is 
actually limited to the lateral loads which were 
reached during the tests. For rollover cases with high 
accelerations a shifting of the RTTF can not be 
observed. 
 
For more information about this adapted dummy 
model see [4] 
 
CONCLUSION 
 
Rollover events often result in severe injuries or 
fatalities. Most often the heads of the occupants are 
affected. Therefore rollover detection and protection 
systems are focusing more and more. For the US 
some legal regulations are expected in the future. The 
first step is done by NHTSA with the rollover 
resistance rating for new cars. For a dynamic rollover 
crash test the soil-trip seems to be suitable because of 
the high field relevance of this test set up. 
 
By using the presented test and simulation tools a 
comprehensive development process for rollover 
protection is possible. The adaptation and 
optimization of the protection systems for rollover 
events are considered in this process. Additionally 
the differences in movement behavior between 
human and dummy are considered to analyze critical 
situations and to provide the best possible rollover 
protection for the occupants together with high 
misuse performance simultaneously.  
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ABSTRACT 

Accurate biofidelity for side impact dummies 
is crucial in order to accurately predict injury of 
human occupants.  One such dummy is the SID-
IIs, which represents the 5th percentile human 
female.  A recent area of concern is the biofidelity 
of the upper extremity of side impact test 
dummies.  Since the upper arm serves as a load 
path to the thorax, the response characteristics of 
the upper extremity can influence the thoracic 
response in side impact test dummies. However, 
there are currently no biofidelity evaluations with 
respect to the characteristics of the arm its self.  
The purpose of the study was to characterize the 
biomechanical properties of male and female 
humeri and to assess the biofidelity of the SID-IIs 
and a modified SID-IIs upper extremity.  Results 
from two types of tests are presented.  First, 
whole bone three-point bending tests were 
performed on eight isolated humeri from male 
and female human cadavers at static and dynamic 
loading rates 0.01 m/s and 3.0 m/s.  Second, a 
series of compression tests were performed at two 
dynamic rates, 2 m/s and 4m/s, on a total of eight 
male and female humeri with all soft tissues 
attached.  Then matched compression tests were 
preformed on the SID-IIs and the modified SID-
IIs humerus segment.  The impact direction for all 
tests was from lateral to medial in order to 
simulate a side impact collision.  All test results 
and biofidelity corridors are presented in the full 
paper.  The test results show that for both the 
SID-IIs and modified SID-IIs, the force vs. 

deflection response transitions from a linear 
response to an exponential response at deflections 
of approximately 15 mm and 25 mm, 
respectively.   The male and female human 
humeri exhibited a similar trend but to a lesser 
extent.  However, the force vs. deflection 
response of the modified SID-IIs upper extremity 
was more representative to that of the female 
human humeri then the original SID-IIs upper 
extremity.  For example, the linear stiffness 
corridor from the 2m/s humerus compression tests 
was between 79.17 kN/m and 86.36 kN/m.  For 
the same testing speed, the modified SID-IIs had 
a linear stiffness of 71.78 kN/m, while the SID-IIs 
had a linear stiffness of 183.9 kN/m.  In 
summary, it is recommended that the modified 
SID-IIs upper limb should be used in place of the 
current SID-IIs upper limb in order to improve 
the biofidelity of the thoracic measurements of 
the SID-IIs.  

INTRODUCTION   

About 8,000 automobile occupants are killed 
and 24,000 seriously injured each year in side 
impact collisions [1].  The development of 
anthropometric test dummies specifically 
designed for side impact testing have helped to 
evaluate and improve new and evolving occupant 
protection technologies.  One such dummy is the 
SID-IIs, which represents the 5th percentile human 
female.  Accurate biofidelity for side impact 
dummies, such as the SID-IIs, is crucial in order 
to accurately predict injury of human occupants.  
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A recent area of concern is the biofidelity of the 
upper extremity of side impact test dummies.  
Since the upper arm serves as a load path to the 
thorax, the response characteristics of the upper 
extremity can influence the thoracic response in 
side impact test dummies.  However, there are 
currently no biofidelity evaluations with respect 
to the characteristics of the arm its self.  Even 
though, for all types of side impact accidents the 
second leading source of fatality, next to head 
injuries, is chest injuries (29%) [1].   

 
Additionally, although airbags have reduced 

the risk of fatal injuries in automobile collisions, 
they have increased the incidence of some 
nonfatal injuries including upper extremity 
injuries [3].  Duma [3] found chondral and 
osteochondral fractures in the elbow joint for 
seven out of the 12 cadaver tests that had been 
subjected to upper extremity loading from a 
deploying seat mounted side airbag.  Kallieris [8], 
who used the Hybrid III 50th percentile male 
dummy and male cadavers, found one humerus 
fracture out of five cadaver tests.   

The first step in reducing these injuries is to 
determine applicable upper extremity injury 
criteria [6].  Duma [4] produced injury risk 
functions for the forearm and humerus fracture of 
the 5th percentile female based on mid-shaft 
bending moments.  Duma [5] developed a 
multivariate risk function based upon the 5th 
percentile female that predicts a 50% risk of 
elbow fracture at a compressive elbow load of 
1780 N and load angle of 30° superior to the 
longitudinal axis of the forearm.  Duma [7] 
developed dynamic hyperextension injury criteria 
for the female elbow joint based on dynamic 
hyperextension tests on 24 female cadaver elbow 
joints.  

The purpose of the study is to characterize 
the biomechanical properties of male and female 
humeri and to assess the biofidelity of the SID-IIs 
and a modified SID-IIs upper extremity. Results 
from two types of tests are presented.  First, the 
results from whole bone three-point bending tests 
performed on eight isolated humeri from male 
and female human cadavers at static and dynamic 
loading rates, 0.01 m/s and 3.0 m/s, are presented.  
Second, the results from a series of compression 
tests performed at two dynamic rates, 2 m/s and 4 
m/s, on a total of eight male and female humeri, 
with all soft tissues attached, and the SID-IIs and 
a modified SID-IIs upper extremity are presented. 

METHODS 

A total of 16 tests performed on fresh frozen 
human cadaver humeri in two parts.  In part 1, 8 
tests of 4 human humerus matched pairs were 
subjected to three-point bending using a hydraulic 
Material Testing System (MTS) at two impact 
rates.  In part 2, 8 tests on 4 human humerus 
matched pairs and 6 tests both a Sid-IIs original 
and modified dummy arm subjected to 
compression loading on a drop tower at two 
dynamic impact rates. 
 
Part 1: Humerus Three-Point Bending Tests  
 

Dynamic humerus three-point bending tests 
were performed using a hydraulic Material 
Testing System (MTS 810, 13.3 kN, Eden Prairie, 
MN) at two loading rates on 8 unembalmed fresh 
human humeri obtained from 4 matched pairs.  
Subject Test Data 

Male and female matched pair humerus 
specimens ranging from 18 to 73 years of age 
were used for the three-point bending tests.  For 
comparison with the standard population, 
Osteograms were performed on the left hand of 
each cadaver.  The left hand of the cadavers was 
x-rayed and scanned by CompuMed incorporated 
(Los Angeles, CA).  The BMD results are 
reported with respect to the normal population 
(Table 1).  The t-score should be used to compare 
the cadaver’s bone mineral density with that of 
the general population.  In addition, the z-score 
can be used to compare the bone mineral density 
of the subjects with the average for their age.  A t-
score of -1 corresponds to one standard deviation 
below the mean for the general population (30 
year olds), meaning the individual is at or above 
the -63rd percentile for bone mineral density, or 
close to normal.  T-scores of 2 and 3 correspond 
to 97th and 99th percentiles, respectively.  
 

Table 1. 
 Test subject data. 

 

Subject  
Number 

Gender Age BMD 
T-

Score 
Z-

Score 

1 Female 46   93.7 -1.6  -1.6 
2 Male 73   75.7 -3.2  -1.4 
3 Male 18 138.3  3.2    3.2 
4 Male 45  81.4 -2.7  -2.0 
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Experimental Setup 
The primary component of the three-point 

bending test setup was a hydraulic Material 
Testing System (MTS 810, 13.3 kN, Eden Prairie, 
MN) (Figure 1).  To stabilize the humerus in the 
test configuration, tissue was removed from the 
specimen and each end was inserted into a rigid 
square aluminum potting cup with polymer filler 
(Bondo Corporation, Atlanta, GA).  During the 
potting process, care was taken to ensure the 
width between the supports for all specimens was 
200 mm [8].  To maintain bending in the frontal 
plane, a pin was inserted through the left potting 
cup and a semicircular roller was attached to the 
right potting cup.   
 

Humerus 

Impact Direction  

Load Cell Load Cell 

Impactor 
(Dia. = 20mm) 

Load Cell 

Accelerometer 

200mm 

MTS Actuator 

Pin 

Roller 

Figure 1.  Humerus three-point bending test 
setup. 

The humeri were randomly divided into two 
groups, where each group contained one 
specimen from each of the 4 matched pairs.  The 
first group was subjected to a 0.01 m/s impact.  
The second group was subjected to a 3.00 m/s 
impact. Each humerus was instrumented with a 
uni-axial strain gage mounted to the mid-shaft 
bottom of the specimen (Vishay Measurements 
Group, CEA-06-062UW-350, Malvern, PA).  The 
impactor assembly was instrumented with a five 
axis load cell (Denton 1968, 22,240 N, Rochester 
Hills, MI).  Three axis load cells (Denton 5768, 
11,120 N, Rochester Hills, MI) were mounted to 
each of the support towers.  An accelerometer 
(Endevco 7264B, 2000 G, San Juan Capistrano, 
CA) was attached to the impactor head to allow 
for inertial compensation.  Displacement was 
measured using the MTS internal LVDT. Data 
from the load cells and accelerometers were 
recorded at a sampling frequency of 30,000 Hz 
for the 0.01 m/s tests and 50,000 Hz for the 3.00 
m/s tests (Iotech WBK16, Cleveland, OH).  Pre 
and post test measurements were taken of each 
humerus three-point bending test specimen (Table 
2).   
 

 
 

Table 2.   
Humerus three-point bending pre and post test specimen data. 

 

Diameter 
     M-L 

Diameter 
     A-P 

Uncut       
Length 

Distance form 
Fracture to Strain 

Gage Tests ID# 
Subject  
Number 

Right/Left 
Humerus 

(mm) (mm) (mm) (mm) 

Hum_S_1 1 Right 0.912 0.807 321   9.0 
Hum_S_2 2 Left 0.952 0.950 327   0.0 
Hum_S_3 3 Right 0.974 0.847 362   1.0 
Hum_S_4 4 Left 0.816 0.881 350 10.0 
Hum_F_1 1 Left 0.964 0.895 313 10.0 
Hum_F_2 2 Right 0.863 1.010 330   6.0 
Hum_F_3 3 Left 0.875 0.882 360   3.0 
Hum_F_4 4 Right 0.764 0.960 355   4.0 
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Part 2: Humerus compression tests  
Dynamic compression tests were performed 

at two loading rates on 8 unembalmed fresh 
human humeri obtained from 4 matched pairs 
using a drop tower with a 16 kg impactor.  In 
addition to the human humeri, both a Sid-IIs 
original and modified upper arm, provided by 
Toyota Motor Corporation, were tested at the 
same two loading rates using the same test setup 
in order to compare their responses to the 
responses of the human humeri.   
Subject Test Data 

Male and female matched pair humerus 
specimens, removed from subjects ranging from 
56 to 87 years of age, were used for the tests 
(Table 3). The mass of the subjects ranged from 
44.81 kg to 100.45 kg. The height of the subjects 
ranged from 152.4 cm to 180.34 cm.  
 

Table 3.   
Test subject data. 

 

Subject  
Number 

Gender Age 
Mass 
(kg) 

Height 
(cm) 

5 Male 56 81.37 170.18 
6 Male 70 100.45 180.34 
7 Female 61 44.81 152.40 
8 Female 87 74.09 160.02 

 
Experimental Setup 

The primary component of the test setup was 
a drop tower with a 16 kg impactor (Figure 2).  In 
order to simulate the response of the upper arm of 
a cadaver subjected to a side impact crash, the 
soft tissue was left on the human humeri for all 
compression tests.  The ends of the humeri were 
constrained in order to prevent the human humeri 
from rotating or translating during the impact 
event (Figures 2 and 3).   

The humeri were randomly divided into two 
groups, where each group contained one 
specimen from each of the 4 matched pairs.  The 
first group was subjected to a 2.0 m/s impact 
(29.85 cm drop height).  The second group was 
subjected to a 4.0 m/s impact (83.82 cm drop 
height).  The impactor head and reaction plate 
were instrumented with single axis load cells 
(Interface 1210AF-22,240 N, Scottsdale, AZ).  
An accelerometer (Endevco 7264B, 2000 G, San 

Juan Capistrano, CA) was attached to the both the 
impactor head and reaction support plate to allow 
for inertial compensation.  A potentiometer 
(SpaceAge Control 62-60-8242- 2159mm, 
Palmdale, CA) mounted to the base of the drop 
tower was used to measure the displacement of 
the impactor.  Data from the load cells, 
potentiometer, and accelerometers were recorded 
at a sampling frequency of 30,000 Hz for the slow 
tests and the fast tests (Iotech WBK16, Cleveland, 
OH). 

Constraint  
    Slot 

Support  
(Dia.= 152 mm) 

Humerus

Soft tissue 

16 kg Impactor 
(Dia.= 152 mm) 

 

Impact Direction 

Load Cell

Load Cell 

Accelerometer 

Accelerometer 

 
 

Figure 2.  Humerus compression loading test 
setup (Front View). 
 

Support  
(Dia.= 152 mm) 

Humerus
Soft tissue

Constraint  
    Slot 

Constraint  
    Slot 

 
 

Figure 3.  Humerus compression loading test 
setup (Top View). 

  
Pre test measurements were taken of each 

humerus compression test specimen to document 
anthropometrical data (Table 4). The thickness of 
each specimen was measured after the specimen 
was placed on the support plate of the test setup.   
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Table 4.  
 Humerus compression test specimen data. 

 

 
Thickness 

Humerus   M/L 
Diameter 

Uncut       
Length Tests ID# 

Subject  
Number 

Right/Left 
Humerus 

(mm) (mm) (mm) 

Cad_1 5 Right 61.91 24.4 341.6 
Cad_2 6 Left 46.04 22.9 335.3 
Cad _3 7 Right 55.56 20.3 294.6 
Cad _4 8 Left 63.50 22.9 325.1 
Cad _5 5 Left 61.91 24.4 339.1 
Cad _6 6 Right 46.04 22.9 335.3 
Cad _7 7 Left 60.33 20.3 293.4 
Cad_8 8 Right 58.74  22.9 321.3 

The upper arm of the SID IIS, as well as 
automobile occupants, hangs vertically from the 
body when seated.  Since the humeri tested were 
laid horizontally on a disc, the tissue flattened, 
causing the measured thickness to be less than 
when the arm hangs vertically.   

In contrast, the dummy arm did not show any 
difference in thickness in the horizontal 
orientation.  Therefore, the human humeri tests 
were not representative of a human occupant or 
similar to the dummy arm tests.  To correct for 
this, the upper arms of 35 male and 35 female 
volunteers were measured (Table 5, Appendix A, 
and Appendix B).  These measurements were 
taken with the arm in the vertical and horizontal 
positions, against surfaces representative of the 
tests in this report (Figure 4).  

To measure the thickness of the arm in the 
vertical position, a flat plate was inserted between 
the body and the arm of a standing volunteer.  
The volunteer was asked to relax their muscles 

and maintain contact between the plate and elbow 
joint with the arm hanging vertically in a relaxed 
position.  The thickness was measured with a 
combination square, perpendicular to the plate, 
and from the plate to the midpoint of the arm.  
For measurements taken in the horizontal 
position, the volunteer laid their arm flat on a 152 
mm diameter disk.  The disk location was 
adjusted so it was centered in the middle of the 
humerus, and the volunteer adjusted the height of 
their shoulder until the humerus appeared flat on 
the disk.  A combination square, perpendicular to 
the disk, was used to measure the thickness of the 
middle portion of the arm.   

In addition to the vertical and horizontal 
thickness measurement, a third thickness 
measurement was taken by compressing the upper 
arm to a tolerable limit. This measurement was 
taken to give an indication of the toe region that 
would result from compressing the soft tissue. 

 

 
Figure 4.  Upper arm thickness measurements taken on a volunteer, Vertically oriented (left), 
horizontally oriented (middle), and compressed to a tolerable limit (right). 
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Table 5. 
  Averages and standard deviations for 70 volunteer arm thickness measurements. 

 

Gender n 
Average  
Height 
 (m) 

Average  
Mass  
(kg) 

Vertical 
Thickness  

(mm) 

Horizontal  
Thickness 

(mm) 

Compressed 
Thickness  

(mm) 

Ver -Hor 
 (% diff) 

Ver -Com 
 (% diff) 

Male 35 1.81 ± 0.07  82 ± 13 82 ± 8 72 ± 8 48 ± 6 14.7 ± 6.5 41.4 ± 5.9 

Female 35 1.65 ± 0.07   61 ± 08 72 ± 6 64 ± 5 42 ± 5 12.3 ± 5.1 40.7 ± 4.5 

Total 70 1.73 ± 0.11  71 ± 15 77 ± 9 68 ± 8 45 ± 6 13.5 ± 5.9 41.1 ± 5.2 
 

RESULTS 
The humerus data for both Task 2.1 and 2.2 

is presented in the raw filtered form, as well as 
being mass scaled to the exact 5th percentile 
female and the 50th percentile male.  This will 
allow for direct comparison to the dummy 
humerus values.  All load cell and accelerometer 
data for both the three-point bending tests and 
compression tests was filtered at CFC 600. The 
potentiometer data for both compression tests was 
filtered at CFC 60 in order to eliminate excessive 
noise.  
 

Part 1: Humerus three-point bending tests  
The peak inertially compensated impactor 

force, peak deflection, peak strain, and the linear 
force increase for the 0.01 m/s and 3.00 m/s 
impact tests are presented (Table 6).  The peak 
inertially compensated impactor force was mass 
scaled to either the 5th percentile female 
(Hum_S_1, Hum_F_1) or the 50th percentile male 
(Hum_S_2, Hum_S_3, Hum_S_4, Hum_F_2, 
Hum_F_3, Hum_F_4).  The force vs. deflection 
data is presented in the raw filtered form, as well 
as being mass scaled to the exact 5th percentile 
female and the 50th percentile male (Figures 5-8).  
This will allow for direct comparison to the 
dummy humerus values.   
 

 
Table 6. 

 Humerus three-point bending test results. 
 

Peak 
Bending 

Force 

Peak 
Moment 

Peak  
Deflection 

Peak 
Strain 

Linear 
Force  

Increase 

Scaled  
Peak 

Bending  
Force 

Scaled 
Peak 

Moment Tests ID# 
Impactor  

Speed 

(N) (N/m) (mm) (mstr) (N/mm) (N) (N/m) 
Hum_S_1 0.01 m/s    1347 *    134.7 *      7.72 * 16547.4  313.1      759 *      75.9 * 
Hum_S_2 0.01 m/s 2889 288.9 10.38 23121.2  487.9 2745 274.5 
Hum_S_3 0.01 m/s 4323 432.3 12.65      N/A  600.6 3673 367.3 
Hum_S_4 0.01 m/s 3462 346.2 10.07 34548.9  566.5 3592 359.2 

         
Hum_F_1 3.00 m/s    1574 *    157.4 *    4.79 *   7656.3  673.7      887 *      88.7 * 
Hum_F_2 3.00 m/s 3684 368.4 8.22 14671.9  911.3 3501 350.1 
Hum_F_3 3.00 m/s 4773 477.3       10.54 25876.2  959.0 4055 405.5 
Hum_F_4 3.00 m/s 4460 446.0 9.67 20691.6 1441.9 4628 462.8 

Note: * Designates that the maximum value was not at the time of fracture. 
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Figure 5.  Subject 1 Three-Point Bending  
Force vs. Deflection  
(Raw Filtered and Scaled to 5th Percentile 
Female). 
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Figure 6.  Subject 2 Three-Point Bending  
Force vs. Deflection 
(Raw Filtered and Scaled to 50th Percentile Male). 
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Figure 7.  Subject 3 Three-Point Bending  
Force vs. Deflection 
(Raw Filtered and Scaled to 50th Percentile Male). 
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Figure 8.  Subject 4 Three-Point Bending  
Force vs. Deflection  
(Raw Filtered and Scaled to 50th Percentile Male). 
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Part 2: Humerus compression tests  
 

The percent difference in thickness between 
the horizontal and vertical orientations for all 
volunteers was found to be 13.5%.  In order to 
compensate for the loss in tissue thickness due to 
the horizontal testing orientation, the force versus 
deflection figures for the human humeri tests 
were shifted by 1.135 times the horizontal 
thickness measured when the humerus was placed 
on the test apparatus.  The shifted force versus 
deflection responses of the human humeri for 
both dynamic compressive loading rates, 2.0 m/s 
and 4.0 m/s, were plotted along with the 
responses of the Sid-IIs original and modified 
dummy arms (Figures 9 and 10).   
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Figure 9.  Shifted Dummy and Cadaver 2 m/s 
Compression Tests.  
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Figure 10.  Shifted Dummy and Cadaver 4 m/s 
Compression Tests. 

 

The shifted force versus deflection responses 
of the human humeri were then scaled to either 
the 5th percentile female or the 50th percentile 
male and plotted along with the responses of the 
Sid-IIs original and modified dummy arms for 
both loading rates (Figures 11 and 12).  
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Figure 11.  Shifted Dummy and Mass Scaled 
Cadaver 2 m/s Compression Tests.  
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Figure 12.  Shifted Dummy and Mass Scaled 
Cadaver 4 m/s Compression Tests. 
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CONCLUSIONS 
 
Part 1: Humerus three-point bending tests  
 

The scaled and non-scaled force vs. 
deflection responses for the 3.0 m/s impact tests 
both showed an increase in peak force and a 
decrease in peak deflection from the 0.01 m/s 
impact tests for all matched pairs.  In addition, the 
male humeri exhibited a higher peak moment and 
peak strain than the female humeri.  
 
Part 2: Humerus compression tests  
 

The results show that for both impact rates, 
2.0 m/s and 4.0 m/s, the modified Sid-IIs dummy 
arm force vs. deflection compression response is 
more representative to the scaled and non-scaled 
human humeri force vs. deflection compression 
responses than the original Sid-IIs dummy arm.  
Therefore, it is recommended that the modified 
SID-IIs upper limb should be used in place of the 
current SID-IIs upper limb in order to improve 
the biofidelity of the thoracic measurements of 
the SID-IIs.  
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APPENDICES 

 
Appendix A.   

Male Volunteer Arm Thickness Measurements 
 

subject sex age 
height 

(m) 
mass 
(kg) 

vertical    
(mm) 

horizontal 
(mm) 

compressed 
(mm) 

ver-hor    
% diff. 

ver-com  
% diff. 

1 m 25 1.70 68 80 67 43 19% 46% 

2 m 24 1.93 84 80 69 47 16% 41% 

3 m 28 1.75 73 76 74 47 3% 38% 

4 m 22 1.73 94 93 83 54 12% 42% 

5 m 23 1.83 75 75 65 50 15% 33% 

6 m 22 1.80 75 77 68 43 13% 44% 

7 m 26 1.80 84 91 78 51 17% 44% 

8 m 25 1.88 82 78 65 51 20% 35% 

9 m 27 1.88 98 87 82 53 6% 39% 

10 m 26 1.83 91 84 73 43 15% 49% 

11 m 19 1.73 75 95 76 48 25% 49% 

12 m 23 1.85 98 86 83 62 4% 28% 

13 m 22 1.73 91 91 83 56 10% 38% 

14 m 21 1.85 86 86 80 55 8% 36% 

15 m 19 1.85 96 92 82 57 12% 38% 

16 m 18 1.80 84 87 72 48 21% 45% 

17 m 18 1.75 70 83 73 46 14% 45% 

18 m 24 1.70 65 77 67 46 15% 40% 

19 m 21 1.90 109 92 78 56 18% 39% 

20 m 19 1.75 61 69 59 40 17% 42% 

21 m 20 1.83 88 86 84 60 2% 30% 

22 m 20 1.88 93 89 69 48 29% 46% 

23 m 24 1.85 75 74 65 53 14% 28% 

24 m 21 1.75 91 87 79 46 10% 47% 

25 m 22 1.93 118 88 81 47 9% 47% 

26 m 19 1.83 68 67 59 43 14% 36% 

27 m 18 1.88 75 76 62 44 23% 42% 

28 m 19 1.88 70 68 62 40 10% 41% 

29 m 20 1.80 78 92 74 44 24% 52% 

30 m 19 1.83 84 86 79 48 9% 44% 

31 m 20 1.80 77 75 64 44 17% 41% 

32 m 18 1.68 63 69 61 38 13% 45% 

33 m 19 1.75 73 76 64 44 19% 42% 

34 m 21 1.83 75 76 62 39 23% 49% 

35 m 22 1.88 82 88 72 47 22% 47% 

   male ave. 21.5 1.81 82 82 72 48 14.7% 41.4% 

   male std. 2.8 0.07 13 8 8 6 6.5% 5.9% 
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Appendix B:  

Female Volunteer Arm Thickness Measurements 
 

subject sex age 
height 

(m) 
mass 
(kg) 

vertical    
(mm) 

horizontal 
(mm) 

compressed 
(mm) 

ver-hor    
% diff. 

ver-com  
% diff. 

          

1 f 19 1.57 59 69 64 43 8% 38% 

2 f 20 1.65 77 80 71 44 13% 45% 

3 f 19 1.62 66 78 63 42 24% 46% 

4 f 18 1.60 63 76 72 51 6% 33% 

5 f 19 1.73 61 66 59 43 12% 35% 

6 f 20 1.62 61 73 68 46 7% 37% 

7 f 23 1.62 58 72 63 39 14% 46% 

8 f 20 1.52 57 80 73 56 10% 30% 

9 f 21 1.78 84 88 76 52 16% 41% 

10 f 19 1.57 56 72 63 41 14% 43% 

11 f 19 1.75 84 84 73 46 15% 45% 

12 f 19 1.62 64 71 62 42 15% 41% 

13 f 17 1.55 50 71 62 41 15% 42% 

14 f 21 1.73 63 66 61 44 8% 33% 

15 f 18 1.62 63 71 62 43 15% 39% 

16 f 18 1.70 63 74 68 44 9% 41% 

17 f 19 1.60 52 66 57 38 16% 42% 

18 f 18 1.60 54 64 58 42 10% 34% 

19 f 21 1.70 61 72 63 42 14% 42% 

20 f 18 1.80 67 74 67 42 10% 43% 

21 f 21 1.73 61 68 65 46 5% 32% 

22 f 20 1.62 59 64 62 39 3% 39% 

23 f 20 1.70 52 62 52 33 19% 47% 

24 f 20 1.70 58 64 61 38 5% 41% 

25 f 19 1.60 54 70 58 39 21% 44% 

26 f 20 1.62 49 66 54 34 22% 48% 

27 f 19 1.68 63 74 69 43 7% 42% 

28 f 19 1.70 60 71 60 41 18% 42% 

29 f 19 1.70 68 72 62 41 16% 43% 

30 f 19 1.52 54 72 64 43 13% 40% 

31 f 38 1.62 61 73 67 44 9% 40% 

32 f 16 1.62 55 69 64 38 8% 45% 

33 f 18 1.62 57 68 58 37 17% 46% 

34 f 21 1.68 61 69 64 40 8% 42% 

35 f 21 1.68 61 76 69 47 10% 38% 

female ave. 19.9 1.65 61 72 64 42 12.3% 40.7% 

female std. 3.4 0.07 8 6 5 5 5.1% 4.5% 
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ABSTRACT 
 

The first part of this paper introduces a FE 
modeling effort of the lower extremity of Thor dummy, 
Thor-Lx Hybrid III retrofit. The FE model consists of 
9,800 nodes and 8,300 elements, of which 2,900 are 
deformable solid elements. Three kinematic ankle joint 
elements are respectively used to represent dorsiflexion, 
inversion/eversion, and internal/external rotation of the 
foot.  In addition to kinematic joint elements which 
represent the initial linear resistance developed by 
continuous joint stop, sliding contact interfaces are also 
defined between neoprene rubber and rotating center 
blocks for the subsequent non-linear stage. This 
two-stage joint definition then provides the precise 
description of ankle joint characteristics both in loading 
and unloading phases. The simulated outcomes of FE 
model have been validated for the performance of the 
ankle under different rotation motions and showed 
good agreement with both quasi-static and dynamic test 
results. 
 

The second part of the paper deals with a practical 
application of the FE Thor-Lx model.  Numerical 
simulations of a NCAP frontal 40% offset crash with a 
small size sedan are performed. A sub-structuring 
scheme for isolating the occupant compartment from 
the full car crash simulation is then adopted in order to 
facilitate the parametric study in which the various 
levels of structural deformations are attempted. The FE 
model of Hybrid III 50th percentile male upper body 
including knees and femurs is utilized to mount 
Thor-Lx and Hybrid III leg for the quantitative and 
comparative analyses of both legs. The Hybrid III leg 
mostly produces higher tibia index values than Thor-Lx 
due to its simple ankle joint structure which might 
result in steep increase of moments at the end of the 
range of motion. The paper concludes with the 
improved capabilities of Thor-Lx for the injury risk 
assessment compared with Hybrid III leg. 

INTRODUCTION 
 

Crash injuries of the lower extremities are usually 
not fatal, but may result in long-term impairment and 
immobility. It has been estimated that annually about 
110,000 occupants sustain lower limb injuries with a 
severity rating of 2 or 3 on the Abbreviated Injury 
Scale (AIS).[1] Almost half of these injuries occur 
below the knee and, of those, ankle and foot injuries 
are the most frequent and can be responsible for 
long-term impairment.[2,3] Accordingly, in 2002, 
NHTSA announced an ANPRM (Advanced Notice of 
Proposed Rulemaking, 49 CFR Part 572, Docket No. 
NHTSA 2002–11838) for including the instrumented 
lower legs in vehicle crash tests to assess the risk of 
injuries occur below the knee. In the NHTSA proposal, 
two kinds of dummy lower legs for addressing lower 
leg injuries in frontally-oriented impacts are proposed: 
(1) The Hybrid III/Denton (HIII/Denton) instrumented 
leg and (2) the more recently designed Thor-Lx Hybrid 
III Retrofit (Thor-Lx/HIIIr) leg. Only one of these two 
available lower leg designs would be incorporated into 
the safety standard after some comparative evaluation 
period. The Thor-Lx appears to have substantially 
improved ankle and tibia biofidelity and a broader set 
of instruments while the Denton leg has been used over 
many years by the automotive industry for vehicle 
development. Since its formal release in December of 
2000, the design of Thor-Lx has been kept nearly 
unchanged and incorporated in Thor NT which is the 
latest version of Thor dummy.[4] 
 
The objective of this study is to build a finite element 
model of Thor-Lx. The detail modeling procedures 
such as geometry construction, FE meshing, and 
material characterizations are introduced as well as the 
results of model validation. A practical application with 
the developed FE model, the assessment of lower leg 
injury due to toepan intrusion, is also presented in this 
paper. 
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FINITE ELEMENT MODELING OF THOR-LX 
 

The geometry of the Thor-Lx FE model is based on 
the AutoCAD drawing package (version 3.2, 
downloaded from NHTSA website: http://www-nrd. 
nhtsa.dot.gov/departments/nrd-51/thor_LX/Thorlxweb.
html). The 3D solid model in CATIA[5] format was 
then built by utilizing the drawing package. After the 
3D solid modeling work had been completed, the finite 
element meshing was performed with HyperMesh[6] 
and converted into Pam-Crash[7] input format.  Fig. 1 
shows the CATIA solid model and the FE mesh of 
Thor-Lx model. 
 

    
Fig. 1 Solid model (left 2) and FE mesh (right 2) of 

Thor-Lx model 
 

Rigid Body Definition 
 

Most metal parts in the Thor-Lx model are rigidly 
modeled while the rubbers and urethanes are modeled 
as deformable materials. These rigid bodies are 
modeled by null shell elements (material type 100 in 
PAM-SAFE[7]). Dynamic properties such as mass and 
principle moments of inertia for each rigid body 
definition were calculated from the 3D solid model in 
CATIA. Fig. 2 shows the rigid bodies in the Thor-Lx 
model which are connected to each other by either 
deformable parts, kinematic joints for the ankle joint, 
or springs for the load cells. 

 

   
Knee clevis            Upper tibia tube 

  
Lower tibia tube       Lower tibia load cell 

 
Ankle top torque base     Ankle center block 

 
Foot 

Fig. 2 Rigid body definitions in FE model 
 
Deformable Part Definition 
 

The rubber and urethane parts such as joint stops, 
tibia flesh, and heel pad were modeled by linear 
visco-elastic materials in which the characteristics were 
determined through the tuning processes with various 
component tests. The visco-elastic parameters of 
various deformable parts are listed in Table 1 and the 
corresponding figures are in Fig. 3. 
 

Table 1 Visco-elastic parameters of various 
deformable materials in Thor-Lx model 

Components K1) G0
2) G

∞

3) β4) 

Tibia Compliant Bushing 0.28 4 1.4 0.5 

Z-Rotation Stop 0.28 3.5 1.75 0.525 

Dorsi-Plantar Flexion Soft Stop 0.09 20 4 0.085 

Inversion-Eversion Soft Stop 0.079 3.5 0.7 0.85 

Heel Pad 0.16 3.5 1.75 0.525 

Foot Flesh 0.16 3.5 1.75 0.525 

1) Bulk modulus (kN/mm2) 
2) Short time shear modulus (N/mm2) 
3) Long time shear modulus (N/mm2) 
4) Decay constant (sec-1) 
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Tibia Compliant Bushing         Z-Rotation Stop  

 
Dorsi-Plantar Flexion Soft Stop  Inversion-Eversion Soft Stop 

 
Heel Pad                  Foot Flesh  

Fig. 3 Deformable parts in FE model 
 

One of improved biofidelic characteristics of 
Thor-Lx compared with Hybrid III is the introduction 
of Achilles spring tube shown in Fig. 4 which consists 
of coil spring in parallel with elastomer spring element. 
In the model, nonlinear bar element was employed, and 
its loading/unloading characteristics are shown in Fig 
5. 

     
Fig. 4 Achilles spring tube and cable 

 
Fig. 5 Loading/unloading curve for Achilles spring 

Kinematic Joint Definition 
 

Ankle joint rotations about all three axes in 
Thor-Lx are independent of each other as shown Fig 6, 
and inversion/eversion (xversion) and dorsiflexion/ 
plantarflexion (flexion) have separate, anatomically 
located centers of rotation. Flexion occurs primarily at 
the talar joint in the human, and xversion occurs at the 
subtalar joint. This is replicated in the Thor-Lx by 
placing the xversion joint 17 mm distal to the flexion 
joint. The first resistance of xversion and flexion is 
generated by the continuous joint stop (CJS) which 
increased its resistive torque in a linear fashion as the 
joint rotates. This first stage of linear joint resistance is 
modeled by a revolute joint element. Secondary 
resistance develops when the stopper begins to engage 
the rotating center block. In the modeling, the realistic 
geometry and characteristics of rubber block has been 
kept and a sliding interface definition between the 
center block and rubber element is applied to represent 
the second stage resistance in the joint. Fig. 7 shows a 
schematic of the joint features producing the two-stage 
resistance.  

 
Fig. 6 Locations of ankle joints  

 

 
Fig. 7 Schematic joint characteristics representing 

two-stage resistance 
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Load Cell Definition 
 

Load cells are defined in the model by using 
nonlinear 6 DOF spring elements. Each load cell is 
modeled by a single spring with zero length and is 
located at the intersection of the load cell’s neutral axes. 
Fig. 8 shows the locations of load cells. They act stiff 
translational and rotational springs just for an accurate 
representation of reality. Although the physical load 
cells may be single, five or six axis transducers, load 
cells in the model provide all six output channels (i.e., 
three forces and three moments). 

 
Fig. 8 Locations of load cells 

 
 

VERIFICATION OF THE MODEL 
 

In order to ensure the quality of the FE model, two 
kinds of validation were performed against the 
certification requirements and the design reference 
guidelines presented in NHTSA documents [8, 9].  

 
Quasi-static ankle motion tests  
 

The quasi-static ankle motion tests to examine the 
range of motion and resistance of the ankle joint soft 
stops in dorsiflexion/plantarflexion, inversion/eversion, 
and internal/external rotations were simulated 
according to the same test procedures as used in 
NHTSA certification procedures [9]. The simulated 
responses of the model were then compared with the 
test results. 

 
Fig. 9 shows the set-up for the dorsiflexion test with 

and without Achilles. The detailed test and 
measurement procedures can be found in NHTSA 
certification procedures [9]. Simulation results with 
and without the Achilles cable are shown in Fig. 10 and 
11, respectively. The simulated moment-angle curves in 
both cases coincide quite well with a typical response 
from the tests.   
 

 
Fig. 9 Test set-up for quasi-static dorsiflexion test 

 

  
Initial state        Maximum rotation 

  
  Initial state(zoom in) Maximum rotation(zoom in) 

 
Fig. 10 Simulation of quasi-static dorsiflexion 

(with Achilles cable) 
 

  
        Initial state        Maximum rotation 
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Initial state(zoom in) Maximum rotation(zoom in) 

 
Fig. 11 Simulation of quasi-static dorsiflexion 

(without Achilles cable) 
 

The test set-up and procedure for plantarflextion are 
similar to those for the dorsiflexion and the simulated 
moment-angle curve is presented in Fig. 12. 

 
Fig. 12 Simulation of quasi-static plantarflexion 

 
Fig. 13 shows a comparison between test and 

simulation results for inversion. Since the predicted 
unloading path of simulation is little higher than that of 
the test, the energy dissipation is also underestimated. 
Due to the symmetric design of the xversion joint, the 
validation for eversion had been skipped. The results of 
the simulation for the internal rotation compared with a 
test are shown in Fig. 14. The internal/external joint in 
the Thor-Lx was designed to provide approximate 
biofidelity within the range of ±15° and the 
considerable discrepancy in unloading path between 
simulation and test might have been caused by 
excessive rotation in the test and could be neglected. 

 
Fig. 13 Simulation of quasi-static inversion 

 

  
Initial state        Maximum rotation 

 
Fig. 14 Simulation of quasi-static internal rotation 

 
Dynamic impact tests  
 

To validate the dynamic performance of the ankle 
joint and the compliant elements in the foot and tibia, 
two pendulum impacts were simulated. The anatomical 
areas of pendulum impact are the ball of the foot and 
the heel of the foot. Test setups and the simulation 
results for impact simulations are presented from Fig. 
15 to Fig. 18. 

 
Fig. 15 Ball of foot impact set-up 
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Initial state        Maximum rotation 

 

Fig. 16 Simulation result of ball of foot impact 

 

Fig. 17 Heel of foot impact set-up 

 

 
Initial state        Maximum compression 

 
Fig. 18 Simulation result of heel of foot impact 

 
ASSESSMENT OF LOWER EXTREMITY 
INJURY WITH THOR-LX 
 

In order to examine the FE model of Thor-Lx for 
practical use, a series of crash simulations, NCAP 40% 
offset crash for a small size sedan have been performed 
using the Thor-Lx model. Translational and rotational 
vehicular deceleration pulses, and the deformation 
profile of occupant compartment computed from the 
full car simulation shown in Fig. 19, were applied to 
create an isolated offset sled model shown in Fig. 20. 
Applying a sub-structuring scheme to this offset sled 
model, a parametric study for various levels of 
structural deformation has been performed. 
 

 
0 ms. 

 
50 ms. 

 
100 ms. 

 
150 ms. 

Fig. 19 Simulation of full car offset crash 
(Left: side view, Right: top view) 
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Fig. 20 Offset sled model 

 
A finite element Hybrid III 50% dummy model 

developed by FTSS was adopted for an occupant 
surrogate in this study.  The Thor-Lx model 
introduced in first part of this paper was also retrofitted 
to the Hybrid III thigh. 

The intrusion profiles of the pedal and toepan in the 
offset sled model were selected as design variables in 
parameter study. Three levels of severity for toepan 
intrusion were fabricated and used for the quantitative 
investigation of their effects on lower extremity injury 
risk. The amount of intrusion of the toe pan and the 
floor in case #1 were adopted from the base NCAP 
40% offset car crash simulation in Fig. 19. The overall 
amounts of intrusions were then raised for cases #2 and 
#3 as shown in Fig. 21 to mimic more excessive 
structural deformations. The intrusions in case #1 were 
from the deformation of the dash panel only while  
cases #2 and #3 were intended to represent the 
decreasing gap between the dash and the occupant due 
to floor collapse. 

Frontal 40% Offset NCAP Simulation
Case Study ; Global Intrusion ; RH Toe Panel Translation
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Fig. 21 Intrusion profiles in parametric study 

 
Table 2 shows the injury predictions of the three 

cases in the parametric study. The amount of left 
dorsiflexion in the Thor-Lx showed small changes with 
increasing intrusion, which means the dorsiflexion had 
reached its maximum range due to the forward 
excursion of the body at an early stage. Therefore, RTI 
(Revised Tibia Index) and tibia Fz (axial force in tibia) 
for the Thor-Lx increased gradually with the intrusion 
due to the rise of ankle joint force and moment after the 
dorsiflexion had saturated. The Thor-Lx predicted 
more than a 50% risk of left side ankle joint injury for 
all three levels of intrusion severity. The highest severe 
tibia and fibula fracture risk predicted by the Thor-Lx 
was a 50% probability of fracture on the right hand side 
for case #3. The TI (Tibia Index) values of the Hybrid 
III exceeded the injury threshold for both sides in cases 
#2 and #3. The Hybrid III ankle tended to develop a 
very steep increase in the moment at its limit of 
rotation as shown in Fig. 22 because of its joint stop 
design, and thus the Hybrid III predicted relatively high 
risks of injury. The amounts of xversion (inversion and 

x 

z

y
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eversion) for the Thor-Lx did not show a strong 
dependence on intrusion severity. 
 

Table 2 Injury predictions from parametric study 
Injury Limits Case #1 Case #2 Case #3 

Thor-Lx 
25% Prob. 50% Prob. Left Right Left Right Left Right 

Femur Fz 9.04 kN 11.15 kN -1.46 2.82 -1.62 2.94 -2.09 5.76 

Knee Shear - 15 mm 0.12 1.14 0.42 0.94 1.18 0.26 

RTI 1) 0.91 1.16 0.55 0.70 0.79 0.95 1.10 1.23 

Tibia Fz 5.2 kN 6.8 kN 3.14 3.97 3.40 5.94 3.75 7.00 

Xversion - 35 deg -11.07 36.44 -12.74 24.72 -19.16 26.75 

Dorsiflexion - 35 deg -42.11 -5.85 -42.02 -7.40 -50.39 -21.31 

Case #1 Case #2 Case #3 
H III Injury Limits 

Left Right Left Right Left Right 

Femur Fz 9.07 kN -1.22 2.37 -1.34 2.84 -1.66 3.21 

Knee Shear 15 mm -0.12 0.14 1.31 0.19 0.29 0.27 

TI 2) 1 0.42 0.73 1.23 1.99 1.77 3.13 

Tibia Fz 8 kN 1.77 3.19 2.79 5.70 2.96 8.56 

1) RTI: Revised Tibia Index, 2) TI: Tibia Index 
 

 
Fig. 22 Comparison of lower tibia dorsiflexion 

bending moments between Thor-Lx and Hybrid III 
 

The behavior of the lower extremities of Thor-Lx, 
and Hybrid III for case #3 in the parameter study is 
depicted in Fig. 23. 

 
 
 

A
t 0 ms 

A
t 35 ms 

 
At 70 ms 

 
At 105 ms 

Fig. 23 Simulated lower extremity behaviors 
(Flesh has been made invisible, Left: Thor-Lx, 

Right: Hybrid III) 
 
CONCLUSIONS 
 

A finite element model of Thor-Lx has been 
completed. The model is computationally efficient 
since most non-deformable parts are modeled as rigid 
bodies, but it still successfully exhibited a good 
performance in the validation process. The modeling 
effort for the unique design of the ankle joints, which 
have two stages of moment-rotation characteristics, 
was made by employing kinematic joint elements 
together with definitions of sliding contact interface 
between the deformable rubber stoppers and rotating 
center blocks. This attempted to reproduce the 
hysteretic energy loss even for the multiple loading and 
unloading cycles. 

In order to demonstrate the practical use of the 
model, a numerical investigation of lower leg injury 
risk from 40% offset crashes was performed. The 
comparative analysis with a Hybrid III dummy model 
showed that the use of Thor-Lx appears to be more 
favorable when assessing the lower leg injury risks due 
to its improved biofidelic design. 
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ABSTRACT 

The goal of this paper was to demonstrate the 
potential for a fully adaptive restraint system to 
significantly reduce injuries.  To accomplish this, a 
three-bodied model of a 50th percentile 
Anthropometric Test Dummy (ATD) in a 35 mph 
frontal collision was made using Lagrangian 
Dynamics.  The model was verified against test data 
obtained from NHTSA.  Viscoelastic and constant 
force seatbelt models were created, and the results 
were compared for a 1998 Chevy Malibu.  The 
simulation accurately reproduced the shape and 
magnitude of pelvis, chest, and head accelerations.  
The constant force seatbelt reduced pelvis, chest, and 
head accelerations by 56%, 62%, and 63%, 
respectively.  The peak lap belt force was reduced by 
60%.  Relative head rotation was reduced by 16 
degrees.  A simple control concept was explored and 
demonstrated the feasibility of an adaptive constant 
force restraint system.  Such restraint systems can 
make large reductions to risk of injury by 
significantly reducing forces and accelerations on the 
occupant. 
 
INTRODUCTION 

In 2003, there were over 2.8 million people injured 
and 32000 killed in over 6.3 million motor vehicle 
accidents in the US.  The restraint system is intended 
to reduce the risk of these injuries and deaths, but the 
seatbelt alone only reduces risk of injury by 45-50% 
for front seat occupants.18  Air bags, pretensioners 
and load limiting devices have been introduced to 
remove slack and better couple the occupant to the 
vehicle during ride down, resulting in reduced 
seatbelt forces being exerted on the occupant.  While 
these devices are beneficial, most are not adaptive to 
each crash and occupant.17  Therefore it is believed 
that an adaptive seatbelt and restraint system, using 
sensor data collected before and during a crash, could 
potentially reduce injuries by tuning the restraint for 
each occupant, vehicle, and crash severity.1, 12 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The primary goal of this work was to demonstrate the 
potential for an adaptive restraint system to reduce 
occupant injuries by showing that a constant force 
seatbelt can reduce forces and accelerations on an 
occupant.  This was shown in the case of a frontal 
collision of a passenger car into a fixed-rigid barrier 
at 35 mph with no offset.  It is assumed that an 
adaptive system can be designed and controlled to 
provide an optimal force level as determined prior to 
the start of the crash.  There was no physical testing 
carried out to verify these results.  Simple analyses 
were used to contribute to the work and concepts that 
are necessary for further development of this 
technology.  The concepts developed here can be 
expanded to an entire adaptive system that would 
include the air bag.  This work does not promote the 
elimination of air bags, but rather that an adaptive 
system offers many improvements over current 
seatbelt restraints.  Controlling the seatbelt is 
preferred because it already contacts a restrained 
occupant at the beginning of the crash.  Therefore, a 
dynamical analysis was carried out to determine to 
what extent seatbelt design affects injuries, as 
inferred from seatbelt forces and occupant 
accelerations.  A simple control example is also 
shown which demonstrates the basic ideas formed 
here, and allows basic conclusions on adaptive 
restraints to be drawn. 
 
BACKGROUND INFORMATION 

There are many methods and approaches used in the 
literature to simulate occupants in a variety of crash 
scenarios.  Most occupant models reflect the mass 
and geometry of a 50th percentile male ATD since it 
is used most frequently in crash tests.9  It is necessary 
to note that even though an ATD is classified into a 
percentile, rarely is an actual occupant classified 
under the same percentile in all body characteristics.  
Happee8 et al have noted that through the use of 
scaled crash-dummy models it is possible to simulate 
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crash events for occupants with anthropometry not 
currently represented in available ATDs.  The 
assumption of scalability can allow conclusions 
reached through simulation to be extended to 
occupant anthropometry not investigated. 
 
It was found that two-dimensional models could 
adequately simulate restraint systems, and vehicle 
and occupant response without delving too deeply 
into the complexities that arise from three-
dimensional analyses.  This is especially true when 
computation capabilities are limited or large-scale 
simulations are unwarranted.7, 22 
 
Many mathematical models of the human body 
emphasize the main body components13, which are 
treated as an articulated assembly of rigid bodies 
defined to realistically represent the geometry and 
response of the occupant and vehicle.22, 23  
 
Functional mathematical models of the seatbelt13, 23 
are preferred because they better model the 
viscoelastic nature of seatbelts, and they are less 
restrictive than mechanical spring-mass-damper 
models23, 25.3   
 
There are two methods to achieve a constant restraint 
force.  The first method is to alter the force-deflection 
characteristics of the seatbelt such that the force 
remains constant while the belt elongates, resulting in 
a seatbelt having elastic-perfectly plastic load-
elongation properties.22  The second method to attain 
a constant restraint force is to physically control the 
seatbelt with an actuator so that the load remains 
constant.  The actuator would quickly react in a crash 
to pretension the belt to some predetermined value, at 
which time would actively control how much 
webbing is released or collected to maintain that 
force.  The constant force seatbelt considered here 
will assume the controlled constant force, although 
without concern to how it is attained or maintained. 
 
Miller15, 16 shows that variable load limiting would 
produce significant improvements in injury by 
tailoring to the needs of the occupant based on 
anthropometry.  However, the results do not strongly 
emphasize the benefits of continuously variable load 
limiting.  Here ‘continuously’ variable is used to 
draw a difference between systems with infinite 
settings and those systems with only two or three 
fixed levels4.  Overall, a majority of the published 
work on constant force restraints relies heavily on 
repeated full-scale crash tests and focuses more on a 
discrete approach to occupant protection using 
existing technology.1, 15  For this reason, this work 
focused on a simulation-based constant force restraint 

that is assumed to be infinitely variable and is 
provided by some adaptive and controllable system.   
 
The most applicable work done in the area of 
adaptive restraint systems is by Hesseling.  
Hesseling9, 10 uses an optimal control method to find 
a controllable restraint system to optimize the chest 
and head accelerations of a 50th percentile ATD.  The 
important difference between work by Hesseling and 
that by Miller is that the seatbelt tension and air bag 
vent diameter are completely controllable, rather than 
fixed at some optimal level that is parametrically 
determined.   
 
This paper addresses several conclusions and 
recommendations made by Hesseling.  Hesseling 
asserts, “…a manageable model that describes the 
relevant aspects of the dummy, the restraint system, 
the vehicle and their interactions with an acceptable 
accuracy would be…useful.”9  In this work, a 
simplified model was created that can reproduce key 
aspects of the system, and it was used it to 
demonstrate the benefits of an adaptive constant force 
restraint.  Control systems were not the focus of this 
work.  However, some basic conclusions on the 
matter will be discussed.   
 
The most applicable work done in the area of 
constant force restraints is done by Crandall.5  
Crandall uses optimization to find an optimal 
restraint force to minimize the Thoracic Injury 
Criteria.  The optimal force is similar to the 
controlled constant force model discussed previously.  
Like Hesseling, Crandall’s work shows that the 
optimal restraint force may not be constant, and 
requires an initial pulse that then reduces to lower 
values.  The restraint force found by Crandall is close 
in shape to a constant force restraint; if used, results 
in a near optimal response of the chest acceleration.  
The goal of this work was not to derive an optimal 
solution, but rather focus on the established work that 
shows that a constant force restraint (CFR) offers 
drastic performance improvements in frontal 
collisions over currently available systems.17 

 
Adaptive restraint systems will be closely tied to pre-
crash detection.12, 24, 27  A typical progression of a 
crash is depicted in Figure 1.  With current 
technology, the occupant is not well restrained until 
the pretensioner tightens the belt roughly 15 ms into 
the crash.  This time delay is due to a combination of 
effects from sensing the crash, to the pretensioner 
response time.  In this example describing pre-crash 
technology, the pretensioning could begin at t=-15 
ms, so that the belt is already taut and pretensioned as 
determined by the information collected by the 
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sensors before crash initiation at t=0.  The benefit of 
integrating adaptive restraint systems with pre-crash 
technology is twofold.  The adaptive restraint can 
actively control the response of the occupant by 
removing slack and better coupling the occupant to 
the vehicle before the crash begins, and it also 
reduces the magnitude of the required restraint force. 
 

 
 

Figure 1:  Crash event comparison of an adaptive 
restraint system with pre-crash sensors to current 
restraint systems. 

 
There are a few load limiter designs on the market 
that can adapt to the crash environment, but do so 
only at discrete, predetermined levels.4  Load limiters 
that can offer continuously variable levels of restraint 
have been developed, at least in theory, at some 
automotive companies.  Takata11 and Delphi 
Technologies, Inc2 currently hold patents for load 
limiting devices that utilize magnetorheological (MR) 
fluid dampers to provide a continuously variable 
level of resistance.  The variable resistance is 
typically obtained by allowing the fluid to flow 
through ports where electromagnets control the 
fluid’s viscosity.  
 
In 2003, TRW’s Active Control Retractor became the 
first commercially available active seatbelt system.  
This system, utilizes pre-crash information from 
braking and stability control sensors to pretension the 
seatbelt with an electric motor.  Takata also holds a 
patent for a variable pretensioning and load limiting 
system.  Takata’s adaptive system utilizes an electric 
motor for pretensioning and a MR-fluid load limiter, 
and together it could potentially provide the adaptive 
restraint necessary to fully realize the benefits of a 
constant force restraint.  With the exception to those 
discussed above, it should be noted that a majority of 
this technology only appears in vague descriptions in 
the literature and patents.  This author has no 
knowledge of physical systems existing, nor does 
there appear to be much testing or computer 
modeling of adaptive seatbelt restraint systems. 
 

It is unclear at this point in time what form an 
adaptive restraint system will take when 
commercially available.  With this in mind, the 
control for the adaptive CFR modeled in this paper 
was considered a ‘black box’ actuator.  A model of 
how the adaptive control device responds can be 
added once it is available, and can be used to develop 
control laws.  The ‘black box’ method also lends it to 
an open-ended design and simulation tool for 
restraint systems and controllers, without making any 
assumptions on the form of future technology.  This 
simulation will be a useful tool to researchers to 
verify control strategies and develop alternative 
future restraint systems. 
 
METHODS 

The occupant was modeled with three rigid bodies 
and derived with Lagrangian Dynamics.  The 
viscoelastic seatbelt was modeled as a system 
governed by a multivariable polynomial.  The 
constant force seatbelt was modeled as a linear, 
piece-wise continuous, function of time.  The vehicle 
was modeled as a deformable body governed by 
impact dynamics with a rigid barrier.  The motion of 
the occupant and vehicle were found, but no 
interference between the two was included.  A 
MATLAB program was written to simulate the 
system in a 35 mph frontal collision.  This model was 
verified against real test data obtained from NHTSA.   
 
Four primary assumptions were used in the model.  It 
was assumed that the restraint forces act in only the 
direction of motion of the vehicle.  This was done 
because of variance in seatbelt geometry between 
different vehicles.  Also, assuming the forces only act 
in the horizontal directions reduced the complexity of 
the Equations of Motion (EOM), saving time in the 
derivation and solving of the equations. The occupant 
was modeled with rigid bodies, eliminating chest 
compression and torso bending.  Friction was ignored 
since the coefficient of friction between body and 
seat will vary with each vehicle and model of ATD, 
giving conservative results.7  All secondary collisions 
with air bag, dashboard, steering wheel, and seat 
interactions were ignored.1  The model simulates the 
occupant-seatbelt interaction, and the adaptive 
restraint systems will be such that interior collisions 
do not occur, thus the need for modeling interior 
collisions is nonexistent.  The locations of the 
dashboard, steering wheel, and air bag were tracked 
using the vehicle deceleration model and used as a 
reference when determining if a collision would 
occur.  
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Lagrangian Dynamics is a more favorable approach 
than Newtonian Dynamics for three main reasons.  
The first reason is that it provides a better 
understanding of the dynamics of the system because 
the system’s kinetic and potential energies are used to 
derive the EOM.  The second reason is that through 
the use of generalized coordinates, the number of 
equations that must be solved is reduced.  The third 
reason is that it eliminates the need for including 
forces of constraint because they do no work on the 
system.  The constraint forces include reactions 
forces from the seat and the joints of the body.   
 
Thus the general approach to determining the EOM 
for the system is to formulate the Lagrangian L by 
deriving the kinetic energy T, potential energy U, and 
external forces Q in generalized coordinates q, where 

),~(),~,~(),~,~( tqUtqqTtqqL −= &&  and ),~,~(
~

tqqQ & .19  The 
EOM can be determined with equation 1 and solved.  
Several iterations of one and two-bodied occupant 
models were used to arrive at the final three-bodied 
model used in this paper, shown in Figure 2, and 
Tables 1-3.  Note that in Table 1 the mass of each 
model component is found by the product of the mass 
of the occupant by the percent mass of that 
component.  Also note, that the total mass of the 
modeled body is not the total mass of the occupant, 
since it is assumed that a portion of the mass from the 
arms and lower legs is ignorable.22 
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Table 1: 

Mass and inertial values for a three-bodied 
occupant model, see Figure 2 

Mass 
[N] 

% Masses Radii of 
Gyration k [m] 

Total Pelvis Torso Head Torso Head 
766.43 .2983 .5148 .07777 .2840 .1464 

 

Table 2: 

Size dimensions [m] for a three-bodied occupant 
model 

Pelvis Chest Head 
Length Height Width Height Width 

.59 .508 .254 .254 .2032 

 

 

Table 3: 

Joint Parameters for a three-bodied occupant 
model 

 Hip  Neck  
  Low 

itlimφ [Deg] High 

Spring [N m] 100 7 ±30 70 
Damper [N m s] 10 10 NA  

 

 
 

Figure 2:  Three-bodied occupant model 
restrained by a torso and lap belt, dimensioned as 
shown.  Figure on right shows geometry of lap belt 
on pelvis. 

 
The general approach taken by these authors is as 
given, and more information can be found by 
referring to work by Paulitz.20, 21  First a dynamic 
model of a 50th percentile ATD approximation was 
done using the model above with a function-based 
mathematical seatbelt model.  This model was 
piecewise continuous in force-displacement space.  
While the belt is elongating, the force-displacement 
relation is given by a multivariable polynomial cubic 
in elongation and linear in rate of elongation.  While 
the belt is relaxing the relation is given by a quadratic 
in elongation only.  This model has been shown to 
closely match the behavior seen in testing.13, 14  The 
coefficients for the elongating portion were 
determined by parametrically altering the values until 
good correlation was seen between the model seatbelt 
force and body accelerations and the data obtained 
from NHTSA.  The coefficients for the relaxing 
portion were determined by assumptions of 
continuity and some inherent belt properties.  This 
resulted in a functional model of the viscoelastic 
seatbelt that is believed to be accurate, at least in 
relation to the assumptions and cases studied. 
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These results were then compared to those when the 
viscoelastic seatbelt is replaced by a constant force 
seatbelt.  This was modeled as a constant with a 
linear ramp done over a period of 10 ms, although 
any non-zero time can be used.  The magnitude of the 
CFR is determined by parametrically varying the 
values until the occupant excursion is maximized 
while interior collisions are prevented.  The CFR 
makes no assumptions about how the force is created 
or maintained, so the force can be prescribed simply 
as a function of time rather than finding some relation 
in the state variables.  This model was used to 
illustrate the possible benefits of a truly constant 
force restraint that could be provided by some kind of 
controllable and adaptive system.   
 
The last part of the study involved combining the two 
models.  The viscoelastic restraint model (as earlier 
determined) was used but is attached to some 
actuator rather than connected directly to the vehicle.  
The response of the actuator is then determined such 
that the restraint force exerted on the occupant is that 
of the CFR (as earlier determined).  This provides 
insight into the behavior and control issues of such a 
model, as well some physical characteristics that may 
need to be considered of the seatbelt and actuator 
systems. 
 
Results 

The simulation results showed that the collision 
model with a viscoelastic seatbelt is accurate and 
correctly simulates the system dynamics. The results 
were found by comparing the simulation to the 
available test data from similar crash tests. The 
results shown are for the model verified against a test 
of a 1998 Chevy Malibu. The vehicle deceleration 
model was adjusted to the test data and values of k = 
1.2, tf = 105 ms, and V0 = 15.728 m s-1 were found. 
The acceleration profile of the vehicle is shown in 
Figure 5; note the data plotted does not contain every 
data point from the test.  Briefly, the vehicle 
deceleration model is a parabolic equation whose 
coefficients are determined by the placement of the 
zeros, t=0,tf, and the total change in velocity kV0 
where k is assumed to be between 1 and 2.20, 21  The 
simulation results for the 1998 Chevy Malibu were 
obtained with the seatbelt properties given in Tables 
4-5 and Figure 4.  
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Figure 3:  Vehicle A(t) as compared to 
accelerometer data of a 1998 Chevy Malibu (O) in 
a 35 mph frontal crash. 

 

Table 4: 

Viscoelastic seatbelt coefficients for a 1998 Chevy 
Malibu 

 Cubic  
[kN m-3] 

Quadratic  
[kN m-2] 

Linear  
[N m-1] 

Damping  
[N s m-1] 

Lap 300 200 30 600 
Torso 200 115 20 600 

 

Table 5: 

Constant force seatbelt parameters for a 1998 
Chevy Malibu 

 Force F [N] Tension Time Tt [ms] 
Lap 3800 11 
Torso 4200 10 
 
 

 
 

Figure 4:  CFR profile, as determined by 
magnitude F and rise time Tt.  
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Figure 5:  Lap belt F(t) comparisons between 
viscoelastic and constant force seatbelt models, as 
compared to data of a 1998 Chevy Malibu (O). 
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Figure 6:  Torso belt F(t) comparisons between 
viscoelastic and constant force seatbelt models, as 
compared to data of a 1998 Chevy Malibu (O). 

 
The seatbelt force and body acceleration results for 
both restraint models are shown in Figures 5-9. The 
dashed line denotes the results for the constant force 
restraint (CFR), and the solid line denotes the results 
for the viscoelastic restraint. The open circles denote 
the corresponding measured data for the crash test. In 
general, the results for the viscoelastic model of the 
lap belt are conservative, where higher belt forces 
and accelerations are usually predicted.  It is clear 
that the constant force seatbelt can result in lower 
restraint forces exerted on the occupant, and drastic 
reductions in pelvis, chest, and head accelerations. A 
more thorough discussion is given in [20, 21]. 
 
Some additional comments, the peak value of the 
simulated viscoelastic torso belt force in Figure 6 is 
highly conservative.  The shape is similar during 
increasing load, until 50 ms into the crash when it is 

presumed the stitch-tearing load limiting is occurring. 
In this vehicle, load limiting is achieved through 
tearing of stitches in the seatbelt.  This could be 
because the restraint model stretches and yields in a 
continuous fashion, while in real-life this occurs 
discretely. The continuous model was used for 
simplicity and because the conservative belt forces 
did not appear to result in large deviances in the 
accelerations, possibly because while the simulated 
torso belt force is over estimated, it is accounting for 
restraint that would be offered by the air bag.   
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Figure 7:  Pelvis A(t) comparisons between 
viscoelastic and constant force seatbelt models, as 
compared to data of a 1998 Chevy Malibu (O). 
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Figure 8:  Chest A(t) comparisons between 
viscoelastic and constant force seatbelt models, as 
compared to data of a 1998 Chevy Malibu (O). 
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Figure 9:  Head A(t) comparisons between 
viscoelastic and constant force seatbelt models, as 
compared to data of a 1998 Chevy Malibu (O). 

 
The only negative aspects found of the CFR results 
are the discontinuities in acceleration, as seen in 
Figures 7-9.  The largest discontinuity seen is roughly 
24 G in magnitude, but is not critical because the 
pelvis is less prone to injury due to large changes in 
acceleration than the head and neck.  Although the 
sudden change in acceleration subjected to the head 
and neck may prove injurious.  Mathematically, the 
discontinuities in the accelerations result directly 
from the discontinuities in the constant force profiles 
for the torso and lap belts. Piecewise continuity in the 
constant force profile will remove the discontinuities 
and yield smoother results. This could be 
accomplished by giving the FCFR(t) a trapezoidal 
shape rather than a step shape at the end time. For 
this reason, the affects of the discontinuities will be 
for the most part ignored since later simulations 
could be corrected to reduce their effect. 
 
Perhaps one of the greatest benefits of CFR systems 
is the possible reduction in head injuries.  The 
general response of the head acceleration for both 
restraint models differs from those of the pelvis and 
chest because it is free to respond and is not directly 
coupled to the vehicle through the restraint.  The 
CFR results in a 62.8 % reduction of head 
acceleration, even when considering the spike of 23 
G. This large reduction could greatly reduce the risk 
of head injury. The HIC value was not calculated, but 
it is clear in comparing the shapes of the head 
accelerations resulting from two seatbelt models that 
there is a large difference in the area under each 
curve, inferring large HIC reductions. 
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Figure 10:  Relative motion of pelvis, torso and 
head within 1998 Chevy Malibu using a 
viscoelastic seatbelt model. 

 

X [m]

Z[
m

]

-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 
 

Figure 11:  Relative motion of pelvis, torso and 
head within 1998 Chevy Malibu using a constant 
force seatbelt model. 

 
The physical motion of the occupant with-respect-to 
to the Malibu is shown in Figures 10-11. The lines 
define the centerlines of the torso and head. The 
markers define the motion of the hip, shoulder, and 
head/neck cg.  Figure 10 illustrates the motion under 
the viscoelastic seatbelt model, and seems to match 
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with the observed motion during the collision.  The 
body typically translates and rotates forward to a near 
vertical position.  The head rotates forward and the 
largest relative rotation is seen after the maximum 
chest excursion. The curve the head Cg follows in 
space is similar in shape to that shown in the 
literature [6, 9]. Figure 11 illustrates the motion of 
the body under the CFR model, where occupant 
excursion is increased substantially. This result was 
anticipated as it was assumed that the constant force 
restraints would increase excursion, making use of 
more of the available space in the compartment. The 
relative motion of the head is improved as well, with 
a dip in the motion of the head as the occupant nears 
maximum excursion, and is likely caused by the 
discontinuity in the constant force seatbelt model. 
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Figure 12:  Global motion of pelvis and torso with 
1998 Chevy Malibu using a viscoelastic seatbelt 
model.  Top figure is thigh motion with seat and 
dashboard; bottom figure is shoulder motion with 
seat, steering wheel, and air bag. 

 
Figure 12 illustrates the global motion of the body. 
The lines denoting the motion of the occupant denote 
motion of the centerlines, and do not account for 
chest depth. One benefit of the CFR model is that 
rebound of the occupant after maximum excursion is 
limited, as shown in Figure 12 where the knee and 
chest approach but do not cross the lines denoting the 
dashboard and air bag. The values for the CFR were 
found such that internal collisions were prevented 
and the rebound rates of the vehicle and occupant 
matched on a global level. Large rebound rates could 
result in neck injuries, and suggests that more than 
required restraint force was applied and could 
therefore be reduced.   
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Figure 13:  Relative head rotation )()( tt θφ −  
comparisons between viscoelastic and constant 
force seatbelt models of a 1998 Chevy Malibu. 

 
The relative rotation of the head about the torso is 
given in Figure 13 for both restraint models. The 
maximum rotation for the viscoelastic restraint model 
is 55.14 degrees, and for the CFR model it is 38.9 
degrees, a 29.5 % reduction. The shape and 
magnitude are similar to data published of expected 
head rotations for the human body [6]. One 
conclusive benefit of the CFR system is that it 
reduces peak relative head rotation; it also broadens 
the amount of time the rotation occurs. In the 
viscoelastic restraint model, the head remains fixed 
relative to the torso until about 40 ms at which time 
the head begins to rotate forward at a high rate. For 
the CFR model the head rotation begins to increase 
noticeably at about 10 ms, at a much gradual rate. 
The large reduction in relative rotation into the region 
of hyper-flexion should greatly reduce injury, as 
shown on the right hand side of Figure 13. 
 
“Black Box” Controller 

Having established a viscoelastic and a constant force 
seatbelt model, it was then possible to combine them 
to create a basic control concept for an adaptive 
constant force restraint.  The restraint control was not 
the focus of this work, rather the simulation of the 
restraint, so a large amount of effort was not put forth 
into creating a full-scale feedback-control system to 
realize a truly adaptive seatbelt.   
 
The general concept is that it is possible to apply a 
predetermined force to the occupant, without concern 
to how it was achieved.  With this approach, it is 
possible to obtain some general guidelines of what 
physical characteristics such a system should have 
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and what kind of response would be expected from 
the control system.  The basic control was found by 
combining the constant force profile to the 
viscoelastic seatbelt model that is a function of belt 
elongation.  The device providing the control will be 
coupled to the body through the seatbelt.  So it is 
believable that an adaptive control scheme would 
include both models.  The controller would act like a 
pretensioner that could pull and release the belt such 
that the response to the viscoelastic restraint in a 
collision is transformed into the response seen under 
a CFR. 
 
In theory, an adaptive restraint system might look 
like that shown in Figure 14.  The viscoelastic belt 
models are rewritten so that rather then being only 
functions of occupant displacement with respect to 
the vehicle, they are functions of belt elongation d.  
Here d=x-y where x is the occupant motion with 
respect to the seat, and y is the motion provided by 
the actuator which is considered controllable; no 
constraints were placed on the magnitude of y  or y&  
at this time.  To determine the y(t) output for the 
controller, the constant force seatbelt model is 
equated to the viscoelastic seatbelt model with the 
coefficients determined previously, as shown by 
equation 2.  Equation 2 can be included in to the CFR 
simulation, and y(t) can be found where FCFR(t) and 
x(t) are determined through simulation as discussed 
previously.  
 

)()( yxFtF VISCOCFR −=  (2). 

 

 
 

Figure 14:  Basic adaptive seatbelt controller 
schematic.  X denotes the displacement of the 
occupant; y denotes the displacement done by the 
controller such that Fbelt(x-y) is constant. 

 
Using this method, the response of the controller for 
an adaptive constant force restraint was found.  The 
response for both belts is shown in Figure 15 and 16.  
Here, the response of the control will be referred to as 
the Active Force Response, where the pretensioning 
device actively controls y(t) to maintain a constant 
force while the body is moving.  This device and the 
seatbelt system as whole will be referred to as an 

Adaptive Restraint System, where some a priori 
decision is made as to the magnitude of the force 
required, and the AFR responds accordingly to 
provide that force based on simulation.  Later, 
feedback would be included that would allow the 
AFR to respond to changes that occur during the 
crash.  This could include a secondary collision in a 
multi-vehicle crash, or an over- or under-prediction 
of occupant motion.  In any case the AFR would 
respond to increase the load or decrease the load to 
the necessary value to prevent collisions and reduce 
injury.  Such a system should replace current 
pretensioning and load limiting systems. 
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Figure 15:  Active Force Response of torso belt for 
1998 Chevy Malibu to provide a constant force 
from a viscoelastic seatbelt model.  
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Figure 16:  Active Force Response of lap belt for 
1998 Chevy Malibu to provide a constant force 
from a viscoelastic seatbelt model. 

 
The response for the torso belt is shown in Figure 15, 
and the response for the lap belt is shown in Figure 
16.  The solid lines denote the belt elongation.  It is 
worth noting that these curves match those expected 
for the creep and recovery of a viscoelastic material3.  
The portion with negative concavity denotes the 
loading of the material, and the portion with positive 
concavity denotes the response once the load has 
been removed.  The extension phase also matches 
expected behavior of a Voigt-Kelvin material model 
to a unit force.3  This suggests that although the 
mechanical Kelvin/Voigt model was not used for the 
restraint system, the polynomial function chosen does 
respond similarly.   
 
The dashed lines denote the motion of the body, 
where in the torso plot it is the motion of the 
shoulder, and in the lap plot it is the motion of the 
pelvis.  As the device begins to pull the belt out away 
from the body to increase the load, the body does 
move backwards some amount.  While this amount is 
small, it suggests that at least a simple model for a 
seat back should be included at some future point.   
 

The dotted lines denote the response y(t) of the AFR.  
In general, the shape tends to follow that of the 
motion of the occupant, although with larger 
magnitudes.  The device would have to be capable of 
retracting about 5 inches on the torso belt and about 4 
inches on the lap belt.  An important note here is that 
no slack was considered for these models, so the 
retraction capabilities would be this value plus some 
estimate for a slack value based on occupant position 
and size.  These models also require an elongation of 
the torso belt on the order of 4.5-5 inches and an 
elongation of the lap belt on the order of 3 inches.  
However, this is for the 50th percentile person, so for 
a smaller occupant less would be necessary, and the 
bounds for this would have to be established by the 
largest expected occupant, 95th or higher percentile.   
 
This model assumed that the seatbelt itself is 
performing all the restraint, and may be limited by 
the performance of the webbing in maximum 
allowable elongation.  The allowable elongation will 
depend on the length of the seatbelt itself, which was 
not considered.  If good estimates of belt length and 
size were available along with the test data used to 
obtain this model, then a better idea of the limitations 
for the load control could be found.  This may be 
found to be limited on either the amount of webbing 
the retractor can actually reel in or the amount of 
strain the belt can withstand.  Although, in comparing 
the amounts of elongation between the viscoelastic 
and adaptive models, this does not appear to be an 
issue at present.  If the limiting factor is found to be a 
material property of the belt, it may be possible that 
realizing a restraint of this design could require new 
and advanced polymers for use in seatbelts 
specifically tailored for use in adaptive seatbelts.   
 
Another solution could be the use of the air bag to 
provide supplemental restraint.  If the seatbelt ‘knew’ 
how much restraint the air bag would offer for a 
particular occupant and crash, it could tailor the 
seatbelt force with this in mind such that together 
they offer the restraint necessary for preventing 
injury rather than relying solely on the seatbelt itself.  
These cases will all have to be accounted for in the 
design of the controller, since there will be certain 
bounds based on physical and mechanical limitations 
of the system. 
 
Conclusions 

The simulation considering a viscoelastic restraint 
can reproduce test data from certain vehicles with 
acceptable accuracy.  Good correlation was seen 
between the pelvis, chest, and head accelerations and 
satisfactory correlation was seen between the lap and 
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torso belt forces.  Drastic reductions in seatbelt force 
and occupant accelerations were achieved through 
the use of a controlled constant restraint force profile.  
This restraint was defined to closely relate to modern 
load limiting and pretensioning technology but do so 
in an improved fashion. These improvements warrant 
the further investigation of controlled and adaptive 
constant force seatbelts.  
 
The adaptive restraint system outlined here controls 
the belt elongation to maintain the restraint force at a 
constant level as the occupant moves through the 
vehicle.  Such a system would adapt to the crash 
environment by making control decisions on restraint 
force based upon occupant size, weight, and location, 
as well as crash severity.  This forms the basic theory 
for an adaptive restraint system.  An adaptive 
restraint system would consist of a controllable 
seatbelt and air bag that are in constant 
communication with one-another and sensor data to 
make control decisions that will drastically reduce 
occupant injury.  This work has shown that an 
adaptive seatbelt will provide sufficient restraint and 
could greatly reduce risk of injury, especially HIC, in 
the cases studied.  These systems suggest the 
potential for great benefits over conventional and 
constant force restraints achieved through non-
adaptive and mechanical load limiting.  It also has 
been shown that a means to control the seatbelt force 
is attainable, and a basic control strategy and concept 
has been proposed.  While this is shown in the case 
of a mid-sized male occupant, it is believed that these 
benefits will apply to other occupant types.  This will 
hold especially for those that are more susceptible to 
injury from high belt forces and occupant 
accelerations, such as children, women26, and the 
elderly.   
 
Recommendations 

For larger occupants and in high severity crashes it is 
unlikely that the seatbelt alone will be able to protect 
the occupant from injuries.  For these cases the air 
bag will still play an important role in injury 
prevention and reduction, so to extend the analysis of 
adaptive and constant force seatbelts to higher crash 
severities, it will be necessary to incorporate a model 
of the air bag, at least to some degree.   Future 
analysis should also include the air bag to determine 
the possibility of timing the air bag inflation to 
provide additional head restraint later in the crash and 
help reduce the peak acceleration experienced by the 
head, and also the development of adaptive restraint 
systems that would include active seatbelts and air 
bags. 
 

This work only considered frontal impacts of 35 mph, 
and it would be valuable to see the results for offset 
frontal, rear-end, and side-impact crashes using the 
restraint system proposed here.  In these cases, it is 
not expected that the CFR will have as drastic 
improvements on injury, however no modeling of 
these cases was done here nor does there appear to be 
much done the literature in regards to constant force 
restraints in non-frontal collisions.  Creating 
individual simulations of these cases could prove 
useful as well in determining improved restraint 
systems since it may be true that the best force with 
which to restrain an occupant in each crash 
orientation, i.e. frontal, rear, side, etc. may be 
different.  However one physical device may be 
capable of creating the necessary restraint force.  For 
a frontal collision, the adaptive restraint system 
would apply a constant force, but for a rear- or side-
impact it could apply the necessary restraint to 
greatly reduce injury, as determined through 
simulations of these other cases. 
 
With the purpose and goal of the simulations and 
models used and created here in mind, it is the 
authors’ opinion that it is important that the models 
remain as simple as possible to be of most use.  The 
recommendations pertain to the assumptions used to 
create these simplistic models.  The direct influence 
of the assumptions made here should be better 
understood to ensure the soundness and robustness of 
the model as it exists and to find simple additions to 
the simulation that could improve its accuracy and 
usefulness.  Once a continuously adaptive restraint 
system has been created and made available, it is also 
necessary to perform physical testing to verify these 
models.  In the case that the test data does not 
correlate well to the predicted response, suitable 
corrections should be made while attempting to 
preserve the simplicity that is desired for controller 
design and feedback. 
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ABSTRACT 
Microscopic analysis of pedestrian-vehicle 

accident data is a backbone of devising various 

intelligent functionalities of vehicles to mitigate the 

fatality and injury severity of pedestrian in 

pedestrian-vehicle crashes. Worldwide significant 

effort has been directed at developing advanced 

vehicles for protecting pedestrian by the assistance of 

analyzing very detailed pedestrian accident data. As a 

part of the multi-year project titled with 

‘Development of Advanced Vehicle for Pedestrian 

Protection’, this study analyzes pedestrian-vehicle 

crash data. Firstly, overview of the characteristics of 

pedestrian-involved crashes in Korea is presented. 

Another major focus of the study is to develop a 

probabilistic pedestrian fatality model. The logistic 

regression approach, one of the multivariate 

statistical modeling techniques, is applied in the 

model development. The developed model is 

expected to support various safety policies and 

evaluations of advanced systems of vehicles toward 

enhancing pedestrian safety. The findings of this 

study would be an invaluable linkage between 

pedestrian accident data and the development of 

various countermeasures for pedestrian protection. 

 

INTRODUCTION 

 
A variety of research efforts including accident 

data analyses have been performed to enhance safety 

on highways significantly. In particular, the most 

valuable finding from analyzing pedestrian accident 

data would be to discover effective countermeasures 

to alleviate both fatality and injury severity of 

pedestrian. Among various safety-related studies 

based on accident data analysis, to deal with 

pedestrian would be considered one of the keen 

interests. It is mainly because pedestrians are the 

most vulnerable element in transportation systems, 

which need to be primarily protected. From this 

perspective, thorough understanding of causes and 

effects of pedestrian accidents is a fundamental to 

prepare for feasible solutions to save human lives.  

 

According to a study dealing with comparing 

accident statistics [1], it has been identified that 

Korea has been highly ranked in terms of frequency, 

fatality, and injury severity among OECD 

(Organization for Economic Cooperation and 

Development) countries. Hence, more rigorous and 

active efforts need to be performed to avoid such 

dishonor, which motivate this study. This study 

focuses on analyzing pedestrian-vehicle crashes, 

which ultimately attempts to find underlying clues to 

reduce both pedestrian fatality and injury severity. 

Two view points are taken into consideration in this 

study. Firstly aggregated pedestrian accident statistics 

is further analyzed to identify the accident 
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characteristics. The second view of this study is to 

develop a probabilistic pedestrian fatality model 

using data obtained from accident reconstruction. The 

model would contribute to evaluating advanced 

safety systems of vehicles and deriving safety 

policies. 

 

After pedestrian accident data are analyzed 

statistically to discover the implications on safety 

policies, how to develop a model of collision speed in 

a statistical manner is presented. The binary logistic 

regression modeling approach is employed in this 

study. Then, the interpretation of the model is given 

with discussions about findings and future research. 

Conclusions are described along with the direction of 

future research.   

 

OVERVIEW OF PEDESTRIAN  

ACCIDENT IN KOREA 

 
The total number of accidents a year has steadily 

declined since 1970 in Korea as shown in Figure 1. 

Furthermore, 1990 can be seen as a turning point of 

trends in both fatalities and injuries, which shows the 

trend does not increase rapidly any more. It can be 

seen that huge national efforts to reduce the accident 

occurrence have been effective. 

 

Although the transportation safety environment 

represented by a couple of accident statistics as the 

above seems to be improved, we still should pay 

attention to the international accident statistics. It is 

stated by the literature [2] that the number of 

accidents per 10,000 vehicles in Korea is the highest, 

in comparing with other OECD countries. Figure 2 

depicts more details on the comparison. 

 

Another important statistics that should be 

concerned is the pedestrian-involved accident. 

Among 30 OECD countries, Korea has been 

unfortunately positioned at the first rank, as shown in 

Figure 3, in comparing the death rate of pedestrian, 

which is approximately 43.0%. Therefore, it is truly 

apparent that protecting pedestrian in the 

transportation system needs to be taken care of with 

the highest priority by researchers and practitioners. 
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<Figure 1-(a) Trends of accidents and injuries> 
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<Figure 1-(b) Trend of fatalities> 
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<Figure 2 International comparison of accidents 
per 10,000 vehicles> 
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<Figure 3 Death rates of pedestrian for OECD 
countries> 
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Identifying injury body regions of pedestrian 

would be invaluable for further development of 

countermeasures to protect pedestrian that is the most 

vulnerable element than any other one in 

transportation systems. Head has been identified as 

the most critical injury region resulting in fatalities. 

In 2003, 1,745 pedestrians passed away mainly due to 

head injury in pedestrian-vehicle crashes, which 

corresponds to 60.3% of total pedestrian fatalities. 

Chest injury was another major body region resulting 

in pedestrian fatalities. On the other hand, neck and 

leg region have been recognized as major body 

region for the pedestrian injury. Neck and leg regions 

occupy 57.9% of pedestrian injury accidents. Details 

of injury body regions for fatalities and injuries are 

presented in Figure 4. 
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Face, 4.4%

Neck, 6.7%

Leg, 9.5%

Others, 6.5%
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<Figure 4-(a) Injury body regions: Fatalities>  
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<Figure 4-(b) Injury body regions: Injuries>  

 

Insight into the injury body regions provides us 

with a precious opportunity of how to cope with 

pedestrian accidents. It can be concluded that special 

cares on both the head part including neck and the leg 

part needs to be performed. An example of 

countermeasures toward protecting pedestrian would 

be to develop an advanced vehicle capable of 

protecting head and leg of pedestrians. 

 

DATA PREPARATION FOR MODEL 

DEVELOPMENT 

 
An accident report form, which was developed 

for this study, was distributed various agents that are 

in charge of reporting accidents on June of 2003. The 

form includes information on pedestrian, vehicle, 

highway, and environment. A total of 92 pedestrian 

accident cases have been collected as of now 

(December, 2004). Acquired accident cases were 

analyzed by National Institute of Scientific 

Investigation (NISI) and Center for Accident Analysis 

of Hanyang University, specialized in accident 

reconstruction. A major outcome of accident 

reconstruction was that collision speeds in pedestrian-

vehicle crashes were discovered to be further utilized 

in establishing a model of pedestrian fatality.  

 

As a part of accident reconstruction, estimating 

collision speed is of keen interest. Useful applications 

using the model of collision speed are plentiful. One 

of the nice examples is to be utilized in exploring the 

analysis of pedestrian trajectories in pedestrian-

vehicle crashes, which can be further applied to 

develop advanced safety systems of vehicles for 

pedestrian protection. Also, researchers and engineers 

in the field of pedestrian safety have been recently 

working on establishing a global technology 

regulation to protect pedestrians in pedestrian-vehicle 

crash. Analyses on accident data associated with 

colliding pedestrians with vehicles are also the 

backbone of developing the regulation. Recently, 
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Korea has joined the pedestrian working group for 

international harmonization activities. 

 

Various studies were performed for estimating 

more reliable and accurate collision speed. As 

examples, three methods used widely to estimate 

collision speed are introduced. 

 

• Schmidt and Nagel (1971)  

Schmidt and Nagel [3] found that collision 

speed is related with the distance from initial 

collision spot to final location of pedestrian on the 

ground. 

 

hehVx ×−+×= µµ2
 

 

where 

xV : collision speed (m/s) 

µ : coefficient of friction 

h : height of center of pedestrian weight 

td : distance from initial collision spot to final  

location of pedestrian 

e :
tdg ××× µ2   

g : gravitational constant of 9.8 m/s2 

 

• Stcherbatchef et al. (1975)  

It was revealed by Stcherbatchef et al. [4] that 

the distance from initial collision speed to final 

location of pedestrian is a function of the collision 

speed and the deceleration rate of vehicle. 
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where  

ak ×= λ , λ = 0.03  

(empirical value found by experiments) 

a : deceleration rate of vehicle (m/s2) 

iV : initial vehicle speed (m/s) 

eV : final vehicle speed (m/s) 

t : time (sec) 

 

• Collins and Moris (1979)  

Collins and Moris [5] reported that the distance 

from initial collision spot to final location of 

pedestrian can be estimated by the collision speed 

and the height of center of pedestrian weight. 

 

)(
254

2

97.7
mx

Vh
x

V

t
d

µ×
+

×
=  

 

A

CABB
x

×
××−±−=

2

42

 

 

tdC
h

BA −=−=
×

=   ,  
97.7

 ,  
254

1

µ

 

Basic statistics on collision speeds derived from 

the accident reconstruction are given in Table 1. 

Additionally the estimated normal distribution of 

collision speed obtained from accident reconstruction 

in this study is depicted in Figure 5. 

 

Table 1 Statistics on collision speed 

Mean Std. Error of Mean Median Mode Std. Deviation Min Max 

50.10 kmp 2.28 45.00 40.00 24.14 4.00 103.00 
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<Figure 5 Normal distribution of collision speed> 

 

MODEL DEVELOPMENT: 

PROBABILISTIC PEDESTRIAN  

FATALITY MODEL 

 
A statistical model, which is able to measure 

fatality of pedestrian struck by vehicle in a 

probabilistic manner, was developed in this study. 

The developed model relates the fatality of pedestrian 

in pedestrian-vehicle crashes to collision speed, 

vehicle characteristics and pedestrian characteristics. 

The model is expected to be very useful for 

researchers and practitioners in the field of both 

transportation safety and automobile. Firstly, the 

model could assist in estimating safety benefits 

quantitatively in case that a certain countermeasure 

associated with collision speed is employed for safety 

enhancement. An example includes that the effect of 

change in speed limit, which established from the 

consideration of collision speed and its effect on 

fatality, can be more comprehensively quantified. 

Taking vehicle characteristics into consideration in 

modeling pedestrian fatality could provide invaluable 

implications on developing new vehicles for 

pedestrian protection. Of course, it should be noted 

that extensive data analyses are required in order to 

obtain reliable outcomes prior to drawing conclusions.   

 

A logistic regression modeling approach was 

applied to the pedestrian fatality problem. The 

relationship between a dependant variable, which is a 

non-metric variable in particular, and one or more 

independent variables is modeled. Unlike 

discriminant analysis, when the dependant variable 

has only two groups, logistic regression may be 

preferred for several reasons [6]. One of the major 

reasons is that discriminant analysis relies on strictly 

meeting the assumptions of multivariate normality 

and equal variance, which logistic regression does not 

face such an assumption. In a case of binary logistic 

regression, 1 or 0 is taken as a dependent variable in 

modeling. The binary logistic regression model 

predicts the probability that the dependent variable 

would take 1. Therefore, what the dependant variable 

takes 1 means that the probability of pedestrian death 

is 1 in this application.  

 

The form of a logistic regression model in this 

study is 

 

[ ]
( )[ ]β

β
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where  

iF : dependant variable representing the pedestrian  

death ( iF =1)or survival ( iF =0) of the event  

for pedestrian-vehicle crash i   

iX : vector form of selected independent variables  

affecting pedestrian fatality 

),( βtXf : a function of iX  and a parameter  

vector β  to be estimated 

 

Fatality probability values can be any value 

between 0(survival) and 1(death), but the predicted 

fatality value can not be out of the range of 0 and 1. 

To define a relationship bounded by 0 and 1, logistic 

regression uses an assumed relationship between the 

independent and dependent variables that resembles 

an S-shaped curve as shown in Figure 6 [6]. 
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<Figure 6 The logistic relationship between 

pedestrian fatality and independent variables> 

 

SPSS statistical analysis package was employed 

in modeling the pedestrian fatality. A variety of 

independent variables in the form of accident report 

were considered as candidates for representing the 

pedestrian fatality. Those include collision speed and 

characteristics of pedestrian, vehicle, highway and 

environment. Details are presented in Table 2. Based 

on large efforts on modeling, three independent 

variables which are collision speed (
xV ), vehicle type 

(VT), and pedestrian age (AGE), were chosen to build 

up a probabilistic pedestrian fatality model. To 

investigate the potential of multicollinearity among 

the variables, the correlation analysis was conducted. 

As shown in Table 3, any pair of variables did not 

show high correlation, which correlation coefficients 

exceed 0.5. Some descriptive statistics of the 

independent variables are also given in Table 3. 

 

Table 2 Candidates of independent variables 

Item Detailed information 

General Time and location of accident 

Pedestrian Gender, Age, Height, Weight, Drinking, Injury severity, Contact points (1st, 2nd, 3rd) 

Vehicle Vehicle type(1: passenger car, 2: suv, 3: 1box, 4: bus/truck ), Production year 

Highway and Environment 
Super-elevation, Pavement condition, Accident location (intersection, mid-block, 

pedestrian crossing), Speed limit, Contact points (1st, 2nd, 3rd ), Weather condition 

 

Table 3 Correlation coefficients and descriptive 

statistics of the independent variables 

Variable/Statistic xV  VT AGE 

xV  1.000 -0.074 -0.233 

VT - 1.000 -0.100 
Correlation 

Coefficient 
AGE - - 1.000 

Mean 50.100 40.123 1.384 

Standard deviation 24.138 0.892 17.853 

Minimum 4.000 1.000 6.000 

Maximum 107.000 4.000 75.000 

Skewness 0.181 2.295 -0.053 

Kurtosis -0.580 3.959 -0.622 

 

 

Table 4 summarizes the results of the pedestrian 

fatality model with the specification of a binary 

logistic regression. The model pertains to the effect of  

collision speed, vehicle type, and age on the 

pedestrian fatality. One of the major findings from 

the analysis is that we statistically verified collision 

speed is the most significant variable affecting the 

pedestrian fatality with the largest Wald statistic and 

the lowest significance level. The model was able to 

correctly classify 84.4 percent of the pedestrian-

vehicle crashes as pedestrian death or survival, with a 

classification cutoff threshold of 0.5 membership 

value.

LOW HIGH

1.0

P
ro

b
a
b

ili
ty

 o
f 

P
e

d
e

st
ri
a

n
 

F
a

ta
lit

y

0.0

Level of Independent Variables

LOW HIGH

1.0

P
ro

b
a
b

ili
ty

 o
f 

P
e

d
e

st
ri
a

n
 

F
a

ta
lit

y

0.0

Level of Independent Variables



 

Oh 7 

Table 4 Results of logistic regression 

Statistic xV  VT AGE Constant 

Wald statistic 13.700 3.252 2.499 7.880 

Standard error 0.025 0.381 0.025 2.094 

β  0.092 0.687 -0.039 -5.878 

Significance 0.000 0.071 0.114 0.005 

• Correct classification rate: 84.4% 

• Model chi-square: 37.562 

• -2 log likelihood:  40.287 

• Nagellerke R-square: 0.631 

 

DISCUSSION OF RESULTS 

 

Findings 
The logistic regression model developed in this 

paper predicts the probability of pedestrian fatality in 

pedestrian-vehicle crashes. The variables employed 

as the independent variables of the model and their 

coefficients are listed in Table 4. Three independent 

variables include collision speed, pedestrian age, 

vehicle type. Collision speed denoted as xV , which 

was recognized as the most significant factor to 

determine the pedestrian fatality, represents the 

situation of accident. Age and vehicle type can be 

viewed as the representatives of pedestrian 

characteristics and vehicle characteristics, 

respectively. As shown in Table 4, it can be 

interpreted by identifying the negative coefficient of 

AGE that as pedestrian age increases the probability 

of fatality decreases. That is, children are exposed to 

higher fatality in the transportation system. In 

addition, heavy vehicles have more influence on the 

fatality than light vehicles. 

 

In a view point, the findings would be natural. 

However, the contribution is that the model allows us 

to quantify the pedestrian fatality in a probabilistic 

manner, which can assist in measuring the safety 

effects of countermeasures. Further analysis of the 

probability of pedestrian fatality can be also 

converted into monetary value, which leads us to be 

able to conduct economic appraisals of 

countermeasures. As an example, the model would 

support how to estimate the benefits of brake 

assistant systems (BAS) resulting possibly in 

reducing collision speeds. 

 

Future Research  
In addition to the considerations in developing 

the probability model of pedestrian fatality, we still 

have a variety of research opportunities to improve 

model development and to derive countermeasures 

for the pedestrian protection. First of all, a lot of 

crash data should be collected and further analyzed in 

order to obtain more statistically reliable and accurate 

model. Regarding the selection of independent 

variables, vehicle types can be divided into more 

substantial variables representing vehicle 

characteristics. Parameters representing the frontal 

shape of vehicles can be considered independent 

variables of the model. Those parameters include 

bumper lead (BL), bumper center height (BCH), 

leading edge height (LEH), bonnet length (BL), and 

bonnet angle (BA) etc. If those parameters can be 

incorporated into the fatality model, we will be able 

to see how vehicle frontal shapes affect the pedestrian 

injury. Establishing fine and huge crash dataset is a 

matter of course as a prerequisite for future research.      

 



 

Oh 8 

CONCLUSION 

 
Overview of the characteristics of pedestrian-

involved accidents in Korea was presented. The 

major focus of the study was to develop a 

probabilistic pedestrian fatality model. The logistic 

regression approach, one of the multivariate 

statistical modeling approaches, was applied in the 

model development. The developed model is 

expected to support various safety policies and 

evaluations of advanced systems of vehicles to 

protect pedestrian. Collision speed, pedestrian age, 

and vehicle type were used as independent variables 

of the model. Findings and future research were also 

discussed. In-depth further study with a lot of crash 

data will be performed in the future. 
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ABSTRACT 

ESC (Electronic Stability Control) was introduced 
on the mass market in 1998. Since then, several 
studies showing the positive effects of ESC has 
been presented.   
 
In this study, data from crashes occurring in 
Sweden during 1998 to 2004 were used to evaluate 
the effectiveness of ESC on real life crashes. To 
control for exposure, induced exposure methods 
were used, where ESC-sensitive to ESC-insensitive 
crashes and road conditions were matched in 
relation to cars equipped with and without ESC. 
Cars of similar or in some cases identical make and 
model were used to isolate the role of ESC.  
 
The study shows that the positive and consistent 
effects of ESC overall and in circumstances where 
the road has low friction. The overall effectiveness 
on all injury crash types except rear end crashes 
was 16.7 +/- 9.3 %, while for serious and fatal 
crashes; the effectiveness was 21.6 +/- 12.8 %. The 
corresponding estimates for crashes with injured 
car occupants were 23.0+/-9.2% and 26.9+/-13.9%. 
 
For serious and fatal loss-of control type crashes on 
wet roads the effectiveness was 56.2 +/- 23.5 % 
and for roads covered with ice or snow the 
effectiveness was 49.2+/-30.2%. It was estimated 
that for Sweden, with a total of 500 vehicle related 
deaths annually, that 80-100 fatalities could be 
saved annually if all cars had ESC. 
 
On the basis of the results, it is recommended that 
all new cars sold should have ESC as standard 
equipment. 

BACKGROUND 

The Electronic Stability Control, ESC or ESP, is an 
on-board car safety system, which enables the 
stability of a car to be maintained during critical 
manoeuvring and to correct potential under steering 
or over steering (1). In a general sense the 
equipment should eliminate loss of control. Since 
1998, when the first mass-produced car with ESC 
standard equipment was launched, the market for 
cars with ESC has grown quickly. In Sweden, the 
proportion of new car sales equipped with ESC has 
grown from 15% in March 2003, to 69% in Dec 
2004.  
 
ESC operates normally with both brakes and 
engine management. If the car loses control, 
defined as when one wheel or more is moving 
faster or more slowly than calculated from the 
steering input and turning angle, braking is applied 
to one or more of the wheels, and the engine power 
might be reduced.  
 
It has been expected, that the ESC will have a 
significant effect on loss of control type crashes. 
This effect is expected to have an influence both on 
the number and the severity of impacts (1), and 
might also change the orientation of the vehicle 
prior to impact (2, 3, 4). A projection of the effects 
based on in-depth data suggests that in 67% of the 
fatal and 42% of injury only crashes where the 
driver lost control, ESC would have a probable or 
definite influence (1). For all injury crashes, the 
estimated proportion of crashes addressed is 18%, 
for fatal crashes 34%. 
 
Several studies have been presented, demonstrating 
the effectiveness of ESC in real life crashes. A 
Swedish study (5) presented in May 2003 showed 
that there was a positive influence of ESC, 
especially in crashes on wet surface or surface 
covered by ice or snow. The effectiveness ranged 
between 20% and 40%, all being significant.  
 



Aga and Okado (6) showed that crashes dropped by 
30 % to 35 %, and a German study (7) from 2002 
showed a similar effect of ESC.  
 
Unselt et al (8) demonstrated a 30% reduction of 
crashes where the driver was at guilt and a 40% 
reduction of loss of control crashes.  
 
Two American studies have shown major effects of 
ESC. A NHTSA study (9), preliminary results 
show a 35% reduction of single vehicle crashes for 
passenger cars, and for fatal single vehicle crashes 
with 30%. Corresponding figures for SUVs were 
67% and 63% respectively.  
 
Farmer (10) show similar results with a 34% 
reduction overall of fatal crashes.  
 
Other studies also express positive results (11, 12)  
 
While ABS (anti-locking brakes) also was 
subjected to high expectations prior to being 
available, several studies have shown that the 
effects are minor, or close to none (13, 14). While 
the crash type distribution has been found to be 
different for cars equipped with ABS compared to 
cars without, the net effect is probably less than 5% 
reduction of crashes with injuries (13, 14). With 
ESC, the situation seems to be different, with high 
expectations prior to real life experience but with 
high and consistent effectiveness in studies of real 
life crashes so far.  
 
The aim of the study was to: 
• Present a method and apply it to estimate the 

influence of ESC on crashes in Sweden 
• Estimate a possible reduction of real life 

crashes with injuries and for serious and fatal 
injuries separately.  

METHOD 

In this study, induced exposure is used to estimate 
the exposure to crashes for cars equipped and not 
equipped with ESC. This is an accepted method to 
use in situations when it is not possible to calculate 
the true exposure (13, 15, 16). The method is based 
on the identification of at least one type of event 
that is not expected to be affected by ESC. For that 
specific case, the crash number relation between 
ESC and not ESC would be considered as the true 
exposure relation. Any deviation from the 
established basic distribution for crashes not 
affected by ESC is considered to be a result of the 
equipment of ESC. The method is also considered 
to be based on the fact that there are no other 
differences between cars equipped and not 
equipped with the system under study (ESC), or 
any other user related factor that would alter the 

expected equal distribution of events and crashes. 
Both these prior factors are normally complicated 
to fulfil and control. In the present study, not only 
type of crash but also the surface condition was 
used to estimate possible effects. In the purest 
form, the effectiveness is calculated by 
 

E = (AESC / NESC) / (AnonESC/ NnonESC)  ( 1 ). 
 
Where E is the effectiveness of ESC on crashes 
sensitive to ESC. A is the number of crashes 
sensitive to ESC, and N is the number of crashes 
considered not sensitive to ESC. 
 
The standard deviation of the effectiveness was 
calculated on the basis of a simplified odds ratio 
variance (3). While this method gives symmetric 
confidence limits, the effectiveness is not 
overestimated. The formula is given below 
 

Sd = E (SQR (SUM 1/n))  ( 2 ). 
 
Where n is the individual number of crashes of 
each type. The confidence limits are 95%. 
 
A critical part of the method is to choose and 
identify cars that are identical in every other factor 
than the presence or absence of ESC. This is in 
reality very complicated, as ESC is firstly not a 
random equipment, but has sometimes to be 
ordered separately or was introduced in a sequence 
where none of the vehicles of a particular model 
had ESC, and after a certain date, all had. The third 
possibility is when a vehicle has ESC as standard 
equipment on some of the versions of a model 
range, often linked to other differences. There is no 
record of ESC equipment kept in the register of 
vehicles in Sweden. In this study, the focus has 
been on finding two sets of vehicles, with and 
without ESC, where ESC was introduced as 
standard equipment at a certain point in time. The 
benefits are that the selective bias in picking ESC 
as option, or choose a car with higher 
specifications, are avoided. On the other hand, a car 
with and without ESC has not been subjected to the 
same conditions otherwise. If the same time is 
picked for the analysis, the cars without ESC is on 
average older than cars with ESC, or if the age of 
the cars is identical, the time at which they were 
exposed is not the same. It is, however, not 
impossible to control for these confounders, as the 
history for the cars without ESC could be analysed 
as to what happens when the car gets older.  
 
In this study, products mainly from Mercedes-
Benz, BMW, Audi and VW were included in the 
analysis as case cars. The majority of the cars 
picked would be classified as more upmarket 
models, but there are some that would be 
considered as models attracting a wider part of the 



market, such as MB A-Class, Audi A3/A4 and VW 
Passat.  
 
The other critical part of the method is to pick crash 
types and/or road surface conditions that are 
considered to be insensitive to the effect of ESC. It 
is important that this part is done a priori to the 
analysis. The approach used in this study was to 
use the results of a European multi centre 
assessments of where ESC would have an impact 
(1). In the European multi centre study, expert 
teams assessed on a number of in-depth studies in a 
scaling system how much ESC would have 
contributed. It was found, that crashes in 
intersections would not have been benefited much 
by ESC, while other types of crashes would have 
been affected to a varying degree. Also, lower 
friction, in this case rain, is a risk factor.  
 
In the present study, rear end impacts on dry 
surface were considered insensitive, and both wet 
roads as well as roads with snow and ice were 
treated separately. The reason for picking only rear 
end impacts was that it is one of a few crash types 
that alone on just dry road conditions would 
constitute enough cases to be used. Logically, it is 
also a crash type that would not involve much of 
vehicle handling factors. This is an even more 
limited crash type than proposed by the study 
mentioned above, which has the advantage that 
effects of ESC could be picked up over a more 
varied set of crash types. A broader set of crash 
types would have limited the possibility to estimate 
the overall effect of ESC. The disadvantage by not 
disaggregating the effects on individual crash types 
is obvious, but the data set was not large enough to 
allow such a detailed analysis.  
 
MATERIAL 
 
The data set was constituted by police reported 
crashes with at least one injured person in Sweden. 
All crashes from the years 1998 to 2004 was used 
to select crashes with vehicles from model year 
1998 to 2005. All crashes recorded by the police 
contains at least on injury. From vehicle model 
codes the car models with electronic stability 
program (ESC) were specified. Matched controls 
were identified also by the model codes. The 
controls were selected to be as close as possible to 
the case vehicles. In many cases the same model or 
model platform was used as control. Appendix 1 
shows the vehicle models used in this study. In all 
1942 crashes with ESC equipped cars were found. 
The control group contained 8242 crashes. For 
every crash the road condition, dry, wet or 
snowy/icy was used together with the collision 
type. The deformation pattern of the vehicles were 
also used. The cars used can be seen in appendix 1. 
 

The data set contained fatalities (42 case and 179 
controls), severe injury cases (294 case and 1319 
controls) and minor injury crashes (1609 cases and 
6774 controls). 
 
While police reported crash data is known to suffer 
from a number of quality problems, none of them is 
likely to influence the findings of this study to any 
large degree.  

RESULTS 

The results are based on the assumption that rear-
end crashes on dry roads are not, or only slightly, 
affected by the presence or absence of ESC. Both 
ESC vehicles and the selected controls are all 
equipped with ABS, so there should not be any 
influence of such a factor.  
  
The results presented were based on a selected 
sample of control cars. There was also a control 
calculation performed using all post 1998 car 
model vehicles and their crash distribution. This 
control group and the used matched control group 
show an almost identical distribution of rear end 
crashes to other crashes, as well as the distribution 
of crashes on the three road surface types used in 
this study. The selected and used control group 
therefore does not seem to differ from the rest of 
the car population, and the case group does not 
differ from the control, group in the crash type that 
is used as the exposure basis (rear end collisions on 
dry road surface).  
 
In table 1, the calculated effectiveness of ESC for 
crashes with injuries and for crashes with serious 
outcome (serious and fatal injuries) are presented. 
These cases include crashes with unprotected road 
users. Estimates for crashes only involving car 
occupants are given separately. It can be seen, that 
all reductions are significant. It can also be seen, 
that for serious and fatal injuries for car occupants, 
the reduction is at least 13% (lower 95% 
confidence limit). While it is understood that this 
estimate reflects on the total outcome, ESC is likely 
to be only relevant for some crash types and for 
some road conditions.  
 



Table 1. 
The effectiveness of ESC on crashes with 

personal injuries. 95% confidence limits. All 
estimates are reductions in relation to rear end 

impacts 
 
All crashes excl rear end  16.7% 

+/- 9.3% 
All crashes excl rear end, car 
occupants 

 23.0% 
+/- 9.2% 

Serious/fatal crashes excl rear 
end 

 21.6% 
+/- 12.8% 

Serious/fatal crashes, excl rear 
end, car occupants 

 26.9%           
+/- 13.9 % 

 
 
In table 2, the estimates for single car, oncoming 
and overtaking crashes are given. It can be seen, 
that the effectiveness is higher, than for crashes 
overall. The highest effectiveness is related to 
single vehicle crashes with serious/fatal outcome.  
 

Table 2. 
The effectiveness of ESC on crashes with 

personal injuries, by crash type. 95% confidence 
limits. All estimates are reductions in relation to 

rear end impacts on dry road surface 
 
Single, oncoming and 
overtaking casualty crashes 

31.0%  
+/-10.2% 

Single, oncoming and 
overtaking serious/fatal 
crashes 

40.7%  
+/-15.1% 

Single serious/fatal crashes 44.4%  
+/-19.6% 

 
Table 3. 

The effectiveness of ESC on crashes with serious 
and fatal injuries, by road surface. 95% 

confidence limits. All estimates are reductions in 
relation to rear end impacts for related road 

surface 
 
Single/oncoming/overtaking crashes, 
dry surface  

 24.8% 
+/- 26.0% 

Single/oncoming/overtaking crashes, 
wet surface 

 56.2% 
+/- 23.6% 

Single/oncoming/overtaking crashes 
ice/snow surface 

 49.2% 
+/- 30.2% 

 
 
In table 3, ESC related crashes for different road 
surfaces, are given. While the effectiveness on dry 
surface is not significant, the reduction for serious 
and fatal crashes on wet and surface covered by ice 
or snow is large and significant. For the low 
friction surfaces, the reduction is in the order of 
50%. Treated together, the best estimate for all 
surfaces except dry, is 53+/-18%, demonstrating a 
minimum of 35% reduction.  

 
A best estimate for fatal outcome in the same type 
of crashes is also 53%, but with larger confidence 
limits (+/-45%) as a result of the smaller material.  
 
A separate analysis was made to evaluate if there 
are any major differences as to where cars with and 
without ESC has a deformation pattern that differ. 
This was done for both all crashes, as well as for 
single vehicle crashes. No difference was found.  

DISCUSSION 

Electronic Stability Program (ESP) or Electronic 
Stability Control (ESC) is a new technology, 
brought into the mass market in 1998. Some studies 
(1, 2, 3, 4) predicted a positive outcome, but it was 
not until late 2002 (7) and early 2003 (5, 6), that 
the first results from real life crashes were reported. 
At this stage, the results were more positive than 
expected given the experience with other primary 
safety systems (13, 14). 
 
Since then, several studies (8, 9, 10, 11 and 12) 
have demonstrated similar positive results from 
ESC. While the results have been related to studies 
with varying selection criteria, study type and 
effectiveness estimates, all studies show a positive 
and large effectiveness. Another strength is the fact 
that the data has been collected in different 
countries and with different set of vehicles. Still, 
there is a need to continue to validate earlier results 
and evaluate long term effectiveness. The amount 
of studies and the clear and consistent results show, 
however, that there is no fundamental problem in 
evaluating primary system effectiveness with 
robust statistical techniques.  
 
At this stage, evaluations can only be made on the 
basis that all ESC systems and for all car models, 
have the same effectiveness. Two studies from the 
US (9, 10) have been able to separate passenger 
cars from SUV, but it is likely that there are also 
other differences that are important. There is a 
development ongoing in making ESC more 
sophisticated and covering more situations. This is 
done without knowing what characteristic of ESC 
that is mostly safety related, and therefore the 
understanding of the impact of more sophisticated 
systems must be done by empirical evaluation of 
real life crash data.  
 
The method used for this study has been used in 
many other types of evaluations (13, 14). It is a 
method that is dependent on a number of 
assumptions and critical factors. It should be 
understood, that new vehicle technology is not 
brought into the market in a way that would 
guarantee a scientific evaluation. First of all, the 



technology is not randomly equipped to vehicles, 
and there is probably a selective recruitment to 
such technology. Secondly, in the early stages of 
implementation, ESC seemed to be brought to the 
market on more up-market car models, and vehicles 
in high-performance versions. Attempts have been 
made in this study to overcome this problem, but 
there are still some doubts about how the 
technology is picked up by consumers. The novelty 
of the technology might even lead to, that drivers of 
cars with such technology will provoke the system 
to act, or that there are some behavioural 
modifications. These phenomena are very hard to 
control for, but might modify the long-term 
effectiveness of ESC or similar technologies. In the 
present study crashes with cars sold as early as 
1998 were included, with no detectable difference 
over the time period. 
 
The method used in the present study, does not 
allow an analysis on the actual function of the 
system, and in what sequence of driving it has its 
potential. Whether ESC works as an intelligent 
system to warn the driver about low friction, or if it 
has a direct function in the driver-vehicle loop in 
critical manoeuvres, either in controlling stability 
and/or reduce speed, was not possible to study. It 
could be expected that the functionality of the 
system has an impact, as for example, ESC 
insensitive crashes for cars with and without ESC 
seem to happen with the same distribution over 
different road surfaces. If ESC was most effective 
in warning for low friction, it is likely that also 
other crash types on low friction were affected. 
This was not the case in this study.  
 
It has been mentioned earlier (2), that ESC could 
have an effect on the direction and location of 
impact. A higher proportion of crashes would be 
expected to be frontal rather than lateral. In this 
study no such effect could be found.  
 
This study, as well as studies from others, shows 
clearly that ESC has a very high potential in saving 
lives and injuries. In this study, the number of 
crashes where car occupants are severely injured or 
killed, the effectiveness is over 25%. In crashes that 
are more ESC sensitive, like 
single/oncoming/overtaking crashes on wet or icy 
roads, the reduction is in the order of 50%. This is 
more than most other safety systems, except from 
the use of seat belts. If a new technology like ESC 
was brought into the whole car population, this 
would have a major impact on the total losses in the 
road transport system. It is therefore essential, that 
ESC is brought in as one of the key strategic 
instruments to fulfil high ambitions in road safety 
programmes across the world. This was done in 
Sweden already in 2003, with a firm 
recommendation to the public. At that stage, the 

fitment rate on new cars was 15%. In September 
2004, 16 months later, the fitment rate was 58%, 
and a stronger recommendation was given. In 
December 2004, the fitment rate on new cars had 
grown to 69%. This is probably one of the highest 
in the world. The other Nordic countries have 
fitment rates varying from 30% to 40% (source 
Bosch) while for Europe as a whole, there are 
countries with fitment rates as low as 10%. A 
strong action from the society, media and consumer 
groups is probably an important factor. There is at 
this point no reason not to recommend all 
consumers to choose a car with ESC, and to advise 
car manufacturer to only market cars with ESC as 
soon as possible.  

CONCLUSIONS 

- ESC was found to reduce crashes with personal 
injuries, especially serious and fatal injuries. 
 
- The effectiveness ranged from at least 13% for 
car occupants in all types of crashes with serious or 
fatal outcome to a minimum of 35% effectiveness 
for single/oncoming/overtaking serious and fatal 
crashes on wet or icy road surface.  

RECOMMENDATIONS 

- Consumers should be recommended to buy cars 
with ESC, and automotive industry should only 
market cars with ESC as quickly as possible. Such 
a policy statement has increased the fitment rate on 
new cars in Sweden to almost 70% in less than two 
years.  
 
 
- Further studies should be made, to validate the 
results of the present study, and increase the 
understanding of the mechanism of the 
improvement.  
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APPENDIX    CAR MODELS USED 
 

 
 

Case car models Cotrol car models Case cars Control 
ALFA ROMEO 156  ALFA ROMEO 156 17 45 
ALFA ROMEO 166  ALFA ROMEO 166 4 6 
AUDI A2   24  
AUDI A3 AUDI A3 63 220 
AUDI A3 2 AUDI A4 8 381 
AUDI A4  63  
AUDI A4  138  
AUDI A6 AUDI A6 71 380 
BMW 3-SERIES BMW 3-SERIE 117 201 
BMW 5-SERIES BMW 5-SERIE 14 222 
BMW 5-SERIES 2  91  
BMW 7-SERIES   2  
BMW X3   5  
BMW X5   16  
BMW Z3  BMW Z3 5 8 
BMW Z4   1  
CITROËN C5  CITROËN C5 32 54 
FORD MONDEO  FORD MONDEO 29 169 
MAZDA 6  24  
MERCEDES-BENZ A-CLASS   129  
 MERCEDES-BENZ C-CLASS 202  86 
MERCEDES-BENZ C-CLASS 203 MERCEDES-BENZ C-CLASS 203 19 63 
MERCEDES-BENZ CLK  MERCEDES-BENZ CLK 7 35 
MERCEDES-BENZ E-CLASS W210 MERCEDES-BENZ E-CLASS W210 423 363 
MERCEDES-BENZ E-CLASS W211  52  
MERCEDES-BENZ S-CLASS  2  
MERCEDES-BENZ S-CLASS 2   14  
MERCEDES-BENZ SLK  8  
MITSUBISHI PAJERO  MITSUBISHI PAJERO 13 47 
OPEL VECTRA OPEL VECTRA 8 18 
PEUGEOT 206  PEUGEOT 206 84 294 
PEUGEOT 307  PEUGEOT 307 49 70 
PEUGEOT 406  PEUGEOT 406 11 268 
PEUGEOT 607  PEUGEOT 607 20 4 
SAAB 9-3 SAAB 9-3 9 111 
SAAB 9-5 SAAB 9-5 44 1191 
TOYOTA COROLLA TOYOTA COROLLA 16 96 
VOLVO S40/V50 VOLVO S40 27 1638 
VOLVO XC90   15  
VW GOLF 4 VW GOLF 4 20 983 
VW GOLF 5  15  
VW PASSAT 4 VW PASSAT 4 218 1119 
VW SHARAN  VW SHARAN 10 170 
VW TOURAN   5  
    
Sum Sum 1942 8242 
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ABSTRACT 
 
This is the Summary Report of IHRA pedestrian 
safety working Group activities, which are 
completed in the past and will be completed in the 
near future. 
 
INTRODUCTION 
 
The primary tasks assigned to the IHRA/PS-WG 
were: 
a) investigating and analyzing the latest pedestrian 

accident data in the IHRA member countries, 
and 

b) establishing harmonized test procedures that 
would reflect such accident condition and would 
induce fatalities and alleviation of severe 
injuries in pedestrian vs. passenger car crashes. 

These tasks would be carried out with the 
cooperation of all IHRA member countries. 
The members of the IHRA Pedestrian safety 
Working Group (IHRA/PS-WG) is comprised of 
experts selected by the governments of Australia, 
Europe (EC/EEVC), Japan and U.S.A., and experts 
selected by the industrial organization of OICA and 
the chairperson selected by Japan.( see Table 11) 
 
Approach of Application Systems 
Biomechanics in the aspect of pedestrian accidents 
and the developments of test devices based on such 
bio-mechanics are still in the process of research. 
A pedestrian dummy had not been developed at the 
beginning of this project. Also, pedestrian dummies 
have disadvantages when used as part of test 
methods to require protection for all statures of 
pedestrians. IHRA/PS-WG had to give up the idea of 
using a pedestrian dummy after consulting with the 
IHRA/Bio-WG. Beside this situation, the WG 
experts believe the subsystem test method has 
several merits such as repeatability, simplicity, 
impact locations of the vehicle can be freely chosen, 
and cost of the test. 
One of the two primary tasks assigned to the 
IHRA/PS-WG was gathering the results of detailed 
research into the accidents Data to an agreed format 
has been collected from Australia, Europe, Japan and 
USA. The current dataset has been analyzed to 
determine the impact areas of vehicles, accidents 
frequency and injured regions of pedestrian vs. 
passenger car crashes and to decide research 

priorities from these findings. 
According to the priorities thus decided, the WG 
embarked on its research activities to develop adult
and child head protection test methods, and adult 
lower leg/knee protection test method. 
By the end of 2004, the WG has completed adult and 
child head test methods and adult lower leg/knee test 
method. 
 
ACCIDENT DATA 
 
The WG agreed that development of harmonized test 
procedures would be based upon real world crash 
data.  Pertinent pedestrian and vehicle information 
contained in accident survey databases was 
accumulated.  Pedestrian information included age, 
stature, gender, injured body region, and injury 
severity.  Vehicle information included vehicle type, 
make, and year, mass, pedestrian contact location, 
damage pattern, and impact velocity.  Other general 
accident information such as pedestrian crossing 
pattern, weather conditions, vehicle and pedestrian 
trajectories, alcohol use, etc. were also of interest if 
collected.  Bicycle or motor-driven cyclists were 
not included in the study.  Four injury databases 
from Australia, Germany, Japan, and United States 
were identified as containing much of this 
information.  Multiple injuries per case were 
included in the dataset. 
In Japan, pedestrian accident data collected by JARI 
between 1987 and 1988 and in-depth case study data 
of pedestrian accidents conducted by ITARDA 
between 1994 and 1998 were combined for inclusion 
into the IHRA accident dataset.  A total of 240 
cases were acquired in the cities surrounding the 
Japan Automobile Research Institute (JARI). 
In Germany, investigation teams from both the 
Automotive Industry Research Association and 
Federal Road Research Institute collected accident 
information in a jointly conducted project called the 
German In-Depth Accident Study (GIDAS).  A 
total of 783 cases collected between 1985 and 1998 
were included from the cities of Dresden and 
Hanover and their surrounding rural areas.  The 
teams selected accidents according to a strict 
selection process to avoid any bias in the database.  
Accidents where a passenger car collided with more 
than one pedestrian or one pedestrian collides with 
more than one passenger car were not considered.  
Furthermore, accidents in which the car ran over the 
pedestrian or the impact speed could not be 
established were not considered.  The study 
included information such as environmental 
conditions, accident details, technical vehicle data, 
impact contact points, and information related to the 
people involved, such as weight, height, etc. 
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Detailed information from pedestrian crashes was 
collected in the United States through the Pedestrian 
Crash Data Study (PCDS).. In this non-stratified 
study, a total of 521 cases were collected between 
1994 and 1999.  Cases were collected from six 
urban sites during weekdays.  If, within 24 hours 
following the accident, the pedestrian could not be 
located and interviewed or the vehicle damage 
patterns documented, the case was eliminated from 
the study.  In order for a case to qualify for the 
study, the vehicle had to be moving forward at the 
time of impact; the vehicle had to be a late model 
passenger car, light truck, or van; the pedestrian 
could not be sitting or lying down; the striking 
portion of the vehicle had to be equipped with 
original and previously undamaged equipment; 
pedestrian impacts had to be the vehicle’s only 
impact; and the first point of contact between the 
vehicle and the pedestrian had to be forward of the 
top of the A-pillar.  
The Australian data is from at-the-scene 
investigations in 1999 and 2000 of pedestrian 
collisions in the Adelaide metropolitan area, which 
has a general speed limit of 60 km/hr.    The 
sample consists of 80 pedestrian/vehicle collisions, 
including 64 with passenger cars, SUV and 1-box 
type vehicles, where the pedestrian was standing, 
walking, or running, and where the main point of 
contact with the pedestrian on the vehicle was 
forward of the top of the A-pillar.  Pedestrians and 
drivers were interviewed, wherever practicable, as 
part of the investigation process.  The 
reconstruction of the impact speed of the vehicle was 
based on physical evidence collected at the scene.  
Injury information was obtained from hospital and 
coronial records, the South Australian Trauma 
Registry and, in minor injury cases, from an 
interview with the pedestrian. 
Data from these four studies were combined into a 
single database for further analysis to develop a 
better basis for worldwide pedestrian impact 
conditions.  From each of these studies, seven fields 
of information were identified which were common 
to all four studies and were crucial to providing 
guidance in test procedure development.  For each 
injury, these seven fields of data were collected and 
input into the unified pedestrian accident database.  
The seven fields were country, case number, 
pedestrian age, impact speed, AIS injury level, body 
region injured, and vehicle source causing the injury.  
Injury body region and vehicle source were 
categorized as shown in Table 1.  
The number of cases and total injuries represented in 
this combined database are shown in Table 2.  
Throughout the remainder of this report, this dataset 
is denoted as the IHRA Pedestrian Accident Dataset.  
It is recognized that pedestrian injuries in developing 
countries are not represented in this dataset; however, 
this data is the most comprehensive pedestrian 
accident database available to guide pedestrian 

safety test procedure development.  A total of 3,305 
injuries of AIS 2-6 severity were observed, and there 
were 6,158 AIS=1 injuries observed (Table 2).  

Table 1. Injury Body Regions and Sources 

Injury Body Regions  Injury Sources 
Head  Front Bumper 

Face  Bonnet/Wing 

Neck  Leading Edge  

Chest  Windscreen Glass 

Abdomen  Win. Frame/A-Pillars 

Pelvis  Front Panel 

Arms  Other Vehicle Source 

Leg Overall   Indirect Contact Injury 

Femur  Road Surface 

Knee  Unknown Source 

Lower Leg 

Foot 

Unknown Injury  

 
    Table 2. IHRA Pedestrian Accident Dataset 

Region Cases Injuries AIS 1 AIS2-6
Australia 65 345 182 163 
Germany 782 4056 2616 1440 
Japan 240 883 523 360 
U.S.A. 518 4179 2837 1342 
Total 1605 9463 6158 3305 

 
These minor (AIS=1) injuries were excluded in the 
following analysis because they were not believed to 
be crucial in test procedure development. 
IHRA pedestrian injuries of AIS 2-6 severity are 
shown in Table 3 according to the part of the body 
that was injured.   
As shown in Table 3, head (31.4%) and legs (32.6%) 
each accounted for about one-third of the AIS 2-6 
pedestrian injuries.  Of the 3,305 AIS 2-6 injuries, 
2,790 (84%) were caused by contact with portions of 
the striking vehicle, with head and legs being the 
most frequently injured.  Head injury accounted for 
824 occurrences, and legs a total of 986 injuries 
when combining overall, femur, knee, lower leg, and 
foot body regions.  Windscreen glass was the most 
frequent vehicle source of head injury, with the 
windscreen frame/A-pillars and top surface of 
bonnet/wing both being substantial additional 
sources of injury to the head.  A further breakdown 
of the injuries and vehicle sources for children and 
adults is shown in Tables 5-7.  For children, the top 
surface of the bonnet is the leading cause of head 
injury, while a substantial number of child head 
injuries also occur from windscreen glass contact.  
For adults, the windscreen glass is the leading source 
of head injury, followed by windscreen 
frame/A-pillars and top surface of the bonnet and 
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wing.  Not surprisingly, the bumper was the leading 
source for both child and adult pedestrian leg injury. 
Distribution of pedestrian accident victims by age 
(all AIS levels) is shown in Table 4 and illustrated in 
Figure 1. 

Table3. 
Distributions of Pedestrian Injury (AIS 2-6)  

Body Region USA Germany Japan Australia TOTAL
Head 32.7% 29.9% 28.9% 39.3% 31.4%
Face 3.7% 5.2% 2.2% 3.7% 4.2%
Neck 0.0% 1.7% 4.7% 3.1% 1.4%
Chest 9.4% 11.7% 8.6% 10.4% 10.3%

Abdomen 7.7% 3.4% 4.7% 4.9% 5.4%
Pelvis 5.3% 7.9% 4.4% 4.9% 6.3%
Arms 7.9% 8.2% 9.2% 8.0% 8.2%
Legs 33.3% 31.6% 37.2% 25.8% 32.6%

Unknown 0.0% 0.4% 0.0% 0.0% 0.2%
TOTAL 100% 100% 100% 100% 100%  

 
When broken into five-year age segments, Table 4 
indicates that the 6–10 year old age group has the 
highest frequency of accident involvement at nearly 
14% of all cases.  In Japan, this age segment 
accounts for 20% of the cases, while the other three 
countries have lower involvements in this age group.  
The percentage involvement in the 11-15 year old 
group for Japan, however, drops considerably and is 
lower than for Germany, the U.S., or Australia.  It is 
unclear why this sudden drop occurs in Japan and 
not in the other countries.  In summary, over 31% 
of all cases involved pedestrians age 15 and younger. 
This percentage is 13% higher than the average 
overall population of individuals in this age group in 
the four countries (18%), which demonstrates the 
magnitude of the child pedestrian problem.  
 

Table4. Distribution of Pedestrian Crashes 
by Age and Country 

Age US Germany Japan Australia IHRA
0-5 4.6% 9.0% 9.2% 4.3% 7.3%

6-10 13.8% 14.6% 20.0% 10.6% 14.1%
11-15 13.8% 9.8% 5.0% 11.0% 9.7%
16-20 6.2% 7.3% 3.3% 7.2% 6.6%
21-25 6.2% 4.5% 1.7% 8.7% 5.5%
26-30 4.6% 4.7% 1.7% 10.1% 6.0%
31-35 4.6% 4.2% 5.4% 5.8% 4.9%
36-40 3.1% 4.5% 5.0% 7.2% 5.4%
41-45 3.1% 3.6% 3.8% 6.2% 4.4%
46-50 3.1% 4.6% 5.4% 6.2% 5.2%
51-55 3.1% 5.4% 6.7% 3.3% 4.8%
56-60 1.5% 4.5% 10.0% 3.7% 4.9%
61-65 6.2% 5.8% 6.7% 3.9% 5.3%
66-70 7.7% 3.7% 3.8% 3.3% 3.7%
71-75 4.6% 3.8% 4.2% 3.7% 3.9%
76-80 3.1% 5.0% 2.5% 3.3% 4.0%
81-85 6.2% 3.8% 3.3% 0.8% 2.9%
86-90 4.6% 1.2% 2.1% 0.4% 1.2%
91-95 0.0% 0.1% 0.0% 0.6% 0.2%

96-100 0.0% 0.0% 0.4% 0.0% 0.1%  
 

The age distribution data contained in Figure 1 also 
provides an opportunity to demonstrate that the 
IHRA Pedestrian Accident Dataset is representative 
of the pedestrian crash situation in the United States.  
In addition to the Germany, Japan, U.S., and 
Australian pedestrian datasets, data from the FARS 
and GES are also included.  FARS is the Fatal 
Analysis Reporting System, which contains every 
fatal traffic accident in the U.S.  The GES is the 
General Estimates System, and is obtained from a 
nationally representative sampling of police-reported 
crashes.  In general, the age distribution of the GES 
data is similar to the others in Figure 1.  
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Figure1.
Frequency of Accidents by Age and Country 
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Figure 2.  

IHRA AIS 4-6 Injuries vs. FARS Data by Age 
 
Since the GES is designed to be a statistically 
representative sample, and since the U.S. PCDS and 
GES distributions are similar, this would imply that 
the PCDS is fairly statistically representative despite 
the non-stratified sampling scheme used to collect 
PCDS cases.  However, the FARS distribution 
differs significantly from any of the others in Figure 
1. Because FARS contains only fatal accidents, this 
may be an indication that the distribution of fatal and 
non-fatal injuries differs from each other.  An ideal 
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comparison for the FARS data would have been with 
the IHRA pedestrian fatalities.  But since the 
number of fatal cases is quite limited in the IHRA 
data, the FARS distribution was compared to the 
serious and fatal AIS≥4 injuries as shown in Figure 2.  
Although there is considerable variability remaining 
in this distribution due to small sample sizes, the 
FARS distribution has reasonable agreement with the 
IHRA data. 
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Figure 3. Distributions of MAIS Levels by Age 
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Figure 4. Average Impact Velocities  

by Age Group (MAIS 1-6) 
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Figure 5.  Impact Velocities by Country 
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Figure 6. Impact Velocities by MAIS Level 
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Figure 7.  MAIS Injury by Country 

 
Analysis of the injury level by age group is shown in 
Figure 3.  This figure shows that children aged 15 
and younger tend to have a higher proportion (25%) 
of AIS 1 and 2 injuries than adults, and persons aged 
61 and older have the highest proportion (near 30%) 
of moderate and serious injuries.  These 
observations are likely the result of two factors.  
First of all, exposure levels may differ for the 
various age groups.  For example, younger children 
tend to be involved in pedestrian collisions with 
lower impact velocities.  As shown in Figure 4, the 
average impact velocity for children aged 0-14 is 
about 28 km/h.  This is approximately 5 km/h 
lower than for the other age groups.  A second 
cause of the injury distribution observed in Figure 3 
may be that those aged 60 years and older are 
generally more frail and less resilient, leading to 
higher severity injury for a given impact velocity. 
Figures 5 and 6 provide insight into the impact 
velocity distribution associated with pedestrian 
impacts.  In Figure 5, the cumulative frequency of 
impact velocities on a per case basis for each country 
is similar although the U.S. has a larger percentage 
of injuries at lower velocities than the other three 
countries.  This is broken down further in Figure 6, 
where lower MAIS injuries occur at lower velocities 
for all four countries.  In Figure 7, the MAIS 
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The cumulative MAIS injury distributions are further 
broken down by age, body region, and injury 
severity in Figures 8 – 10.  Age classifications are 
grouped as children (age 15 years and younger) and 
adults (age 16 years and older).  All body regions 
are included for both children and adults in Figure 8, 
with distributions shown for MAIS 2-6 and MAIS 
3-6 injuries.  The injury distribution distinction 
between children and adults is evident in this figure. 
Children (ages 15 and under) are injured at slightly 
lower impact velocities than adults in most cases.  

injuries are broken into three categories for the four 
countries.  For MAIS 1-2 injuries, Japan has the 
lowest frequency (55%) and Germany has the 
highest (77%).  For MAIS 3-4 injuries, Australia 
has the lowest frequency percentage (9%) and Japan 
has the highest (24%).  Finally, for the most severe 
injuries (MAIS 5-6), Germany has the lowest 
frequency (4%) and Japan has the highest likelihood 
of a life-threatening injury (20%). 
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Head injury distributions are shown in Figure 9. For 
adults, the MAIS 3-6 and MAIS 4-6 injury 
distributions are almost identical, while the MAIS 
2-6 distribution occurs at lower velocities. For 
children, there is similar separation between the 
MAIS 2-6, 3-6, and 4-6 injury curves, and the 
distributions are roughly the relationship between 
injury severity and impact velocity. 
Injury distributions for children and adult leg injuries 
are shown in Figure 10.  This figure shows that for 
leg injuries, injury severity is affected less by impact 
velocity than for head injuries.  Once again, 
children suffer leg injuries at lower velocities than 
do adults. 

Figure 8.  Impact Velocities by MAIS Level  
– All Body Regions 

 The major conclusions from this analysis are: 
1. The head and legs each account for almost 

one-third of the 9,463 injuries in the IHRA 
dataset. 
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2. For children, the top surface of the bonnet is the 
leading cause of head injury, while for adults the 
windscreen glass is the leading source of head 
injury. 

3. Children (ages 15 and under) account for nearly 
one-third of all injuries in the dataset, even 
though they constitute only 18% of the 
population in the four countries. 

4. Older individuals are more likely to suffer 
severe injuries in pedestrian crashes. 

Figure 9.  Impact Velocities by MAIS Level 5. Children (ages 15 and under) are injured at 
lower impact velocities than are adults 

 
- Head Injuries 

 
This compilation of pedestrian accident data from 
Australia, Germany, Japan, and U.S.A. provides a 
unique and important dataset. In this section, MAIS 
for each case was used instead of all injuries in 
Figures 3 -10 to eliminate the possibility of cases 
with more injuries skewing the data. The cumulative 
injury distribution data will provide a basis for 
establishing component pedestrian protection test 
procedures, priorities, and potential benefits 
assessments. 
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Figure 10.  Impact Velocities by MAIS Level 
 – Leg Injuries 
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Table 5. 
 IHRA Pedestrian Injuries by Body Region and Vehicle Contact Source – All Age Groups; AIS 2-6 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Body Region Head Face Neck Chest Abdomen Pelvis Arms Legs Unknown Total

Contact Overall Femur Knee Lower Leg Foot
Front Bumper 24 2 3 5 3 6 19 59 76 476 31 1 705

Top surface of bonnet/wing 223 15 2 139 44 43 86 23 3 1 1 2 1 583
Part Leading edge of bonnet/wing 15 2 4 43 78 85 35 50 40 6 30 1 389

of the Windscreen glass 344 56 12 30 5 12 23 2 1 1 1 487
Vehicle Windscreen frame/A pillars 168 28 5 35 7 14 31 5 1 2 296

Front Panel 5 1 9 13 7 6 9 14 11 35 3 113
Others 45 7 1 38 12 13 15 15 9 5 39 18 217

Sub-Total 824 111 24 297 164 177 202 123 126 99 582 56 5 2790
Indirect Contact Injury 13 17 1 1 7 1 3 1 2 46
Road Surface Contact 171 22 2 22 2 9 42 6 4 3 5 15 1 304

Unknown 27 6 3 19 10 16 25 1 7 9 32 3 7 165
Total 1035 139 46 339 177 209 270 130 140 111 620 76 13 3305

 
Table 6.   

IHRA Pedestrian Injuries by Region and Vehicle Contact Source – Adult (Ages > 15); AIS 2-6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Body Region Head Face Neck Chest Abdomen Pelvis Arms Legs Unknown Total
Contact 
Location

Overall Femur Knee Lower Leg Foot

Front Bumper 20 2 2 3 3 3 16 29 69 429 29 605
Top surface of bonnet/wing 140 9 1 122 39 35 73 21 3 1 1 2 1 448

Part Leading edge of bonnet/wing 7 2 1 36 65 80 28 46 33 5 24 1 328
of the Windscreen glass 303 52 11 28 3 10 22 1 1 1 432

Vehicle Windscreen frame/A pillars 159 28 5 34 7 14 29 5 1 2 284
Front Panel 1 8 13 6 5 9 9 10 32 3 96

Others 33 7 29 9 12 11 6 4 5 26 13 155
Sub-Total 662 101 18 259 139 160 171 104 79 90 513 49 3 2348

Indirect Contact Injury 12 16 1 7 3 1 2 42
Road Surface Contact 125 18 2 21 2 8 32 6 4 3 5 14 1 241

Unknown 19 6 3 18 9 16 20 1 4 9 28 3 6 142
Total 818 125 39 299 150 191 223 111 90 102 547 68 10 2773

 
 

Table 7.  
IHRA Pedestrian Injuries by Body Region and Vehicle Contact Source – Child (Ages < 16); AIS 2-6 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Body Region Head Face Neck Chest Abdomen Pelvis Arms Legs Unknown Total
Contact 
Location

Overall Femur Knee Lower Leg Foot

Front Bumper 4 1 2 3 3 30 7 47 2 1 100
Top surface of bonnet/wing 83 6 1 17 5 8 13 2 135

Part Leading edge of bonnet/wing 8 3 7 13 5 7 4 7 1 6 61
of the Windscreen glass 41 4 1 2 2 2 1 1 1 55

Vehicle Windscreen frame/A pillars 9 1 2 12
Front Panel 5 1 1 1 5 1 3 17

Others 12 1 9 3 1 4 9 5 13 5 62
Sub-Total 162 10 6 38 25 17 31 19 47 9 69 7 2 442

Indirect Contact Injury 1 1 1 1 4
Road Surface Contact 46 4 1 1 10 1 63

Unknown 8 1 1 5 3 4 1 23
Total 217 14 7 40 27 18 47 19 50 9 73 8 3 532

 
 
 

 

Mizuno6 



 

VEHICLE SHAPES AND CATEGORIES 
 
Front shape of passenger cars were investigated and 
categorized into three groups, Sedan, SUV (Sport  
Utility Vehicle) and 1-Box (One Box Vehicle), so 
that the effect of vehicle front shapes on the 
pedestrian impact were studied with computer 
simulations focusing on the head impact velocity, 
head impact angle, WAD (Wrap Around Distance) 
and head effective mass. 
Figure 11 shows the car front shape corridors for the 
three groups obtained from current production cars 
in Europe, Japan and U.S.A. Each corridor consists 
of upper and lower boundaries of the bonnet and 
windscreen glass with the front skirt corridors. 
Figure 12 shows the definitions of the measuring 
points for the bumper lead (BL), bumper center                   
height (BCH), leading edge height (LEH), bonnet 
length, bonnet angle, windscreen angle and the 
bottom depth and height of the front skirt. These 
positions and angles for the lower, middle and upper 
boundaries of the corridors for each group were 
summarized in Table 8. 
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Figure 11.  Car Front Shape Corridors 
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Figure 12.  Definitions of Car Front Shape 

 
Table 8. Car Fron Shape Corridors 

Sedan + Light vehicle  + Sports  type
Lower Middle Upper

BL (mm) 127 127 127
BCH (mm) 435 475.5 516
LEH (mm) 565 702 839
Bon. length (mm) 1200 917.5 635
Bon. angle (deg.) 11 14.5 18
W in. angle (deg.) 29 34.5 40
Bottom depth (mm) 42 98 154
Bottom height (mm) 182 225.5 269

SUV
Lower Middle Upper

BL (mm) 195 195 195
BCH (mm) 544 640 736
LEH (mm) 832 1000 1168
Bon. length (mm) 1023 933.5 844
Bon. angle (deg.) 11 9.75 8.5
W in. angle (deg.) 36 39.5 43
Bottom depth (mm) 48 123 198
Bottom height (mm) 248 348 448

1B ox
Lower Middle Upper

BL (mm) 188 188 188
BCH (mm) 448 576 704
LEH (mm) 864 1004 1144
Bon. length (mm) 361 259 157
Bon. angle (deg.) 40 40 40
W in. angle (deg.) 30 38 46
Bottom depth (mm) 63 95 127
Bottom height (mm) 214 292.5 371  
 
BIOMECHANICS 
 
Head Injury Biomechanics 
The characteristics of the impact to the head of a 
pedestrian also differ, to a lesser degree, from those 
of the impact to the head of a vehicle occupant. The 
objects struck are, of course, different and the 
distribution of impact points on the head also differs, 
with the pedestrian’s head being more likely to be 
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struck on the rear or the side compared with the 
predominantly frontal, with some lateral, impacts to 
the head of the vehicle occupant.  (McLean et al, 
1996A & B)  However, for both pedestrians and car 
occupants, severe head injuries are most likely to be 
a consequence of a head impact with some part of 
the front of the vehicle, including the windscreen 
area and surrounds. A head impact with the road 
surface is less likely than a head impact with the car 
to be the cause of the most significant brain injury to 
a pedestrian. (Ashton et al, 1982) 
The head is the most common site of fatal injuries to 
a pedestrian struck by a passenger car, either alone 
or in combination with one or more fatal injuries to 
other body regions. 
The location of a pedestrian head impact on the 
striking car depends largely on the size and shape of 
the car and the height of the pedestrian. The speed of 
the car on impact also influences the head impact 
location on the vehicle. For an adult pedestrian the 
head impact location on the car is therefore usually 
towards the rear of the bonnet or on the windscreen 
or an A-pillar. It may extend back as far as the top of 
the windshield or, in exceptional cases, the roof of 
the car.  
The head, and probably the upper torso, had been 
rotated through approximately 90 degrees about the 
longitudinal axis of the body in the 100 to 150 
milliseconds between the bumper striking the legs 
and the head hitting the car. This whole body 
rotation is thought to be a consequence of the motion 
of the legs on impact by the front of the car.  
Despite the rotation of the upper body and head of 
the pedestrian prior to the head striking the car, the 
high proportion of impacts on the back of the head 
indicates that the resulting acceleration of the head is 
likely to be predominantly linear rather than angular. 
This will be less so in those cases in which the 
impact is on the side of the head. (Ryan et al, 1989)  
However, even then, impacts which may result in a 
high level of angular acceleration of the head can 
also be expected to produce a high level of linear 
acceleration. The evidence for the roles of linear and 
angular acceleration in the production of brain injury 
is reviewed elsewhere. (McLean and Anderson, 
1997) 
For the purposes of this Working Group, emphasis 
has been placed on pedestrian head injuries resulting 
from head impact with the vehicle frontal structure, 
including the windscreen and A-pillars. The Head 
Injury Criterion (HIC) has been selected as the 
measure of the risk of brain injury resulting from 
these impacts. It is recognized that HIC evolved 
from the relationship between the duration of the 
impact applied to the frontal bone of the skull of a 
post mortem human subject, head acceleration, and 
the risk of the impact producing a skull fracture. It 
also does not allow for the influence of some factors, 
such as rotational acceleration of the head, or any 
effect of the location of the impact on the head, but it 

has been selected here because, at present, it is used 
almost universally in crash injury research. The time 
window for the calculation of HIC has been set at a 
maximum of 15 milliseconds and the value of HIC 
shall not exceed 1000. That HIC level is thought to 
correspond to a 16 per cent risk of sustaining a head 
injury as severe as AIS 4 or greater. (Mertz et al, 
1997)  
Two head forms are proposed for use in subsystem 
testing, one representing the head of a 50th 
percentile adult and the other the head of a 6 year old 
child. The diameter of each head form is 165 mm 
and the mass is 4.5 kg for the adult head form and 
3.5 kg for the child. The head forms are subject to 
performance, rather than design criteria. The head 
impact test areas on the vehicle for the child and 
adult head forms correspond to the areas commonly 
struck by the head of a child and an adult pedestrian, 
respectively. 
 
Injuries to lower limbs 
The pedestrian lower limb is typically loaded from 
the side (80-90%). Such loading conditions differ 
from those of lower limb of vehicle driver/occupant 
that are likely to be impacted in direction parallel to 
sagittal plane. These conditions result in injuries 
unique to the pedestrian-car collision. Such injuries 
are typically a consequence of contact between the 
lower limb and components of a car front, such as 
bumper, bonnet and bonnet leading edge. They are 
one of the most common types of injury in non-fatal 
pedestrian-car collisions. For instance, in the 
accident data investigated by Ashton and Mackay 
(1979) injuries to lower limbs were sustained by 
67% of victims with minor injuries and 72% of 
victims with non-minor, non-life threatening injuries. 
Similarly, more recent Japanese data (ITARDA, 
1996) have indicated that lower limbs are the most 
commonly injured body part (40%) with the most 
severe injury. 
The pattern of lower limb injuries differs between 
children and adults, and it has been reported in the 
literature that the frequency of these injuries is 
higher for adults than for children (Ashton, 1986). 
Furthermore, children are less likely to sustain pelvic 
and leg fractures than adults. For instance, in the UK 
accident data analyzed by Ashton (1986), the leg 
fractures have not been observed in children aged 
below 5 years, and the children aged 0-4 years 
sustained mainly femur fractures. It is clear that this 
injury pattern is caused by the fact that the bumper 
directly impacts a young child thigh. 
However, it seems that insufficient experimental data 
are available to quantify the responses of child lower 
limbs in pedestrian-car collision. Therefore, the 
present review is concentrated on injuries to the leg 
and knee joint of adult pedestrian. 
 
Severity of Injuries to Lower Limbs 
Injuries to the lower limbs are rarely fatal. They 
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involve fractures of fibula, tibia, and femur, as well 
as avulsion, rupture, and stretching of the knee joint 
ligaments. Such injuries are typically classified as 
AIS 1 to 3 (i.e., minor to serious injuries). However, 
they often require appreciably longer hospitalization 
and loss of working days than do injuries at the same 
AIS levels to other body regions. For instance, in the 
clinical study by Bunkentorp et al. (1982) healing 
time of tibia shaft fractures were 4-34 months, and 
only half of the fractures healed within 8 months. 
The healing time of knee and ankle injuries in their 
study was 2-7 months.  
 
Injury Types and Injury Mechanisms to the 
Lower Limb of a Pedestrian  
Injuries to the lower limb that have been observed in 
the PMHS experiments simulating pedestrian-car 
collisions and clinical studies are mainly fractures of 
tibia diaphysis (transverse and comminute fractures 
of the shaft), articular fractures of tibia, cartilage 
damages on femoral condyles, and 
avulsion/stretching of the knee joint ligaments 
(Bunkentorp, 1982; Kajzer et al., 1997 and 1999).  
The injury type depends on the following factors: 1) 
impact point, 2) car front part impacting the lower 
limb, and 3) the impact speed (e.g., fracture risk is 
likely to increase at high impact speed). According 
to Bunkentorp et al. (1982), a bumper impact at or 
just below the knee joint is correlated with high risk 
of serious knee injury. Such injury may be also 
caused by a prominent bonnet edge. However, the 
bumper seems to be the main cause of injury to leg 
and knee joint in adult pedestrians. 
 
Injury Mechanisms 
According to Kajzer et al. (1997, 1999) two 
fundamental mechanisms of injury to the knee joint 
can be distinguished: 1) shearing and 2) bending. 
The shearing mechanism is related to translational 
displacement in lateral direction between the 
proximal leg and distal thigh at the knee joint. On 
the other hand, the bending injury mechanism is 
related to angular displacement between the leg and 
thigh. Following these two injury mechanisms, two 
extreme loading conditions can be distinguished. 
The first of them corresponds to “the purest possible 
shearing deformation” of the knee joint (i.e., lateral 
impact to the leg slightly below the knee joint), 
whereas the second one — to “the purest possible 
bending deformation” of this joint (i.e., lateral 
impact to the distal leg end). 
The typical initial injury (i.e., the injury that 
occurred first in a given test) associated with the 
shearing-type loading conditions observed by Kajzer 
et al. (1997, 1999) was articular fractures and 
anterior cruciate ligament avulsion in impacts using 
ram speeds of 40 km/h and 20 km/h, respectively. 
The articular fractures were caused by axial 
compressive force between femoral and tibial 
condyles (Fig. 13). On the other hand, typical initial 

injury related to the bending-type loading at low 
impact speed (i.e., 20 km/h) reported by Kajzer et al. 
(1999) was avulsion/stretching of the collateral 
ligament on the leg side opposite to the struck area.  
Furthermore, based on analysis of both the 
experimental data obtained using PMHS and results 
of mathematical modeling, it has been suggested by 
Yang (1997) that the risk of tibia/fibula fracture and 
ligament avulsion/rupture may not be independent 
since such fracture may protect the knee joint 
ligaments from injury by absorbing the impact 
energy. 
As for the long bone fracture, a bending moment and 
an accelerometer can be a candidate for the injury 
criterion. 

 
Figure 13.  Injuries resulting from shearing-type 

loading conditions at ram speed of 40 km/h. 
Based on Kajzer et al. (1997). 

 
Indicators of Injury Risk to Leg and Knee Joint 
Suggestions for Biofidelity Requirements for 
Leg-form  
Summary of shearing and bending injury 
mechanisms presented in the previous section 
suggests that the injury risk to the leg and knee joint 
can be described by means of the following four 
variables: 1) shearing displacement (i.e., lateral 
displacement between proximal leg and distal thigh 
at the knee joint), 2) knee joint angle (i.e., relative 
angular displacement between the leg and thigh), 3) 
impact force (i.e., force between the leg and object 
striking it), and 4) knee ligaments (MCL, ACL, PCL, 
LCL) elongations. It seems reasonable to use these 
variables in evaluation of the biofidelity of legform 
impactors.  
Corridors (average -/+ standard deviation) of impact 
force, shearing displacement and knee angle-time 
histories for such evaluation have been determined 
by Matsui et al. (1999) and Wittek et. al. (2000) 
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using the PMHS experimental data of Kajzer et al. 
(1997, 1999). Cesari D. et. al. (2004) also developed 
pedestrian lower extremity corridors using the 
PMHS experimental data of Kajzer et. al. (1991, 
1994). Besides these works, Ivarsson et. al. (2004) 
developed thigh, leg, and knee joint response 
corridor, and these corridors are can be utilized to 
evaluate a legform impactor biofidelity. 
 
COMPUTER SIMULATION OF PEDESTRIAN 
HEAD IMPACTS 
 
Computer simulation has been used by the 
Pedestrian Safety Working Group to study the 
influence of vehicle shape and pedestrian 
anthropometry and posture on the impact conditions 
required of sub-system testing. These impact 
conditions are the mass, speed and angle of the 
subsystem impactors, with reference at this stage to 
the reconstruction of head impacts involving a 50th 

percentile male. Computer simulation also shows 
promise for use in the study of possible interactions 
between the results of subsystem tests. For example, 
is it possible that a particular measure that reduces 
the risk of a severe injury to the knee joint may 
increase the risk of a severe head injury? 
The pedestrian-vehicle simulations that have been 
performed have made use of multi body dynamic 
codes such as MADYMO (TNO, Delft, the 
Netherlands) in which the pedestrian is represented 
by a tree structure of rigid links, connected with 
kinematics joints. Properties of the model that are 
specified include the mass and moments of inertia of 
each link, the properties of the kinematics joints, the 
geometry of the contact surfaces of each link and 
their contact properties. The front of the vehicle, 

back to the upper frame of the windscreen, is 
similarly described. 
The properties of such models are based on studies 
of the joints and body segments of post-mortem 
human subjects and/or human volunteers. The 
behavior of the model can be validated by 
confirming that its response is similar to the response 
of human joints and body segments when subjected 
to dynamic loads in experiments. Pedestrian models 
can also be compared to the kinematics of post 
mortem human subjects subjected to experimental 
impacts by a vehicle and also to the results of 
detailed investigations of actual pedestrian-vehicle 
collisions in those cases in which a reasonable 
estimate of the impact speed of the striking vehicle is 
available. 
Three computer models have been used by the Japan 
Automobile Research Institute, the United States 
National Highway Traffic Safety Administration 
(using a TNO computer model), and the Centre for 
Automotive Safety Research (previously the Road 
Accident Research Unit) of Adelaide University, 
Australia, for the purposes of this Working Group. 
Each of the models was used to simulate 
experiments with cadavers, as an initial assessment 
of the biofidelity of the kinematics of the model. The 
results for three output parameters relating to head 
impacts with the bonnet, where relevant, and the 
windscreen are summarized in Tables 9-10 for three 
categories of vehicle frontal shape. These parameters 
are:   
(1) Head impact speed divided by the vehicle impact 
speed  (values shown are average +/_ 1 SD) 
(2) Head impact angle (values shown are average 
+/_ 1 SD)

 
Table 9.  Summary of Parameter Study for Adult  

(Car Impact Speed: 30, 40 and 50 Km/h) 
   Ad

e
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 re

For ult
Shap
Corridor

Sedan + 23.7 +/- 6.0 27.3 +/- 5.4 78.3 +/- 5.6 48.8 +/- 9.9
SUV 26.4 +/- 3.6 73.8 +/- 21.5
One box 20.4 +/- 3.6 55.1 +/- 10.4

Shaep
Corridor

Sedan + 30.4 +/- 7.2 35.2 +/- 6.8 66.0 +/- 14.0 38.4 +/- 10.9
SUV 30.8 +/- 8.8 76.7 +/- 22.2
One box 29.6 +/- 3.2 47.3 +/- 9.6

Shaep
Corridor

Sedan + 37.5 +/- 9.5 46.5 +/- 11.0 56.8 +/- 11.5 33.5 +/- 11.3
SUV 39.5 +/- 11.0 73.5 +/- 25.2
One box 43.0 +/- 6.0 38.4 +/- 12.3
*nc: No Contact
** Linear interp tation to be used to determine impact conditions for in-between speeds if required.

(km/h) (deg.)
Bonnet Windsheld BLE/Grille Bonnet Windsheld BLE/Grille

Car impact speed
50km/h

Impact Velocity Impact Angle

(deg.)
Bonnet Windsheld BLE/Grille Bonnet Windsheld BLE/Grille

Bonnet Windsheld BLE/Grille

Impact Angle

Bonnet Windsheld BLE/Grille

30km/h
Car impact speed

Impact Velocity
(km/h) (deg.)

nc
nc nc

nc
nc

nc

ncnc
nc

nc

Car impact speed
40km/h

Impact Velocity Impact Angle
(km/h)

nc

nc

nc
nc

nc
nc
nc nc

nc
nc

nc

nc

nc
nc

nc
nc
nc nc

nc
nc

Mizuno10 



 

 
Table 10.  Summary of Parameter Study for Child 

                             (Car Impact Speed: 30, 40, and 50 Km/h) 
 For Child

Shaep
Corridor

Sedan + 21.6 +/- 3.0 65.1 +/- 0.8
SUV 21.3 +/- 1.2 21.3 +/- 6.0 55.6 +/- 5.5 26.0 +/- 7.5
One box 20.1 +/- 0.6 21.9 +/- 5.1 47.5 +/- 2.8 20.3 +/- 8.0

Shaep
Corridor

Sedan + 30.0 +/- 4.0 66.0 +/- 6.3
SUV 27.2 +/- 1.6 32.0 +/- 3.6 59.2 +/- 2.6 22.5 +/- 4.2
One box 27.6 +/- 0.8 33.2 +/- 3.2 49.8 +/- 1.8 17.4 +/- 6.1

Shaep
Corridor

Sedan + 38.5 +/- 5.0 65.2 +/- 6.5
SUV 34.0 +/- 1.5 44.5 +/- 1.0 61.9 +/- 3.8 18.1 +/- 3.8
One box 36 +/- 0.5 46.5 +/- 2.0 47.4 +/- 2.1 14.8 +/- 3.6
*nc: No Contact
** Linear interpretation to be used to determ ine impact conditions for in-between speeds if required.

W indsheld BLE/GrilleBonnet W indsheld BLE/Grille Bonnet

Impact Velocity Impact Angle
(km/h) (deg.)

(km/h) (deg.)
Bonnet W indsheld BLE/Grille Bonnet W indsheld BLE/Grille

(km/h) (deg.)
Bonnet W indsheld BLE/Grille Bonnet W indsheld BLE/Grille

Car impact speed
30km/h

Impact Velocity Impact Angle

nc
nc
nc

nc nc
nc

nc
nc

nc

nc

Car impact speed
40km/h

Impact Velocity Impact Angle

nc

nc nc

nc
nc
nc

ncnc

Car impact speed
50km/h

nc
nc

nc nc
nc
nc

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TEST METHODS 
 
IHRA/PS decided to adopt head and leg sub-system 
test methods and to establish specifications. That 
means that test procedures were drafted for each of 
the sub-systems. Two head-forms are proposed for 
use in head sub-system testing, one to represent an 
adult pedestrian head and one to represent a child 
pedestrian head. They are defined as falling in the 
height range of typical adults or children respectively, 
provided that short adults are included in the height 
range of children. The group also set forth a leg test 
procedure, for which the specifications of a leg-form 
are, defined.  The test procedures are such that 
these head-forms and leg-forms are subject to 
performance rather than selection of particular 
design. 
 
HEAD 
Mathematical simulations of head impact against 
different categories of shapes of cars, defined 
previously, were performed. They focused on head 
effective mass, head impact speed and angle at 
impact, and also wrap around distance at the head 
contact point, as described in the former section. 
 
Head-form Specifications 
Mass and dimensions 
The results of these simulations indicated that the 
effective head mass of the head varied throughout 
the contact period and so some averaging of the 
effective mass function over the relevant impact 
period was required to determine a single value for 
the effective mass. The simulation results also 

showed a large variation in head effective mass 
depending on vehicle shape. Within the test method, 
it was also clearly undesirable to require head-forms 
of different masses for vehicles of different front 
shapes, as IHRA/PS wanted to produce simple and 
repetitive test procedures.  
It was noted that for the average effective mass for 
all vehicle shapes simulated was almost comparable 
to the head mass itself for cases of bonnet contacts, 
whereas the average effective mass is about 80 % of 
the head mass for cases of windscreen contacts. 
Therefore, based on this and engineer judgment, 
IHRA/PS decided to take the average effective mass 
for all vehicle shapes and to specify only one value 
of mass for an adult headform and one value for a 
child headform. 
The mass for the adult headform was chosen to be 
4.5 kg, which is the mass of the head of the 50th 
percentile male human being. This is the total 
impactor mass including instrumentation. Based on 
studies of human head dimension, a diameter was 
chosen which the same is as both EEVC and ISO test 
procedures of 165 mm. This value was reportedly 
based on existing documents including SAE J921 
and was considered to represent the diameter mainly 
of the forehead portion. 
The distribution of pedestrian victims by group of 
age indicates that the age group around 6 years old 
has the highest frequency of pedestrian accidents 
involvement at nearly 14% of all the cases. For this 
reason, it was decided to consider a head-form 
representing the head of a six years old child. 
According to the recommendations of ISO working 
group of Biomechanics (ISO/TC22/SC12/WG5), the 
average mass of the six year old child head is 3.48 
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kg, which has been rounded to 3.5 kg. IHRA decided 
to also select 3.5kg for the mass of the child 
headform. 
The only data available for the dimensions of a 
6-years old child head are the circumference of the 
head which is 523 mm, the width which is 141 mm 
and the A-P length which is 180 mm. From these 
values one can determine the diameter, either by 
taking the average of the two dimensions, A-P and 
width, (141 +180)/2 =161 mm or from the 
circumference, which leads to a value of 166 mm. So 
it is decided, for the child head-form, to use the same 
value as for the adult head-form of 165mm. 
 
Moment of inertia 
With regard to the moments of inertia, a 
comprehensive study on the influence of moment of 
inertia of a head-form impactor on HIC was 
conducted, and it was concluded that the influence is 
not significant.  Consequently, IHRA/PS WG 
decided the moment of inertia specification for the 
adult and child head-form impactor should be 0.0075 
– 0.02 kgm2. 
 
Test procedures 
The test procedures are based on the accident 
statistics, the results of the computer simulations, 
cadaver tests, and engineering judgment. The latter 
is applied to create sufficiently simple and repeatable 
test procedures suitable for use in regulations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Principles of headform impactor test 

 
According to the accident data of Australia, Europe, 
Japan, and United States, the 50th percentile impact 
speed between a pedestrian and a car was 25-30 
km/h. For the injury level of AIS 3 or over, the 
corresponding speed was 50-55 km/h. According to 
the accident data of Australia, the 50th percentile 
impact speed was 50-60 km/h. The computer 
simulations for a child indicated that the head impact 
speed equals to 80% of the car impact speed. On the 
other hand, a PMHS test for adult indicated that such 
ratio for the head impact speed against car impact 
speed varies widely between 80% and 150%. 
The values for the head impact speed related to the 
vehicle impact speed in simulations of a head 

collision with the bonnet or the windshield show 
significantly different results according to the 
simulation model and vehicle shape used; the 
average ratio varies significantly from 0.7 to 1.1 
according to vehicle shape. Also, there are 
differences between contacts on the bonnet and 
contacts on the windscreen, due to the big 
differences in terms of impact conditions. Based on 
the PMHS test and simulation result data variations 
as well as concerns about the biofidelity of the 
human models used in the computer simulation, the 
IHRA PS WG could not come to a solid conclusion 
to use average ratio of head-to-vehicle ratio for all 
vehicle shapes. However, the IHRA/PS group 
believed the information is best available 
information at the present time. Finally, a lookup 
table is provided by average +/- 1 SD, that give the 
user the option to test anywhere within the tolerance 
window depending upon the desired level of 
stringency.  
For future work, the JARI pedestrian model was 
selected as a base model, and now IHRA/PS 
members are developing an IHRA pedestrian model 
(IHRA-PED). Therefore, in the future, the 
IHRA-PED will be developed and will be used to 
update the current IHRA/PS lookup table.  
However, before the table is finalized, IHRA/PS WG 
group believes the current lookup table represents 
the best available information for the head-form 
impactor test conditions. 

Bonnet area
Windshield area

FL

RL

The head impact test areas on the vehicle, defined on 
the basis of wrap around distances for the child and 
adult head-forms correspond to the areas that 
accident data shows are commonly struck by the 
head of a child and an adult pedestrian respectively. 
The final WAD value derived from the accident data 
of Australia, Europe, Japan and the US was 
1000-1700 mm for child head-form and 1400-2400 
mm for adult head-form. Consequently a WAD 
1400-1700 mm was shared by both adult and child 
head-forms and was named “transition zone”. 
Ishikawa showed that there is no added benefit from 
having a transition zone instead of a boundary line. 
So, there was a proposal to leave the use of the 
transition zone to the discretion of each national 
government. 
The values for head impact velocity, head impact 
angle and wrap around distances are given in the 
detail test procedure, which describes the test 
conditions for the different categories of vehicle 
shapes and according to the fact that the impacts are 
on the bonnet or in the windshield. 
  
Injury criteria 
For the purpose of this working group, emphasis has 
been placed on pedestrian head injuries resulting 
from head impact with the vehicle frontal structure, 
including the windscreen and the A-pillars. The HIC 
has been selected as the measure of the risk of brain 
injuries resulting from such an impact. 
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 HIC has been selected, despite the fact that it 
doesn’t take into account the influence of some 
factors such as the rotational acceleration of the head, 
because it is used universally in crash injury research 
and prevention and the threshold was set at a current 
1000 after consideration of existing pass/fail 
threshold values and the new values being studied by 
NHTSA. 
Taking into account the short duration of this type of 
head impact, the time window for the HIC 
calculation has been set at 15 ms. Due to the short 
duration of the impact, a HIC window of 15ms will 
normally give the same result as a window of 36 ms, 
but the 15 ms window will help to reduce the risk of 
signals from spurious secondary impacts being 
accidentally included in the calculation  
 
LEG 
 
The IHRA proposal specifies a test method to 
simulate the impact of the leg of an adult pedestrian 
against the front face of a passenger car for impact 
speeds up to 40km/h. 
The basic concept is to develop a mechanical 
impactor, with a controlled motion at knee joint level, 
to simulate a human knee impact in lateral direction. 
The characteristics of the leg-form impactor are that 
it must be a device representing an adult human leg 
sensitive to the front face characteristics of a vehicle.  
According to the agreement of the IHRA Pedestrian 
Safety Working group, the physical properties of the 
impactor are listed below. 
 
Leg-form Specifications 
 
Mass and Dimensions 
The IHRA/PS decided that a leg-form used to test 
vehicle structures should be consistent with the 
anthropometry of a 50th percentile human leg. The 
size and mass of a 50th percentile human leg are 
documented in a report by the University of 
Michigan Transportation Research Institute 
(UMTRI), which was used by the IHRA 
Biomechanics WG.  There was considerable 
discussion about whether the dimensions should 
reflect a 50th percentile male, 50th percentile female, 
or an average of the two.  It was concluded that 
since the 50th percentile male is reflective of the 
most common knee height in pedestrian collisions 
according to accident data, it would be used in the 
initially proposed test procedure.  The lower leg 
should be 493 ± 5 mm from bottom of foot to knee 
joint center, with a center of gravity 233 ± 10 mm 
from the knee joint center. The thigh should be 428 ± 
5 mm long, with a center of gravity 210 ± 10 mm 
from the knee joint center. The leg-form mass should 
be 13.4 ± 0.1 kg, divided into 8.6 kg for the thigh 
(including skin and foam) and 4.8 kg for the lower 
leg.  
 

Moments of Inertia 
Like the mass and dimensions, the moments of 
inertia are also consistent with the UMTRI 
anthropometry data.  For the tibia, the MOI 
specification about the y-axis is 0.120 ± 0.001 kg-m2.  
For the femur, the specification is 0.127 ± 0.002 
kg-m2. These values are taken with respect to the 
origin located at the end of each bone. With respect 
to each individual segment’s CG location, the MOI 
values for the tibia and femur are 0.054 kg-m2 and 
0.132 kg-m2, respectively  
An adapter can be fitted to the top of the thigh to 
permit the attachment of the leg-form impactor to the 
propulsion system. If an adapter is used, the thigh 
with adapter must still comply with the thigh 
requirements of mass, centre of gravity, and moment 
of inertia. 
There shall be a flesh and/or a skin on the outer 
surface of the leg-form impactor. This material shall 
be human-like. 
The shape of the leg-form impactor shall be 
cylindrical. The outer diameter of the thigh and leg 
shall be the same. Outer diameter is 120 + 10mm 
including flesh thickness of 30 + 5 mm. 
 
Test Procedures 
The test will consist of a projectile legform being 
launched into a stationary vehicle front at a speed 
consistent with the mean vehicle speed in the 
pedestrian accident data.  
The direction of the impact velocity vector shall be 
in the horizontal plane and parallel to the 
longitudinal vertical plane of the vehicle. The axis of 
the leg-form shall be perpendicular to the horizontal 
plane with a tolerance of +2° in the lateral and 
longitudinal plane (see Figure 15). The horizontal, 
longitudinal and lateral planes are orthogonal to each 
other. 
The bottom of the leg-form impactor shall be at 
25mm above the Ground Reference Level at the time 
of first contact with the bumper (see Figure 16), with 
a ± 10 mm tolerance. 
When setting the height of the propulsion system, an 
allowance must be made for the influence of gravity 
during the period of free flight of the leg-form 
impactor. 
At the time of first contact the impactor shall have 
the intended orientation about its vertical axis, for 
the correct operation of its knee joint with a 
tolerance of ± 5° (see Figure 15) 
Tests shall be made to the front face of the vehicle, 
between the bumper corners. The center of each 
impact shall be a minimum of half leg-form diameter 
inside defined bumper corners. Sufficient test points 
shall be selected to evaluate the vehicle structure. 
This test method is intended to cover impact velocity 
up to 40 km/h. The velocity of the impactor shall be 
measured at some point during the free flight before 
impact. 
The IHRA PS WG discussed application of an upper 
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body mass to the legform to simulate the upper body 
of the pedestrian. 
While the group maintained that upper body mass
should not be included when looking at lower leg 
and knee impacts, it was agreed that this issue would 
be re-opened at a time when it is necessary to look at 
upper leg/thigh injury. 
  

Figure 15.  
During contact between the leg-form impactor 
and the vehicle, the leg-form impactor shall not 
contact the ground or any object not part of the 

vehicle. 
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Figure 16. 

Legform to bumper tests for complete vehicle in normal ride attitude (left) and for complete vehicle or 
sub-system mounted on supports (right) 

 
 
Dynamic Response Corridors 
The University of Virginia conducted a number of 
tests assessing the response of the human leg in a 
bending mode.  Historical PMHS data was also used 
to generate adapted time history corridors in both 
bending and shearing modes.  Dynamic response 
corridors were created and normalized for; 
 
• Force vs. Deflection (Lower Leg and Thigh) 
• Moment vs. Deflection (Lower Leg and Thigh) 
• Knee Moment vs. Angle 
• Impact Force vs. Time (Bending & Shearing 

Mode, 20 and 40 km/hr) 
• Bending Angle vs. Time (Bending Mode, 20 and 

40 km/hr) 
• Shear Displacement vs. Time (Shearing Mode, 

20 and 40 km/hr) 
 
Bio-ranking method 
A Bio-ranking method was developed by NHTSA to 
quantitatively and objectively evaluate leg-form 
impactor biofidelity using dynamic response 
corridors and impactor response data.  The leg-form 
impactor should have a sufficiently high biofidelic 
score to conduct to properly assess leg injury 

potential due to vehicle impact. 
 
Injury Risk Curves 
Injury risk curves were developed by the University 
of Virginia for the thigh and lower leg using logistic 
regression.  They developed two sets of risk curves 
for the knee and lower leg, one using maximum 
moment and the other using an acoustic sensor to 
detect the time of injury. 
 
CONTINUATION OF IHRA/PS ACTIVITIES 
 
The aim of the IHRA/PS WG is to propose test 
procedures for the child and adult head, and the adult 
leg as the high priority body regions, for presentation 
at the ESV Conference in 2003 and 2005, together 
with recommendations for research activities that 
will be needed to develop other test procedures for 
the further improvement of pedestrian protection. 
 
In the field of pedestrian crash injury biomechanics 
there are still areas which must be investigated and 
their practical applications explored. We plan to first 
clarify the issues, necessities and research 
responsibilities through detailed investigations.  
The following issues will be studied. 
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(1) Methods employing a computer simulation 

program based on the best such programs 
currently available. 

 
(2) Clarification of the importance of injury 

mechanisms to areas other than the head or 
legs; also, R&D on impactors to confirm such 
injury mechanisms 

 
(3) The Research for Adult Leg vs. High Bumper 

vehicles Test method and its tool 
1st step: Analyze the current IHRA Adult Leg 
test method limitation using computer 
simulation model. Comparative evaluation of 
the results of, and interactions between, 
subsystem test methods and test 
2nd step: If the current Adult Leg test method 
can not apply for the high bumper vehicles, an 
Adult Leg test method for the high bumper 
vehicles and tools will be developed. 
 

(4) Development of the Adult Upper Leg vs. BLE 
test method 
1st step, focusing on in-depth study for 
pedestrian accidents for these area, and if we 
find out the necessity of the development of 
the test method and tool, we will conduct such 
research to develop the test method and its 
tool. 

 
This work will be greatly facilitated if member 
countries are prepared to cooperate and share the 
cost, conduct further studies, and assist in the 
development of essential test procedures.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 11. 
Members of IHRA Pedestrian Safety WG 
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Yoshiyuki Mizuno
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Japan 

Jack McLean University of Adelaide
Australia 
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Graham Lawrence TRL 
EEVC/EC 

Bruce Donnelly NHTSA 
USA 

Hirotoshi Ishikawa JARI 
Japan 

Atsuhiro Konosu JARI 
Japan 

Oskar Ries VW 
ACEA 

Françoise Brun-Cassan LAB,PSA/RENAULT 
ACEA 

Masaaki Tanahashi Honda R&D 
JAMA/Japan 

Sukhbir Bilkhu Daimler Chrysler 
AAM 

Yoshihiro Yazawa Nissan/JASIC 
Japan 

 
Predecessor, contributed to the IHRA/PS-WG 

Akira Sasaki
(1996-2000)

Honda R&D 
JAMA/Japan 

Roger Saul
(1996-2000)

NHTSA 
USA 

Hirotoshi Ishimaru
(1996-2000)

JSAE 
Japan 

Norbert Jaehn
(1996-2000)

ACEA 

Manuel Bartolo
(1996-2000)

Ford 
AAM 

Jacques Provensal
(1999-2001)

ACEA 

Edgar Janssen
(1996-2002)

TNO 
EEVC/EC 

 
 
 
Reference: 
International Harmonized research Activities, 
Pedestrian safety Working group 2005 Report 
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ABSTRACT 
Occupants who recognize the approaching crash 

tend to brace themselves. This reflexive muscular 
activation can affect the kinematics and kinetics of 
occupant during the crash event but the mechanisms of 
potential muscle contraction in car crash event remains 
poorly understood. A quantitative investigation of 
muscular activation has been attempted by utilizing 
dynamometer, sled and EMG devices with human 
volunteers. The experimental findings have been 
incorporated into the numerical investigation by 
utilizing a finite element model of skeletal muscular 
structure of human body. 
 

Eight male subjects were employed and the 
maximum amount of voluntary isometric muscular 
contraction for each limb joint at various joint angles 
was determined using a dynamometer and surface 
EMG. To mimic the approaching frontal crash and 
bracing, each volunteer was asked to brace himself 
when descending in inclined sled system began. During 
bracing, steering wheel and pedal forces were 
measured as well as the EMG signals at the volunteer’s 
shoulder, elbow, wrist, knee and ankle joints. The 
pressure distributions between volunteer and seat back 
were also measured using a pressure mat.  
 

Simulation of muscle activation for bracing 
occupant was performed using an optimization process 
for the joint muscle force calculations. The musculo- 
skeletal model with the optimized muscle parameters 
was utilized to validate its tensing behavior against the 
experimental results. The computed axial compressive 
loads on steering wheel were respectively 144N and 

178N for two sled heights which correlates quite well 
with the average value of test measurements 

(121.7±46.6N and 151.1±78.9N). The computed 
reaction forces at pedal and seat back also exhibited 
quite good agreement with the test measurements. 
 
INTRODUCTION 
 

The bracing driver in pre-impact situation tends to 
extend elbow and knee joints, and consequently push 
the pelvis back into the seat and lean backward as 
shown in Fig. 1. 

 

   
Fig. 1 Postures of driver:  

Before (left) and after (right) bracing 
 

The bracing induced by reflexive contractions of 
joint muscles change the kinematics and kinetics of 
occupant during the crash. Its effects on injury risk 
have been also investigated: Begeman et al [1] studied 
the response of the human musculo-skeletal system to 
impact acceleration. They employed volunteers and 
EMG technology to identify the muscular response 
before, during and after the impact acceleration. It was 
found that the tone of the lower extremity muscles 
changed the kinematics of occupant and force 

Experimental and numerical studies of muscular activations of bracing occupant  
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distribution of restraints. However they only focused 
on the bracing of the lower extremity and also could 
not quantify the degree of the muscle activations. 
Klopp et al [2] also studied the effects of the reflexive 
bracing, a series of computer simulations, pendulum 
and sled tests with Hybrid III dummies and human 
cadavers. It was concluded that the effect of muscular 
preloading was to increase the efficiency of load 
transmission to the leg and the preloaded legs acted as 
additional restraints helping the occupant ride down the 
crash pulse. Gordon et al [3] performed static and 
dynamic characterizations of human hip, knee and 
ankle. They computed forces and torques acting on the 
joints by measuring seat and pedal loads.  
 

In this study, the muscular activation of bracing 
occupants was quantified using a dynamometer, sled 
system and EMG devices with human volunteers. A 
deliberate process was taken in the selection of 
volunteers since the individual divergence in muscular 
structure between the volunteers might generate large 
deviations in the bracing test. Therefore, total 8 
volunteers having similar body compositions as well as 
anthropometries were selected. Using the dynamometer, 
isometric voluntary maximal torques for 5 joints, 
shoulder, elbow, wrist, knee, and ankle of each 
volunteer were characterized. EMG signals at the pair 
of muscles, each representing an extensor and a flexor 
were also monitored for various joint angles. Assuming 
the maximal voluntary effort was made, the extension 
and flexion should have brought the maximum levels 
of EMG signals from the associated muscle group. The 
mean rectified EMG signals from the maximally 
contracted muscle were utilized as a reference value for 
computing the activation level of corresponding muscle 
in bracing test with a sled system. To mimic the 
approaching frontal crash, the inclined sled system 
driven by gravity was designed and built as shown in 
Fig. 2. Each volunteer was asked to brace himself when 
descending began on the slope until the sled stopped by 
striking an energy-absorbing barrier. During the 
bracing in the sled, steering wheel and pedal forces 
were measured from the installed load cells as well as 
the EMG signals from the volunteer’s joint muscles. 
The pressure distributions between the back of 
volunteer and seat were also measured using a pressure 
mat 

 

 

Fig. 2 Sled system for bracing test 
Finite element modeling of skeletal muscular 

structure and numerical investigation of its activations 
were performed subsequently to the experimental study. 
An optimization scheme based on an ergonomic 
criterion [4] was adopted for the calculation of internal 
muscular force distributions around joints. The muscle 
tensing behavior of the model was validated against the 
test results. 
 
EXPERIMENTAL STUDY 
 
Selection procedure of volunteers 
 

The lean balance, ratio of muscle mass to the body 
weight and isometric voluntary maximum torques at 
elbow and knee joints were extra indices in addition to 
the anthropometric data for selecting volunteers. 
During the first round of the two-stage selection 
process, 20 out of 128 volunteers were selected based 
on BMI (Body Mass Index, kg/m2). The selection 
criterion of the BMI was 22±1 kg/m2 (Height: 
1.75±0.01m, Body mass: 67±1kg). Isometric voluntary 
maximal elbow and knee joint torques had been 
measured with those 20 volunteers in the second round 
and 8 volunteers with responses closest to mean values 
were then chosen for the final tests. As a consequence, 
the dispersion in the final group of volunteers, e.g., 
standard deviation of maximal joint torques had 
decreased from the first round selections by 41% and 
26% for elbow and knee joints, respectively. The 
average and standard deviation of the final 8 
volunteer’s anthropometric data and body compositions 
are listed Table 1  

 
Table 1 Volunteer data 

 Age 
Height 

(m) 
Weight 

(kg) 
BMI 

(kg/m2) 
RA lean 

balance (%)* 
RL lean 

balance (%)** 
Mean 24.2 1.746 67.31 22.09 4.62  13.28  

S.D. 1.69 0.84  1.55 0.61  0.31  0.58  
*: Ratio of right arm muscle mass to total body mass (%) 
**: Ratio of right leg muscle mass to total body mass (%) 

 
Measurement of isometric maximal joint torque and 
voluntary muscle contraction using dynamometer 

 
In order to gauge the maximal voluntary 

contractions (MVC) of selected muscles, each 
volunteer was asked to produce the utmost isometric 
joint torques in a dynamometer (model: BiodexTM 
System 3 Pro). The EMG activities of a pair of muscles 
for extension and flexion were simultaneously 
measured using surface electrodes. The selected joint 
muscles for EMG measurement are listed in Table 2. 
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Table 2 Joint muscles for EMG activity monitoring 

in dynamometer test 
Muscle 

Joint   
Extensor Flexor 

Shoulder Posterior deltoid Anterior deltoid  

Elbow Medial triceps Biceps brachii  

Wrist Extensor capri radialis Flexor capri radialis 

Knee Rectus femoris Biceps femoris 

Ankle Soleus* Tibialis anterior**  
*: plantaflexor, **: dorsiflexor 
 

The dynamometer test setup with a volunteer is 
shown in Fig. 3. The measured maximal joint torques 
with various joint angles for five joints in upper and 
lower limbs (shoulder, elbow, wrist, knee, ankle) 
during isometric muscle contractions are shown in Fig. 
4.  

 
Fig. 3 Measurement of maximal voluntary joint 

torque in a dynamometer 
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Fig. 4 Maximal isometric voluntary joint torques 

from dynamometer test 
 

During the dynamometer test, EMG activities of 
representative pairs of joint muscles in Table 2 were 
monitored. Fig. 5 shows a typical raw data set of the 
elbow joint composed of torque and EMG signals 
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obtained from dynamometer and surface electrodes, 
respectively. 
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Fig. 5 Typical raw EMG signals and joint torque 
from dynamometer test (Elbow joint at 75o angle) 

 
Processing the raw EMG signal, rectifying, filtering 

(low pass filter: 250 Hz, high pass filter: 25Hz), and 
smoothing (LP filtering), a MR EMG (Mean Rectified 
EMG) signal was obtained as shown in Fig. 6. A RMS 
(Root Mean Square) value was then computed from the 
MR EMG signal, which represents an intensity of the 
EMG signal and an index of muscle activation level at 
the maximal voluntary contraction (MVC). There were 
considerable divergences in RMS values between 
volunteers in spite of their similar lean balances. This 
might be due to the different amount of subcutaneous 
fat tissue between volunteers and variability in 
electrode positioning relative to active muscle fibers. 

 

F
ig. 6 EMG signal processing 

Measurement of activation level of bracing muscles 
in sled system 
 

Fig. 7 shows a volunteer’s configuration in sled test. 
Two different sled heights, 0.9m and 1.0m were tried 
twice each and the measurements were very repeatable. 
 

 
(a) Initial joint angles in sled test  

 
(b) Volunteer in descending slope  

(Left: before bracing, Right: after bracing) 
Fig. 7 Configuration of volunteer in sled test 
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Typical profiles of reaction forces at steering wheel 
and pedal are presented in Fig. 8 with mean rectified 
EMG signals monitored at the muscles of the elbow 
and ankle joints. In general, the reaction force 
developed 0.3-0.5s after the onset of EMG activity, 
which is similar to the timing observed in an earlier 
volunteer test [1]. 
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Fig. 8 Reaction force profiles with muscle activities 
(MR EMG) 

 
The volunteer’s pattern of bracing in sled test was 

quantified by computing his ratio of joint muscle 
activation levels to the maximal voluntary contractions 
from dynamometer test mentioned in previous section. 
Fig. 9 shows the %MVCs, the ratios of RMS of MR 
EMG signals between sled and dynamometer tests. The 
higher sled at 1.0m height tends to induce from 5% to 
20% more muscle activations in both extensors and 
flexors than the lower sled at 0.9m height, -except the 
knee joint. But quite same ratios of activations between 
extensors and flexor were produced from both sled 
heights. The extensors were significantly more 
activated than flexors in elbow, wrist and ankle joints 
while the opposite tendency found in shoulder and knee 
joints. There were relatively large standard deviations 
in the sled test comparing to the dynamometer test 
since the styles of the bracing might have differed 
greatly between volunteers.  
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Fig. 9 %MVC of joint muscles from sled test 
 

The average axial forces measured at steering wheel 
and pedal as shown in Fig. 10 also indicate that 
volunteers braced more at the higher sled drop resulting 
in larger reaction forces.  
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Fig. 10 Reaction forces at steering wheel and pedal 

 
Elbow joint extension and subsequent rearward 

rotation of the upper body developed more contact 
pressure on seat back as displayed in Fig. 11. The 
average net normal reaction force at seat back, the area 
integration of increased pressure by bracing is shown in 
Fig. 12.  

 
Before bracing          After bracing 

Fig. 11 Measured contact pressure distributions 
between volunteer and seat back 
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Fig. 12 Reaction force at seat back 

 
NUMERICAL STUDY 
 

Numerical investigation of muscular activation was 
performed subsequent to the experimental study 
presented in the first part of this paper. 
 
Human body modeling 
 

The H-model, shown in Fig. 13, is a finite element 
human body model representing the 50% male 
anthropometry. This model is widely used for 

crashworthiness simulation [5]. Each body segment in 
the H-model, in a version aiming for muscle tensing 
simulation, was defined as a rigid body and was linked 
by the anatomical joints and with the relevant skeletal 
muscles represented by bar finite elements [5]. The 
incorporated sixteen major skeletal muscles modeled 
by Hill type one dimensional bar elements [6] are listed 
in Table 3. The articulated joints were modeled with 
kinematic joint elements whose characteristics were 
designed to have no resistance within the range of 
motion such that only muscle forces could be the 
source of joint torques. Seeking the average of active 
isometric muscle force-length relations of the model, 
the maximal forces (Fmax) of each muscle at various 
lengths with different joint angles were computed 
based on the maximal isometric voluntary joint torques 
obtained from dynamometer test in Fig. 4. In the case 
when multiple muscles were involved for the same 
articulation DOF, e.g., biceps brachii, brachialis, and 
brachioradialis for elbow flexion, an optimization 
algorithm was adopted to determine the likely 
distribution of the muscle forces (design variable) by 
minimizing the active muscle energy (objective 
function) for static equilibrium (constraints). The 
sequential response surface method in HyperOpt [7] 
was selected for the optimization process. Fig. 14 
shows the result of computed isometric maximum 
muscle forces for shoulder, elbow, knee, and ankle 
joints.  

         
Anterior view     Lateral view     Posterior view 

Fig. 13 H-model with skeleton and muscles 
 

Table 3 Skeletal muscles in H-model for the 
simulation of bracing 

 Flexors Extensors 
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Shoulder 

  

Elbow 

  

Knee 

  

Ankle 

  
1. Anterior deltoid  2. Pectoralis major (upper part) 
3. Posterior deltoid 4. Teres major  
5. Biceps 6. Brachialis 
7. Brachioradialis 8. Triceps 
9. Biceps femoris 10. Semitendonous 
11. Gastrocnemius (lateral & medial) 12. Rectus femoris  
13. Vastus intermedius 14. Tibialis anterior  
15. Extensor digitorium 16. Soleus  
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(c) Knee joint 

Ankle dorsiflexion

0

0.5

1

-20 -10 0 10 20 30

Joint angle (degree)

M
us

cl
e 

fo
rc

e 
(k

N
)

0

10

20

30

40

50

Jo
in

t 
to

rq
ue

 (
nm

)

Tibialis  anterior

Extensor digitorium

Dors iflexion torque (mean± S.D.)

 
 

 

Ankle plantaflexion

0

1

2

3

-20 -10 0 10 20 30

Joint angle (degree)

M
us

cl
e 

fo
rc

e 
(k

N
)

0

50

100

150

Jo
in

t 
to

rq
ue

 (
N

m
)

Soleus 

Gastrocnemius  (lateral)

Gastrocnemius  (medial)

Plantaflexion torque (mean± S.D.)

 
 

 

 

(d) Ankle joint 

 

 
Fig. 14 Computed isometric maximum muscles 

forces (Fmax) (wrist joint was not performed) 
 

Simulation of bracing occupant 
 

The seat, floor panel and steering wheel of the sled 
system were added to the H-model with driving posture 
as shown in Fig. 15. Sliding contact interfaces were 
defined between the seat and the skin part of the 
H-model. Translational motions of hands and feet were 
respectively tied to steering wheel and pedal such that 
the forces generated from the muscle bracing could be 
transmitted. 

 

 
Displayed with skin        without skin 

Fig. 15 Configuration of H-model for the simulation 
of bracing occupant 

 
In the simulation, the average values of %MVC in 

joint muscles, the ratios of RMS of mean rectified 
EMG signals between sled and dynamometer tests 
which are listed in Table 4 were applied as activation 
levels of the bracing muscles. The reaction forces at the 
steering wheel, pedal, and seat back were then 
computed until they statically equilibrated with the 
imposed bracing muscle forces. The simulation results 
correlate quite well with the experimental 
measurements as shown in Fig. 16 

 

Joint torque Muscle forceJoint torque Muscle force
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Table 4 Average volunteer’s muscle activation levels 
used for bracing simulation 

Sled height 0.9 m 1.0 m 
Muscles 

Joint        
Extensor Flexor Ratio* Extensor Flexor Ratio* 

Shoulder 10.7 23.0 0.46  11.3  25.8  0.44  
Elbow 35.3  9.1  3.88  41.6  10.6  3.93  

Wrist** 15.4 27.8 0.55  16.3 31.5 0.52 
Knee 21.6  28.9  0.75  20.7  26.6  0.78  
Ankle 64.2  14.5  4.43  68.4  17.1  3.99  

*: Ratio=Extensor/ Flexor, ** Wrist joint is not included in the model 
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Fig. 16 Comparison of reaction forces between 

volunteer test and simulation 
The simulated driving posture altered by muscle 

tensing is illustrated in Fig. 17. There is a noticeable 
straightening of arms and an elastic penetration into the 
seat surface in the bracing position. 

      
Initial posture and joint torques (before bracing) 

 

 
After bracing  

Displayed with skin        without skin 
Fig. 17 Simulated bracing posture  

 
The computed peak muscle forces during the 

bracing, which are proportional to the activation levels 
multiplied by the isometric maximum voluntary forces 
at corresponding joint angles, are shown in Fig. 18. The 
net joint torque generated by tensing of each muscle 
depends on the effective moment arm of the muscle 
with respect to the corresponding joint center. 
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Fig. 18 Computed bracing muscle forces  

 
CONCLUSIONS 
 

Vehicle occupants tend to brace in anticipation of a 
crash and this pre-crash muscle tensing can change the 
kinematics and kinetics of the occupants. The pattern 
of extremity bracing, i.e., shoulder, elbow, wrist, knee 
and ankle joints was quantitatively analyzed by 
volunteers EMG test. For shoulder, elbow and ankle 
joints, activations of extensors were substantially 
higher than those of flexors. However, an opposite 
trend was found at wrist and knee joints. The reaction 
forces at steering wheel, pedal and seat back were also 
measured to identify the degree of muscle tensing.  

 
Numerical simulation of muscle tensing was 

Extension

Flexion 
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performed to verify the finite element human body 
model. The simulated muscle tensing behavior of the 
model such as amounts of reaction forces at the 
steering wheel, pedal and seat back correlated quite 
well with the test results. It was the first step in the 
development of human body model to investigate the 
effect of muscle tensing on occupant kinematics and 
kinetics. A crash simulation with likely dynamic 
muscle activations taken into consideration would 
follow as a next step. 
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ABSTRACT 
 
 Given the large size and weight of heavy trucks, 
also known as tractor-trailer vehicles, a serious safety 
threat can be posed to the vehicle’s occupants in the 
event of a rollover collision.  This study evaluated 
heavy vehicle accidents from 1994-2002 by 
submitting queries to the Fatality Analysis Reporting 
System (FARS), which is administered by the 
National Highway Traffic Safety Administration 
(NHTSA), in order to determine the number of 
incapacitating and fatal injuries that occurred when 
the occupants were contained in the cab during a 
rollover accident.  The specific query was for rollover 
accidents of heavy trucks where the rollover was the 
most harmful event; the rollover was either the first 
or subsequent event; the truck received severe and 
disabling deformation; the occupants were not 
ejected; and the injuries sustained were either 
incapacitating or fatal.  This rollover accident data 
was also compared with the total number of heavy 
truck accidents where incapacitating or fatal injuries 
occurred as reported by FARS for the 1994-2002 
time period.  The average percent of persons involved 
in accidents that matched the rollover query was 
18%, with a high of 21% in 2002 and a low of 17% 
occurring in 1994, 1995, and 1997.  The average 
percentage per year of incapacitating and fatal 
injuries for restrained occupants during this time 
period was determined by further analyzing the data 
obtained from the above stated rollover query and 
was found to be 35%.  The conclusion drawn from 
this study is that significant injuries can occur from 
rollover accidents of heavy trucks even for restrained 
occupants.  Rollover crashworthiness of heavy trucks 
is also evaluated in this paper. 
 
INTRODUCTION 
 
 Heavy trucks (those having a gross vehicle 
weight rating greater than 10,000 pounds) are an 
essential part of the transport of a vast array of 
commercial, industrial, and consumer products in the 
United States.  According to the National Center for 
Statistics and Analysis, a division of NHTSA, in 
2001 7,857,674 heavy trucks were registered in the 

United States, accounting for 4% of all registered 
vehicles.  In 1994 that number was only 6,587,885.  
This indicates a dramatic increase in the number of 
heavy vehicles.  In 2002, 434,000 large trucks were 
involved in traffic accidents.  Of those accidents 4542 
involved fatalities [1].  Given the dramatic increase in 
heavy truck use as well as the large number of 
accidents and fatalities every year involving heavy 
trucks, increasing attention is being given to the study 
of heavy truck crashworthiness and safety. 
 Heavy trucks can also be involved in rollover 
accidents.  This type of accident, as is the case with 
passenger vehicles, is not as likely as other types of 
accidents, but can result in significantly more damage 
to the vehicle and injuries to the occupants of the 
heavy truck. 
 This paper describes a study of the heavy truck 
accidents that occurred in the time period from 1994-
2002.  The data was collected from the FARS 
database, which is controlled by NHTSA [2].  The 
specific interest was to evaluate significant structural 
damage to the truck, and injuries that occurred to the 
restrained occupants of the large trucks during 
rollover accidents.  The crashworthiness of large 
trucks is briefly examined.  A case study of a heavy 
truck rollover is also presented. 
 
DATA SELECTION 
 
 Several databases exist that can be queried for 
specific accident data. The University of Michigan 
Transportation Research Institute compiles statistical 
data for heavy trucks; however, they do not provide 
the specific data that was of interest in this study.  
The FARS database was chosen because of the high 
specificity that can be used in developing a query.  
The data of greatest interest was that which could be 
used to determine the injuries of large truck 
occupants during a rollover accident.  The specific 
data of interest is described in the abstract of this 
paper.  The chosen delimiters could be selected to 
create a query for the FARS database.  
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DATA ANALYSIS 
 
 All heavy truck accidents were first evaluated 
and then the previously stated rollover query was 
used.  From a comparison of these two queries, the 
percentage of fatal and incapacitating accidents that 
correspond to the specific rollover accident in 
question could be determined.   
 Figure 1 shows the results of all accidents from 
1994-2002.  The number of fatal accidents per year 
for heavy trucks peaked in 1999 at 659.  The lowest 
number of fatal accidents for this time period was 
523, which occurred in 1996.  A downward trend is 
apparent from 1999-2002, with only 537 fatal crashes 
occurring in 2002.  Since this data looks at all fatal 
heavy truck accidents, the number of vehicles and 
persons involved are somewhat higher every year 
than the number of fatal accidents. 
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Figure 1.  FARS data for all fatal and 
incapacitating heavy truck crashes from 1994-
2002.  
 
 The rollover query was then submitted to the 
FARS database and the number of accidents that met 
the requirements of this query is shown in Figure 2.  
The average percent of fatalities and incapacitating 
injuries, which matched the rollover query, was 18%, 
with a high in 2002 of 21% and a low of 17% 
occurring in 1994, 1995, and 1997.   Therefore, on 
average, 18% of all heavy truck incapacitating and 
fatal injuries were a result of a single vehicle rollover 
accident where the rollover was the most harmful 
event, either the first or subsequent event with 
contained occupants receiving fatal or incapacitating 

injuries and the truck receiving severe and disabling 
damage.  This is a very high percentage given such a 
specific type of accident. 
 The rollover data shown in Figure 2 shows 
some similar trends as the data for all heavy truck 
accidents shown in Figure 1.  The highest number of 
fatal and incapacitating crashes, 126, occurred in 
1998, with the lowest number of crashes, 93, being 
reported in 1993.  A downward trend from 1998 to 
2001 is seen, but in 2002 the number of crashes rose 
slightly from 107 in 2001 to 115 in 2002. 
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Figure 2.  FARS data for heavy truck rollover 
accidents from 1994-2002 that meet the described 
query.  
 
 The results from the rollover query were further 
analyzed to determine the restraint use for these 
accidents.  Table 1 shows the findings of this 
analysis.  The average known restraint use during the 
1994-2002 time period was almost 35% per year.  
The conclusion can be made from this data analysis 
that, on average, over 6% per year of all heavy truck 
fatalities and incapacitating injuries were restrained 
occupants in rollover accidents per the previously 
mentioned query. 
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Table 1. 
Total fatalities and incapacitating injuries and 

percentage restrained in rollover accidents 
 

Year 

Total 
Incapacitated 
and Fatally 

Injured 

Total 
Restrained 

Fatalities and 
Incapacitating 

Injuries 

Percentage 
Restrained 

1994 107 31 29.0 
1995 106 35 33.0 
1996 123 41 33.3 
1997 114 44 38.6 
1998 139 37 26.6 
1999 133 48 36.1 
2000 128 50 39.1 
2001 118 44 37.3 
2002 128 48 37.5 

 
 The overall conclusion from this data is that 
over 6% of the heavy truck incapacitating injuries 
and fatalities occur as a result of restrained occupants 
being killed or incapacitated from the severe or 
disabling deformation that occurs to the truck during 
a rollover accident.   
 
ROLLOVER CRASHWORTHINESS 
 
 In 1991, UMTRI researchers Campbell and 
Sullivan reported at the 35th Stapp Car Crash 
Conference that about 60% of all heavy truck driver 
fatalities are associated with rollover accidents. They 
concluded from studying National Transportation 
Safety Board crash reports that, “Existing cab 
structures above the plane of the dash are not 
sufficient to withstand the forces produced during 
rollover” [3]. 

 Several studies have been conducted to evaluate 
the crashworthiness of heavy trucks.  Clarke and 
Leasure state that improving cab design to provide 
occupant survival space in a crash could enhance 
truck occupant protection [4].  In another 
crashworthiness study, Ranney concluded that heavy 
truck rollovers were the most frequent cause of truck 
occupant fatality and that the most frequent damage 
location in fatal rollovers was the top of the truck [5].  
In 1978 Grattan and Hobbs of the United Kingdom 
conducted a study on injuries received by heavy truck 
occupants, from which they made the conclusion that 
making the cab more resistant to the crushing of its 
occupants could add to the protection offered by the 
seat belt [6]. 

 Numerous other studies not mentioned have 
evaluated the injuries received during various types 
of heavy truck accidents.  One conclusion can be 
drawn: insufficient survival space during rollover 

accidents is a primary cause of death for the drivers 
of large trucks; therefore, structural integrity of the 
cab of the heavy truck is critical to occupant safety. 

 
CASE STUDY 
 
 A seat-belted driver of a heavy truck was killed 
as a result of the structural collapse of his 1999 
Freightliner FLD tractor cab during a 180° rollover 
accident. His truck was pulling a trailer carrying a 
full load of cylindrical hydrogen tanks. The rollover 
was precipitated by the impact of a full-size pick-up 
which swerved to the left, and struck the Freightliner 
truck, disabling the right steering mechanism. The 
Freightliner veered to the left and back to the right, 
eventually overturning and landing on the vehicle’s 
left side. The tractor and trailer slid down the 
roadway and started to slide onto the grassy shoulder 
to the right of the road. The tractor rolled onto its 
roof in the grass causing complete collapse of the 
cab.  A photo of the accident vehicle is shown in 
Figure 3.  The truck and trailer left the road and came 
to rest mostly parallel to the direction of traffic, with 
the trailer having crossed a driveway, and the cab 
resting on the driveway.  According to the accident 
reconstruction, the speed of the tractor and trailer at 
the point of roll initiation was calculated to be in a 
range from 57 to 70 mph. The speed as the trailer 
exited the roadway was calculated to be 
approximately 35 mph. 
 

 
Figure 3.  Photograph of the accident vehicle – 
driver’s side. 
 
 The heavy truck suffered significant structural 
collapse during this rollover accident.    The authors 
conducted an inspection of an exemplar vehicle and 
concluded that the all aluminum cab structure would 
not be sufficient for occupant protection in rollover 
accidents. 
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CONCLUSIONS 
 
 The FARS database was queried and data 
gathered for large truck rollover accidents.  A 
specific query was designed to include rollover 
accidents of heavy trucks where the rollover was the 
most harmful event; the rollover was either the first 
or subsequent event; the truck received severe and 
disabling deformation; the occupants were not 
ejected; and the injuries sustained were either 
incapacitating or fatal.  This rollover accident data 
was also compared with the total number of heavy 
truck accidents where incapacitating or fatal injuries 
occurred as reported by FARS for the 1994-2002 
time period.  This data was also then analyzed for 
restraint use.  The following conclusions were made 
from this data analysis and review of a case study: 
 

1. The average percent of persons involved in 
accidents, which matched the rollover 
query, was 18%, with a high in 2002 of 
21% and a low of 17% occurring in 1994, 
1995, and 1997. 

2. The average yearly percentage of 
incapacitating and fatal injuries for 
restrained occupants was determined by 
analyzing the rollover data obtained from 
the FARS query and was found to be 35%. 

3. The overall conclusion from this data is 
that over 6% of the heavy truck fatalities 
and incapacitating injuries occur as a result 
of restrained occupants being killed or 
incapacitated from the severe or disabling 
deformation that occurs to the truck during 
rollover accidents. 

4. As stated by Campbell and Sullivan [3] and 
as was seen from the case study, “Existing 
cab structures above the plane of the dash 
are not sufficient to withstand the forces 
produced during rollover.” 
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ABSTRACT 
 

An extendable and retractable bumper (E/R 
bumper) is presented in this paper. The E/R bumper 
is intended to automatically extend in situations in 
which there is a high risk of frontal impact to prepare 
the vehicle for crash and retract when the risk 
subsides. A functional demonstration vehicle and two 
experimental vehicles were built with the E/R 
bumper. Analytical and nonlinear finite element 
models were used to aid in the design of these 
vehicles, and to predict their crash performance in 
full, offset and oblique impact tests. While the 
functional demonstration vehicle was used to study 
its control and operation sequences, the experimental 
vehicles were crashed in a 56kph rigid barrier impact 
test and a 64kph 40% Offset Deformable Barrier 
impact test. These crash tests, together with nonlinear 
finite element analysis, showed that the additional 
crush space realized by extending the bumper could 
reduce the severity of the crash pulse and the amount 
of structural intrusion to the vehicle compartment. 

INTRODUCTION 
 

The structures and interiors of modern motor 
vehicles are designed to prepare for a crash full time 
although crashes are relatively rare events. Full time 
readiness for a crash has imposed stringent 
restrictions on the styling, design and utility of motor 
vehicles. With the advancement in sensing 
technologies, a new class of safety features, called 
crash preparation features, has shown great potential 
in relieving the design restrictions. “Crash 
preparation” is the timely reconfiguration of a 
vehicle’s structure and interior to the crash-ready 
state before an imminent crash. If the threat of a crash 
subsides, the vehicle reverts to its normal driving 
state, i.e., a “less” crash-ready state. Crash 
preparation can offer the needed crash protection 
while allowing new styling, design and utility 
previously not possible due to the needs for crash 
protection. 

A conceptual crash preparation feature, called 
the extendable and retractable knee bolster (E/R knee 
bolster), was previously presented in [1]. The E/R 
knee bolster is intended to automatically extend in 
situations in which there is a high risk of frontal 
impact to help prepare the vehicle for crash and 

retract when the risk subsides.  
In this paper, another conceptual crash 

preparation feature, called extendable and retractable 
bumper (E/R bumper)[2], is presented. The E/R 
bumper is normally in the stowed position. When a 
high-risk of frontal impact crash is detected, the 
bumper extends to provide additional crush space. 
Recall that in a frontal impact crash accident, the 
kinetic energy of a motor vehicle is rapidly converted 
into work by plastic deformation of vehicle 
structures. During this energy conversion process, the 
vehicle is decelerated in a relatively short time and 
distance. The stopping distance, which is a function 
of the available crush space and the crush efficiency 
of the front-end of a vehicle, is a good crash severity 
indicator. For vehicles involved in similar crash 
impact conditions, elementary physics ensures that 
those with less crush space and lower crush 
efficiency will have shorter stopping distances, 
higher average deceleration, and hence, more severe 
crash outcomes.  

As motor vehicles have become more compact 
to meet the ever-stringent fuel efficiency 
requirements, the available crush space of motor 
vehicles has been involuntarily reduced. The E/R 
bumper is the only known safety feature that could 
provide the desired crush space only when a need 
appears. The additional crush space would allow the 
extended bumper structure to absorb additional crash 
energy to reduce the severity of the crash.  The 
bumper automatically retracts when the risk subsides.  
In this paper the proof of concept of the E/R bumper 
and its potential benefits are discussed in detail. 
 
MAIN ENABLING COMPONENTS 
 

The E/R Bumper consists of a pre-crash 
sensing system, a pair of actuator, self-locking 
mechanism and energy absorption element 
assemblies, and a bumper and its fascia. Of these, the 
main enabling components are presented in what 
follows. 

Pre-Crash Sensing System  
 
 The extension of the E/R bumper is designed to 
be automatically triggered by a detect signal from a 
pre-crash sensing system. The long-range radar 
sensor with a 100m plus range has been ruled out for 
this option, since its narrow radar beam has 
limitations when an object is closer than 7m. A short-
range sensor with a 3m range has been ruled out for a 
rather different reason. While the short-range radar 
can work reliably when the object is close, it provides 
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a very short actuation time budget for the E/R 
bumper. Figure 1 depicts the theoretical relationship 
among the range, closing rate and actuation time 
budget of a pre-crash sensing system. Note that a 
constant closing rate between the striking and the 
struck objects is assumed here to represent the worse 
case scenarios. We see that for a collision event with 
a 3 m range and 144kph closing rate the actuation 
time budget is only about 80msec. This presents a 
problem since this would require impractical high 
power actuators and energy sources.  
 To provide a reasonable actuation time budget, 
we selected a sensor system with a range between the 
short and long ranges. Specifically, from Fig. 1, we 
selected a sensor with a range of 20m, which could 
provide more than 500msec for an actuation time 
budget before a collision, if the closing rate is equal 
to or lower than 144kph, for the E/R bumper. In the 
event of a false detect or a crash that was not 
sufficiently severe so as to damage the bumper 
system, retraction of the E/R bumper could be 
programmed for an even slower rate.  

Other vehicle sensors could also be used to 
extend the E/R bumper in select high collision risk 
scenarios in which detection may have not yet been 
registered by the pre-crash sensor. Among these 
could be the activation of the ABS braking system, 
operation at a speed in excess of a preset limit such as 
128kph, or the manual selection of a precautionary 
mode by the vehicle driver. 

Actuators 

 To extend and retract the bumper, reversible 
actuators are required for the E/R bumper. A wide 
range of reversible actuators, including electrical 
motors, solenoids, pneumatic cylinders, etc., could be 
used. However, linear actuators using rotary electric 
motors are attractive candidates for this application 
because of their flexibility of packaging and 
operation, their ready availability as off-the-shelf 
technologies, and the considerable experience with 
them in power seat applications. Two specific types 
were considered for the prototypes to be developed, 
those involving motor driven ball screws and those 
involving motor driven lead screws. Motor driven 
lead screws were selected as the drive units for the 
E/R bumper, because of their low cost. 

Energy Absorption Elements 

 There are many different means[3] that can be 
used for energy absorption applications. Of these, the 
crushing structure tube was selected for the E/R 
bumper due to its high energy density. The required 

force to crush a tube can be estimated with the 
following empirical equation: 

 

 















=

4
42

271 d
d
tF

.

uttube
πσ                     (1). 

where utσ  is the ultimate strength of the tube 
material, t is the thickness of the tube wall, and d is 
the diameter of the tube.  
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Figure 1.  Relationship of range, closing rate and 
actuation time budget. 

 
Self-Locking Mechanism 

 A mechanism that can provide self-locking 
functions is desired for the E/R bumper. This 
mechanism needs to be responsive only to impacts on 
the front surface of the bumper, and not to the normal 
operation of the extension and retraction actions of its 
actuator. An impact on the front surface of the 
bumper must activate the self-locking function of the 
mechanism and then allow the unit to withhold the 
violent impact force. Another desired function of the 
mechanism is that it must be able to self-lock the 
bumper at any position and at any time to provide 
resistant force in instances in which there is an 
incomplete actuation before an impact. A patented 
self-locking telescoping mechanism[2,4], which 
possesses all these functions, was chosen for the E/R 
bumper. 
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Directions of 
Actuation Force 

and Motion

1. Actuator
2. Housing
3. Ball retainer
4. Ball
5. Telescope structure
6. Actuator plate
7. Actuator plate guide
8. Spring
9. Shuttle

Direction of 
External Force

 
               (a) Extension mode and retraction mode             (b) Self-locking/energy absorption mode 

Figure 2.  Three operation modes of the self-locking telescoping mechanism. 
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Figure 3.  The mechanics model for estimating the locking force. 

 As shown in Fig. 2, the self-locking telescoping 
mechanism is composed of a stationary outer tube, an 
inner tube telescoped into the outer tube having a 
cone-shaped ramp at the inboard end and a bracket 
for attaching the bumper at the outboard end, and a 
plurality of metal balls between the cone-shaped 
ramp and the outer tube. The self-locking telescoping 
mechanism further includes an actuator rod, a driver 
which translates the actuator in the collapse direction 

and in an opposite expansion direction corresponding 
to an increase in the length of the telescoping 
mechanism, and a tubular retainer on the actuator rod 
having a plurality of closed-ended slots around 
respective ones of the metal balls. During the 
extension action, all of the metal balls will stay in the 
ends of the slots due to their inertia. This essentially 
prevents the balls from becoming wedged between 
the cone-shaped ramp and the outer tube. During the 
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retraction action, all of the metal balls will again stay 
in the ends of the slots. The only difference in this 
case is that they are confined by the tubular retainer 
but not by their inertia. 
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 In the self-locking mode, the metal balls 
become wedged between the cone-shaped ramp and 
the outer tube when the inner tube is thrust into the 
outer tube under a substantial load on the front 
surface of the bumper, such as the crash impact force, 
thereby locking the inner and outer tubes together 
and rendering the telescoping mechanism structurally 
rigid in the collapse direction. A previously 
developed mechanics model [1] could be used to 
analytically estimate the locking force. As shown in 
Fig. 3, a balance of internal work and external work 
of all the balls gives the following relationship for the 
plowing force, i.e., the locking force, F, 

0
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where n is the number of balls, σ0 is the yield stress 
of the tube material, t is the thickness of the outer 
tube wall, r is the common radius of the balls, µ is the 
coefficient of friction between ball and tube, and 
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Self-locking mechanisms could be designed and built 
using Eqs. (2), and (3).  

Subassembly of actuator, self-locking and EA 
mechanism 

Figure 4 shows an assembly drawing of the 
self-locking telescoping mechanism with a motor 
drive and lead screw, and a tubular energy absorption 
element. Observe its a rather compact design, which 
will allow it be fitted inside of a mid-rail structure to 
save packaging space. 

Figure 4.  Assembly drawing of a self-locking 
telescoping mechanism with a motor and lead 
screw, and an EA element. 

 

Figure 5.  Drop tower test result of the energy 
absorption element. 
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Figure 6.  Drop tower test result of the self-locking 
telescoping mechanism. 

 
DEMONSTRATION VEHICLE 
 
Design Analysis 
 

To demonstrate the extension, retraction and 
self-locking modes of the E/R bumper concept, a 
2001 Aztek was chosen as the functional 
demonstration vehicle. An E/R bumper with two 
energy absorption elements, each with an 80kN 
crushing capacity and 100mm crushable length, was 
designed using Eq. (1) to provide a 10% additional 
energy absorption capacity to the 1800kg Aztek in a 
48kph full barrier impact test.  

PM DC Brushless Motor Lead Screw & Nut

L

D

PM DC Brushless Motor Lead Screw & NutPM DC Brushless Motor Lead Screw & Nut

L

D

 A drop tower crush test was conducted to 
verify the design. Figure 5 shows that as intended the 
average crush force of the energy absorption element 
is indeed about 80kN each. The very same test also 
provided the minimal self-locking force requirement 
for the self-locking mechanism (observe the high 
peak force of 165kN required for initiating the crush).  

Factoring in a safety margin, we have selected 
250kN as the design locking force for the self-locking 
mechanism. Equations (2) and (3) were used in 
aiding the design of the self-locking mechanism. 
Another drop tower test was conducted to verify the 
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design. The force versus time trace from the drop 
tower test is shown in Fig. 6. We see that the 
mechanism has successfully taken 200kN impact 
force punishment from the moving mass of the drop 
tower without any failure. Although the peak load of 
this test was 50kN lower than the self-locking 
mechanism’s design load, 250kN, we chose not to 
repeat the test, since the result was within the safety 
margin of the design. 

 
Figure 7.  Main components of the E/R bumper 
assembly and their relative assembling 
relationship. 

 
Figure 8.   A partially assembled E/R bumper 
mounted at the end of the mid-rail. 

 
Subassembly and Packaging 

 
The preferred approach is to design the E/R 

bumper during the initial vehicle design so that they 
could be seamlessly integrated for aesthetics and 
optimal performance. For the modified Aztek, we 
took a less desirable add-on design approach due to 
obvious reasons. Figure 7 depicts the main 

components of the E/R bumper assembly and their 
relative assembling relationship. Notice that the 
energy absorption elements are in the extended 
position for viewing purposes. Figure 8 shows a 
partially assembled E/R bumper mounted at the end 
of the mid-rail (again the energy absorption elements 
are in their extended position for easy viewing). The 
actuator and self-locking mechanism units are not 
visible because they are packaged inside the mid-rail. 
Note that this mounting arrangement is only one of 
many possible mounting arrangements[5].  

Figures 9 and 10 show the Aztek with a fully 
installed E/R bumper without and with the pre-crash 
sensing system, respectively. The sensing system 
consists of two 24-GHz radar sensors, which are 
packaged behind the front fascia of the vehicle. Note 
that the bumper fascia was removed for visual 
purpose. 

 
Figure 9.  The modified Aztek with a fully 
installed E/R bumper, but without the pre-crash 
sensing system. 

 
Figure 10.  The modified Aztek with a fully 
installed E/R bumper and the pre-crash sensing 
system. 
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Figure 11.  The modified and unmodified Aztek. 
 

       (a) Retracted            (b) Extended 
Figure 12.  Front-end changes enabled by the E/R 
bumper. 

In Figure 11, observe the similarities between 
the unmodified Aztek on the right and a second 
Aztek on the left equipped with an E/R bumper. That 
is, when the E/R bumper is fully retracted, it appears 
identical to the bumper on the unmodified Aztek. 
Figure 12 contains photographs of the modified 
vehicle with the bumper in its fully retracted and 
fully extended positions.  

Figure 13.  Measured voltages and currents of the 
E/R bumper. 

Actuation Time Verification 
 
 Recall that the energy absorption elements of 
the E/R bumper for the Aztek demonstration were 
designed to provide 100mm extra crush, and that the 

100mm crush requirement, the E/R bumper was
actually designed with a 160mm extendable and 
retractable stroke. The additional stroke is require
accommodate the stacking of the crushed materials. 
The extension and retraction operations of the E/R 
bumper were verified using the demonstration Azte
Figure 13 verifies that the E/R bumper can extend 
and retract within the 500msec actuation time budg
 

actuation time budget is 500msec. To meet the 

 

d to 

k. 

et. 
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To further study the feasibility and potential 
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b its of the E/R bumper, another E/R bumper 
prototype was designed and built using the same 
methods described in the above. It was designed f
two identical experimental vehicles, namely A and B
Since these vehicles are lighter than the Aztek, their 
E/R bumper consists of two smaller energy 
absorption elements with 60kN crush capacity energy 
absorption elements with 120mm crushable length. 
These experimental vehicles were crashed in a 56kp
rigid barrier NCAP test and a 64kph 40%, Offset 
Deformable Barrier (ODB) impact test, individually. 
Figures 14 and 15 show these vehicles with their 
bumper extended in the test cell before the tests. 

 
Figure 14.  NCAP test setup for the experimental 
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Figure 15.  64kph 40% ODB test setup for the

NCAP Test Performance 

 Nonlinear finite element models were created to 
redi

 
experimental vehicle B. 

p ct the crash performance of these experimental 
vehicles. Figures 16 and 17 depict the predicted crash 
sequence of the experimental vehicle A with the E/R 
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bumper and its energy absorption elements during the
first 30msec of the NCAP test event. The simulation 
predicts that the E/R bumper will be axially crushed 
as intended. The parts later extracted from the actual 
test, shown in Fig. 18, verified this prediction. The 
simulations further predict that adding the E/R 
bumper to experimental vehicle A has reduced t
average deceleration of the vehicle by 9% (from 
20.3G to 18.6G) and the toe-pan intrusion by 40m
Figure 19 shows the comparison of the simulated 
vehicle velocity time history plots for the vehicle 
with and without the E/R bumper. Indeed, we see 
the vehicle with the E/R bumper rendered a much 
softer crash pulse than without it.  

 

he 

m. 

that 

 

Figure 16.  Simulation of the NCAP Test. 
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Figure 17.  Simulated NCAP test: crush sequence 
of the energy absorption elements. 
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Figure 18.  NCAP test: Axially crushed energy 
absorption elements.  

plots with and without the 

 The simulation of the experimental vehicle B in 
 test is shown 

 Fig

 

f the 
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Figure 19.  Comparison of the simulated vehicle 
velocity time history 
E/R bumper. 

64kph, 40% ODB Test Performance 

a 64kph 40% Offset Deformable Barrier
in . 20. The simulation predicts that the offset 
barrier load will bend the bumper beam at near its 
40% offset mark. This, in turn, causes the impact-side 
energy absorption element of the E/R bumper to 
buckle prematurely and the non-impact side energy
absorption element to be pulled inward by the 
bending motion of the bumper beam. The parts 
extracted from the actual test, shown in Fig. 21, 
verified this prediction. Observe the similarity o
buckled energy absorption element from the test 
simulation (see Fig. 22). The simulation also 
identified the main benefit of the E/R bumper for the 
ODB tests - the reduction in vehicle compartment 
intrusion. As shown in Fig. 23, toe-pan intrusion 
decreased by as much as 100mm for the vehicle with 
the E/R bumper.   
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Figure 20.  Simulation of the 64kph 40% ODB 
test.  

 
Figure 21.  64kph 40% ODB test: Prematurely 
bent bumper beam and buckled/pulled energy 
absorption elements. 

 

 

 (a) Simulated   (b) Tested 
Figure 22.  64kph 40% ODB test: Comparison of 
buckled energy absorption element from the test 
and simulation.  
 

igure 23.  Simulated results of the 64kph 40% 
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ri barrier impact test. However, we used the 
experimental vehicle model to simulate this load
case. The benefits identified from the simulation 
include: reduction of toe-pan intrusion by 50mm, 
yawing reduction of 145mm, and pitching reductio
of 62mm. 
 
C
 

table bumper, has been studied with analytical 
methods, nonlinear finite element analysis, 
experiments and demonstration vehicles. Th
shows that the E/R bumper can provide additional 
crush space in an at-risk situation of frontal impact 
prepare the vehicle for a subsequent crash and retract 
when that risk subsides. The study further shows that 
the additional crush space realized by extending the 
bumper can reduce the severity of the crash pulse and 
the amount of structural intrusion to the vehicle 
compartment. Other potential benefits of the E/R
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bumper include improving compatibility in car-to-
truck crashes and enabling short, front overhang 
styling. However, no attempt was made to assess 
manufacturability, mass implications, market inter
or the reliability of the pre-crash sensing technology 
in this study. Further developments to address all 
safety requirements, including real-world crash 
events, are necessary before implementing this 
feature in a production vehicle. 
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ABSTRACT 
 
Based on a large sample of about 690’000 passen-
ger car accidents in Germany for the years 1998-
2002 this study investigated in full detail the effec-
tiveness of primary safety features in real world 
accident behaviour in Germany. In a first part of 
the paper, a statistically sound methodology for 
such an investigation is presented, which can be 
applied to large accident databases. Special em-
phasis is laid on the question of statistical signifi-
cance. The main statistical tool to be applied is the 
method of odds ratios in contingency tables. 
 
After a brief review on existing methods and results 
in this area in the literature (second part) we apply 
in a third part the presented methodology to the 
accident material in order to demonstrate the sub-
stantial and statistically significant effectiveness of 
an Electronic Stabilization Program (ESP) in pas-
senger cars in Germany. These results underline the 
already available results in the literature and are of 
great relevance because today already more than 
60% of the newly registered passenger vehicles in 
Germany are equipped with ESP. Additionally to 
the overall effectiveness of ESP the influence under 
specific accident situations (like specific road con-
ditions, accidents with fatalities and so on) is going 
to be investigated. 
  
A further part is devoted to other even more recent 
primary safety features (like brake assist). Here the 
situation is much more complicated mainly due to 
the lack of relevant accident cases, e.g. accidents in 
which cars with brake assist on board are involved. 
Especially the car-to-pedestrian accidents are going 
to be investigated in order to see whether a positive 
effect of the brake assist can be confirmed.  
 
This study was carried through within the Safety 
Rating Advisory Committee (SARAC) funded by 
the European Commission. 
 
 
 
 
 

INTRODUCTION 
 
The detection and quantification of a possible ef-
fect of a primary safety function in the accident 
behaviour of vehicles is a major area of research in 
the field of accident analysis. In recent years the 
possible effect of an Electronic Stabilization Pro-
gram (abbreviated: ESP) for passenger cars has 
attracted much attention. ESP aims to prevent a 
possible instability of a vehicle, when the car does 
not follow the steering angle. ESP uses single or 
multiple wheel braking. This forces the car to fol-
low the steering angle as far as possible, due to 
physical limits. Thus the question is of great impor-
tance whether or not ESP is able to prevent to a 
certain extent the skidding of vehicles and therefore 
should help the driver not to loose control of the car 
in critical situations. Even if different manufactur-
ers use different acronyms for their Electronic 
Stabilization Program, for example Active Stability 
Control (ASC), Automotive Stability Management 
System (ASMS), Dynamic Stability Control 
(DSC), Vehicle Dynamic Control (VDC), Vehicle 
Stability Control (VSC) or Electronic Stability 
Control (ESC) are used, we will stay with the ab-
breviation ESP within this text. The intention of the 
presented study is to quantify the effect of ESP as 
an electronic system and the focus is not on possi-
ble differences according to make and model. 
 
Of course, ESP is only one of the electronic pri-
mary safety functions newly registered cars are 
going to be equipped with. The Brake Assist (BAS) 
or the Emergency Brake, Adaptive Cruise Control 
(ACC), a Lane Keeping Assistant and a Lane De-
parture Warning System or an Obstacle & Collision 
Warning System or a Driver Condition Monitoring 
System are more examples among others.  
 
We do not intend to give a detailed and complete 
technical description of these electronic safety 
systems and their working configurations. The 
main focus we are interested in is the effect of a 
primary safety function of vehicles on real world 
accidents. Since skidding accidents are usually 
rather dangerous for the driver and the other occu-
pants of a car, the potential for an electronic system 
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which is able to avoid to substantial ratios these 
types of accidents is of major interest. That is the 
reason why we mainly focus on the quantification 
of the effect of ESP. In Germany for example about 
more then 60 % of the recently registered vehicles 
already have an Electronic Stabilization Program 
on board. Since especially the rather severe injuries 
and fatalities occur in so-called loss-of-control 
accidents, it could be expected that the avoidance 
of a reasonable percentage of loss-of-control acci-
dents by ESP is going to result in a substantial 
reduction of severe and fatal accidents.  
 
Several papers considered the effect of ESP on 
accidents from different points of view. Aga and 
Okada (2003) considered the effectiveness of ESP 
in Japan, while Tingvall et al. (2003) investigated 
this question on the basis of accident data from 
Sweden. Recently Page and Cuny (2004) presented 
a study on the effectiveness of ESP on French 
roads. Concerning Germany, where nowadays 
more than 60 % of the newly registered vehicles 
are equipped with ESP, Zobel (2000), Langwieder 
et al. (2003) and (2004), Unselt et al. (2004) and 
Becker (2004) presented rather promising results 
based on German accident data from different 
sources. Based on European accident material 
(EACS data) Sferco et al. (2001) discussed the 
potential benefits of ESP. Concerning the effec-
tiveness of ESP for single car crashes in the U.S. 
see Dang (2004). Recently an international com-
parison of ESP related results has been published 
by Langwieder (2005). 
 
An overview of primary safety functions and first 
steps towards an evaluation of such systems can be 
found in the recent final report of the SEiSS-project 
of the European Commission. 
 
Some relevant methodological considerations con-
cerning the investigation of the possible effects of 
primary safety functions can be found in Becker et 
al. (2004), Busch (2005), Hautzinger (2003), Mar-
tin (2003), Otto (2004), Page and Cuny (2004) and 
Stanzel (2002) among others. 
 
In this paper we intend to present a methodology 
which could be applied to the investigation of the 
possible effectiveness of a general primary safety 
function. Based on a large sample of German acci-
dent data for passenger cars for the years 1998-
2002 from the German Federal Statistical Office 
(Deutsches Statistisches Bundesamt) we are going 
to apply the methodology especially to ESP. The 
obtained results of the study presented in this paper 
will underpin the substantial effectiveness of an 
Electronic Stabilization Program. 
After having presented the used methodology from 
a quite general point of view (which easily allows 
for transferring the methodology to other primary 

safety functions) we are going to consider the 
effectiveness of ESP in detail. We not only 
consider accidents but we also have investigated 
the effectiveness of ESP according to the year of 
first registration, the age of the vehicle, vehicle 
size, different road conditions and locations of 
accidents (e.g. urban and rural) and age or gender 
of the driver. Another focus is on the most severe 
risks (i.e. the accidents with fatalities) in order to 
see the potential benefits from ESP here. It will be 
seen that the effect of ESP on accidents with 
fatalities fortunately is rather high. It is worth 
mentioning that we consider ESP within the 
presented study as an electronic system and that the 
results of this paper do not allow any conclusion 
concerning the effectiveness of ESP for specific 
makes and models.  
In a further section we deal with the problem of 
misclassification of vehicles and accidents. A mis-
classification of vehicles occurs when the equip-
ment with the primary safety function is not de-
tected or when a vehicle incorrectly is assigned to 
be equipped with the safety function. Especially on 
the basis of mass accident data material it seems 
unavoidable that these misclassifications of vehi-
cles occur and the effect on the outcomes of an 
investigation should be considered. The other way 
round it may also happen that for example an acci-
dent is erroneously assigned to be a skidding-
accident and therefore one would assume that ESP 
has some effect on this specific accident which in 
fact was not possible. We will see in the section on 
correction of misclassification errors that misclassi-
fication of vehicles and misclassification of acci-
dents always lead to an underestimation of the 
effectiveness of the primary safety function as long 
as there is in fact a positive effect of the electronic 
system of interest. This means that the real effec-
tiveness of the primary safety function is always 
higher than computed from real world accident 
material, which always contains to a certain per-
centage errors. In other words this means that one 
should try to specify the equipment of vehicles and 
the accident type as proper as possible in order to 
measure the actual effectiveness of this primary 
safety function. Moreover we suggest a method 
which allows for an a posteriori correction of acci-
dent data concerning existing misclassifications. 
The presented methodology is finally applied to the 
above mentioned accident database and ESP as a 
primary safety function. 
 
A section on the effectiveness of other primary 
safety functions as ESP and some conclusions will 
complete the paper.     
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STATISTICAL METHODOLOGY 
 
In this section we summarize a reasonable way how 
to investigate the possible effectiveness of specific 
primary safety equipment in passenger cars on the 
basis of accident databases. 
 
In a first step it is necessary to carefully collect 
accident situations in which the specific primary 
safety feature of interest is likely to have some 
effect on the accident outcome (primary safety 
feature sensitive accident) or has definitely no 
effect (primary safety feature non-sensitive acci-
dent). All other accidents, e.g. accidents for which 
it is not clear whether an effect for at least one 
accident–involved party can be expected or not, 
should be excluded from the further investigation. 
Together with the selection of accidents we addi-
tionally have to assign for each accident (if more 
than one vehicle is involved in the accident) a car 
which we will focus on. For the assigned cars we 
have to be able to decide whether or not these cars 
are equipped with the primary safety function of 
interest.  
 
From this selection we end up with a number of 
cars involved in accidents (for the sake of simplic-
ity also called accidents in the following) for which 
an effect of the primary safety feature is expected 
or can definitely be excluded. 
 
The main idea will be to compare the behaviour of 
the vehicles equipped with a specific primary 
safety feature and the non-equipped vehicles ac-
cording to both groups of sensitive and non-
sensitive accidents.    
 
This first step already is not very easy to realize on 
mass accident databases. In such databases typi-
cally only a rough classification of accident situa-
tions is available. Therefore a clear-cut decision, 
whether the accident outcome for a vehicle in-
volved in an accident is sensitive or non-sensitive 
to a specific primary safety feature is impossible. 
Thus one has to face the problem that the group of 
sensitive accidents contains cases which in fact 
have not been affected by the primary safety fea-
ture of interest and vice versa. We will see in the 
case that there indeed is a positive effect of the 
primary safety function that this dilemma will lead 
in any case to an underestimation of the effect of 
the primary safety function. We will come back to 
this point later on.  
 
The selection of safety function sensitive accidents 
and accidents which are not affected by the safety 
function (safety non-sensitive accident for short) 
also includes the selection of one accident involved 
vehicle for which the safety function has an ex-
pected effect on the accident outcome. This is not a 

problem as far as single car accidents are consid-
ered, but for most primary safety functions it is 
advisable to take into account car-to-car crashes as 
well, since in most types of accidents a collision 
with another vehicle cannot be excluded. 
 
Having selected sensitive and non-sensitive acci-
dents and corresponding accident involved vehicles 
moreover one has to decide in a further step, 
whether or not these cars have been equipped with 
the safety function. Since mass accident databases 
usually do not contain this information explicitly, 
one has to derive it from available car characteris-
tics. In many cases it is possible to obtain the likely 
equipment from the make and model, the date of 
the first registration and additional input from the 
manufacturers. Unfortunately again a clear-cut 
decision of the question whether a specific car is 
equipped or not with the safety function is limited. 
Usually there is the possibility to separate the fol-
lowing three groups 
 

– Cars most likely equipped with  
the safety function 

– Cars most likely not equipped  
with the safety function 

– Cars for which the equipment  
is not known 

 
One has to exclude the accident cases in which no 
almost sure information about the equipment can 
be obtained from the further investigation and one 
again has to face the problem that for the remaining 
cases there is a certain rate of misclassification. As 
before, existing misclassification leads to a further 
underestimation of the effect of the safety function. 
We will argue below that up to a certain extent a 
correction for this underestimation as well as for 
the underestimation which is due to the misclassifi-
cation of sensitive and non-sensitive accidents is 
possible.  
 
Now we have selected accidents which can be split 
into primary safety function sensitive and non-
sensitive accidents and for each accident involved 
vehicle we know with at least high probability 
whether the car is equipped or not with the safety 
function of interest. In order to be able to guarantee 
a serious investigation on the effect of the primary 
safety function of interest we have to reduce the 
number of accident cases once more. The reason is 
that we are mainly interested in recently introduced 
primary safety functions. This implies that it typi-
cally will be the case that the vehicles contained in 
the accident database which are equipped with the 
safety function are only a few years old (e.g. up to 
5 years). In contrast the non-equipped cars of 
course will be to a considerable percentage much 
older. In order to receive a meaningful comparison 
one should take into account vehicles with first 
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year of registration belonging to the same time 
window. E.g. if we are interested in a primary 
safety function introduced to the market about 
1998/1999 then one should only include accidents 
from 1999 until today and involved vehicles with 
year of first registration not earlier then 1999.  
 
Of course there are many other factors which may 
influence the accident outcome of a crash (e.g. the 
driver age and gender, the road conditions, the 
location of the accident, the size of the vehicle and 
so on). If the accident-involved vehicles equipped 
or not with the safety function of interest differ 
substantially in one or more of these factors, then it 
would become rather difficult to decide whether a 
possible effect on the accident outcome is caused 
by the primary safety function or by a confounding 
factor in which the two groups of equipped and 
non-equipped vehicles substantially differ. The 
most ideal situation, i.e. a situation in which we can 
base the investigation on a huge number of very 
similar vehicles, driven by similar people in similar 
locations, which only differ in the equipment with a 
specific primary safety function, is completely 
unrealistic. So we have to live with a certain 
amount of differences in the population of the un-
derlying vehicles. Nevertheless one has to do the 
best in order to be sure to exclude that a pretended 
effect of the primary safety function indeed is due 
to a completely different causation. Therefore in 
some cases it is advisable to separate the results 
according to different years of first registration, or 
to different gender of the driver, or the location of 
the accident, or the road conditions and so on in 
order to be able to detect whether there are differ-
ences in accident outcome due to one or another 
factor.  
 

Table 1. 
Underlying accident data for an investigation of 

the effectiveness of a primary safety function 
 

Primary safety 
function-sensitive 

accident 

 
 

No Yes 

 
Total 

No N00 N01 
N00 

+ 
N01 

Vehicle 
equipped 
with pri-

mary 
safety 

function 
Yes N10 N11 

N10 

+ 
N11 

Total N00+N10 N01+N11 N 

 
 
Furthermore it may be advisable to separately con-
sider light or no injury accidents and severe or fatal 
accidents. 

Finally we end up with accident data which can be 
represented as is stated in Table 1. On this repre-
sentation we will base our statistical investigation. 
 
One statistically consolidated method is to base the 
investigation on the so-called odds-ratio OR, i.e. on 
 

11 10 11 00

01 00 01 10

/

/

N N N N
OR

N N N N

⋅
= =

⋅
       (1). 

  
In the context of the evaluation of the effectiveness  
of an Electronic Stabilization Program (ESP) the 
odds-ratio has been successfully been used by 
Stanzel (2002), Martin (2003), Tingvall et al. 
(2003), Otto (2004) and Page (2004), see also 
Hautzinger (2003). An odd in our context is the 
ratio of the probability of suffering a primary safety 
function sensitive accident and the probability of 
suffering a primary safety non-sensitive accident. 
Since we only take accidents of this two types into 
account both probabilities add up to 1. The odd is 
computed for the group of equipped and non-
equipped vehicles separately and the ratio of the 
two odds is the odds-ratio OR.  
 
If one interchanges the role of the variables vehicle 
equipment and accident sensitivity one could also 
define an odds-ratio in comparing the odds of the 
probability that a car with the primary safety func-
tion on board is involved in the accident for both 
groups of primary safety function sensitive and 
non-sensitive accidents, i.e.  
  

11 01

10 00

/

/

N N
OR

N N
=          (2). 

 
But this odds-ratio exactly coincides with the odds-
ratio from above. Thus is does not matter in which 
sequence the two variables are considered. Even if 
one considers the ratio of the odds based on condi-
tional probabilities 
 

{ } { }( ) P Sensitive Accident Equipped Car  

and 
 

{ } { }( )P Non-sensitive Accident Non-equipped Car  

 
one ends up with exactly the same odds-ratio OR as 
above. 
 
In case that the primary safety function has some 
positive effect (note that this effect can only occur 
in the group of the primary safety function sensitive 
accidents) the odds-ratio OR is less than one and 
vice versa (the assertion OR ≥  0 holds always 
true). Since the odds are monotonic function of the 
corresponding probabilities we have that the 
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smaller the odds-ratio is the more effective is the 
primary safety function. That is why the quantity 
 

1E OR= −              (3) 
 
is used as a measure of effectiveness of a primary 
safety function in the literature. 
 
In real data situations (especially when the underly-
ing sample size (i.e. the underlying number of acci-
dents) is low or moderate, one has to avoid that the 
reason for obtaining an odds-ratio OR which is less 
than one is only due to statistical fluctuation. This 
means that we need confidence limits for the odds-
ratio OR. Such a confidence interval with a cover-
age probability of 95% is given for example 
through the following formula (cf. Agresti (1996), 
page 24) 
 

00 10 01 11

1 1 1 1
exp 1.96OR

N N N N

⎛ ⎞
⋅ ± ⋅ + + +⎜ ⎟⎜ ⎟

⎝ ⎠
    (4). 

 
This confidence interval easily carries over to a 
confidence interval with coverage probability of 
95% for the effectiveness E. 
 
The meaning of such a confidence interval is, that 
we expect with a probability of 95% that the under-
lying theoretical odds-ratio of probabilities in this 
interval. Thus, if the upper confidence limit is less 
than one this would be a statistically significant 
indication that there indeed is a positive effect of 
the primary safety function to be investigated. Un-
fortunately we usually need an at least moderate 
sample size of accidents in order to obtain statisti-
cally significant results.   
 
The effectiveness E can in fact be interpreted in the 
way that an effectiveness of E means that E·100% 
primary safety function sensitive accidents could be 
avoided if all vehicles on the market are equipped 
with the specific primary safety function. It is a 
matter of fact, that the Odds-ratio is indeed an ap-
proximation of the usual ratio of the following two 
conditional probabilities 
 

{ } { }( ) P Sensitive Accident Equipped Car  

and 
 

{ } { }( )P Sensitive Accident Non-equipped Car .  

 
The reason for this matter of fact is that the ratio of 
the primary safety function equipped and the non-
equipped vehicles within the group of accidents 
non-sensitive to the primary safety function can be 
viewed as a reasonable approximation to the ratio 
of both numbers of vehicles on the market.  

Of course one could also compute the market share 
of vehicles equipped and non-equipped with the 
primary safety function on the basis of all accidents 
in the underlying database. In case that the primary 
safety function indeed has a positive effect on some 
accidents this computation will underestimates the 
share of primary safety function equipped vehicles 
and therefore will automatically lead to an overes-
timation of  
 

{ } { }( )P Sensitive Accident Equipped Car .  

 
Finally this in turn implies that a possible effect of 
the primary safety function of interest is always 
underestimated. 
 
A comparison on the basis of these two conditional 
probabilities concerning the effectiveness of a Elec-
tronic Stabilization Program (ESP) has been carried 
through by Unselt et al. (2004). 
 
One might be tempted to think that the above two 
conditional probabilities coincide with the follow-
ing ratio, which could easily be obtained from 
Table 1: 

11

10 11

N

N N+
 

and 

01

00 01

,
N

N N+
 

 
but this is not the case since Table 1 only contains a 
selected number of accidents and not all accidents, 
as is really necessary. 
 
If one additionally takes into account the percent-
age of the primary safety sensitive accidents among 
all possible accidents then one may compute the 
reduction among all accidents that are possible if 
the primary safety functions would have been a 
standard equipment of all vehicles in a country. 
 
 
EFFECTIVENESS OF AN ELECTRONIC 
STABILIZATION PROGRAM 
 
In this section we apply the methodology of the 
preceding section to a special primary safety func-
tion, namely to the Electronic Stabilization Pro-
gram (ESP). As accident database we use the acci-
dent statistics from the German Federal Statistical 
Office (Statistisches Bundesamt) for the years 
1998-2002. This database contains quite a lot of 
accident data all over Germany. In total for the five 
years period we have about 690’000 police re-
corded passenger car accidents available. Not only 
accidents with at least one injured person are con-
tained in the database but also material damage 
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only accidents have been recorded in quite a large 
portion. The recorded passenger car accidents con-
sist of single-car and car-to-car crashes.  
 
The specification of types of accident is rather 
rough in the database, as is usual for mass accident 
databases. The German Federal Statistical Office 
uses seven types of accidents in order to describe 
the conflict situation which leads to the accident. 
We decided to use the accidents classified to the 
type of accident “Driving Accident” as accidents 
which are most likely to be influenced by ESP 
(ESP sensitive accidents). In the terminology of the 
Federal Statistical Office a “Driving Accident” is 
defined as caused by the driver’s losing control of 
his vehicle (due to not adapted speed or misjudge-
ment of the course or the condition of the road, 
etc.”. In order to be able to compare the accident 
behaviour of ESP-equipped and ESP non-equipped 
vehicles we need a control group of accidents 
which contains only accidents which most likely 
are definitely not affected by an Electronic Stabili-
zation Program. Here we selected the types of acci-
dent “Accident caused by turning off the road”, 
“Accident caused by turning into a road or by 
crossing it” as well as so-called “Accident caused 
by crossing the road (by a pedestrian)” and “Acci-
dent involving stationary vehicles”. All the acci-
dents belonging to one of the above mentioned 
types are assigned to be ESP-non-sensitive acci-
dents. All accidents belonging to the types of acci-
dents “Accident between vehicles moving along in 
carriageway” and “Other accident” are regarded as 
accidents which may or may not be influenced by 
ESP. Since for these accidents a clear-cut decision 
seems to be not possible we excluded them from 
the further investigation.  
 
Concerning the names of the types of accidents we 
stay here with the official English terms published 
by the German Federal Statistical Office.  
 
Now we come to the accident involved vehicles. 
Here we choose for all accidents the vehicle of the 
so-called “guilty driver”. This is the driver of the 
car which is mainly responsible for the accident.  
 
With the help of several car manufacturers from 
Europe as well as from Japan we have been able to 
detect – up to a reasonable degree of reliability – 
the vehicles which have ESP as standard equipment 
or not. Makes and models which are equipped to 
more than 80% with ESP are regarded ESP-
equipped vehicles. All vehicles which do not have 
an Electronic Stabilization Program as standard 
equipment are stated to be non-ESP-equipped vehi-
cles. In cases in which we are unsure about possible 
equipment with ESP we excluded the whole acci-
dent from the investigation.  

In order to include only comparable vehicles in the 
study we further excluded all accidents in which 
the vehicle of the guilty driver has been registered 
for the first time before 1998. 
 
Doing so, we end up in total with a little more than 
40’000 German accidents of passenger which we 
have taken into account for our investigation. This 
accident data will serve as the basis for the investi-
gation of the effectiveness of ESP. Note that ESP is 
taken as a system that operates similarly in all cars. 
Possible differences between makes and models are 
not considered. The results should rather be consid-
ered as average results. The data can be condensed 
to a 2x2 table (cf. Table 2).   
 

Table 2. 
Underlying accident data for an investigation of 
the effectiveness of an Electronic Stabilization 

Program (ESP) 
All accidents from the years 1998-2002 of pas-

senger cars firstly registered in 1998 or later and 
only accidents which have been assigned to be 
sensitive or definitely non-sensitive to ESP and 
vehicles most likely equipped or not-equipped 

with ESP  
Data Source: German Federal Statistical Office 
 

ESP-sensitive 
accident 

 
 

No Yes 

 
Total 

No 18035 10387 28422 Vehicle 
equipped 

with 
ESP Yes 9075 3535 12610 

Total 27110 13922 41032 

 
 
From Table 2 we easily obtain an odds-ratio of 
OR=0.676, which leads to an effectiveness E of 
32.4% for the Electronic Stabilization Program 
ESP, which means that at least one third of the 
ESP-sensitive accidents could be avoided by ESP. 
 
In order to get a deeper insight in the effectiveness 
of ESP we present in Figure 1 a plot of the effec-
tiveness of ESP for different years of first registra-
tion separately. I.e. we created 4 separate tables 
like Table 2, in which we only included accidents 
of vehicles registered for the first time in a specific 
year. Since in 1998 only a rather few number of 
vehicles equipped with ESP have been registered 
for the first time we don’t take this year of first 
registration into account. 
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Figure 1. Effectiveness of ESP for different 
years of first registration (1999-2002) (black) 
with 95% confidence limits (dotted) and overall 
effectiveness including 95% confidence limits 
(red) 
 
 
It can easily be seen from Figure 1 that the effec-
tiveness of ESP increased with the year of first 
registration. One might be tempted to conclude 
from this that the Electronic Stabilization Program 
has improved over the years. Since we have acci-
dent material only for years 1998-2002 at hand we 
have to be careful. Since we can observe for the 
most recent vehicles registered for the first time in 
2002 only possible accidents during the year 2002, 
i.e. accidents with a rather new vehicle, in contrast 
to vehicles registered for the first time in 1998 for 
which we are able to see potential accidents  over a  
five  year period,  it might be the case  
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Figure 2. Effectiveness of ESP for different ages 
of vehicles at time of accident (accidents from 
the years 1998-2002) including 95% confidence 
limits 
 
 
that the effect of increasing effectiveness can be 
completely explained by a different handling of 
brand-new and older vehicles. In order to see 
whether this is the case, we will have a look onto 
the effectiveness of ESP depending on the age of 
the vehicle at time point of the accident (cf. Figure 
2).  
 

It can be seen that there really is a moderate (but 
not significant) difference in the effectiveness of 
ESP according to the age of the vehicle. But it is 
easily seen that these differences are not able to 
explain the increase in Figure 1, which underpins, 
that in fact there is an increase in effectiveness of 
ESP for more recent vehicles which can’t be ex-
plained by the age of the vehicle at time of acci-
dent. This justifies the assertion that there probably 
is a technical progress in implementing Electronic 
Stabilization Programs in vehicles.   
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road conditions

 
 
Figure 3. Effectiveness of ESP for different road 
conditions (accidents from the years 1998-2002) 
including 95% confidence limits 
 
 
We further investigated whether there are factors or 
situations in which ESP-equipped and non-ESP-
equipped vehicles differently behave.  
 
Concerning the different daylight conditions (day-
light, twilight, darkness) we don’t detect any dif-
ferences in the behaviour of cars equipped or not 
with ESP, which is accordance with the technical 
functioning of ESP. 
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Figure 4. Effectiveness of ESP within built-in 
areas for different road conditions including 
95% confidence limits 
 
In contrast to this we detect some differences de-
pending on the road conditions (cf. Figure 3). 
Especially it can be seen that the effectiveness of 
ESP on a dry road is higher than on wet (and icy) 
roads. Indeed the difference is statistically signifi-
cant. Let us have a closer look on the effectiveness 
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of ESP in dependence on the road conditions. We 
split the accidents according to their location within 
or outside built-in areas and computed the effec-
tiveness separately (cf. Figures 4 and 5). 
 
The slightly negative odds-ratio in Figure 4 on icy 
roads within built-in areas is by far not significant. 
It may be interpreted only in the way that no effect 
of ESP on the basis of all accidents can be detected 
for such situations. For special interest in the effec-
tiveness of ESP in such rather rare situations a 
more specified investigation is necessary. 
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Figure 5. Effectiveness of ESP outside built-in 
areas for different road conditions including 
95% confidence limits 
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Figure 6. Effectiveness of ESP according to loca-
tion of the accident including 95% confidence 
limits 
 
 
We see from Figures 4 and 5, that the effectiveness 
of ESP on dry roads is significantly better outside 
built-in areas where it could be expected that the 
driving speed is higher than in urban areas and one 
could on wet roads more easily come into situa-
tions, where the physical limits are reached or even 
exceeded. In contrast, in urban areas one drives 
usually at lower speed and the risk to skid is higher 
on wet roads. Because of the lower driving speed 
one can substantially benefit from a present Elec-
tronic Stabilization Program. If one compares the 
behaviour of ESP for different accident locations 
(within or outside built-in areas), a substantially, 
but not significantly, better performance of ESP 
outside built-in areas can be observed (cf. Figure 
6).  

Concerning the age of the driver of the vehicle no 
different effect of ESP shows up, i.e. ESP works 
well for all age groups of drivers. 
 
Of course it is of great interest to see, how an Elec-
tronic Stabilization Program performs for accidents 
with severe or even fatal injury outcome. The 
effectiveness of ESP for accidents with fatal injury 
outcome has proved to be even higher than the 
effectiveness of ESP regardless the injury outcome 
of the accident. From the German accident data it is 
obtained that the effectiveness of ESP for accidents 
with fatal injury outcome is 55.5% in contrast to an 
effectiveness of 32.4% over all accidents (including 
material damage only accidents). The 95% confi-
dence interval for the effectiveness of ESP in fatal 
accidents reads (31.2 % , 71.2 %). Nevertheless the 
potential of an Electronic Stabilization Program to 
avoid especially extremely severe accidents is 
rather striking. More then every second fatal driv-
ing accident can be avoided by ESP. 
 
Finally let us come back to the driver population 
and let us compare the effectiveness of ESP for 
different gender of the driver. Surprisingly it 
showed up that ESP-effectiveness in women-driven 
vehicles is significantly better than ESP-
effectiveness in men-driven vehicles (cf. Figure 7). 
A more detailed analysis revealed that this effect is 
linked to car size, as we will see in the following. 
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0,40
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0,50
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gender of driver

 
 
Figure 7. Effectiveness of ESP separately for 
gender of driver including 95% confidence lim-
its 
 
 
To this end we investigated within this study as a 
further factor the size of the vehicle and possible 
differences in the effectiveness of ESP. It is ob-
tained that the effectiveness indeed differs with the 
curb-weight of a vehicle (cf. Figure 8). Moreover 
we see from Figure 8 that especially for smaller 
cars (curb-weight less than 1100 kg) ESP-
effectiveness is rather high and decreases with 
increasing curb-weight.  
 
In addition to the effectiveness of ESP for different 
curb-weights in Figure 8 we plotted there the per-
centage of female drivers within the respective 
mass categories. It is striking that both curves (ef-
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fectiveness of ESP and percentage of female driv-
ers) correspond rather well.  
 
This result strongly suggests that the influence of 
the gender reported in Figure 7 in fact is an influ-
ence resulting from the size of the vehicle. More-
over gender of driver and size of vehicle are obvi-
ously (cf. Figure 8) strongly correlated variables 
and this strong correlation likely leads to the effects 
presented in Figure 7. 
 
The reason for the high ESP-effectiveness espe-
cially for smaller vehicles could be that the incre-
mental safety gain by an Electronic Stabilization 
Program for those cars is rather high. 
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Figure 8. Effectiveness of ESP separately for 
different curb-weights (in kg) including 95% 
confidence limits (black solid and dashed lines) 
together with the percentage of female drivers in 
the respective curb-weight category (red line)  
 
 
 
METHODOLOGY FOR CORRECTION OF 
ERRORS DUE TO MISCLASSIFICATION 
 
As is already mentioned above we have to face the 
situation that we can’t avoid some errors in classi-
fying accidents into primary safety function sensi-
tive accidents and definitely primary safety func-
tion non-sensitive accidents. Especially when an 
investigation is based on mass accident databases, 
only a few categories of types of accident exist 
(e.g. the German Federal Statistical Offices uses 
seven types of accidents) and the lines are blurred. 
Concerning the primary safety function ESP we 
assigned in order to obtain the results of the pro-
ceeding section all so-called Driving Accidents to 
be ESP-sensitive. Of course it is reasonable to 
assume that a large percentage of the driving acci-
dents are indeed influenced by an Electronic Stabi-
lization Program but it is unrealistic to assume that 
all driving accidents without any exception have 
been influenced by ESP. Vice versa it is possible 
that a small percentage of accidents assigned to be 
ESP-non-sensitive may have been influenced by 
the primary safety function. Thus we think that the 

assumption that a small percentage pacc of accidents 
has been falsely assigned to be primary safety func-
tion sensible and the other way round is reasonable. 
We consider the values 0.05 and 0.10 for pacc.  
 
The same argumentation holds true for the deter-
mination whether or not a specific accident in-
volved vehicle has been equipped with the primary 
safety function or not. Since we usually have to 
conclude the equipment of a vehicle from the year 
of registration errors concerning the vehicle equip-
ment are even more likely then erroneously classi-
fying accidents. We assume for the following that 
the probability that a vehicle of being falsely cate-
gorised to the group of vehicles having the primary 
safety function on board and vice versa is pcar. Here 
values of pcar = 0.10 or 0.15 seems reasonable. 
 

Table 3. 
Accident cases corrected for misclassified vehi-

cles (misclassification rate pcar) 
 

Primary safety function-
sensitive accident 

 
 

No Yes 

No 00N%  01N%  
Vehicle 

equipped 
with pri-

mary 
safety 

function 
Yes 10N%  11N%  

 
 
where 
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p N p N
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− −
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−
− −

=
−

− −
=

−
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=
−

%

%

%

%

        (5). 

Since the errors in categorising accidents as well as 
vehicles do not depend on the accident outcome we 
are able to reconstruct from the observed data in 
Table 1, to data which do not contain the errors due 
to misclassification any more. In a first step we 
correct for vehicle misclassification and obtain 
(assuming a misclassification rate of pcar) Table 3. 
 
In a second step we additionally correct for errors 
in classifying accidents incorrectly. Assuming a 
misclassification rate of pacc we obtain the corrected 
Table 4, which now can be viewed as a table of 
accidents without miss-specified accidents and 
vehicles. 
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Table 4. 
Accident cases corrected for misclassified vehi-
cles and accidents (misclassification rates pcar 

and pacc) 
 

Primary safety function-
sensitive accident 

 
 

No Yes 

No 00n  01n  
Vehicle 

equipped 
with pri-

mary 
safety 

function 
Yes 10n  11n  

 
 
where 
 

00 01
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01 00
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10 11
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11
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1 2
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1 2
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1 2

(1 )
.
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acc acc
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acc acc
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acc acc
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acc acc
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p N p N
n

p

p N p N
n

p

p N p N
n

p

p N p N
n

p

− −
=

−

− −
=

−

− −
=

−
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=
−

% %
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         (6). 

 
It can be shown that the Odds-ratio computed from 
Table 3 is always smaller than the odds-ratio com-
puted from the not-corrected underlying Table 1 as 
long as there is a positive effect of the primary 
safety function, i.e. as long as the odds-ratio from 
Table 1 is less than one. Furthermore in this case 
the odds-ratio computed from the completely cor-
rected Table 4 is again smaller than the odds-ratio 
computed from Table 3 and therefore also smaller 
then the odds-ratio computed from the completely 
uncorrected Table 1. In other words this means that 
in the case where we in fact have a primary safety 
function which leads to an improved behaviour in 
accidents which are sensitive to this specific pri-
mary safety function we obtain from the underlying 
Table 1 an upper bound for the true interesting 
odds-ratio, which is the odds-ratio from Table 4.  
 
Turning to effectiveness this means that the effec-
tiveness obtain from the uncorrected Table 1 un-
derestimates the true effectiveness as long as there 
in fact is a positive effect of the primary safety 
function at all. The effectiveness computed from 
the completely corrected Table 4 may serve as a 
good approximation of the wanted effectiveness as 
long as we have specified the misclassification 
rates properly. 
 
 

CORRECTION OF MISCLASSIFICATION 
ERRORS IN THE INVESTIGATION OF AN 
ELECTRONIC STABILIZATION PROGRAM 
 
In this section we apply the methodology from the 
preceding section to the special case of ESP. Ap-
plication of the two correction steps summarized in 
Tables 3 and 4 together with formulas (5) and (6) 
leads for the ESP-accident data presented in Table 
2 the following corrected accident data (expected 
numbers with respect to the rates of misclassifica-
tion) 
 

Table 5. 
Accident data for an investigation of ESP cor-
rected for misclassified vehicles (misclassifica-

tion rate 10%) and misclassified accidents (mis-
classification rate 10%) 

 
 No Yes  

No 20144 10255 30399 Vehicle 
equipped 

with 
ESP Yes 8614 2019 10633 

Total 28758 12274 41032 

 
 
It can easily be computed that the corrected Table 5 
leads to an odds-ratio of OR=0.46 and an effective-
ness of ESP of 54.0% (in contrast to the effective-
ness of ESP of 32.4% obtained from Table 2 di-
rectly. It is worth mentioning again that the effec-
tiveness of 32.4% obtained from Table 2 is in fact a 
lower bound for the effectiveness of ESP. If one 
agrees with the assumed misclassification rates of 
10% for both vehicles and accidents then one 
should prefer the effectiveness of 54.0% obtained 
from the corrected Table 5. This effectiveness of 
54% means that ESP is able to avoid even more 
then every second ESP-sensitive accident, which 
really is impressing. Assuming a misclassification 
rate of 5% for the accidents and of 10% for the 
vehicle equipment this leads along the same lines 
as above to a computed effectiveness of ESP of 
about 47.5%.  
 
It should be mentioned that one obtains from In-
depth accident data (e.g. from the GIDAS accident 
database) an effectiveness of ESP from about 
48.6% (in contrast to an effectiveness of ESP of 
32.4% obtained from the mass accident data mate-
rial used in this study). An explanation could be 
that the accident classification and the knowledge 
about vehicle equipment in In-depth databases is 
much better and that one should compare the re-
sults obtained from In-depth data with the com-
puted effectiveness from mass accident data cor-
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rected for errors of misclassification. In doing so 
the obtained effectiveness from corrected mass 
accident data and from In-depth accident data fit 
quite well. 
 
Finally Figure 9 compares the effectiveness of ESP 
separately according to the year of first registration 
on the basis of uncorrected as well as for misclassi-
fication corrected accident data material. 
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Figure 9. Effectiveness of ESP for different 
years of first registration (black solid line) and 
overall according to uncorrected data (black 
dashed line) and according to corrected data 
(misclassification rate 5% in red, misclassifica-
tion rate 10% in blue) 
 
 
As we have seen above, ESP especially works well 
for ESP-sensitive accidents with a fatal injury out-
come. Above we obtained an effectiveness of ESP 
for this group of most severe ESP-sensitive acci-
dents of 55.5%. If we correct these fatal accidents 
along the lines of Tables 3 and 4 together with 
formulas (5) and (6) from the preceding section for 
misclassified accidents and vehicles with the same 
misclassification rate of 10% as above, we obtain 
an effectiveness of ESP for fatal ESP-sensitive 
accidents of  77.9%.  
 
If we only take a misclassification rate of 5% for 
both vehicles and accidents this leads to an effec-
tiveness of ESP for fatal ESP-sensitive accidents of 
about 65.9%.  
 
 
EFFECTIVENESS OF FURTHER PRIMARY 
SAFETY FUNCTIONS 
 
Concerning the effectiveness of a primary safety 
function that assists the driver of a vehicle to brake 
as efficient as possible in emergency situations, it 
seems to be rather difficult to detect the potential 
effects on accident material from mass databases. 
Braking is a function which is more or less acti-
vated in every accident so we expect difficulties in 

separating between types of accidents which are 
sensitive and definitely not sensitive to braking.  
 
Concerning the effectiveness for example of the 
Brake Assist (BAS) we most likely have to base the 
investigations on in-depth accident material. The 
BAS is constructed in order to reach in an emer-
gency braking manoeuvre the optimum decelera-
tion. It seems to be difficult for a not trained driver 
to achieve this without the help of an electronic 
assistant system. Optimum braking in critical situa-
tions will lead to the lowest possible speed at the 
time of the crash, which is of course advantageous 
for the injury outcome.  
 
From the technical description of the Brake Assist 
it should be possible to quantify the amount of so-
called delta-v reduction which could be reached by 
the system. Having this information at hand we 
then need information on injury outcome of acci-
dents depending on delta-v. Such investigations 
exist and can for example be found in Busch 
(2005).  
 
The quantification of the effectiveness of a system 
like the Brake Assist based on real world accident 
data is still under investigation and will be an ongo-
ing research topic. 
 
An overview of other systems like Adaptive Cruise 
Control (ACC) or Lane Departure Warning can be 
found in the SEiSS-report (2005).   
 
 
CONCLUSIONS 
 
In this paper we presented a statistical methodology 
which can be applied in investigations based on 
real world accident data in order to detect and to 
quantify a possible effectiveness of a primary 
safety function in vehicles. The methodology is 
based on a thorough selection and evaluation of 
accident data in a first step. The main statistical 
method is the method of so-called odds-ratios in 
categorical data. This methodology has already 
been used in other papers in the literature about 
effectiveness of primary safety functions. Given 
confidence intervals for odds-ratios allow for the 
decision whether from accident data observed facts 
are statistically significant or not.  
 
The presented methodology is then applied to a 
large sample of German passenger car accidents for 
the years 1998-2002 recorded by the German Fed-
eral Statistical Office. The main focus is on the 
effectiveness of an Electronic Stabilization Pro-
gram (ESP). The results demonstrate clearly and 
significantly that there in fact exists a substantial 
benefit of ESP. The effectiveness of ESP is quanti-
fied for different factors like different road condi-
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tions and different locations of the accidents as well 
as different age and gender of the driver and differ-
ent sizes of the vehicles. Additionally the effective-
ness is presented separately for accidents with fatal 
injury outcome. The amount of effectiveness of 
ESP varies over different factors but the main mes-
sage is that ESP is a successful electronic primary 
safety function for vehicles. 
 
Moreover the paper contains a proposal on how to 
correct for misclassification of accidents (primary 
safety function sensitive or definitely non-
sensitive) and vehicles (equipped with the primary 
safety function or not). Again based on the German 
data it is demonstrated what the effects of such a 
correction are concerning ESP. The results show 
that all misclassifications lead in any way to an 
underestimation of the actual ESP-effectiveness.  
 
In general it has been found that ESP-effectiveness 
in all ESP-sensitive crashes amounts at least to 
32.4% and may increase to 54.0% by correcting 
misclassification. The ESP-benefit in fatal acci-
dents is even higher and amounts to 55.5% (based 
on ESP-sensitive crashes) and may increase to 
about 77.9%, if for a certain percentage of misclas-
sification is corrected. In summary ESP has again 
proven to be a most effective safety system and it 
should be integrated in all modern cars.  
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ABSTRACT 
Inverted drop testing of vehicles is a destructive 
determination of roof strength used by industry, 
government organizations and independent engineers 
to determine vehicle safety with respect to rollover 
collision. In this paper, the results of numerous 
inverted drop tests are summarized and analyzed, 
giving both the amount of permanent and temporary 
roof crush that occurs during impact. Only 
unmodified production vehicles with sound roofs 
were tested. The amount of dynamic roof crush 
varied from a low of 0 to a maximum of 7.0 cm, the 
relationship between elastic and plastic roof crush 
was not found to be statistically significant, and 
prediction intervals for A and B-pillar crush were 
developed. 
 
INTRODUCTION 
 
Many engineers believe that strong roofs provide 
significant protection to occupants during rollover 
collisions. As of this writing, the American National 
Highway Traffic Safety Administration (NHTSA) 
has opened docket #5572 regarding review of the 
technical methodology for certifying the roof 
strength of passenger vehicles. In this docket can be 
found arguments in support of, and counter-
arguments dismissive of, the assertion that stronger 
roofs (beyond a certain minimal point) are safer 
roofs. This paper addresses the lack of solid data 
regarding impact-generated dynamic intrusion into 
the occupant space. 
 
There is currently a lack of information regarding the 
dynamic intrusion of the roof structure into the 
occupant capsule as a result of rollover. This 
information has not been tabulated as a result of 
Family of Motor Vehicle Safety Standards (FMVSS) 
216 tests, and cannot be reliably measured from 
actual rollover collisions. In some cases, evidence of 
dynamic intrusion is present due to witness marks on 

headrests and other components during rollovers, but 
the actual intrusion distance still must be estimated 
rather than measured. 
 
STATIC ROOF CRUSH TESTING  
 
Roof strength is regulated in the United States by the 
FMVSS 216 standard, Roof Crush Resistance – 
Passenger Cars, and was adopted on September 1, 
1973. General Motors developed the procedure at 
their research laboratories. One reason that it was 
adopted was for its repeatability, a desirable attribute 
for expensive, time-consuming tests. 
 
The pre-amble of the FMVSS-216 standard states, 
“The purpose of this amendment…is to add a new 
Motor Vehicle Safety Standard…that sets minimum 
strength requirements for a passenger car roof to 
reduce the likelihood of roof collapse in a rollover 
accident” (emphasis added). As was alluded to in the 
introduction, there is significant, ongoing 
controversy regarding roof crush as it relates to 
occupant injury. Certainly, if roof crush is an issue in 
occupant safety, it is immaterial as to whether or not 
the intrusion that may or may not have injured the 
occupant was temporary or permanent. 
 
DYNAMIC ROOF CRUSH TESTING  
 
The quasi-static roof crush test mandated by the 
FMVSS 216 subjects the vehicle to a maximum force 
significantly less severe than would be applied to the 
vehicle during a multiple rollover. The Society of 
Automotive Engineers (SAE) recommended practice 
J996, Inverted Drop Test, is also a test of rollover 
crashworthiness, and was developed by SAE in the 
late 1960s. Since it is a more severe test, numerous 
engineers prefer it to the quasi-static FMVSS 216 
test. 
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The SAE J996 test was designed, “…to obtain as 
closely as possible deformation of a vehicle roof or 
roll bar structure which occurs in a vehicle roll-
over.” In this test, the subject vehicle is inverted, 
given a roll angle, pitch angle, and drop height that 
are representative of the assumed loading at rollover. 
The angles present ensure that the majority of 
potential energy is transferred directly to the A-pillar 
structure. This standard does not specify any crush 
measurement methodology, permanent or dynamic. 
 
DEVICE DESIGN AND TEST PROCEDURE 
 
A reusable telescoping rod assembly was designed 
and constructed to document dynamic crush. The 
two rods are made of cold-rolled 4130 steel, 
approximately 56 cm in length, with a 2 cm nominal 
inner diameter of the thin-wall hollow (female) upper 
rod, and a 2 cm nominal exterior diameter of the 
solid (male) lower rod. The rods are not spring 
loaded, but free to move axially in extension and 
compression. The rod ends are capped with 
machined gimbals that fit into bases to allow rapid 
re-orientation of the rod ends during testing thus 
preventing binding. The orientation of the rod 
assembly inside of the vehicle is such that it is 
perpendicular to the test pad as the vehicle is 
inverted and ready to be dropped. The driver’s seat is 
removed or modified as necessary to accommodate 
rod mounting. The top base is riveted into place at 
the root of the pillar / roof rail interface, and the 
bottom base is welded to the floor or seat structure.  
 
Once the device is in place, its installed length is 
measured, and a rubber o-ring is positioned at the 
exterior mating rim of the female rod. As the rod 
compresses during impact, the o-ring is displaced by 
the female rod. As the roof rebounds, the o-ring 
remains in place. By measuring the distance between 
the o-ring and the female rod, the amount of dynamic 
roof crush is determined. In some configurations of 
this dynamic roof crush measurement device, an ink 
marker is affixed to the female rod and the tip bears 
against the male rod in order to provide further visual 
documentation of relative rod travel. These two 
measurements were always found to be in agreement. 
Thus, this simple device documents both permanent 
(plastic) and dynamic (elastic) deformation of the 
roof. The rod is examined for free travel before and 
after testing to ensure no binding has occurred. 
 

RESULTS AND STATISTICAL ANALYSIS 
 
A compilation of the drop testing results is given in 
Table 1, given in Appendix I. Measurements were 
made to the nearest sixteenth of an inch, but have 
been given in SI units to the nearest millimeter. The 
amount of plastic intrusion for the A pillar varied 
from a low of 8.3 cm to a high of 42.5 cm, while the 
elastic varied from 0 - 6.4 cm. The amount of plastic 
intrusion for the B pillar varied from a low of 3.2 cm 
to a high of 40.6 cm, while the elastic varied from 1.3 
- 7.0 cm. The average dynamic roof crush for both 
pillars was found to be approximately 4.4 cm. 
Figure 1 shows the plastic roof crush plotted against 
the drop height for both the A and B pillars. As can 
be seen, the amount of plastic roof crush is not 
strongly correlated with drop height. These figures 
show the effect of differing roof strengths across 
different vehicle designs. 
 
Figure 2 shows two graphs of elastic versus plastic 
roof crush for both the A and B-pillars.  Importantly, 
there is no apparent trend linking the two different 
crush types. If least-squares regression lines were 
added to the plots, they each would show only a very 
modest positive slope. Calculations reveal that the 
confidence intervals on these two slope magnitudes 
includes zero, meaning that there is no statistically 
significant relationship between the two types of 
crush. 
 
Figure 3 shows that A & B pillar plastic crush are 
strongly correlated. As expected, as the A pillar 
plastic crush increases, the B pillar residual crush 
also increases.  The A-pillar plastic crush was always 
measured to be greater than that of the B-pillar 
plastic crush, although sometimes the two values 
differ only slightly. The average difference between 
the measurement sites was found to be 5.0 cm. The 
regression of the B pillar crush on to A-pillar crush 
is: 
 

 B̂  = 1.13A - 3.06 (1) 
 

where B̂  is the predicted residual B-Pillar crush, and 
A is the measured A-pillar plastic crush. The 
regression yields an R2 = 0.958. This equation shows 
that there is an approximate 3 cm crush threshold for 
the A pillar to induce crush at the B pillar. 
 
As was shown in Fig. 2, the elastic and plastic crush 
intrusions are not strongly correlated. It is, however, 
worthwhile to construct a prediction interval for the 
amount of elastic intrusion that is independent of the 
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plastic crush. That is, if another drop test were 
performed for a randomly selected FMVSS-216 
compliant vehicle, what interval of elastic intrusion 
values would bracket the next measured value with a 
90% success rate? Thus, if it is sensible to model 
crush measurements from the population of FMVSS-
216 compliant vehicles as normally distributed, one 
may use the sample means and sample standard 
deviations from Table 1 to state such intervals 
predicting next measured values.   Figure 4 shows Q-
Q plots for the A and B pillar dynamic crush 
measurements. The data appears sufficiently “well 
behaved” to use a standard prediction limit interval 
analysis. A 90% prediction interval on the elastic 
intrusion is made as follows [Vardeman and Jobe, 
2001]: 
 

 
n
1

1st  x
2

-1 ,
+± αν

 (2) 

 
where ν = n-1, n = sample size, and α= 0.90. This 
yields two prediction intervals for the dynamic A-
Pillar (3) and dynamic B-Pillar intrusion crush: 
 

 cm 8.4   A cm 0 0.90 〈〈   (3) 
 
 cm 8.1  B  cm 1.3 0.90 〈〈   (4) 

 
The A-pillar dynamic intrusion is of greater 
consequence, as the front seats are more likely to be 
occupied, and the plastic intrusion of the A-pillar is 
usually greater than that of the B-pillar in rollover 
collisions. The FMVSS-216 requires that the vehicle 
does not exceed 12.7 cm plastic intrusion during 
quasi-static testing. An 8.4 cm dynamic intrusion into 
the occupant survival space is a significant fraction 
of this allowable plastic deformation level.  
 
CONCLUSIONS 
 
During rollover collisions, energy is dissipated at a 
relatively low rate, making these events much less 
severe from the point of view of the vehicle than are 
other types of collision such as frontal impact. 
Franchini [1969] discussed the “crash survival 
space” which needs to be maintained for occupant 
survival. The volume of interior space enveloping the 
occupant represents the survival space, and takes into 
account the size, posture and position of the 
occupant. It is of principal importance in designing a 
vehicle for crashworthiness. An analysis of the 
testing presented in this paper sheds new insight into 
the integrity of the occupant survival space during 

rollover collisions. It has been shown for the sample 
set presented that the measured crush at the A pillar 
exceed that at the B pillar, that the dynamic crush 
averaged approximately 4.4 cm, and that the amount 
of plastic and elastic crush are not strongly enough 
correlated for the relationship to be statistically 
significant for our sample size. Further, a 90% 
prediction interval for the elastic intrusion of 
FMVSS-216 compliant vehicles encompasses 0 – 8.4 
cm at the A-pillar, and 0 – 8.1 cm at the B-pillar. 
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APPENDIX I – DATA 
 

 

TABLE I: Plastic and dynamic roof crush measurements. 
 

Make Model Yea
r 

Rol
l 

(o) 

Pitc
h 
(o) 

Drop 
Heigh

t 
(cm) 

Plasti
c 

Crush 
(cm) 

Dynami
c 

Crush 
(cm) 

Total 
Crus

h 
(cm) 

Locatio
n 

Ford Aerostar 1993 25 5 30.5 19.7 5.1 24.8 A Pillar 
Ford Aerostar 1993 25 5 30.5 11.7 5.1 16.8 B Pillar 

Ford 
Bronco 

II 
1984 25 5 

30.5 32.4 6.4 38.7 
A Pillar 

Ford 
Bronco 

II 
1984 25 5 

30.5 27.5 5.4 32.9 
B Pillar 

Ford F-150 1986 25 5 30.5 42.5 6.0 48.6 A Pillar 
Ford F-150 1986 25 5 30.5 40.6 6.4 47.0 B Pillar 

Honda Accord 1988 25 5 45.7 21.3 4.4 25.7 A Pillar 
Honda Accord 1988 25 5 45.7 10.8 4.1 14.9 B Pillar 

Hyundai Excel 1991 25 5 30.5 21.9 4.8 26.7 A Pillar 
Hyundai Excel 1991 25 5 30.5 17.8 5.1 22.9 B Pillar 

Isuzu Rodeo 1994 25 5 30.5 12.4 1.7 14.1 A Pillar 
Isuzu Rodeo 1994 25 5 30.5 8.9 5.4 14.3 B Pillar 

Nissan Pickup 1985 25 5 30.5 34.6 0.0 34.6 A Pillar 
Nissan Pickup 1985 25 5 30.5 34.5 2.5 37.0 B Pillar 

Plymout
h 

Laser 1992 25 5 
30.5 10.2 6.4 16.5 

A Pillar 

Plymout
h 

Laser 1992 25 5 
30.5 3.2 7.0 10.2 

B Pillar 

Pontiac Fiero 1986 25 5 45.7 8.3 3.2 11.4 A Pillar 
Pontiac Fiero 1986 25 5 45.7 3.8 3.2 7.0 B Pillar 
Subaru Loyale 1993 25 5 30.5 17.8 1.3 19.1 A Pillar 
Subaru Loyale 1993 25 5 30.5 11.4 1.3 12.7 B Pillar 
Suzuki Samurai 1988 45 0 91.4 22.9 6.4 29.2 A Pillar 
Suzuki Samurai 1988 45 0 91.4 19.1 6.7 25.7 B Pillar 

     X  22.2 4.1 26.3 
     s 10.2 2.2 10.4 

A Pillar 

     X  17.2 4.7 21.2 
     s 11.7 1.7 11.8 

B Pillar 
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APPENDIX II – Statistical Analysis Graphs 
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Figure 1. Plastic crush versus drop height for the A-Pillar. 
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Figure 2. Elastic vs. plastic crush measurements. 
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Figure 3. B vs. A pillar plastic crush. 
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Figure 4. Q-Q Plots – A & B pillars. 
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ABSTRACT 
 

A Collision Mitigation Brake System (CMBS), 
which is mainly focused on rear-end collisions, was 
introduced in the Japanese market in June 2003. To 
make such kinds of advanced driver assistance 
systems more available in and accepted by society, it 
is essential to measure their effectiveness in 
enhancing safety. However, it is difficult to estimate 
the reduction in the number and severity of accidents 
quantitatively, because crash data rarely contain 
enough detail regarding the pre-crash accident 
scenarios. Such data are very important to predict how 
well such technologies can work when a collision is 
impending. In this study, a new approach was 
developed for technology effectiveness estimation 
using a simulation model and applying it to CMBS 
evaluation. The simulation model consists of the 
accident scenario database, the vehicle model, the 
driver model, and the environment model. We 
reconstructed accident scenarios of about 50 cases for 
rear-end collisions from US National Automotive 
Sampling System / Crashworthiness Data System data, 
resulting in time histories of striking and struck 
vehicles such as velocity, heading angle, trajectory, 
relative movements, and struck position. The vehicle 
model includes a radar model, CMBS control logic, 
and a brake actuator model as well as a conventional 
vehicle dynamics model. The driver model, which can 
react to the warnings of CMBS by braking and/or 
steering, was based on test results using a driving 
simulator. We first ran the simulations using the 
vehicle model without CMBS and calibrated the 
necessary parameters such as delta V with the 
accident data. Then CMBS was added to the system, 
and simulations were run repeatedly with some Monte 
Carlo type variations of variables such as driver's 
response time and amount of maneuver. Finally we 
estimated the probability of fatality and other injury 
indices based on the calculated delta Vs. The results 

showed that CMBS has substantial potential to 
reduce or mitigate rear-end collisions. 
 
INTRODUCTION 
 

Research and development of advanced driver 
assistance systems, which detect environmental 
conditions and provide necessary help for a driver 
depending on the situation, is becoming increasingly 
popular recently. They are expected to be effective in 
situations of imminent collisions, assisting to avoid 
or mitigate them. A Collision Mitigation Brake 
System (CMBS), which is mainly focused on rear-
end collisions, was introduced in the Japanese 
market in June 2003.  

To make such kinds of systems more available 
in and accepted widely by society, it is essential to 
measure their effectiveness in enhancing safety. 
However, it is difficult to estimate the reduction in 
the number and severity of accidents quantitatively, 
because the pre-crash accident scenarios were not 
clear in detail. 

NHTSA reported analysis of pre-crash scenarios 
using data from the 2000 National Automotive 
Sampling System/General Estimates System crash 
database, presenting a crash taxonomy of pre-crash 
scenarios and their distribution for all accident types 
[1]. NHTSA also tried to evaluate the timing of 
collision alarm with statistical variables based on the 
taxonomy of rear-end collisions using Monte-Carlo 
simulation in the report of automotive collision 
avoidance system field operational test [2].  

Such pre-crash scenario taxonomy is the basis, 
on which future active safety technologies should be 
considered, and is good for identifying new 
technology concepts. But, data from statistical 
accident analysis is not enough for accurate design 
and evaluation of new technologies, because those 
systems will operate differently depending on 
various parameters such as time histories of relative 
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position and velocity between a subject vehicle and 
other vehicles, driver’s maneuver, and so on.  

In this study, 50 cases of rear-end collisions were 
reconstructed one by one using in-depth survey by US 
National Automotive Sampling System / 
Crashworthiness Data System (NASS/CDS). Using 
reconstructed accident data, simulations were carried 
out, taking variance of drivers’ response into account. 
Then, safety effectiveness of CMBS was estimated. 
 
THE CONCEPT OF THE EFFECTIVENESS 
ESTIMATION METHOD  
 

Figure 1 shows the concept of the effectiveness 
estimation method. For this study, 50 rear-end 
collision cases were randomly sampled from 
NASS/CDS data during 2000 and 2001, which consist 
of tow-away crashes. Each case in the NASS database 
has a weight, which indicates how many accidents 
(out of all of the accidents in the US) that the case 
represents. If the weights of all the cases in the 
database are added together, the result is the total 
number of tow-away crashes that occurred in that time 
frame. The sampled set of weighted rear-end collision 
cases is a representative sample of the population of 
all rear-end tow-away crashes in the US. 

In the next step, the whole set was distributed 
depending on parameters, which take a driver’s 
response to the warning of CMBS into account. Then, 

simulation was run with CMBS for each scenario 
case with selected parameters, and the total number 
of reduced accidents was calculated.  
 
ACCIDENT RECONSTRUCTION 
 

Accident reconstruction provides position and 
speed time histories for the reconstructed crash, 
which  a simulation model uses to simulate the 
crashes with various CMBS-related human 
behaviors.  

First, the sampled NASS/CDS case’s accident 
reconstruction diagram files were imported. Next, the 
specific vehicles in the case are identified from the 
text summary of the NASS database and determined 
vehicle properties.  

Using PC-Crash, a commercial software 
program, the vehicles are placed into position at the 
point of impact and points of rest, and calculation is 
iteratively made to estimate various parameters, 
including the speed of each vehicle at impact, the 
post-impact steering of each vehicle, and the post-
impact braking of each vehicle based on recorded 
deformations and points of impact. 

Then, the pre-impact path that the cars followed 
is estimated. Any pre-impact driver control (pre-
crash braking or acceleration) is input based on the 
interpretation of the NASS data. 

After the reconstruction, output files are 

  

Crash scenarios
from CDS data

Case 1

Case 2

Case 3

Case 50

50 rear-end cases

×  w1

All US level

Case 1

×  w
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Case 2
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・
・
・
・
・

・
・
・
・
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Case 1
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・
・
・
・
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S
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S
im
u
la
ti
o
n

Case 1

Case 1
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・
・

 
 
Figure 1.  The concept of the effectiveness estimation method.  
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produced that report the time histories of the crash 
(i.e., x and y positions, heading angle and forward 
speed). 

After the reconstruction was completed, the cases 
were broken down into categories of rear-end 
collision pre-crash scenarios specified by Najm [1], as 
those scenarios may influence the effectiveness of 
CMBS. The categories used by Najm were: lead car 
accelerating, lead car constant speed, lead car 
decelerating, lead car stopped, and either car changing 
lanes. However, all of the lead car stopped cases had 
unknown stop duration. Our reconstructed cases were 
broken down into similar categories. Since pre-impact 
stop time was also reconstructed, it was possible to 

specify the time between the lead vehicle stopping 
and the case vehicle impacting it. Figure 2 shows the 
comparison between the distributions of rear-end 
crash scenarios broken down by lead car speed at the 
time of impact. The distribution of the reconstructed 
cases showed good agreement with that of GES data 
by Najm. The distribution of “stopped for a short 
time” vs. “stopped for a long time” scenarios are also 
represented for the distribution of the reconstructed 
cases.  
 
Collision Mitigation Brake System 
 

Figure 3 shows the system configuration of 
CMBS [3]. A millimeter wave radar sensor is 

 
Figure 2.  The comparison between the 
distributions of rear-end crash scenarios. 

Detection
of a leading car

Audio & visual
warnings

CMBS

Buzzer & 
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Inter-vehicular 
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distance further
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Light retraction Strong  retraction
Motorized 
seatbelt

 
 
Figure 4.  Operation modes of CMBS with motorized seatbelts. 
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Figure 3.  System configuration of CMBS. 
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equipped as the sensor for forward obstacle detection. 
Figure 4 shows basic operation modes of the 

system. CMBS operates combination with motorized 
seatbelts.  If the subject vehicle gets close to a leading 
vehicle and distance becomes short, primary warning 
occurs by audio and visual warning. 

If the subject vehicle approaches closer and the 
system judges a collision may occur, the system issues 
tactile warning in addition to audio and visual warning. 
The motorized pretensioner retracts a driver’s seatbelt 

gently and CMBS activates light braking.  
And when the system judges that a collision is 

unavoidable,  the motorized pretensioners retract 
seatbelts strongly to hold the driver in position, and 
the system engages strong braking to compensate for 
a driver’s operation delay and insufficient brake 
pedal force. Thus the system assists a driver 
effectively and reduces collision velocity. 

Figure 5 shows the basic control flow. The 
system recognizes a leading vehicle by a radar sensor, 
and the subject vehicle’s path is estimated from its 
dynamics state quantities. Then, the system 
calculates lateral travel, which is necessary for 
collision avoidance by steering, and evaluates the 
possibility of a rear-end crash. When the possibility 
of a rear-end collision becomes high, the warnings is 
issued, and if this state continues and avoidance 
becomes very difficult, emergency braking is carried 
out. 

The model of the CMBS control logic was 
directly built-in to the simulation model. It was also 
used in the complementary driving simulator 
experiments described subsequently.  
 
SIMULATION MODEL 
 

Figure 6 shows the concept of the simulation 
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Figure 6.  The concept of the simulation model 
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Figure 5.  Basic control logic of CMBS. 
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model, which is structured similar to NASA’s MIDAS 
program [4]. The model has three main components: 
the environment, the human driver, and the vehicle. 

 
Environment Model 
 

The environment model contains the world 
outside the driver’s vehicle. In this study, the 
environment contains the driver’s intended path and 
the other vehicle involved in the scenario. The 
environment also contains the in-cab displays 
available to the driver; most importantly it contains 
the visual, audio, and pretensioner warnings.  

 
Driver Model 
 

The human driver model contains four major sub-
modules: sensing-perception, working memory, long-
term memory, and motor response. The sensing-
perception module processes information from the 
environment into sense-organ primitive form and 
performs basic processing of the information. The 
current model has three modules in sensing-
perception: look-ahead path prediction, speed sensing 
and collision detection. Currently, the collision 
detection module is only sensitive to CMBS warnings, 
which cause the module to recognize that a collision is 
imminent. The working memory module performs 
higher-level processing of information. It maintains a 
“current context,” which is a description of the current 
state of the world, including such things as level of 
traffic, weather, lighting conditions, pending events, 
etc. The “task agenda” is a list of tasks that the driver 
might want to perform. These tasks are weighted 

relative to the factors in the current context, creating 
a vector of weights for the tasks, which specifies the 
priority for performing each one. Tasks with low 
priority will not be performed due to limited capacity.  

 
Collision Detection 

In the currently implemented driver model, the 
collision detection model is set to detect collisions 
only after a CMBS warning occurs. As soon as the 
CMBS warning sounds, there is a 
detection/recognition/decision time delay, and then a 
variable called “emergency flag” is set to "1" in 
order to indicate that the driver should initiate a 
collision avoidance response. 

 
Plan Interpreter 

The plan interpreter (See Figure 7) is the module 
that implements the tasks performed by the driver. In 
the current model, the only tasks performed by the 
driver are: emergency steering, look-ahead steering, 
speed maintenance, and emergency braking.  

If “emergency flag” is set to "1” by collision 
detection module, plan interpreter module switches 
look-ahead steering to emergency steering and/or 
speed maintenance to emergency braking.  

 
Emergency Steering 

The emergency steering module contains a 
preprogrammed open-loop steering maneuver used to 
avoid a collision by performing a quick lane-change 
to the right.  

 
                   δ = δ0· sin(0.63·t)                          (1). 
 
where δ is wheel steering angle, and δ0 is 

amplitude of wheel steering angle. 
After one cycle of the steering wheel angle sine 

wave is complete, δ is set to zero for the remainder 
of the simulation. The assumed frequency of the sine 
wave is 0.63 rad/s, and the assumed amplitude of 
wheel steering angle is 90 deg, based on past 
experimental data for severe lane change. 

 
Emergency Braking 

The emergency braking module contains a 
preprogrammed open-loop braking acceleration 
routine used when an emergency situation occurs. 

 
        aemergency = G·t    for t ≤ 0.2s 
        = C       for t > 0.2s              (2). 
 
where aemergency is emergency braking 

acceleration, G is the rate of change of the braking 
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Figure 7.  Plan interpreter model 
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function, and C is the maximum command 
acceleration level of the braking function.  

 
Reaction Time 

The driving simulator study was performed to 
come up with a set of reaction times that constitute a 
representative sample of driver reaction time to the 
initial CMBS warning. After the screening of the data, 
73 test results were acquired. The corresponding 
response times ranged from 0.32 seconds to 1.64 
seconds. The 33rd, 50th, and 67th percentile values 
were selected from this distribution for purposes of 
simulation. These three values are 0.52, 0.82, and 1.10 
seconds, respectively. 
 
VEHICLE MODEL 
 

The vehicle model contains the dynamics of the 
subject vehicle based on a mid-size passenger car. The 
variables modeled include x and y positions, vehicle 
lateral and longitudinal speeds, yaw rate and heading 
angle. An autonomous brake function module by 
CMBS is also included. It gets other vehicles’ relative 
position from environment model and output 
commands to warning interfaces and a brake actuator.  

Total braking deceleration is the sum of a driver’s 
operation and the brake command by CMBS, which is 
limited by friction between tires and road.  
 
SIMULATION RESULTS 

 
Simulation runs were repeated with a variety of 

parameters.  
One parameter is“Human Reaction Type”. It has 

4 options for a driver’s response to CMBS warning.  
The first is the baseline simulation, in which there is 
no CMBS warning and no driver reaction to the 
collision event (other than his regulation of the speed 
and lane position time history imported from the 
accident reconstruction). It is intended to reproduce 
the accident as it happened, without CMBS. The 
second option is that CMBS functions and the driver 
uses emergency braking in response to the CMBS 
warning. The third option is that CMBS functions and 
the driver uses emergency steering in response to the 
CMBS warning. The last option is that CMBS 
functions and the driver both brakes and steers in 
emergency situations. 

There are also other parameters such as human 
reaction time and emergency braking amplitude, 
which allow differences in human driver reactions to 
be considered.  

With combination of those parameters, 22 
simulation runs were carried out for each crash 

scenario. The results were used to estimate 
technology effectiveness with proper weight for each 
result, as described later. 

Some examples of simulation results are shown 
in Figure 8 and 9. Figure 8 is a baseline simulation 
result without CMBS. The subject vehicle’s driver 
failed to decelerate when a leading vehicle started 
braking and collide with relative velocity of 40 km 
per hour. Figure 9 shows a simulation result for the 
same scenario with CMBS. The driver’s response is 
emergency braking. In this case, the subject vehicle 
succeeded to avoid collision.  

Figure 10 shows snapshots of animation which 
visualize simulation results. 
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condition without CMBS 

0

5

10

15

20

0 1 2 3 4 5 6
tim e(sec)

V
e
l
o
c
i
t
y
(
m
/
s
e
c
)

0

10

20

30

40
D
i
s
t
a
n
c
e
(
m
)

Subject C ar leading Vehicle Distance

Figure 9.  Simulation result with CMBS 



Sugimoto 7 

 
EFFECTIVENESS ESTIMATION 
 

After each simulation run was complete, an 
output file is produced that contains vehicle 
characteristics for the collection partners (mass, length, 
width, center-of-gravity location, etc.) and impact 
velocities and headings. 

Then, a multi-body crash simulation was used to 
calculate the ∆V of each vehicle, which is the 
difference between the linear velocity at first impact 
and the linear velocity when the vehicles first separate. 
(For the simulations that do not end in an impact, ∆V 
is zero). In a multi-body crash simulation, equal and 
opposite contact forces between a hyperellipsoid 

representing the case vehicle and a hyperellipsoid 
representing the opposing vehicle are calculated 
based on the contact force-deflection function, 
vehicle-to-vehicle (or vehicle-to-object) coefficient 
of friction, and crush distance. At each time step the 
contact forces are calculated and then applied to each 
vehicle. The resulting linear and angular 
accelerations are calculated based on each vehicle's 
mass and moments of inertia. These accelerations are 
then integrated to determine the linear and angular 
velocities, which are then integrated to determine the 
linear and angular positions.  

After the ∆V’s are determined, an estimate of 
probability of fatality for the simulation is calculated. 
A model to estimate US driver casualty vs crash ∆V 
was developed. It was postulated that probability of 
fatality for the driver of an impacted vehicle is a 
function of collision ∆V.  

The effectiveness of the CMBS can be 
calculated according to the following equation: 
 

      
∑

∑∑
−=

i
ii

i j
jiij

xw

xwp

xessEffectiven
0,

,

1)(          (3). 

 
xi,j is the casualty value (e.g. probability of 

fatality) for the ith crash scenario and the jth driver 
response due to CMBS. 

xi,0 is the casualty value for the ith crash scenario 
without CMBS (i.e., baseline run). 

pj is probability of the jth driver response. These 
probabilities are estimated from accident data and 
driving simulator experiments. 

Note that 
 
                         ∑=

j
jp1                                (4). 

 
wi is the ith unique case sampling frequency 
Note that 
 

∑=
i

iwcasesofnumbertotal              (5). 

  
The driver response probabilities pj are 

calculated based on the following assumptions: 
- The probability of no driver response is 

assumed to be 0 based on data from the driving 
simulator experiments. 

- The 0.75, 0.10, 0.15 weightings for brake, steer, 
and brake plus steer are based on analysis of 1997 to 
2002 NASS/CDS data. 

 

 
Figure 10.  Animation of simulation results 



Sugimoto 8 

- The distributions of brake amplitude and 
response time are based on driving simulator data. 

Based on the results of the simulations and 
analyses, it is estimated that if CMBS had been 
installed in all of the vehicles involved in rear-end 
collisions: there would have been a reduction in 
overall number of collisions, and ∆V’s for many of 
the unavoided collisions also would have been 
reduced. There would have been a 38% reduction in 
the number of collisions that occurred. For our 
preliminary model of probability of fatality as a 
function of ∆V, we estimate there would have been a 
44% reduction in probability of fatality in these rear-
end collisions.  
 
CONCLUSION 
 

A new approach was developed for technology 
effectiveness estimation using a simulation model of 
environment, driver, and vehicle. A feature of our 
method is that it utilizes real accident scenarios as far 
as possible. It could be useful not only for validation 
of a new technology, but for detail considerations on 
its design.  

The results that was estimated using this method 
showed that CMBS has substantial potential to reduce 
or mitigate rear-end collisions.  

There might be still room for improvement in 
accuracy of estimation. However, the method has 
shown good possibility to apply to new safety 
technologies such as advanced driver assistance 
systems. Our driver model is rather simple for now, as 
crash causation by human factors is not clear in detail 
with the data from current NASS/CDS data, which is 
mainly focused on passive safety issues.  

If more detail data on crash causation becomes 
available in the future, the model could be improved 
further and applicable more widely and accurately.  
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ABSTRACT 

Run-off-road crashes into roadside hazards that 
include impacting rigid objects and roll-over 
constitute approximately 40% of road fatalities and 
cross over two car frontal collisions account for 
around 7% of fatalities in Australia. Considerable 
onus to protect vehicle occupants during such 
crashes sits with vehicle manufactures. It is clear 
from research to date, however, that side impacts 
into narrow objects beyond impact speeds of 
40 km/hr, head-on and large engagement offset 
crashes at closing speeds of 120 km/hr, and roll-over 
crashes are presently at the limits of survivability.  

One way of protecting occupants in such 
crashes is to use a roadside or median barrier to 
safely redirect the vehicle. Road crash barriers can in 
themselves be hazardous unless designed properly. 
Errant vehicle redirection should occur so that air 
bag and seat belt pretensioning systems do not fire 
and rollover does not occur. Research into roadside 
barrier crash tests carried out by the Department of 
Civil Engineering at Monash University over the 
past decade, has revealed some key crashworthiness 
characteristics that both vehicle and barrier 
manufacturers alike need to consider. This paper 
presents results of crash tests that provide some 
insight into vehicle-barrier crash pulses, occupant 
and vehicle kinematics and desirable occupant 
protection systems related to existing barrier profiles 
and properties and what are the most suitable vehicle 
and barrier crashworthiness features essential for 
safe vehicle redirection. The paper also argues, using 
some real-world examples, in favour of bringing 
together road designers and car manufacturers with 
associated regulatory bodies to emphasise a holistic 
perspective to enhance occupant protection in road 
crashes. 

INTRODUCTION 

One way of safely redirecting an errant vehicle 
away from a hazard, such as a roadside tree or 

oncoming traffic, is to use a roadside or median 
barrier. The most commonly used barriers are made 
from either concrete and/or steel.  In the case of 
concrete barriers they are usually fixed such that 
when struck, deformation is small. Hence they are 
commonly referred to as rigid concrete barriers.  
Steel tubing can be fixed to the top of concrete 
barriers to provide extra height in order to prevent 
vehicles with a high centre of gravity (COG), e.g. 
trucks, from rolling over the top of them.  

Steel barriers can be constructive from 
guardrail, wire rope and tubular sections. Steel 
barriers are often used to reduce the severity of the 
crash because they deform when struck, hence they 
are often referred to as semi-rigid or flexible barriers 
systems.   

Another form of barrier that is commonly used 
on roads is the temporary barrier for road works. 
These can be made again either from concrete or 
steel and, more recently, are being constructed from 
plastic. 

Ideally, roadside safety barriers when struck by 
an errant vehicle, should redirect the vehicle away 
from the hazard within a narrow angle so that it 
follows the line of the barrier while at the same time 
does not gyrate, overturn or result in any significant 
damage to the impacting vehicle, or subject the 
occupants to life-threatening decelerations.  The best 
way of achieving this is to redirect and/or decelerate 
the vehicle over a short distance that is well within 
human tolerance/comfort levels.  

When a barrier moves sideways during impact 
this helps reduce the severity of the crash.  This 
movement sideways is known as the barrier’s 
“working width”.  The working width for a rigid 
barrier system is in the range from zero to only a few 
centimetres. On the other hand, the working width of 
flexible systems can be as much as three to four 
metres in the extreme but preferably should be no 
more than one to two metres. 

The main issue for car manufacturers is to 
understand how flexible systems can affect timing of 
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the air bag triggering.  Of particular concern is the 
issue of an airbag firing late in the impact event 
when the occupant’s head has already moved close 
to the airbag cover. 

The main issue for barrier designers, barrier 
manufacturers and road authorities is to ensure that 
when a vehicle strikes the barrier system the airbags 
do not unnecessarily fire and/or result in a vehicle 
rollover.  Firing of an airbag considerably hinders 
the driver’s recovery process. Similarly rollovers 
need to be avoided because regulations at this 
present time do not adequately cover rollover 
crashes and hence rollover roof strength and seat 
belt and curtain triggering to prevent ejection. 

In regards to temporary barriers, the main issue 
barrier designers need to be aware of is that the 
working width of the barrier does not encroach into 
the work zone where workers or pedestrians could 
possibly be struck. 

To assess the crashworthiness characteristics of 
barrier systems it is useful to recall how the systems 
were developed over the past 60 years. 

Concrete barriers 

Concrete safety barriers are widely used where 
there is no room to accommodate a working width 
for a deforming barrier, such as narrow medians, 
bridge barriers and roadsides where hazardous 
objects are close to road edges. The other reason 
such barriers are used is that repair maintenance 
costs are low when these barriers are struck.   

Currently, there are four major types of 
concrete barriers: the New Jersey concrete barrier, 
the F-shape concrete barrier, the Single-slope 
concrete barrier and the Vertical concrete barrier. 
These concrete barriers are someties referred to as 
“Safety Shape Barriers” (Sicking, 2004). They have 
all been crash tested and can be used as roadside 
barriers, median barriers and bridge barriers. 
Generally, these concrete barriers when adequately 
designed and reinforced may all be deemed to meet 
Test Level 4 of NCHRP Report 350 (Ross, Zimmer 
and Michie, 1993) at the standard height of 810 mm 
and meet Test Level 5 when the design height is 
1070 mm (AASHTO, 2002). Figure 1 shows the 
cross section profiles of the New Jersey, the F-shape 
and the Single-slope median concrete barrier. 

The New Jersey barrier is the most widely 
installed concrete barrier. The F-shape barrier, 
which is supposedly named on the basis that this 
geometry was the sixth alternative identified and 
was labelled with the sixth letter of the alphabet: F, 
performs better for small vehicles with respect to 
vehicle roll than the New Jersey barrier, but has not 
been as widely used. The Single-slope barrier, also 
called Constant-slope barrier, is the most recent 
generation in the evolution of concrete barrier 

systems and is becoming popular because the 
pavement adjacent to it can be overlaid several times 
without changing the performance of the barrier 
(Ray and McGinnis, 1997). 
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Figure 1 Profiles of more common concrete 

barriers used in the USA and Australia 

In Australia, two types of rigid road safety 
barrier systems are recommended in AS/NZS 3845: 
the Concrete Road Safety Barrier Type F and the 
Vertical Concrete Road Safety Barrier (VCB) 
(AS/NZS, 1999; 1999). Figure 1 shows the 
Australian standard Type F and the VCB roadside 
safety barrier system, which are essentially the same 
as the USA standard F-shape and the Constant slope 
concrete barrier respectively. 

Concrete barriers were first used in the 1940s 
in California, USA. The aim was to minimise the 
number of errant trucks penetrating the barrier and 
eliminate the need for costly and dangerous barrier 
maintenance in narrow medians. The widely used 
New Jersey concrete barrier was tested at the GM 
proving grounds with the intention of developing a 
barrier that minimised vehicle damage when struck 
at a shallow angle. This barrier was first installed in 
New Jersey in 1955 and was upgraded to the 
currently used profile in 1959. Apparently no crash 
tests were carried out in the development of the 
upgraded New Jersey barrier. Modifications were 
based on real world accident experience only (Ray 
and McGinnis, 1997). 

As the traffic volume and speed from the early 
1950s began to change, concrete bridge barriers 
were being used to prevent vehicles from penetrating 
through bridge rails. As a result, the state of 
California (Beaton, 1956) performed a series of five 
full-scale crash tests to optimise concrete bridge 
barrier designs in 1955. Since then, many full-scale 
crash tests have been carried out in order to develop 
concrete road or bridge barriers that can prevent 
penetration of the barrier and redirect a vehicle with 
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as little occupant risk and vehicle damage as 
possible. As a result, some concrete barriers were 
proved to have satisfied impact performance such as 
the F-shape barrier (developed in 1976) and the 
Single-slope barrier (developed in 1989), whereas 
some other concrete barriers were demonstrated to 
have unacceptable impact performance such as the 
GM-shape concrete barrier (Michie, 1971; Ray and 
McGinnis, 1997). 

In Europe, several types of concrete barriers 
were developed in the 1960s, such as the German 
DAV concrete median barrier, the Belgian Trief 
concrete guardrail, the French Sabla concrete 
guardrail, the Italian Sergad concrete guardrail and 
the Italian Vianini concrete median barrier (Michie, 
1971). However, most of these concrete barriers 
were proven to be unsatisfactory after tests were 
carried out and from real world crash experience. 
European countries also currently use New Jersey 
shape for their standard concrete barriers (FEMA, 
2000). 

Table 1 summarises most of the full-scale crash 
tests carried out so far on concrete road safety 
barriers. Basically, these crash tests were carried out 
to assess the impact performance of a variety of 
concrete barrier designs. The impact load generated 
by a car crashing into a concrete barrier can be 
determined if the barrier is instrumented with load 
cells. However, such research tests are scarce. Only 
two research papers written by Neol, Hirsch, Buth 
and Arnold (1981) and Hellmich (2002) were found 
in literature by the authors, where full-scale crash 
tests were specifically performed to investigate the 
possible impact loads of concrete bridge barriers.  

Neol et al. (1981) conducted a series of eight 
crash tests where two subcompact 817 kg (1800 lb) 
sedans, two compact 1022 kg (2250 lb) sedans, two 
full-sized 2043 kg (4500 lb) sedans, one 66-seat 
9082 kg (20000 lb) city bus and one two-axle 14531 
kg (32000 lb) inter-city bus were used to crash into a 
vertical concrete wall at a nominal speed of 96.6 
km/h (60 mph). The impact angle was between 15 
degrees and 24 degrees. The concrete wall was 
specifically instrumented to measure the magnitude 
and location of vehicle impact forces. To handle the 
force spikes observed from the instrumented 
concrete wall outputs, Neol et al. made some 
judgements and decided to determine the maximum 
impact force by using the largest 50 ms average 
force. The results are summarised in the first eight 
tests in Table 1. Hellmich (2002) also used a 13 ton 
bus crash test into an instrumented “Salzburger 
Klaue” concrete bridge barrier, which is quite 
similar to the New Jersey barrier, to investigate the 
impact load level. The peak impact load was 
recorded as 510 kN for this 70 km/h and 20° test. 

The impact load of a vehicle crashing into a 
concrete barrier can also be determined if the 

deceleration data at the centre of gravity of the car is 
recorded during the impact. Nevertheless, as can be 
seen in Table 1, only several classes of vehicles 
were selected and tested at a limited number of 
impact speeds and angles. There is still a need to 
understand how the impact loads, and hence 
deceleration forces, are generated and how to 
calculate them, when different vehicles crash into a 
concrete barrier at different speeds and angles. 

Steel Guardrail barriers 

One of the other most commonly used barriers 
are constructed from steel guardrail or W-beam. 
Post-and-beam barrier systems can be generally 
categorised into weak-post-and-beam barrier 
systems and strong-post-and-beam barrier systems. 
Weak-post-and-beam barrier systems can be further 
grouped into weak-post cable barriers, weak-post W-
beam barriers and weak-post box beam barriers, 
whereas strong-post-and-beam barriers can be 
further divided into strong-post W-beam barriers and 
strong-post Thrie-beam barriers (Ray and McGinnis, 
1997). 

Among these post-and-beam barrier systems, 
the strong-post W-beam barrier is the most common 
in use today. A typical strong-post W-beam barrier 
system consists of steel or wood posts that support a 
W-beam steel rail that is blocked out from the posts 
with routed timber, steel or recycled plastic spacer 
blocks (AASHTO, 2002). A variety of posts and 
blocks for strong-post W-beam barriers are being 
used in different countries. 

In the USA, a wide variety of cross-sections 
and materials for posts and blocks have been 
evaluated via numerous full-scale crash tests, such 
as W150×13.5 steel, W150×16.6 steel, 110×150 mm 
cold formed channel steel (Charley Post), 
150×200 mm rectangular wood, 200×200 mm 
square wood, 150 mm diameter round wood and 
150×200 mm reinforced concrete (Ray and 
McGinnis, 1997; Plaxico, Ray and Hiranmayee, 
2000). The W150×13.5 steel and 150×200 mm 
rectangular wood posts and blocks are the most 
common types used, while some of the posts like 
channel section steel posts and concrete posts have 
virtually not been used anymore. Figure 1 shows the 
typical types of strong-post W-beam barrier widely 
used in the USA (WPI, 2004). 

The typical post length is 1830 mm and the 
post spacing is 1905 mm. Strong-post W-beam 
barriers using wood or steel posts and wood blocks, 
as shown in Figure 2, have passed NCHRP Report 
350 Test Level 3 crash tests, whereas strong-post W-
beam barriers using steel posts and steel blocks 
(bottom image in Figure 2) have only passed 
NCHRP Report 350 Test Level 2 crash tests (Ray 
and McGinnis, 1997; AASHTO, 2002). 



  Grzebieta 4 

Table 1 Summary of full-scale crash tests on concrete safety barriers 

Maximum  
impact load 

or 
deceleration 

Barrier 
type 

Barrier 
height 
(mm) 

Vehicle mass 
(kg) 

Impact 
speed 

(km/h) 

Impact 
angle 

(degrees) 
ax 

(g’s) 
ay 

(g’s) 

Performance 
comment 

Test institute 
and Year 

Ref. 

931 95 15.5 81.9 kN  
949 94 21.0 93.9 kN  

1271 94 15.0 82.3 kN  
1285 90 18.5 97.9 kN  
2125 85 15.0 194.0 kN Redirected 
2152 96 24.0 309.7 kN Redirected 
9094 

School bus 
93 15.0 328.4 kN Redirected 

Vertical 
Concrete 
Barrier 

1070 

14537 
Inter city bus 

97 15.0 939.0 kN Redirected 

Texas 
Transportation 
Institute (TTI) 
1980~ 1981 

Neol et al. 
(1981) 

810 892 97.3 21 8.0 14.0 Redirected 
810 2615 (Pickup) 96.1 20.2 5.7 13.1 Redirected 

810 
8172 

Single-unit truck 80.5 14 1.7 4.6 
Redirected, 
rolled 90º 

Buth et al. 
 

(1990) 
Vertical 
Concrete 
Parapet 

1070 22723 
Tractor trailer 

82.7 16.2 3.3 3.7 
Redirected, 
rolled 90º 

TTI 1987~ 
1988 

Menges et 
al. (1995) 

810 1910 98 7 8.4 29.2  
810 1910 98 15 7.8 14.0  
810 1920 90 25 10.3 13.3  
810 1800 100 25 8.7 16.1  

810 21770 
Tractor trailer van 

55 16   <8º Roll 

810 21770 56 19   <8º Roll 

Texas 
Concrete 
Median 
Barrier 

810 21770 72 15   <17º Roll 

TTI 
1973 

Troutbeck 
(1975) 

810 9203 
School bus 

99 15   Rolled over 

810 9075 
School bus 

97 16   Rolled over 

Dynamic 
Science Inc. 
(DSI) 1981 

810 9080 
School bus 

93 15   Rolled over TTI 1984 

810 18169 
Scenic cruiser bus 89 16.2   Redirected 

Concrete 
Median 
Barrier 

810 18174 
Scenic cruiser bus 87 14   Redirected 

DSI 
1981 

Hirsch 
(1986) 

810 8281 (Truck) 97 15   Rolled over TTI 1985 

810 8251 
Tractor trailer van 

85 15   Mounted 
DSI 
1981 

1070 36402 
Tractor trailer van 

84 15   Rolled over 
TTI 
1985 

Concrete 
Median 
Barrier 

1070 36688 
Tractor trailer van 

84 16.5   Redirected 

Concrete 
parapet 

2290 36374 
Tractor trailer tank 

83 15   Redirected 

TTI 
1984~ 1985 

Hirsch 
(1986) 

1070 817 97.7 19.9 6.5 15.3 Redirected TTI 1989 Single- 
Slope 

Barrier 1070 2043 101.5 26.5 6.4 13.1 Redirected TTI 1989 
Beason 
(1989) 
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Table 1 (Con’t) Summary of full-scale crash tests on concrete safety barriers 

Maximum  
impact load 

or 
deceleration  

Barrier 
type 

Barrier 
height 
(mm) 

Vehicle mass 
(kg) 

Impact 
speed 

(km/h) 

Impact 
angle 

(degree
s) ax 

(g’s) 
ay 

(g’s) 

Performance 
comment 

Test institute 
and Year 

Ref. 

810 2060 61 7    
810 2060 105 7    
810 2060 101 25    
810 2260 72 7    
810 2260 103 7  4.8  
810 2260 106 7  4.8  

New Jersey 
Barrier 

810 1800 82 25    

California 
Division of 

Highway 1968~ 
1971 

Troutbeck 
(1975) 

810 2052 94.3 16.2   Redirected TTI 1986 

810 1021 94.8 15.5   Redirected 

Southwest 
Research 

Institute (SwRI) 
1976 

1070 809 96.4 14   Redirected TTI 1986 
1070 36402(36000V) 83.8 16.5   Redirected TTI 1986 
1070 2000 (Pickup) 101.2 25.6   Redirected TTI 1995 

Ray and 
McGinnis 

(1997) 

810 1244 81 45   
Rolled over, 

airborne 

810 1244 112 20   
Redirected, 

airborne 

New Jersey 
Barrier 

810 1244 110 20   
Redirected, 

airborne 

Monash 
University 2000 

Grzebieta et 
al, (2002) 

750 13000 (Bus) 70 20 510 kN Redirected 
Ministry of 

Traffic, Austria 
2002 

Hellmich 
(2002) 

810 2599 (Pickup) 92.8 20.6 6.6 7.3 Redirected 
New Jersey 
Bridge Rail 

810 
8172 

Single-unit truck 
83.0 15.5 3.2 2.5 Redirected 

TTI 
1988 

Buth et al. 
(1990). 

Ontario 
Tall Wall 1070 

36287 
(Tractor trailer) 79.8 15.1   Redirected 

TTI 
1990 

Ray and 
McGinn 
(1997) 

810 1982 98.8 15.2   Redirected F-shape 
Barrier 810 1021 90.8 14.3   Redirected 

SwRI 1976 
Ray and 
McGinn 
(1997) 

810 893 96.7 21.4 8.0 12.8 Redirected 
810 2624 (Pickup) 105.2 20.4 4.7 13.1 Redirected 

810 
8172 

Single-unit truck 
83.8 14.8 1.4 3.9 Redirected 

Buth et al. 
(1990). 

1070 
18414 

Scenic cruiser 
bus 

89.6 15.7 1.5 6.5 Redirected 

F-shape 
Bridge 
Railing 

1070 
22700 

(Tractor trailer) 
84 14 2.2 4.7 Redirected 

TTI 
1987 ~ 1988 

Menges et 
al. (1995) 

810 2076 (2000P) 97.2 25.5 7.3 13.3 
Redirected 

with airborne 
TTI 1994 

810 8172 (8000S) 82.1 10 1.3 2.7 
Redirected, 
rolled 90º 

TTI 1994 
Single- 
Slope 

Bridge Rail 
810 8172 (8000S) 82.5 17.9 2.0 5.6 

Redirected, 
rolled 90º 

TTI 1994 

Mak et al. 
(1995) 



  Grzebieta 6 

Post

BlockBeam

Post

BlockBeam
Beam

Block

Post
Beam

Block

Post

 

Beam

PostBlock

Beam

PostBlock

Beam

Post

Block

Beam

Post

Block

 

Figure 2 Guardrail barriers used in the US and 
in Australia 

In the Australian standard AS/NZS 3845:1999, only 
the 110×150 mm channel steel post and block, as 
shown in Figure 3, are recommended for strong-post 
W-beam barriers. The standard post spacing is 2000 
mm. The post length is 1800 mm. It is stated in the 
standard that such W-beam barrier systems comply 
with the requirements of Test Level 3 (Standards 
Australia, 1999). However, no certification crash 
tests have been carried out for this system. Strong-
post W-beam barriers are widely installed in the 
states of Victoria, Queensland and South Australia 
where 6 mm thick 178×76 mm cold rolled channel 
steel posts and blocks, spaced at 2500 mm are used 
(Vicroads, 1997; Grzebieta, Zou, Corben, Judd, 
Kulgren, Tingval and Powell, 2002). 

 

 

Figure 3 Strong-post W-beam barrier 
recommended in AS/NZS 3845 

In Australia barrier specification can be 
confusing.  AS3845 [3], AS 1742.3 [4] and AS 
5100.2 [5] are the standards that specify how 
permanent and/or temporary barriers are to be 

designed, used or tested for roadside and bridge 
barrier systems. However, each state regulatory 
authority also has its own road design guidelines that 
further complicate barrier specifications.   

In Europe, W-beam barriers are different from 
those used in the USA and Australia. The W-beam 
rails are essentially the same, but the posts and 
blocks are quite different. Barriers should comply 
with European Standard EN1317-1 & 2. Five 
millimetres thick 100×50 mm and 4 mm thick 
120×55 mm C-shaped steel are used for posts. A 
variety of blocks are used and mounted in different 
manners (Fattorini and Fernandez, 2000; Vesenjak 
and Ren, 2002). The typical post spacing is also 
2000 mm. 

Wire rope barriers 

Another form of barrier that is now beginning 
to be used widely because of its good 
crashworthiness features for cars is the wire rope 
barrier. Two forms have been used in Australia since 
1992; the Brifen system and the Flexfence system 
(VicRoads, 1998). Wire rope barriers are also used 
in Europe and the US. Figure 4 shows two systems 
currently used in Australia. Both are made from 4 
wire ropes that are maintained in position and are 
placed under tension.  

The key feature of wire rope barriers is that 
when a vehicle strikes them, the deceleration is low 
enough during the redirection process that the 
airbags do not trigger. Hence, such barriers are being 
referred to as flexible systems.  

 

Figure 4 Left: Brifen system tested at Monash. 
Right: Flexfence system 

 

Figure 5 Wire-rope underide (after Owen, 2005) 
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Statistics both in Australia and Sweden are 
highlighting their excellent crashworthiness 
characteristics particularly on rural roads and 
freeways (Larsson et al, 2003) with as much as 90% 
reduction in fatalities wherever they are installed.  
However, despite this good record, there are still 
some contentious issues regarding the use of such 
systems. The first concerns motorcycle safety which 
is discussed in another ESV paper (Berg et al, 2005). 
The second issue concerns vehicles under riding the 
wire ropes (Figure 5) for various reasons including 
inadequate rope tension because of poor 
maintenance and/or installation. The third issue 
concerns whether such barriers can adequately 
redirect rigid and articulated trucks. However, this 
last concern also applies to both W-beam and 
medium height concrete barriers.    

Temporary plastic barriers 

Temporary barriers for use in protecting 
workers in road works are made from concrete, steel 
and more recently from plastic polymers (Carey and 
Grzebieta, 2004). Polymer water-filled modules 
were first seen in Europe as channelling devices 
during the Tour de France in the 1980’s. They were 
first introduced into Australia in the early 1990’s. 
Later modules soon followed with an increased 
physical size and a variety of interlocking joining 
mechanisms. The profiles were generally based on 
the New Jersey concrete road barrier shape. 

 

Figure 6 Waterfillable Roadliner barriers tested 
and certified to AS/NZS 3845. 

Their lightweight portability became the 
feature of these systems. Water ballast could be 
added to the modules to increase mass and the water 
then dumped when the system needed to be 
relocated. 

The visual appearance of plastic systems gave 
rise to the perception that when impacted they would 
redirect errant vehicles in a similar manner to 
temporary concrete structural barriers. This turned 
out to be quite misleading and more recently has 
resulted in fatalities on Australian roads where non-
certified units were struck. 

In 1988 the French Company Sodirel impacted 
their system with a 1250 kg vehicle to ER DPS134 
and took their product to Canada at the same time as 
the Matsuta modules from Israel were informally 
tested in the United States.  

Both the US and Canada used NCHRP 350 as 
the testing benchmark for plastic road barrier 
systems. Neither of these products could meet the 
first part of the Level 1 test criteria. 

US companies at this time (1995) had designed 
plastic water ballasted barriers that met level 2 two 
(2) of the NCHRP350 longitudinal barrier test. 
Hence, the descriptive term adopted for NCHRP350 
compliant systems in Australia became “safety 
barriers”. 

The importation cost of plastic “safety barriers” 
was high as these products were engineered with 
steel internal frames or external saddles and certified 
to NCHRP 350. They were thought to be clumsy and 
extremely expensive compared to the European 
lightweight modules then appearing in Australia and 
elsewhere in the world.   

In the early nineties all manner of road 
furniture items were in use in Australia; painted 44 
gallon drums, timber barrier boards suspended 
between steel trestles, lengths of guardrail bolted to 
steel stakes and drums, etc. Contractors fabricated 
home brew devices from any materials at hand and 
were delighted when plastic barrier like units made 
their way into the hire company’s inventories.  

These new devices could be set up in a myriad 
of configurations and had stanchion apertures as 
well as water filling holes from which various fences 
and signage could be suspended. In fact, these 
devices became the universal fixit for contractors. 
Certainly they were highly visible from long 
distances, commanded the attention of drivers and 
were perceived to be safety devices. 

For a long period there was no challenge to 
these devices because Australian State road 
authorities initially ignored their deployment. After 
numerous complaints directives were issued by 
regulators advising where safety barriers should be 
used and requiring the marking of non-compliant 
units with the instructions “NOT TO BE USED AS 
A SAFETY BARRIER”. Advice was also issued to 
manufacturers that such units must meet the 
NCHRP350 traffic device test 70/71 if they were to 
be used to channel traffic. These directives only now 
are slowly being enforced. 

In 1999 Standards Australia published AS/NZS 
3845 “Road safety barrier systems”. The committee 
implementing this standard when examining the 
issue of plastic water filled safety barriers added an 
additional Level 0 (820 kg vehicle at 50 km/hr and 
at 20º and 1600 kg vehicle impacting at 50 km/hr at 
25º) to the test Matrix with the intention of setting a 
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minimum credential requirement for all plastic 
barriers at roadwork sites. 

CRASH TESTS 

Monash Crash Test Series 

A series of small car crash tests into roadside 
barriers were carried out by the Department of Civil 
Engineering, Monash University with Swedish and 
Australian sponsors at a decommissioned airforce 
base at Laverton near Melbourne in Victoria, 
Australia. Wire-rope, W-beam, Concrete median 
barriers and a Pipe-fence system were tested.  

The testing included development of a remote 
control system, vehicle preparation and data logging. 
High-speed cinematography was carried out by 
Autoliv Australia. 

A Toyota Echo was chosen as the test vehicle. 
The crashworthiness of this vehicle was at the time 
of testing ranked as the 2nd best in the world for a 
small car according to NCAP (New Car Assessment 
Program) tests. Two crash tests were carried out 
(80 km/hr at an impact angle of 45º and 110 km/hr at 
20º) as indicated in Table 1. 

A general description of the car setup, remote 
control system, data acquisition system, dummies 
and barrier test layout and general overview of the 
test outcomes including the crash pulses (see also 
Figure 19) are provided in other earlier papers 
(Corben et al, 2000, Ydenius et al, 2001, Grzebieta 
et al, 2002). What is highlighted here are some of 
the outcomes that are relevant to improving the 
crashworthiness of vehicles and barriers for 
designers and manufactures. 

Rigid concrete barrier 
What is most evident from the crash tests is 

that the pretensioners and airbags will more than 
likely fire and the vehicle undergoes significant 
damage to steering when the vehicle strikes the 
barrier. This will be the case for any crash into any 
type of rigid concrete barrier be it a Jersey, F shape, 
Constant slope barrier or vertical barrier, where 
impact speed  exceeds around 60 km/hr and the 
impact angle is equal to or greater than 20º.  

Impact forces can now be predicted with 
reasonable accuracy and hence average 
decelerations can be obtained for designers of both 
barriers and airbag systems so long as the crush 
characteristics of the vehicle are known (Jiang, 
Grzebieta & Zhao, 2004).   

Jersey and F shape barriers will launch vehicles 
into the air and more than likely result in a vehicle 
rollover if struck at larger angles. Figure 7 shows the 
small car (Table 1) impacting the barrier at 80 km/hr 
at 45º. The crash was not survivable with large 
intrusion into the vehicle cabin and roof crush as 

shown in Figure 8.  Figure 9 shows how the vehicle 
launches in the air at 110 km/hr at 20º impact angle. 
The dummy’s head is thrown towards the side 
window and the passenger’s head strikes the 
shoulder of the driver. The dummy kinematics is a 
combination of a frontal offset crash and a near side 
impact crash for the passenger and a far side impact 
for the passenger. Side air curtains would provide 
benefit in such crashes but a frontal airbag firing 
would hinder recovery.  

Whilst there is a higher risk of rollover with the 
Jersey barrier than with the F shape barrier, Sicking 
has pointed out at a recent NCHRP 350 meeting 
(2004), the risk of rollover for these barriers is 
around 2.3 times greater for both barrier types than 
for a vertical barrier.  Figure 10 shows how a pick 
up rolls over when hitting F-shape temporary and 
rigid barriers.  

Car manufacturers need to consider how best to 
protect occupants in such crashes. Barrier 
manufacturers need to consider Sicking’s (2004) 
proposal of manufacturing vertical wall barriers. 

The main issue with rollover is that presently 
there are no suitable design rules that protect vehicle 
occupants in rollover crash anywhere in the world. 
FMVS216 has been shown to provide inadequate 
protection by Friedman and Nash (2001). This issue 
is further discussed in the section dealing with wire 
rope barriers.    

Guardrail barrier 
The guardrail test with the vehicle striking the 

barrier at 110 km/hr at 20º resulted in a low 
deceleration crash. The airbag did not fire and the 
vehicle was brought safely to rest in a controlled 
manner. The barrier dissipates energy by movement 
of the posts in the soil sideways. The blocks shown 
in Figure 2 help keep the vehicle’s tire from 
interacting with the posts and possibly cause the 
vehicle to roll over. However, research work 
presently being carried out to determine equations 
for predicting working width, impact loads and the 
minimum post spacing required that ensures smooth 
redirection (Jiang, Grzebieta & Zhao, July 2004), 
has revealed that posts that are concreted into the 
pavement as shown in  Figure 11 will cause the 
impacting vehicle to rollover. This practise of 
concreting the posts is common and highlights a 
problem of systems being installed by contractors 
that have little understanding of how such barrier 
systems redirect vehicles.  

An interesting result was obtained with respect 
to the 80 km/hr at 45º impact test into the guardrail 
system. The vehicle “pocketed” into the barrier 
rather than being redirected. The front right wheel 
also under-rode the barrier and was torn from the 
vehicle during rebound as shown in Figure 12.  
What was revealed was the barrier was incorrectly 
installed by the contractor in that it was missing end 
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Figure 7 Impact of Echo into New Jersey barrier 
at 80 km/hr and 45º. 

 

 

Figure 8 External and internal crush deformation 
for 80 km/hr at 45º impact into concrete barrier. 

 

 
 

 

Figure 9 Impact at 110 km/hr at 20º. 
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Figure 10 Top: F shape moveable, Chevy C-20 at 
99.4 km/hr and 26.4º Bottom: F shape fixed, 
Chevy ¾ ton at 99.8 km/hr @ 25.3º (after Sicking, 
2004). 

  

Figure 11 Guard rail barriers. Left: posts move 
in soil. Right: post set in concrete. 

cables that provide further tensioning of the 
guardrail. Nevertheless it was felt that this would not 
have significantly altered the test outcome.  The 
major issue was that the tyre under-rode the barrier. 
Hence barrier height is important and variation in 
wheel diameters needs to be considered by both 
vehicle and barrier manufacturers. 

Whilst the crash was survivable it did fire the 
airbag. Moreover the firing of the airbag occurred 
when the head was already close to the steering 
wheel as shown in Figure 13. Details of the trigger 
timing for both the seat belts and airbags are 
published elsewhere (Grzebieta and Zou, 2001, 
Grzebieta et al, 2002). It is also worth noting that the 
head was guided towards the A-pillar both by inertia 
and by the airbag. Impact of the head with the airbag 
is similar to an out-of-position occupant situation.  

 

 

Figure 12 Pocketing and under-ride into 
guardrail barrier – 80 km/hr at 45º. 

 

 

Figure 13 Top: airbag not fully inflated. Bottom: 
at full inflation. 

Wirerope barrier 
In the impact with the wire rope barrier at 

110 km/hr at 20º the vehicle rolled over. The cause 
of the rollover was considered to be due to the 
shortness of the wire rope barrier which was 
tensioned to specification. Hence care needs to be 
taken in ensuring wire rope barriers are not only of 
adequate length but also set up exactly in the 
configuration as they were tested and certified.   

An interesting outcome from the rollover crash 
was the on board image of the roof crushing onto the 
dummy head as shown in Figure 14. This high speed 
film captured the moment when the neck of the  
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Figure 14 Roof crush in rollover compresses 
neck. 

Hybrid III dummy is loaded and deforms into an S 
shape providing further good evidence of how roof 
crush in a rollover event can lead to either a fatality 
or serious neck injury where paraplegia or 
quadriplegia would occur. Rechnitzer et al in their 
study of serious neck injuries in rollover crashes 
pointed to the issue of roof crush as the main 
contributor to such injuries in 1998. The vehicle 
deformation shown in Figure 15 from both the 
Monash crash test and the vehicle shown in their 
paper, illustrating how an Australian football 
celebrity died in a rollover crash, are notably similar. 

Temporary water filled barriers 
A second series of crash tests were carried out 

at Monash University during development of 
roadside temporary barriers. Figure 16 shows a 

small compact car striking a water filled plastic 
barrier at 50 km/hr at 20º that replicates the Jersey 
Barrier shape and is commonly used as a delineator. 
The vehicle rolls on its side during redirection. In 
another crash a sedan vehicle of 1600 kg mass was 
made to strike a similar shape water filled barrier 
from a different manufacturer at 50 km/hr and at 
25º. The vehicle climbed over the top of the barrier 
and down onto the road on the other side of the 
barrier line at the same angle it was travelling 
towards the barrier line. In other words, it was as if 
the barrier line did not exist, and the vehicle was not 
redirected. 

The barriers shown in Figure 16 were redesigned to 
those shown in Figure 6. These barriers passed the 
Level 0 test as detailed previously.  

The barriers were further redeveloped to those 
shown in Figure 20. A guardrail was attached to the 
front of the barrier in order to provide bending 
capacity and resistance to barrier perforation. A sub 
compact vehicle, a 2002 Daihatsu Cuore was chosen 
so that the compliance mass of 816 kg specified in  

 
 

 
Figure 15 Top: Damaged profile of vehicle from 
the Monash Series wire rope crash test. Middle 
and bottom: Similar crush profile and injury 
mechanism presented by Rechnitzer et al (1998).    
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Figure 16 Small car impact into plastic delineator 
barrier.  
 

NCHRP 350 could be met. Finding a sub compact 
vehicle that is light enough to meet this requirement 
is very difficult. Hence the more recent changes to 
vehicle masses proposed in updates to NCHRP 350. 
Most common compact vehicles weigh in at around 
1000kg kerb mass. 

Vehicles of this light mass usually have a short 
front end. This leads to climbing of the vehicle’s 
struck side because there is insufficient crush 
distance between the front wheels and the bumper 
bar and the axle distance is short. It is for this reason 
the Ford Festiva with its longer front end/bonnet was 
used to certify most recent US barriers despite being 
an old outdated vehicle that in reality long ceased to 
represent the modern US compact car fleet. 

Another issue with the smaller sub compact car 
is that the front bumper, radiator, lights and 
mudguard (fender) is much softer than the engine 
rail. The vehicle is fitted with an airbag to comply 
with frontal offset crash standards. Figure 17 shows 
the results of the Level 2 Daihatsu impact at 
70 km/hr at 20º. However the stiffer engine rail acts 
like a spear perforating the barrier as shown in 

Figure 18. The guardrail helps restrict the intrusion 
and snagging to some degree. The tyre under-rides 
the barrier, tearing the wheel in a manner somewhat 
similar to the crash test shown in Figure 12. Again 
this highlights the need for both barrier 
manufacturers as well as vehicle manufactures to be 
aware that smaller diameter wheels can lead to 
inappropriate snagging problems where guardrail 
terminals are used.  

The deceleration during impact in the Daihatsu 
crash test (Figure 17) was low enough that the 
airbag did not trigger. Whilst the engine rail tore the 
plastic wall the vehicle continued sliding along the 
barrier line where the average deceleration was 
around 7 g’s.  

 

 

Figure 17 NCHRP 350 Level 2 (70 km/hr at 20º) 
barrier crash test involving a Daihatsu car. 
 

 

Figure 18 Tears in barriers caused by engine rail 
spearing through plastic. 
 

Figure 20 shows the 2000 kg vehicle impact 
test at 25º. In this instance the vehicle did not snag. 
Nor did an engine rail protrude. The barrier 
redirected the vehicle along the barrier line so that a 
wave formed in front of the barrier and the vehicle 
was brought to a controlled slow stop. This is how 
barriers should ideally react. The airbags did not 
deploy and the vehicle could be driven away. Again 
the flexibility of the barrier system resulted in a 
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redirection that did not lift or overtly damage the 
vehicle and hence would place any occupants at risk. 
 

The vehicle crash pulses from the Level 2 
barrier tests are compared to the vehicle crash pulses 
from the earlier Monash series tests in Figure 19. 
The crash pulse for the small vehicle (Figure 17) 
was equivalent in severity to striking a ductile W-
beam barrier and for the 2000 kg vehicle the 
deceleration was even lower. 

REAL WORLD EXAMPLES AND 
CONCLUSIONS 

Figure 21 shows a small selection of roadside 
hazards that typify the problems encountered in 
regards to road design that the authors have noted 
and that persist despite available crash test evidence 
for many years that when vehicles strike such 
hazards the risk of a fatality or serious injury is high. 
The pictures are as follows; Frame A: Perth 

 

 

Figure 19 Vehicle crash pulses from Monash test 
series: (top graph) where C=concrete (Figure 7), 
WB=W-Beam (Figure 12), W=wire rope (Figure 
4 & Figure 15) and speed is 80 or 100 km/hr (see 
Grzebieta et al 2002 for details); and from water 
filled Level 2 barrier tests (middle graph is small 
car in Figure 17, bottom graph is pickup truck in 
Figure 20)  

 

 

 

 

 

 
 
Figure 20 Crash test of 2000 kg US pickup truck 
impacting barrier at 70 km/hr at 25º. 

freeway, B: Melbourne 100 km/hr new freeway, C: 
Melbourne exit ramp from new freeway, D: 
Melbourne concrete F shape barrier on 100 km/hr 
new freeway where wheel imprints are visible, E 
bridge pier in 100 km/hr zone in Wellington New 
Zealand with 70 km/hr speed limit zone placed 50 
meters past the pier. What is of particular concern is 
the proliferation of hazards on completely new 
freeways where a large number of road safety audits 
have already been carried out.  

These selected examples and the crash tests 
described above demonstrate that road and vehicle 
engineers must begin to work together such that 
information regarding vehicle crash behaviour  

Figure 4 - Vehicle crash pulse comparison
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Figure 21 Real world lethal roadside hazards in 
Australia and New Zealand. 

flows freely between the two disciplines.  Such an 
initiative has already started in Australia with the 
formation of the Australasian College of Road 
Safety and the Australian Automobile Association’s 
“SaferRoads” program (see www.acrs.org.au & 
http://www.aaa.asn.au/saferroads/ & ACRS 2004 
Year book). It is clear that government authorities 
responsible for road safety such as NHTSA and 
FHWA and similar bodies in other countries can no 
longer work as separate entities if the road toll is to 
be dramatically reduced over the next decade. 

Another issue critical to further reducing road 
trauma in different countries is increasing funding to 
investigate the crashworthiness of roadside barriers 
via fully instrumented crashes. Whilst considerable 
resources are available to study instrumented car 
crashes, the same magnitude of resources are not 
available to determine how best to design roadside 
barriers. This is particularly so in relation to trucks 
impacting barriers. Only a few crash tests of large 
trucks impacting barriers have been carried out and 

yet millions of these vehicles transporting goods 
travel the roads of the world intermixing with cars.  
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ABSTRACT 
 
The objective of European Enhanced Vehicle-safety 
Committee (EEVC) Working Group (WG) 15 Car 
Crash Compatibility and Frontal Impact is to de-
velop a test procedure(s) with associated performance 
criteria and limits for car frontal impact compatibil-
ity. This work should lead to improved car to car 
frontal compatibility and self protection without de-
creasing the safety in other impact configuration such 
as impacts with car sides, trucks, and pedestrians.  
 
The group consists of national government represen-
tatives who are supported by industrial advisers. The 
Working Group serves as a focal point for European 
research conducted by national and industry spon-
sored projects. The working group is responsible for 
collating the results from this research to achieve its 
objectives. EEVC WG 15 serves as a steering group 
for the car-to-car activities in the “Improvement of 
Vehicle Crash Compatibility through the develop-
ment of Crash Test Procedures” (VC-COMPAT) pro-
ject partly funded by the European Commission.  
 
This paper presents a review of the current European 
research status. It also identifies current issues with 
candidate test procedures and lists the parameters that 
should be considered in assessing compatibility. The 
current candidate test procedures are: 
• an offset barrier test with the progressive de-

formable barrier (PDB) face  
• a full width wall test with or without a deform-

able aluminium honeycomb face and a high reso-
lution load cell wall 

• an offset barrier test with the EEVC barrier and 
load cell wall. 

 
These candidate test procedures must allow assess-
ment of structural interaction, frontal force levels and 
compartment strength. 
 
The Working Group will report its findings to the 
EEVC Steering Committee and propose a test proce-
dure in November 2006. 
 
 
 

INTRODUCTION 
 
Since the 2003 ESV-Conference[1] the Terms of Ref-
erence of Working Group 15 have been revised. The 
new Terms of Reference are to: 
 
• develop a test procedure to assess car frontal 

impact compatibility. Work will concentrate on 
car to car frontal compatibility whilst also con-
sidering the effects on other accidents such as 
impacts with the side of cars, trucks , pedestrians 
and roadside obstacles; 

• establish criteria to rate frontal impact compati-
bility; 

• identify potential benefits from improved frontal 
impact compatibility; 

• through continued research of frontal impact 
protection, ensure that steps to improve frontal 
impact compatibility will also lead to improved 
front impact protection; 

• co-ordinate the EEVC contributions to the IHRA 
working group on Compatibility and Advanced 
Frontal Impact. 

 
From March 2003 to February 2006, WG 15’s re-
search activities are focused on the VC- COMPAT t 
project [2]. The VC-COMPAT project is partly 
funded by the European Commission and the contri-
butions of national governments. The main aim of 
WG 15 and the VC-COMPAT project is to develop a 
test procedure or a set of test procedures to improve 
the compatibility of car structures in frontal impacts 
without decreasing the safety in other impact configu-
ration such as impacts with car sides, trucks, and pe-
destrians. The VC-COMPAT project consists of two 
legs: a car to car leg and a car to truck leg. For the car 
to car leg, EEVC WG 15 serves as a steering group. 
This means that there is a close co-operation between 
the VC-COMPAT consortium and WG 15. Research 
results developed in VC-COMPAT are analysed and 
discussed in WG 15. Proposals for special test pa-
rameters, analysis methods, and the selection of car 
models to be tested are made by WG 15 and for-
warded to the VC-C COMPAT consortium. 
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OBJECTIVES EEVC WG 15 
 
WG 15 discusses compatibility issues and evaluates 
its objectives in terms of a route map. The listed ob-
jectives represent the current opinions of the group.  
 
General 

- Proposed test procedures must address both 
partner and self protection in frontal impacts 
without decreasing current (regulatory) self 
protection levels in other impacts, in particular 
frontal and side impact. 

- The number of additional test procedures 
should be kept to a minimum. 

- Test procedures should be internationally 
harmonised. 

 
Short Term (aim to report suitable test procedures to 
EEVC steering Nov 2006) 

- Improve structural interaction between vehi-
cles 

- Control new requirements for passive safety 
(regulatory and rating) to ensure that frontal 
force mismatch does not become greater than 
current self protection force levels in particu-
lar to stop the increase of frontal force level of 
heavy vehicles. 

- Control new requirements for passive safety 
(regulatory and rating) to ensure that com-
partment strength does not become less than 
current levels, especially for light vehicles 

 
Medium Term (Aim to report suitable test procedures 
to EEVC steering Nov 2010?) 

- Improve compartment strength, especially for 
light vehicles 

- First steps to improve frontal force matching 
- Further improve structural interaction. 

 
(Status January 31, 2005) 
 
 
CURRENT ACTIVITIES 
 
As already stated in the previous paper of EEVC WG 
15 [1], the ideal behaviour of the car front end (such 
as in a car to barrier test) can not be seen in all car to 
car tests. Poor structural interaction is still present in 
current car to car crashes which results in compart-
ment intrusion in one or both of the cars involved, 
even at substantially lower test speeds than in regula-
tory or Euro NCAP testing. The main problem during 
the crash is that the front-end structures may not stay 
aligned and do not deform as ideally as designed. 
This is strongly linked to overriding/ under riding 
phenomena. It is thus important to ensure the con-

trolled interaction of the vehicle structures involved 
car during the crash. 
 
As already mentioned the main objective of the VC 
COMPAT project is the further development of the 
existing proposals for a potential compatibility test 
procedure or set of test procedures to be applied in 
test requirements. To understand the problems high-
lighted above, the VC-COMPAT project is divided 
into the following research activities:  
• A structural survey to create a database of posi-

tions and dimensions of the important energy ab-
sorbing structures in vehicles. This will be used 
to determine appropriate structural interaction 
areas for vehicles.  

• Accident analysis to estimate the benefit and 
cost of improved compatibility.  

• A crash testing program of car-to-car and car-
to-barrier crash tests to validate the crash test 
procedures and develop appropriate performance 
criteria. 

• Mathematical modelling to support the devel-
opment of the test procedures and the cost bene-
fit analysis. 

 
In addition to the co-ordinated activities in VC-
COMPAT, EEVC-WG15 is also an exchange point 
where the results of industry research projects and 
ongoing national projects are shared. The joint re-
search of the European manufacturers, organised by 
ACEA has been evaluating the test procedures under 
review by EEVC WG15. Recent crash test results 
from ACEA sponsored tests have been shared with 
EEVC WG15. 

 
 
COMPARISON OF TEST PROCEDURES 
 
Details of the potential test candidates under consid-
eration by EEVC WG15 have been presented by their 
developers[3][4]. These test procedures are still under 
further consideration and consist of: 
 
1. Full width Deformable Barrier (FWDB) test at 

56 km/h to assess structural interaction. 
2. Progressive Deformable Barrier (PDB) test at 60 

km/h to assess structural interaction and frontal 
force levels. 

3. Offset Deformable Barrier (ODB) test at 64 km/h 
to assess frontal force levels. 

4. High speed Offset Deformable Barrier (ODB) 
test at 80 km/h to assess compartment strength. 

 
For the FWDB test[3] the honeycomb barrier consists 
of two layers. The front layer has a low stiffness to 
generate shear forces for the front end structures. The 



 

Faerber EEVC WG15 3 

rear layer with a higher stiffness is segmented (ac-
cording to the load cell wall array) to separate the 
main load structures of the car and detect them on the 
load cells without bridging effects. The assessment of 
compatibility is based on homogeneity criteria for 
horizontal rows and vertical columns taking also into 
consideration the average height of force (AHOF). A 
recently developed relative homogeneity criterion is 
under consideration to overcome the mass depend-
ency of the assessment. The ground clearance of the 
load cell wall and the honeycomb barrier has been 
adjusted to 80mm from the previous value of 50mm. 
This adaptation is to center two rows of load cells in 
the FMVSS Part 581 zone. 
  
For the PDB test[4] the barrier stiffness increases 
with depth and has upper and lower load levels to 
represent an actual car structure.  This setup is de-
signed to create shear forces on the vertical and lat-
eral connections of the front structures of the test 
object. The test procedure is aimed at both self and 
partner protection. The current assessment for com-
patibility is based on three assessment criteria: the 
partner protection assessment deformation (PPAD), 
the average height of deformation (AHOD) and the 
average depth of deformation (ADOD). All of these 
criteria are based on the deformation measurements 
from the barrier face. 
 
The ODB test procedure with an overlap of 40%, the 
standard ECE R. 94 test, is modified with the addi-
tion of a high resolution load cell wall behind the 
deformable element. The increased test speed of 64 
km/h (from the R94 56 km/h) is currently used in 
Euro NCAP and some of the previous test experience 
is available in the group.  
 
The high speed ODB (80 km/h) test uses the same 
test configuration as the 64 km/h ODB. It aims to 
ensure that a car’s compartment strength exceeds a 
minimum requirement so that it is able to withstand 
the forces imposed by another car. Note that no in-
strumented dummy measurements are taken in this 
test. 
 
To assess the different test procedures envisaged by 
WG 15, the following parameter list was developed 
to assist the decision process. 
 
Parameters to be Considered in Assessing Compati-
bility (status May 2004) 
 
1. Structural interaction 
1.1  Reproduction of frontal car to car accident load-

ing 

1.2  Show vertical force force/deformation distribu-
tion of the car front 

1.3  Show horizontal force/deformation distribution 
of the car front 

1.4  Show time history of local forces/deformations 
1.5  Potential to show strength of lateral connections 

between load paths 
1.6  Potential to show strength of vertical connec-

tions between horizontal load paths 
 
 
2. Reproduction of Collapse Modes of Load Paths 
2.1 Reproduction of frontal car to car accident 

collapse modes 
2.2  Show time history of total forces 
2.3  Potential to show optimum energy absorption of 

car front structures 
2.4  Compartment strength to maintain compartment 

integrity 
2.5  Potential to measure compartment strength 
2.6  Potential to evaluate compartment integrity 
 
3. Test Procedure  
3.1  Simplicity of test procedure 
3.2  Repeatability/reproducibility of test procedure 
 
4. Others 
4.1  Potential to harmonise with existing legal test  

procedures for frontal impact 
4.2  Applicability to all vehicle types 
4.3  Availability of objective assessment criteria. 
 
POSSIBLE SET OF TEST PROCEDURES 
 
The EU-Commission project, APROSYS, has re-
cently started. This project includes an investigation 
of frontal impacts and potential necessity of a re-
straint system test in Europe. Therefore a full width 
test with a high deceleration pulse is under investiga-
tion in this project. The applicability of the THOR 
dummy for this test is also included in the project. 
The EEVC Working Group 15 is acting as an ob-
server and advisor. 
 
In EEVC WG 15 the opinion is growing that a set of 
two test procedures may be the best approach to im-
prove self and partner protection in car frontal im-
pacts. EEVC WG 16, which was merged with WG 15 
two years ago, had proposed in its final report to in-
troduce a full width test to current legal frontal im-
pact testing. The standard ODB test sets high struc-
tural resistance requirements to the tested car while 
the full width test would complement the ODB test 
requirements with a high deceleration restraint sys-
tem test. 
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WORLDWIDE HARMONISATION PROSPEC-
TIVE 
 
The EEVC WG15 has discussed the request from 
IHRA to consider the use of a full width test in the 
US, with or without a deformable face, using a load 
cell wall to measure the average height of force as a 
first step for the assessment of car to car compatibil-
ity. The working group agrees that the full width test 
can be used to measure the height of force and that 
controlling this could be a useful first step for im-
proving SUV/ LTV compatibility with cars. How-
ever, the WG15 does not consider the control the 
average height of force as a sufficient instrument to 
measure compatibility. Adding a deformable face 
would provide further development. In addition to 
improving the measurement of force height, a de-
formable face would facilitate the future measure-
ment of an interaction “footprint”. The use of this 
interaction footprint would be even more important 
when the application is extended to conventional 
cars. 
 
The progress of the IHRA Compatibility and Frontal 
Impact Group is reported in a separate presentation. 
From the WG 15 side there is some concern to find a 
world wide agreed test since there are substantial 
differences among the U.S., Europe, and Japan car 
fleets.  
 
CONCLUSIONS 
 
In EEVC WG 15 the opinion is growing that two test 
procedures could improve car self protection as well 
as car to car compatibility and could complement 
each other: 

- an offset deformable barrier test procedure 
with a progressive deformable element seems 
to have a higher potential for defining com-
patibility assessment criteria than the current 
ECE R. 94 element 

- a full width barrier test with a full width de-
formable element and high resolution force 
measurement behind the deformable element. 

 
In close a co-operation between the VC-COMPAT 
consortium and EEVC WG 15, the project results will 
be evaluated carefully and objectively. It seems not 
too unrealistic to expect that end of 2006 EEVC WG 
15 will in the position to propose a test procedure or a 
set of test procedures to assess the frontal compatibil-
ity between cars 
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ABSTRACT transferred from the video subsystem to the 

ultrasonic subsystem. The main task of the 
ultrasonic subsystem is to verify or reject the hypo-
thesis of pedestrian presence delivered by the video 
subsystem. 

Pedestrian protection has come up to an important 
issue. The European Community (EC) has released 
a draft law, which mandates manufacturers to 
increase pedestrian safety. This law consists of two 
phases, beginning in 2005 and 2010 respectively.   

INTRODUCTION To face up with present and future challenges, the 
Bosch roadmap of Electronic Pedestrian Protection 
(EPP) provides three sensor system generations: a 
contact sensor system (EPP1), a system combining 
contact sensors and ultrasonic sensors (EPP2) and a 
system combining ultrasonic sensors and video 
sensors (EPP3). In this paper, we focus on EPP2 
and EPP3. 

The year-2000 White Paper of the European 
Commission [1] states the target of halving the 
number of traffic fatalities on European roads until 
the year 2010. In November 2003, a European 
directive envisioning the protection of pedestrians 
and other vulnerable road users was passed [2]. 
This directive is made up of two phases becoming 
effective in 2005 and 2010 respectively. Models of 
new car platforms will then be type-approved only 
if they pass defined component tests with 
headform- and legform-impactors. 

EPP2 uses synergy effects with ultrasonic systems 
(e.g. the parking aid) that are well-established on 
the market, in order to enhance the classification 
performance. In the EPP2 system, the ultrasonic 
sensor subsystem generates a feature vector which 
carries ultrasonic as well as geometric properties. 
This feature vector is combined with that of the 
contact sensor subsystem, which gives information 
about the mechanical object properties “stiffness” 
and “impact energy” of the object. The combination 
of the feature vectors leads to an improved and 
robust classification, allowing the use of an 
irreversible actuator. 

For several car types, the requirements can be 
fulfilled with passive solutions (e.g. energy-
absorbing structures at a car’s front end). However, 
there are many models where active systems 
containing a sensing unit as well as an actuator 
element (e.g. an active hood – also called pop-up 
bonnet) are necessary. 
Active protection systems based on contact sensors 
are able to fulfil the use-case tests that are defined 
by legislation. Nevertheless, the discrimination of 
use and misuse cases represents a challenge due to 
the real-world diversity of human beings and 
“misuse” objects (e.g. animals or pillars) occurring 
in the surroundings of road traffic. Even though this 
aspect is not encompassed by the EC directive, it is 
of prime importance with respect to customer 
satisfaction. Therefore, it is reasonable to think of 
systems containing remote-type sensors.  

In the EPP3 system, the video subsystem 
accomplishes pedestrian recognition in a mid-range 
ahead of the car and, if necessary, initiates a driver 
warning  (acoustic, optical). Video-based pedestrian 
recognition is achieved by contour analysis, while 
tracking of pedestrians is carried out by applying an 
extended Kalman filter to active-shape represent-
tations of pedestrian contours. Any time the video 
subsystem predicts a pedestrian to enter the ultraso- 
nic field-of-view, information concerning direction 
of movement and velocity of the respective 
pedestrian plus an estimate of the time-to-impact is  

According to Figure 1, the Bosch roadmap of 
Electronic Pedestrian Protection (EPP) provides – 
besides  the  contact  sensor  system  (EPP1), which 
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Figure 1: Bosch Electronic Pedestrian Protection 
roadmap. 
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Figure 2: Sketch of the EPP2 system.

 
 
will enter the market in 2007 – two further 
generations of interlocking sensor systems: a 
system combining contact sensors and ultrasonic 
sensors (EPP2) and a system combining ultrasonic 
sensors and video sensors (EPP3). In this paper, the 
focus lies on the latter two of these EPP system 
generations. 
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Motivation 
Figure 2 shows a sketch of the EPP2 system. This 
system is composed of two subsystems: a contact 
sensor system (EPP1) and an ultrasound sensor 
system. In order to gain synergies by use of an 
existing ultrasound sensor system, the ultrasound 
sensors can also be used for e.g. a parking aid 
system. 
The combination of the contact sensor system with 
an ultrasound sensor system leads to three main 
benefits: 
A) The object features obtained from the 
ultrasound sensor system are based on the 
reflection behaviour of the object and are thus in 
general independent from the mechanical object 
features “effective mass” and “stiffness” obtained 
by EPP1. These additional object features lead to 
an improvement of the object classification. 
B) The measured relative velocity vrel is a 
beneficial information for the EPP1 algorithm: The 
use of the relative velocity instead of the vehicle 
velocity improves the estimation of the relative 
mass of the object. 
C) The estimated time-to-impact can be used for a 
faster safing functionality of the contact sensor 
system – in particular in the case of slow objects 
with a low acceleration signal. 
  
 

Contact Sensor Subsystem 
The contact sensor subsystem EPP1 is based on 
acceleration sensors, which are placed in the 
bumper cover. This allows to measure the object 
impact in a very early stage of the collision (within 
10-15ms after the first contact). From the 
acceleration signals mechanical object features –
 the effective momentum as well as the object 
stiffness – are inferred. Additionally, EPP1 uses the 
velocity information of the vehicle in order to 
estimate the effective mass of the object from the 
effective momentum. 
 
Ultrasound Sensor Subsystem 
In order to gain synergy with an existing ultrasound 
sensor system, we use standard Bosch generation-4 
ultrasound sensors (USS4), which are in the market 
for e.g. the parking aid system. The sensors are 
located at the positions driven by the parking aid 
requirements. The USS4 provides a digital signal, 
which is obtained from the received analogue 
ultrasound echo by comparison with a threshold. 
The USS4 has a detection range of about 0.25m to 
3m (related to a 7cm-tube). 
The ultrasound sensors operate synchronized in 
parallel mode at which the time between two 
transmitted pulses is chosen stochastically. This so-
called “stochastic coding” enables to use shorter 
cycle times down to 20ms even for large detection 
ranges and improves the robustness regarding 
external ultrasound systems [3]. Furthermore, the 
robustness regarding electromagnetic compatibility 
and ultrasound of other ultrasound systems is 
improved. Finally, this method allows to assign the 
received pulse to a transmitting and receiving 
sensor, i.e. to split-up the signal into direct and 
cross echoes for each sensor (see Figure 3). 
The algorithm consists of three modules: a module 
for the estimation of the mechanical object features,  

2003 2004 2005 2006 2007 2008 2009 2011 2012 2013 2010 

 EPP1 
Contact Sensor System  
based on acceleration sensors  

 EPP2 
Contact Sensor System and  
Ultrasound sensor system 
Synergy with existing USS system,  
e.g. parking aid 

 EPP3 
Video and Ultrasound 
sensor system 
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Figure 3: For a set of n ultrasound sensors s1, 
…,sn, direct echoes (d1,dn) and cross echoes 
(k12,k2n,k3n) are measured. The stochastic coding 
enables an assignment of the measured echoes to 
a transmitting and receiving sensor, i.e. to a 
direct echo dii or cross echo kij. 
a transmitting and receiving sensor, i.e. to a 
direct echo dii or cross echo kij. 
  
a module for the estimation of the ultrasound object 
features, and a module for the fusion of both 
subsystems (see also  Figure 2). 
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The module for the estimation of the ultrasound 
object features is based on a stochastic coding 
algorithm which provides a list of one-dimensional 
object tracks for each channel, i.e., direct echoes dii 
and cross echoes kij (cf. Fig. 5). On basis of these 
object tracks ultrasonic object features as well as 
the variation of these features are estimated. Thus, 
for every object track a feature vector is obtained, 
which corresponds to the ultrasound properties of 
the concerning object. 
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Figure 4: Cumulative frequency of accidents in 
dependency on impact speed. In the range of 20-
50 kph (shaded area) most of all severe injuries 
occur. 
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occur. 
  
system in order to calculate the effective mass from 
the measured effective momentum. This leads to an 
system in order to calculate the effective mass from 
the measured effective momentum. This leads to an 
improved classification in cases where the velocity 
of the object is large and thus cannot be neglected 
by the calculation of the effective mass. The time-
to-impact is needed in order to assign the right 
object track – and the right relative velocity – to the 
impact signal of the contact sensor subsystem. 
Moreover, the knowledge of the time-to-impact 
allows to reduce the thresholds of the safing path of 
the contact sensor algorithm. This leads to shorter 
decision times, in particular in cases where the 
object is slow and the signal as well as the safing 
signal is small. 
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Velocity range Velocity range 
EPP2 is designed for a velocity range of 20 –
 50 kph. This velocity range is founded on 
statistical investigations, which show that at 
velocities lower than 20 kph slight injuries occur 
and an activation of protection systems is not 
necessary. For velocities faster than 50 kph, the 
impact energy is that large that an activated 
protection system does not significantly increase 
the chance of survival. Nevertheless, a velocity 
range of 20 – 50 kph covers a very large amount of 
accidents resulting in severe injuries (cf. Figure 4). 
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In order to investigate the influence of the velocity 
on the performance of the ultrasonic system, 
collision tests with a test car and a cube at 
velocities from v = 10 - 40kph were performed. 
The results shown in Figure 5 demonstrate the 
functionality of the system in the required velocity 
range. 
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Figure 5: Object tracks for velocities from 10kph (upper left) to 40kph (lower right). Even at 40 kph the
cube was detected at 3.5 m and a stable object track was obtained. Note: for lower velocities the object 
was detected at a distance of 4 m. 
 
ELECTR. PREDESTRIAN PROTECTION 3 
 
Motivation 
Stricter pedestrian protection requirements – as are 
currently under discussion for phase 2 of the EU 
legislation [1] – may necessitate to initiate an 
actuator deployment prior to the impact (e.g. the 
extended lifting of an active hood  in order to 
provide sufficient deformation space between the 
deformable hood and non-deformable aggregates 
beneath it). 
Video technology has a significantly longer 
detection range in comparison to stand-alone 
ultrasound systems and possesses a high potential 
with respect to the classification of pedestrians and 
other vulnerable road users [5,6]. Since video 
sensors for traffic applications are commonly 
mounted behind the front window, a video-based 
observation of entire pedestrian contours is feasible 
for distances greater than approximately 4 meters 
ahead of the front bumper. However, to have an 
enlarged detection range also covering small 
distances ahead of the car, a combined approach to 
pedestrian detection made up of video and 
ultrasound sensors is proposed. 
 
System task 
The task is to reliably detect impending collisions 
with pedestrians, to give a warning (acoustical, 
optical) and, if necessary, to trigger an actuator 
(e.g., an active hood) as early as possible before a 
contact of a pedestrian with the car front occurs. 
 
Video subsystem  
In our combined approach, video technology carries 
out the detection of objects, the classification of  

 
 
detected objects with respect to the classes 
“pedestrian” and “non-pedestrian” as well as the 
tracking of pedestrians. 
Video-based pedestrian detection and classification 
is achieved by contour analysis [7], while the 
tracking of pedestrians is carried out by applying an 
extended Kalman filter [8] to active shape 
representations of pedestrian contours [9]. 
Any time the video subsystem predicts a pedestrian 
to enter the ultrasonic field-of-view, information 
concerning direction of movement and velocity of 
the respective pedestrian plus an estimate of the 
time-to-impact is transferred from the video 
subsystem to the ultrasonic subsystem. 
 
Ultrasound subsystem  
The ultrasound subsystem provides for a 
verification of the pedestrian data received by the 
video subsystem. Moreover, it predicts collision 
parameters – in particular the time to impact, the 
closing velocity (i.e., the velocity of the pedestrian 
relative to that of the car at the beginning of the 
collision) – and triggers the actuator(s) – see Fig. 6. 
 
System prototype 
As shown in Figure 3, we have equipped a test 
vehicle with a stereo-video subsystem and a four-
channel ultrasound subsystem.  
The cameras of the video subsystem contain high-
dynamic-range CMOS imagers with a resolution of 
512x256 pixels. Video-based pedestrian recognition 
is accomplished in a range of up to 25 m ahead of 
the bumper at aperture angles of 50° horizontally 
and 35° vertically. 
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Figure  6: Basic principle of electronic 
pedestrian protection using video and 
ultrasound sensors.  
 
Predictive information is transferred via CAN bus 
from the video subsystem to the ultrasonic 
subsystem.  For  details  concerning  the  ultrasound 
system part, refer to the section above discussing 
the EPP2 system. 
In comparison to EPP2, EPP3 provides a significant 
gain with respect to the forewarn time. According 
to our experiments, for a closing velocity of 30 kph, 
a final decision concerning the triggering of an 
actuator can be taken 150-200ms (i.e., 1-2m) before 
the actual beginning of a collision. 
First preliminary test results confirm the feasibility 
of the chosen system approach. However, possible 
solutions regarding the handling of  night-time 
situations, of  partly occluded pedestrians and of 
groups of pedestrians have to  be investigated in 
more detail. 
 
Envisioned time of market introduction 
Referring to the EPP roadmap in Figure 1, three key 
reasons can be given for a market introduction of 
EPP3 in the next decade: 
a) Legislation:  

Stricter protection criteria are to be expected in 
the European Union from quarter 4 of the year 
2010 when phase 2 of the EC directive will 
become effective. 

 
 
Figure  7: Positioning of video and ultrasound 
sensors in the EPP3 prototype. 
 
b) Technological and functional maturity:  

Video-based safety applications are yet to be 
introduced  to the market.  According  to  press 
announcements of several car manufacturers 
and suppliers, this will be done within the next 
five years. 

c) Price / Costs: 
Customers are price-sensitive. This is of 
particular importance for pedestrian protection 
systems, as these do not involve a direct benefit 
for the buyer and driver of a car. Price and cost 
degradation without sacrificing performance 
are expected to be sufficient in approximately 
five years. Synergies between safety and driver 
assistance will support the required degradation 
process. 

 
 
CONCLUSIONS 
 
On the basis of system prototypes set up in test 
cars, we could demonstrate the feasibility of 
combined sensor systems for the task of electronic 
pedestrian protection.  
By use of sensor system fusion, the pedestrian-
recognition performance can be increased and 
plausibility can be guaranteed. 
However, due to current technological limitations 
and complexity of real-world scenarios, it will take 
approximately three to five years time until first 
system generations based on remote sensors appear 
on the market. 
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ABSTRACT 
 

The European Enhanced Vehicle-safety 
Committee wants to promote the use of more 
biofidelic child dummies and biomechanical based 
tolerance limits in regulatory and consumer testing. 
This study has investigated the feasibility and 
potential impact of Q-dummies and new injury 
criteria for child restraint system assessment in 
frontal impact.  

European accident statistics have been reviewed 
for all ECE-R44 CRS groups. For frontal impact, 
injury measures are recommended for the head, 
neck, chest and abdomen. Priority of body segment 
protection depends on the ECE-R44 group.  

The Q-dummy family is able to reflect these 
injuries, because of its biofidelity performance and 
measurement capabilities for these body segments. 
Currently, the Q0, Q1, Q1.5, Q3 and Q6 are 
available representing children of 0, 1, 1.5, 3 and 6 
years old. These Q-dummies cover almost all 
dummy weight groups as defined in ECE-R44. 
Q10, representing a 10 year-old child, is under 
development.  

New child dummy injury criteria are under 
discussion in EEVC WG12. Therefore, the ECE-
R44 criteria are assessed by comparing the existing 
P-dummies and new Q-dummies in ECE-R44 
frontal impact sled tests. In total 300 tests covering 
30 CRSs of almost all existing child seat categories 
are performed by 11 European organizations. From 
this benchmark study, it is concluded that the 
performance of the Q-dummy family is good with 
respect to repeatability of the measurement signals 
and the durability of the dummies. Applying ECE-
R44 criteria, the first impression is that results for 
P- and Q-dummy are similar.  

For child seat evaluation the potential merits of 
the Q-dummy family lie in the extra measurement 
possibilities of these dummies and in the more 
biofidelic response. 
 

INTRODUCTION 
 
 Each year, 700 children are killed on European 
roads and 80,000 are injured [1]. It represents an 
unacceptably high burden on Europe’s society and 
economy. The fact that such poor results are 
observed, despite normal use of CRS (Child 
Restraint Systems) complying with the ECE 44 
Regulation, underlines the high social importance 
of continued child safety research. Despite many 
initiatives being taken in Europe and elsewhere, 
progress made in child safety in the last decade can 
be considered small, in particular compared to the 
advancements made in adult occupant protection in 
that same period. Important contributors to this 
situation are the lack of biomechanical knowledge 
on injury mechanisms and associated physical 
parameters, specifically for children.  

The European Commission (EC) has recognized 
that it is only through a decisive increase of the 
basic scientific knowledge that major steps can be 
achieved towards improved standards and more 
efficient design of CRSs. For this reason the 
CREST (Child Restraint Standards, 1996-2000) 
and CHILD (Child Injury Led Design, 2002-2006) 
projects were initiated to develop the knowledge on 
child behavior and tolerances. The outcomes of 
EC-CREST and EC-CHILD can be used to propose 
new test procedures for determining the 
effectiveness of CRS using improved child 
dummies and injury measures [1-3]. As a result of 
these projects the Q-series of child dummies are 
currently available for CRS testing [4, 5].  

The European Enhanced Vehicle-safety 
Committee (EEVC) wants to promote the use of 
more biofidelic child dummies and biomechanical 
based tolerance limits in regulatory and consumer 
testing. It initiates the assessment of new child 
dummies and criteria for child occupant protection 
in frontal impact. Therefore, EEVC WG12 and 
WG18 carried out collaborative research following 
four basic steps: (i) identification of child injury 
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causation in frontal impacts based on real world 
data, (ii) completion and consolidation of the 
specifications of the Q-series of advanced child 
dummies, (iii) recommendation for new injury 
criteria and tolerance limits for frontal impact, and 
(iv) a validation test program based on ECE R.44 
test conditions, comparing P and Q dummy 
performance in frontal CRS tests. For the latter 
part, eleven European organizations including 
OEMs, research institutes and child restraint 
manufacturers performed 300 tests covering 30 
available child seats. These seats represent the 
majority of existing child seat categories on the 
European market.  

The paper starts with an overview on child injury 
causation. This overview presents a synthesis of 
frontal crash investigations including those 
performed under the CREST and CHILD projects. 
Next, the development and evaluation of the Q-
dummy family (including Q0, Q1, Q-18 months, 
Q3 and Q6) are described. In addition, the situation 
regarding newly proposed child dummy injury 
criteria is given. Thereafter, the validation of P- 
and Q-dummies and criteria are described. An in-
depth analysis of 300 test results covering 30 child 
seats will be presented, showing the effect and 
potential benefit of introducing new test dummies 
and criteria into legislation. Finally, conclusions 
are drawn and recommendations are given. 
 
CHILD INJURY CAUSATION 
 

The EEVC WG 18 on Child Safety was created 
in October 2000. One of the first tasks of this group 
was to review the European accident statistics with 
respect to child car occupants and injuries in all 
type of car crashes. For this purpose, the most 
important existing databases in Europe have been 
examined. Data from the International Road Traffic 
Accident Database (IRTAD) show that in 1998 on 
average 2 children were killed each day. The 
tendency for Europe over the past ten years is that 
the total number of children killed as car occupant 
is decreasing. This can be seen as one of the effects 
of the general adoption of a European regulation on 
child restraints. An overall positive effect of 
restraint use by children when travelling in cars is 
found. The rate of severe injuries is more than 
twice as high for unrestrained children than for 
restrained children in frontal impact, which is the 
most common crash configuration. The risk of 
being severely injured as car occupant is very small 
for correctly restrained children up to a delta V of 
40 km/h in a frontal impact. However, special 
attention should be paid to avoid CRS misuse and 
to make sure that clear information is forwarded to 
the public area about child safety and injury risk 
related to accidents. 
  In order to draw more detailed conclusions, 
WG18 has accessed and examined the following 

databases: CREST (as developed in the European 
collaborative research project), CCIS (the Co-
operative Crash Injury Study in the UK), GIDAS 
(German In Depth Accident Study), GDV (German 
Insurance), IRTAD and LAB (Laboratory of 
Accidentology and Biomechanics in France). All of 
these databases have specific definitions and data 
collection methods, which makes it difficult to 
merge the data for analysis. Nevertheless for 
frontal impact, generally sufficient information was 
available in each database to classify injury 
causation according to the different group of child 
restraint system used. The CRSs were put in 
categories according to the weight group existing in 
the ECE R44-03: 
Carrycots (Group 0): The number of crash cases 
available with this kind of restraint system is too 
low to conclude about the general injury 
mechanism. 
Rearward facing infant carrier (Group 0/0+): 
These systems seem to offer good protection to 
their users in frontal impact. Severe head injuries 
are most frequently observed injuries with such 
CRS suggesting that introduction of effective 
padding may significantly reduce head injury risk. 
Three different injury mechanisms are 
hypothesised: impact by the shell with the 
dashboard (67% of rearward facing infant carriers 
is put on front passenger seats), direct impact of the 
head on supporting object and rebound. For these 
systems, limbs are also representing a high number 
of injuries, but only a few are considered as severe 
injuries. Therefore limb injuries are of less priority. 
Rearward facing system with harness (Group I): 
Most popular in Northern Europe, rear facing CRS 
have been seen to be more effective in frontal 
impact when compared to forward facing CRS. 
Severe head injuries are less frequent in frontal 
impact with such devices than with rearward facing 
infant carriers. Limbs (especially arms) can also be 
injured. 
Forward facing systems (Group I): For this type 
of system head injury is still a big issue. Impacts 
are one cause, but diffuse brain injuries are also 
observed due to angular acceleration that can occur 
either with or without impact. The neck is an 
important area to protect for children in such 
devices (younger than 4 years of age) even if these 
injuries are not very frequent. Chest and abdominal 
injuries are not very frequent with such systems but 
are found. 
Forward facing system with shield (Group I and 
shield systems (Group II): The main sources of 
data are from the UK and France where these 
devices are not very popular. Therefore, no 
accident data are available at this time but some 
observations from experts were collected. Head 
contact with the top of the shield and risk of 
ejection (total or partial) are likely scenarios 
causing injuries.  
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Forward facing seat and adult seatbelt (Group 
I/II/III): In most of the analysis of databases these 
systems were considered as booster seats (see 
below). In addition, the risk of neck injuries is as 
high as for forward facing systems with harness 
(see forward facing systems (group I) above). 
Booster seat and adult seatbelt (group II/III): 
Head is still the most important body area in terms 
of frequency of injury, but the relative importance 
of abdominal injuries increases with such restraint 
systems. The penetration of the seatbelt in the soft 
organs creates injuries at the level of liver, spleen, 
and kidney. For these systems, the protection of the 
abdominal area is clearly a priority to ensure a 
good protection of children using a CRS on which 
they are restrained by the adult seatbelt. The chest 
does not seem to be a priority in terms of frequency 
of injuries, nevertheless, as the chest cavity protects 
vital organs, it remains an important body segment. 
Focussing on severe injuries, ribs fractures are not 
very common because of the chest compliance for 
children, and internal injuries occur by 
compression of the chest by the seatbelt. No injury 
due to inertial loading has been noticed. The pelvis 
is not a priority body region in frontal impact. 
Limb fractures are numerous for children on 
booster seats and booster cushions, but do not seem 
to be a priority in terms of child protection for the 
moment. 
Booster cushion and adult seatbelt (group 
II/III): The situation for these systems is the same 
as for booster seats with an increase of the number 
of chest injuries, certainly due to the fact that 
children using these CRS are generally older than 
the ones using booster seats. 
Adult seatbelt: It was observed that a lot of 
children were only restrained by the adult seatbelt, 
while they could be better protected by using an 
additional CRS. The body segments that are 
protected for children restrained by the adult 
seatbelt only are the same as for the ones using 
booster cushions but with worse injury outcome, 
especially in the abdominal region. 
 
 

 
 
Figure 1. Level of protection for well-restraint 
children on appropriate CRS in the year 2000 
and the target for the years thereafter. 

 

The review of child occupant injuries related to 
CRS systems used in frontal impact has 
demonstrated that the whole priority should lie on 
protecting the head and neck from injury for infants 
and toddlers (Group 0/1), shifting to head, chest 
and abdomen as children grow up and starting to 
become taller (Group 2/3/adult belt) which is 
illustrated in Figure 1. It is important that new 
dummies and criteria reflect these injuries observed 
in the field. Consequently, injury measures were 
recommended for the head, neck, chest, 
abdomen/lumbar spine and pelvis. 

 
DEVELOPMENT AND EVALUATION OF Q-
DUMMIES 
 
Background 
 

The P-series is a series of crash test dummies 
representing children in the age of six weeks (P0), 
9 month (P3/4), three year (P3), 6 year (P6) and 10 
year (P10) old. The P-dummies (‘P’ from 
Pinocchio) were the first European child dummies 
to become official in 1981, when the ECE-R44 [6] 
regulation came into force. Later, the dummies 
were also adopted by other standards. The P-series, 
despite being simple in design and limited in 
measurement capability, gave a substantial 
contribution to the protection of children in cars. 
However, more knowledge on biomechanics 
related to children and the changing nature of 
exposure (airbags, belt systems) meant that the P-
series became less appropriate over time. In the 
nineties the CRABI (Child Restraint AirBag 
Interaction) and Hybrid III child dummies were 
developed in particular to address the growing 
problem of child-airbag interaction in the US. In 
Europe, research has been focused on the 
development of a new child dummy series that 
would bring major improvements in terms of 
biofidelity and instrumentation and that could be 
used for a range of applications including side 
impact. 

In 1993, the international Child Dummy Working 
Group (CDWG) was formed with the mission to 
develop the Q-series as the successor of the P-
dummy series. This group, consisting of research 
institutes, CRS- and dummy manufacturers and 
OEM’s, determined the anthropometry, biofidelity, 
measurement capabilities and applications for these 
dummies [7-10]. Under their surveillance, also the 
development of the first Q dummy, Q3, started. In 
1997, this work was continued under the EC 
sponsored CREST (Child REstraint System 
sTandard) research program. Within the CREST 
and the consecutive CHILD (CHild Injury Led 
Design) projects, altogether the new-born (Q0), the 
12-month (Q1), three-year old (Q3) and six-year-
old (Q6) dummies were delivered and used in 
accident reconstruction. In 2003, the most recent 
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dummy was added to the series: the Q1.5, 
representing a child of 18 months old. Figure 2 
shows the Q-dummy family. 
 

    
 
Figure 2. The Q-dummy family: (from left to 
right) Q1.5, Q3, Q0, Q6, Q1 and Q1 without 
suit. 
  

Since their original release, the Q-dummies have 
undergone updates, in particular to improve the 
overall durability in frontal impacts, while 
maintaining the overall biofidelity and side impact 
performance of the dummy. The Q-dummies were 
particularly tailored to meet the (high-end) 
demands of EuroNCAP and NPACS testing [11]. 
This section summarises the status of the Q-dummy 
series today. The dummy design and performance 
particularly for frontal impact are described. In 
addition, the main differences with the US child 
dummy series are given. 
 
Dummy description 
 
Specific design features of the Q-dummies are the 
anatomical representation of body regions, use of 
advanced materials, dummy-interchangeable 
instrumentation, multi-directional use (frontal & 
side impact) and easy handling properties (limited 
components, easy assembly/disassembly, and 
simple calibration).  

The dummy layout of the Q1, Q1.5, Q3 and Q6 is 
similar. The design of the head, the neck, the 
shoulder, the clavicle, the thorax, the lumbar spine, 
the abdomen and the extremities show a realistic 
anatomy compared to the human anatomy. The 
head and the clavicle are made entirely from 
plastics. The neck and the lumbar spine have a 
similar design: a combination of metal and a 
natural rubber. It is flexible and allows shear and 
bending in all directions. The thorax consists of a 
deformable ribcage and a rigid metal thoracic 
spine. The plastic clavicle is connected to the 
thorax at the front of the ribcage and to the 
shoulders at the arm side. The shoulders are made 
of natural rubber with metal end plates which are 
connected to the upper arm on one side and the 
thoracic spine on the other side. The lumbar spine 
is mounted between the pelvis and the thoracic 
spine. The abdomen is skin covered foam, which is 
enclosed by the ribcage and the pelvis. The pelvis 
consists of two parts: a metal pelvic bone and a 

plastic pelvis flesh. The extremities are a 
combination of plastics and metal. The Q1, Q1.5, 
Q3 and Q6 have a kinematical representation of the 
elbow, shoulder, hip and knee joints. 

The anthropometry of a new-born child makes it 
difficult to maintain the dummy lay-out of the other 
Q-dummies for the design of the Q0. The limited 
space reduces the anatomical representations of 
body parts. For the Q0, its design results into 
eleven body parts: head, neck, shoulder block, two 
arms, thoracic spine, lumbar spine, thoracic flesh, 
pelvis block and two legs. The materials used are 
similar to those used in the other Q-dummies. The 
legs and arms have no knee and elbow joints, 
respectively; instead, the angles between upper and 
lower leg and upper and lower arm are fixed. The 
torso flesh foam part represents the ribcage and the 
abdomen. It is made of foam covered by a vinyl 
skin. The neck and lumbar spine have a similar 
design [4]. 
 
     Anthropometry - To establish human-like 
dimensions for the Q-dummies, a special Child 
Anthropometry Database, CANDAT, has been 
built [8]. For this database, the newest available 
child data from birth to 18 years have been 
collected from different regions (US, Europe and 
Japan). Inconsistencies have been solved and gaps 
have been filled to calculate the averages for 
important body dimensions and mass (Figure 3). 
 

Figure 3.  5th, 50th and 95th Percentile child body 
mass (in kg) vs. age (in years) in CANDAT. 
 

For adoption of the Q-dummy series, it is 
important that the body mass corresponds with the 
manikin body mass as defined in the regulations. In 
ECE-R44, a child restraint system falls into one of 
the five defined mass groups. Each mass group has 
a lower and upper boundary. Therefore, two child 
dummies are necessary to validate a child restraint 
system. Below, in Table 1, the body mass of the Q-
dummy series is compared with the weight groups 
of ECE-R44. In Annex A, the main dimensions and 
the segment masses of each Q-dummy are 
compared with the manikin requirements as 
defined in ECE-R44. 
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Table 1. 
ECE-R44 mass groups with corresponding Q-

dummy 
 

R44 
Group 

Limits R44 
Mass [kg] 

Dummy 
age 

Dummy 
mass [kg] 

0 Lower - Q0 3.4 
 Upper <10 Q1 9.6 

0+ Lower - Q0 3.4 
 Upper <13 Q1.5 11.1 
I Lower 9 Q1 9.6 
 Upper 18 Q3 14.6 

II Lower 15 Q3 14.6 
 Upper 25 Q6 22.9 

III Lower 22 Q6 22.9 
 Upper 36 - - 

 
It can be observed that the mass groups are 

covered by the Q-dummy series except for the 
upper boundary of a group III seat. This Q-dummy 
is not yet available. The segment masses and the 
main dimensions of the Q-dummy series are 
slightly different from the manikins as defined in 
ECE-R44 which are based on the P-dummy 
anthropometry. The Q-dummy family, however, is 
based on a more recent anthropometric database 
(CANDAT). 
 

Biofidelity - The availability on biomechanical 
data of children is poor due to the ethical 
difficulties with obtaining such data. Therefore, the 
following approach was chosen to derive a set of 
biomechanical response requirements for the Q 
dummy series. First, a set of human body responses 
to frontal and side impact have been discussed [12-
17]. Second, a study was made of the 
characteristics of the human body, both of adults 
and children [9, 10]. Finally, scaling methods, 
combined with the data on human body tissue 
characteristics were used to derive child response 
characteristics from adult data. The scaling is based 
on differences between adult and child subjects in 
terms of geometry and stiffness [18-21]. For frontal 
impact, biofidelity requirements have been set-up 
for the head, the neck, the thorax, the abdomen and 
the lower extremities. For lateral impact the set of 
biofidelity requirements is extended with 
requirements for the shoulder and the pelvis. It 
should be noted that due to the (many) assumptions 
made in the scaling process, these requirements 
should be treated as design targets rather than strict 
specifications. 

For the assessment of the biomechanical response 
in frontal impact, the head, the neck, the thorax and 
the abdomen are considered the most important 
body parts (head and neck only for Q0).  

The biomechanical target of the Q-dummy heads 
is based on the rigid surface cadaver drop tests 
conducted by Hodgson and Thomas [22]. The head 
biofidelity for frontal impact has been assessed by 
a free-fall head drop test with a drop height of 130 

mm. Table 2 shows the head biofidelity test results 
for the Q-dummy family. 

 
Table 2. 

The head biofidelity target vs. test result for the 
Q-dummy family 

 
Peak resultant head acceleration [G] 

Q-dummy Target Test result 
Q0 124 ± 33 120 ± 3 
Q1 108 ± 29 112 ± 1 

Q1.5 111 ± 29 111 ± 2 
Q3 121 ± 29 116 ± 1 
Q6 139 ± 37 122 ± 1 

 
The neck response requirement for flexion-

extension has been established by scaling human 
volunteer and cadaver data of Mertz and Patrick 
[23]. The assessment of the neck biofidelity head-
neck pendulum test responses were performed for 
the assessment of the neck biofidelity of the Q-
dummy series. Figure 4 shows the biofidelity 
performance of the Q3 dummy for flexion. 
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Figure 4. Q3 neck biofidelity corridor for 
flexion vs. test results. 
 

The thorax frontal response requirement is based 
on two series of blunt-frontal, mid-sagittal impactor 
tests reported by Kroell [24, 25], Nahum [26] and 
Stalnaker [27]. Thorax impactor tests, using a 
dummy specific pendulum, were performed to 
assess the biofidelity of the thorax. Two different 
impact velocities are used, 4.3 m/s and 6.7 m/s. 
Figure 5 shows the thorax biofidelity performance 
of Q3 compared to linearly scaled corridors. It 
should be noted that linear scaling does not take 
into account damping and therefore is likely to 
underpredict the true force response of the actual 
child [28]. 

For the abdomen, a frontal belt loading 
requirement has been defined. It is based on living 
porcine experiments [16, 29]. Previous abdomen 
tests indicated that the segment is meeting the 
corridors, but additional test are being run to 
document the abdominal response for all dummies. 
The complete biofidelity results of the individual 
Q-dummy family dummies will be reported 
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separately to the EEVC along with the 
recommendation for its use. From the data 
available at this time it is concluded that the 
biofidelity responses of the head (see Table 2) and 
the neck of all Q-dummies are within the corridor. 
The biomechanical performance of the Q1, Q1.5, 
Q3 and Q6 thorax show that it is a bit stiffer than 
its (linearly scaled) target, in particular at lower 
impact velocity. 
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Figure 5. Q3 thorax biofidelity corridors vs. test 
results for 4.3 m/s (upper graph) and 6.7 m/s 
(lower graph) impactor velocity. 
 
 Injury assessment - The Q-dummy series allow 
the measurement of a number of responses 
covering the needs that follow from the field 
accident research. The set of instrumentation is 
similar for Q1 and Q1.5 and for Q3 and Q6. The 
type of load cells, the head angular velocity sensors 
and the accelerometers are generally 
interchangeable for all Q-dummies. Figure 6 shows 
the set of the instrumentation for Q1.5.  
 

 
 
Figure 6.  Q1.5 dummy instrumentation set. 

In addition to the set of instrumentation for Q1/ 
Q1.5, the Q3 and Q6 have a lower neck loadcell (6-
axis). Q3 and Q6 abdominal sensors are under 
evaluation [1, 30]. For Q0, the set of 
instrumentation is limited compared to Q1/Q1.5 
due to space and performance limitations. The Q0 
can, due to its size, only be equipped with head, T1 
and pelvis accelerometers (3-axis) and an upper 
neck loadcell (6-axis). 

 
Durability - The anticipated use of the Q-dummy 
series in EuroNCAP full-scale and NPACS body-
in-white/sled testing make that the dummies have 
to be durable under test conditions that are more 
severe than ECE-R44. The definition and 
assessment of the durability level required for the 
Q-series are assessed on the ECE-R44 sled 
equipped with a rigid wooden seat instead of a CRS 
[31]. The crash pulse is based on a generalized 
vehicle B-pillar acceleration taken from actual 
EuroNCAP tests. The Q1 and Q1.5 are restrained 
with a 5-point belt over the shoulders and upper 
legs. For Q3 and Q6 a standard 3-point belt system 
is used. Thirty tests were carried out with each 
dummy with intermediate visual inspection to 
ensure that the dummies meet the durability 
requirements without any damage. It is concluded 
that the Q-dummies sustained the durability tests 
showing no damage. 
 

Repeatability - The level of repeatability of 
dummy responses is often expressed in the 
coefficient of variation. For adult dummies, a 
coefficient of variation of 10% is considered to be 
acceptable. In case of child dummies, the 
coefficient of variation in sled tests depends on 
more factors compared to adult dummies. For 
example, in most test conditions the child dummies 
are restrained in a CRS and the CRS is attached 
with the car belt, both adding variability to the 
system. To assess the repeatability of the Q-dummy 
series the peak responses in the durability sled tests 
of Q1 and Q3, as described above, were used. In 
this test program the interference of a CRS has 
been avoided. The peak responses from the 
biofidelity test results of all Q-dummies have also 
been analysed to assess the repeatability of the Q-
dummies. It shows that the coefficient of variation 
is 12% or less for relevant dummy measurements, 
which is considered acceptable from the user point 
of view. 
 

Certification - For frontal impact tests a 
certification test is derived for the head, the neck, 
the thorax, the lumbar spine and the abdomen. All 
certification tests are component tests carried out 
on individual components or the full dummy. For 
Q0, only the head and neck have certification 
requirements. To perform the certification tests 
special equipment is required: a head drop table, a 
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wire suspended pendulum for the thorax impactor 
test, a dummy specific pendulum (weight and 
diameter are dummy specific), an abdomen 
compression device, a part 572 pendulum and a 
dummy specific head form for the neck and lumbar 
spine certifications. The certification procedures 
and criteria are described in the respective dummy 
manuals [32, 33]. 

The recommended frequency of Q-dummy 
certification and the number of tests that can be 
performed between certifications strongly depends 
on the number, type and severity of the tests in 
which the dummy is used. Which certification tests 
have to be carried out depends on the dummy 
application (ECE-R44, NCAP) performed. 
 
Comparison with US Child Dummy series 
 

It is recognized that the development phase of the 
Q-series has largely run parallel in time to the 
development and enhancement of the Hybrid-III 
series in the US. The Hybrid-III family is 
fundamentally different from the Q-series in terms 
of design philosophy (scaling methodology), lay-
out, and source information used. 

In 1987 the development of the CRABI and 
Hybrid III child dummies started by two SAE task 
groups, the Hybrid III dummy family task group 
and the Infant dummy task group. The CRABI 
(Child Restraint Air Bag Interaction) dummies 
represent children in the age of 6, 12 and 18 month 
old for use in assessing airbag interactions with 
rear facing child restraints. The Hybrid III child 
dummies are representatives of 3, 6 and 10 years 
old children. These dummies are designed 
primarily for use in frontal loading conditions, with 
special attention given to OOP (Out-Of-Position) 
test conditions [34]. The anthropometry of these 
dummies has been derived from children in the 
United States. The biofidelity requirements were 
obtained by scaling the biomechanical response 
corridors for the mid-size adult male that were used 
to develop the Hybrid III dummy [34, 35], using 
dummy dimensions. 
 

The main differences between the US child 
dummies and the Q-dummy series are identified on 
the anthropometry sources used, the biofidelity and 
the application. The anthropometry of the US child 
dummies focuses on US-databases, whilst the Q-
series is based on a more global anthropometry. 
The set of biofidelity requirements as defined for 
the Q-dummy series is more elaborated than for the 
US child dummies. It has resulted in different mass 
and weight distribution between the two dummy 
types. The US child dummy biofidelity concerns 
mainly head, neck (and chest for the older 
dummies) requirements while the Q-dummy series 
also have requirements for all relevant body 
regions in front and side impact. The interpretation 

of biofidelity also shows differences. For example 
the head biofidelity requirement of the Q-dummy 
series is based on the non-fracture zone of impact 
while the CRABI and HIII child dummy head 
requirement focuses on the fracture zone. The Q-
dummy series have a different field of application 
than the US child dummies since the Q-dummy 
series are optimised for CRS testing in ECE and  
side impact testing, while the US dummies have 
their background in airbag interaction testing and 
are used in FMVSS 213 and FMVSS 208. 
 
CHILD DUMMY INJURY CRITERIA 
 

One of the most challenging tasks in child safety 
is to establish correlations between the child 
injuries and child dummy measurements. 
Biomechanical tests with child subjects are 
undertaken very seldom, for obvious ethical 
reasons. Besides, a child is not a “small” adult and 
the scaling approach does not allow the direct 
transfer of knowledge from adult to child. For these 
reasons, crash test reconstructions of actual crashes 
with fully instrumented dummies having a 
comparable anthropometry, constitutes a right and 
appropriate methodology to acquire the missing 
biomechanical knowledge relative to the children. 
This approach is taken in the EC-CREST and EC-
CHILD projects. It is clear, however, that this 
methodology requires many reconstructions to be 
performed. At this point in time insufficient 
reconstructions have been carried out to 
recommend new injury limits for all dummies. It is 
expected that the EC-CHILD project will supply 
sufficient reconstructions by mid 2006. 

What is available at this time is based on child 
free-fall studies, aircraft field investigations and 
animal testing combined with response scaling 
from adults and dummies. The Hybrid III child 
dummies series have the most extensive set of 
injury criteria, based on the scaling methodology 
developed by Irwin and Mertz [35]. For the head, 
neck, chest and lower extremities injury criteria are 
determined:. For the P-dummies the set of injury 
criteria is limited to the head and the chest. These 
criteria are described in ECE-R44.  
Injury criteria for the Q-dummy family have yet to 
be reviewed by EEVC WG12. Awaiting the 
outcome of the EC-CHILD project, the scaling 
methodology as used for the Hybrid III child 
dummies has been studied by EEVC WG12 and 
may be applied to the Q3-dummy head, neck and 
chest criteria. This has proven to be less straight 
forward as expected since biofidelity responses of 
the dummies are not identical. The results of the P-
dummy and Q-dummy comparison presented 
below therefore focuses firstly on the existing ECE 
R44 criteria. In addition, the extra measurements 
taken for the Q-dummies are assessed with regards 
to their potential merits for child seat evaluation. 
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VALIDATION OF DUMMIES & CRITERIA 
 

In this paper, the Q-dummies are compared to the 
existing P-dummies in an extensive validation 
program performed by eleven European 
organizations including OEMs, research institutes 
and child restraint manufacturers. Below, the test 
set-up and test matrix are described in detail. In 
addition, the data analysis with its preliminary test 
results is given. 
 
Test set-up 
 

The test procedure is essentially based on the 
current ECE-R44 (status of 4th February 2004; 
including Supplement No. 6). The test series 
exclusively focuses on the dynamic test procedure 
as described by ECE-R44 paragraph 8.1.3, frontal 
impacts. However, on the following points the test 
procedure deviates from the ECE-R44 dynamic test 
protocol. Firstly, only frontal impact sled tests are 
performed. No tests on trolley and vehicle body 
shell (ECE-R44 8.1.3.2) or tests with a complete 
vehicle (ECE-R44 8.1.3.3) have been conducted. 
Secondly, CRS with support legs (ECE-R44 
7.1.4.9) have been tested. The test laboratory has 
chosen one suitable position for the support leg and 
has repeated this test. The position of the support 
leg on the floor is photographed. Thirdly, for all 
classes of ISOFIX CRS (ECE-R44 7.1.4.10) it is 
decided to perform one test with the anti-rotation 
device in use, if any. One change from the 
specification, given in Annex 6 of ECE-R44, is that 
the EEVC WG12/18 program allowed the use of a 
double sled with two benches on the trolley. 
Furthermore acceleration and deceleration based 
sleds are allowed. 

The complete Q-dummy family is assessed and 
from the P-dummy family the P10 is excluded.  

 
Table 3. 

Assessment of dummies for a CRS per ECE-R44 
group 

 
ECE-R44 group Dummy 

0+ I II III 
P P0 P¾ P3 P6 Small 
Q Q0 Q1 Q3 Q6 
P P¾ P1.5 - - Intermediate 
Q Q1 Q1.5 - - 
P P1.5 P3 P6 - Large 
Q Q1.5 Q3 Q6 - 

 
Both dummy families are fully instrumented. 

Modelling clay for the P dummies is only used for 
appropriate kinematics and not as injury risk 
assessment. The Q3 and Q6 abdominal sensors are 
under evaluation in the EC-CHILD project and 
therefore not included in the dummies. The 
temperature of each child dummy has been 

stabilised in the range of 18°C to 22°C. Table 3 
shows the assessment of dummies for a CRS per 
ECE-R44 group. 

 
To fix the dummy position in the pre crash phase, 

masking tapes on the heads and arms are used, if 
necessary. Each test is repeated once with a new 
CRS. In case of breakage of the CRS, breakage of 
the dummy or “strong differences” between the two 
conducted tests, a third test is conducted. 
 
Test matrix 
 

The test matrix covers almost all existing CRS 
categories, including rear infant carry cot 
(isofix/universal), seats with harness (forward/ 
rearward, isofix/universal), shield systems (isofix/ 
universal), boosters with backrest, booster cushions 
and multi-group. Therefore 30 CRSs are selected 
and 300 tests are Table 4 summarizes the test 
matrix. More details are given in Annex B. 

 
Table 4. 

Test matrix P- & Q-dummy comparison 
 

Type of CRS # of 
tests 

# of 
CRS 

G0+ RWD FC 68 6 
Infant carrier universal 36 3 
Infant carrier isofix basis 12 1 
Combination CRS used RWD 8 1 
Combination CRS-RWD isofix 12 1 
GI FWD & RWD HARNESS 116 11 
FWD FC universal 64 6 
FWD FC isofix + top tether 20 2 
FWD FC isofix + support leg 12 1 
RWD FC classical (non-isofix) 8 1 
RWD FC isofix 12 1 
GI FWD SHIELD 12 1 
FWD FC isofix 12 1 
BOOSTER + BACK 32 4 
Universal 32 4 
MULTI I,II,III same config 40 3 
Universal 40 3 
MULTI I, II, III differ config 52 5 
Universal – shield 20 1 
FWD universal – harness 32 4 
 300 30 

  
Data analysis 
 

For the data analysis a database has been 
developed to compile all test results: measurement 
signals, photographs and videos. In addition, a 
summary of all test results per laboratory will be 
given. Because of the fact that the test program is 
recently completed, only a preliminary data 
analysis can be conducted at this time. This 
analysis focuses on current ECE-R44 requirements, 
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dummy kinematics, and extra measurement signals 
of the Q-dummies. 
 
ECE-R44 – It is known that sled acceleration will 
influence the dummy measurements of ECE-R44. 
In addition, it is known that different types of CRS 
belonging to the same ECE-R44 group may show 
slightly different outcomes. Therefore, for a valid 
comparison between P- and Q-dummies, only tests 
where both P- and Q-dummies are tested at the 
same test facility and in the same CRS are selected 
for the data analysis. For the maximum head 
excursions, this means that 276 of in total 300 tests 
are available for the current analysis. For chest 
accelerations, data on ECE-R44 requirements are 
not yet complete at the time of this analysis. 
Therefore, only a subset of 106 tests can be used 
for this analysis. 
 
Kinematics – The dummy kinematics are studied 
by analyzing the videos of the test and the timing 
of the maximum head excursions. The results of the 
timing are obtained in the same manner as the 
maximum head excursion itself. 
 
Extra measurements for Q-dummies – The 
analysis of the extra measurement signals taken for 
the Q-dummies focuses on the findings of the 
individual laboratories. Injury criteria for these 
extra measurement signals are not yet available as 
mentioned before. 

 
Data are expressed as means with the standard 

error of the mean (s.e.m.). A 95% confidence 
interval for the mean can be determined as mean ± 
1.96*s.e.m.. The s.e.m. gives an impression of the 
variability of the estimated mean (standard 
deviation is s.e.m. * n). Differences between means 
were tested by t-tests. A t-test probability of p<0.05 
is considered as statistically significant. 
 
Test results 
 

The test program is performed without any 
notifying problems. The Q-dummy family shows 
good durability under ECE-R44 frontal impact test 
conditions. No Q-dummy part has been replaced 
during the test program. 
  
ECE-R44 – The preliminary results of the P- and 
Q-dummy comparison according to ECE-R44 
requirements for head and chest are summarized in 
Table 5 and Table 6, respectively.  

The similarity of the sled acceleration for the P- 
vs. Q-dummy tests is evaluated. This is done by 
comparing the mean values and the s.e.m. of the 
maximum sled accelerations for both P- and Q-
dummies per ECE-R44 group. For all dummy 
comparisons, t-test results have shown that the 
maximum sled acceleration can be considered to be 

similar for P and Q. This means that if the input of 
the test (maximum sled acceleration) is similar for 
P- and Q- dummies, the dummy responses (head 
excursion) may be compared. The head excursions 
are compared between P- and Q-dummies in the 
same manner as the maximum sled acceleration. 
The maximum sled acceleration is compared 
between P- and Q-dummies by determining the 
mean and s.e.m..  
 

Table 5. 
Comparison of the maximum sled acceleration 
and head excursion in X and Z for P vs. Q in 

ECE-R44 group 0+, I and II 
 

ECE-R44 group 0+ CRS 
Dummy P0 Q0 P1.5 Q1.5 
Maximum sled acceleration [G] 
mean 24.6 24.6 23.1 22.8 
s.e.m. 0.8 0.8 0.7 0.6 
n 6 6 
Head excursion in X [mm] 
mean 465 455 581 584 
s.e.m. 17.5 16.5 33.4 30.1 
n 6 6 
Head excursion in Z [mm] 
mean 459 459 598 632 
s.e.m. 29.4 20.4 22.9 3.8 
n 6 6 
ECE-R44 group I CRS 
Dummy P¾ Q1 P3 Q3 
Maximum sled acceleration [G] 
mean 23.0 22.7 22.4 22.4 
s.e.m. 0.3 0.3 0.3 0.4 
n 22 22 
Head excursion in X [mm] 
mean 399 398 457 457 
s.e.m. 13.7 15.4 18.7 18.9 
n 22 22 
Head excursion in Z [mm] 
mean 432 437 494 499 
s.e.m. 57.0 60.5 60.5 64.0 
n 20 22 
ECE-R44 group II CRS 
Dummy P3 Q3 P6 Q6 
Maximum sled acceleration [G] 
mean 23.5 24.1 22.4 23.1 
s.e.m. 0.8 0.6 0.3 0.3 
n 12 10 
Head excursion in X [mm] 
mean 396 389 490 453 
s.e.m. 33.0 32.6 14.8 20.9 
n 12 10 
Head excursion in Z [mm] 
mean 424 414 485 448 
s.e.m. 72.6 93.9 81.0 92.9 
n 12 8 
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Table 6. 
Amount of tests (in %) in which the max. res. 

chest acc. and the max. z-chest acc. are above 55 
G and 30 G, respectively, for P vs. Q in ECE-

R44 group 0+, I and II 
 

Resultant chest acceleration > 55G 
ECE Dummy type P Q 

P0, Q0 (n=4) n.a.* 0 0+ 
P1.5, Q1.5 (n=8) 25 25 
P¾, Q1 (n=14)  0 21 I 
P3, Q3 (n=13) 38 31 
P3, Q3 (n=6)  67 33 II 
P6, Q6 (n=8) 25 0 

Chest acceleration in Z-direction > 30G 
ECE Dummy type P Q 

P0, Q0 (n=4) n.a.* 0 0+ 
P1.5, Q1.5 (n=8) 25 25 
P¾, Q1 (n=14)  0 21 I 
P3, Q3 (n=13) 38 31 
P3, Q3 (n=6)  67 33 II 
P6, Q6 (n=8) 25 0 

* no instrumentation 
 

Table 5 shows that head excursions for P- and Q-
dummies are similar under similar test conditions. 
None of the comparisons between P- and Q-
dummy head excursions show statistical significant 
differences. This means that P- and Q-dummies do 
not discriminate for head excursion under ECE-
R44 conditions. 

The results in Table 6 give the impression that the 
P-dummies more frequently exceed the maximum 
resultant chest acceleration of 55 G and also the 
maximum chest acceleration in z-direction of 30 G. 
This is caused by the less stiff thorax of the Q-
dummies. These findings are in line with previous 
comparison studies of P- and Q-dummies [31]. A 
statistical data analysis on the chest measurements 
has yet to point out if P- and Q-dummies show 
significant differences for these ECE-R44 chest 
criteria.  
 
Kinematics – The video analysis shows two major 
differences in the general kinematics of P- and Q-
dummy comparison. Firstly, the Q-dummy reaches 
a less ‘wrapped’ or ‘pinned’ position during the 
whole movement compared with the P-dummy. In 
ECE-R44 group I and II, the P-dummy rotates first 
upwards, then flexes forwards and so far 
downwards that the P-dummy head contacts the 
legs while, in most of the tests, the Q-dummy starts 
immediately with bending forwards and 
downwards. Secondly, the video analysis shows 
that the rebound of the Q-dummy starts earlier than 
for the P-dummy. These findings can be explained 
by the differences in dummy neck and thoracic-
lumbar spine design. The Q-dummy neck design is 
able to induce neck moment. The P-dummy neck 

consists of an inner core of nylon rings and an 
outer shape made of urethane rings. This neck 
design makes it impossible to induce neck 
moments. For the thoracic-lumbar spine, the Q-
dummy design has a lumbar spine which is similar 
to the neck design. Therefore the lumbar spine in 
the Q-dummy is also able to induce neck moments. 
The thoracic-lumbar spine of the P-dummy is 
completely rigid, which explains the large rotation 
in the pelvis.  

The mean and the s.e.m. are also determined for 
the timing of the maximum head acceleration and 
the maximum sled acceleration. For ECE-R44 
group 0+ and group II none of the comparisons 
between P- and Q-dummy head excursion timings 
show statistical significant differences. This result 
is also found for P¾ vs. Q1 in ECE-R44 group I. 
Not statistically significant are the results of the 
timing of the head excursions in X-direction for P3 
vs. Q3 in ECE-R44 group I. It is assumed that an 
explanation for this result will be found by 
investigating the videos and the complete set of 
dummy measurements in parallel.  

Although this preliminary result shows 
kinematical differences between P- and Q-
dummies, the results for the ECE-R44 head 
requirements are not influenced by these findings.  
    
Extra measurements for Q-dummies – The 
results of the extra measurements taken for the Q-
dummies show a good repeatability of the test 
results for one Q-dummy type in the same CRS. 
The preliminary results indicate that the Q-
dummies can discriminate between different CRSs 
in one type of ECE group, which is illustrated in 
Figure 7. These findings promote the added value 
of Q-dummies for child seat evaluation. 
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Figure 7. Chest displacement of Q3 in two 
different seats of ECE-R44 group I. 
 
DISCUSSION & CONCLUSIONS 
 

Within the EEVC, work is performed in order to 
promote new advanced child dummies and criteria 
for regulatory and consumer testing of child seats. 
The work, as presented in this paper, focuses on 
child occupant protection in frontal impact.  

Starting from real world child injuries, priorities 
have been established with regards to what injuries 
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are observed for what child ages and child seat 
types. The review of child occupant injuries covers 
all ECE-R44 CRS groups and the adult seatbelt. It 
has demonstrated that the priority should lie on 
protecting the head and neck from injury for infants 
and toddlers (ECE-R44 CRS group 0/0+/I), and the 
head, chest and abdomen for the older children 
(ECE-R44 CRS group II/III and adult belt).  

The new child dummies, the Q-series, are able to 
reflect these injuries. More knowledge on 
biomechanics resulted in a new child dummy 
family which is more biofidelic and applicable for 
a range of applications. The Q-dummy family 
consists of Q0, Q1, Q1.5, Q3 and Q6 representing a 
newborn, 12 months, 18 months, 3 years and 6 
years old child, respectively. These ages of the Q-
dummies currently include the most important sizes 
required for testing the majority of child seats 
available on the market. However, in comparison 
with the P-dummy family, a dummy representing a 
child of 10 years is not available in the Q-series. 
The background information on which the Q-
dummies are developed is collected and derived 
with ECE-R44 and side impact testing in mind. 
Through European cooperation (CDWG, EC-
CREST, EC-CHILD) specifications have been 
agreed and dummies have been developed and 
validated. In this study, only the frontal impact 
biofidelity requirements are evaluated. For the head 
and the neck, the Q-results are within the corridor. 
The Q-thorax response is too stiff for its (linearly 
scaled) target. The measurement capabilities of the 
Q-series cover all needs of the injury causation 
study, except for the Q3 and Q6 abdomen. 
Abdominal sensors for these two dummies are 
under evaluation. In the final phase of 
development, most effort has gone into ensuring 
that the durability of the Q-dummies is up to the 
standard required for ECE, EuroNCAP and 
NPACS testing.  

New child dummy injury criteria are under 
discussion in EEVC WG12. Therefore, the ECE-
R44 criteria are assessed by comparing the existing 
P-dummies and new Q-dummies in ECE-R44 
frontal impact sled tests. In this study, the most 
popular child seat configurations on the European 
market are taken into account. In total 300 tests are 
performed.  

From the validation program, it can be concluded 
that the Q-dummy family is durable and the 
measurements show good repeatability. Applying 
ECE-R44 criteria, the P- and Q-dummy show 
similar results for head excursion in x- and z-
direction. An in-depth analysis on the chest results 
of the P- and Q-tests is required, to be able to 
compare P- and Q- dummies according to the ECE-
R44 chest criteria. Note that the actual velocity 
change of a deceleration sled is typically 52 to 54 
km/h. This is more than the prescribed test speed of 
50 +0/-2 km/h due to the rebound, which is typical 

for the ECE-R44 deceleration sled. At the time of 
this analysis, investigations towards the velocity 
change of the sleds were not yet completed. 
However, the similar maximum sled accelerations 
for all P- and Q-dummy comparisons indicate that 
the influence of the actual velocity change does not 
affect the outcome for the ECE-R44 head 
requirements (see table 5). From the findings of the 
extra measurements for Q-dummies, it is indicated 
that these measurements are able to distinguish 
between the performance of CRSs of one particular 
ECE-R44 group. This indication can be considered 
as the added value of the Q-dummy family for 
child seat evaluation. 

From the results of the assessment of Q-dummies 
and ECE-R44 injury criteria in frontal impact as 
presented in this paper, the following conclusions 
are made:  
• Head, neck, chest and abdomen need priority 

in protection (focus depends on age).  
• Q0, Q1, Q1.5, Q3 and Q6 are available. 
• ECE-R44 mass groups are covered as soon as 

Q10 is available (expected in 2006). 
• Biofidelity targets, based on scaled criteria, are 

derived for the Q-dummies. 
• Q-biofidelity results are good, except for the 

(linear scaled) thorax requirement. 
• Q-measurements show good repeatability. 
• Q-dummies are durable for ECE-R44 and 

EuroNCAP test conditions. 
• P- and Q-dummies show similar results with 

respect to ECE-R44 requirements. 
• For CRS evaluation, potential merits of Q-

dummy family lie in the extra measurement 
capabilities. 

  
RECOMMENDATIONS 
 

Using the Q-dummy family for the assessment of 
all available ECE-R44 CRS groups, the Q-series 
need to be extended with a dummy, representing a 
10 years old child. As mentioned in the conclusions 
the potential merits of the Q-dummy family for 
child seat evaluation lie in the extra measurement 
possibilities. Therefore it is recommended to 
further investigate new injury criteria. 
Subsequently, these criteria will be assessed with 
the Q-dummy test results from the validation 
program as presented in this paper. In near future, 
the analysis of the validation program will be 
finalized. Then, a recommendation for the 
implementation of the Q-dummy family in ECE-
R44 can be made.  

The child dummy assessment as described in this 
paper focuses only on ECE-R44 frontal impact 
loading. It is recommended to assess a similar 
program with child dummies for side impact, 
because side impact legislation is expected in the 
near future. 
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ANNEX A: Anthropometric data of Q-dummies vs. ECE-R44  
 
 
Body part Q0 

[kg] 
“new-born” 

[kg] 
Head & neck 1.1 0.7 
Torso 1.5 1.1 
Arms 0.25 0.5 
Legs 0.55 1.1 
Total mass 3.4 3.4 
 
Dimension Q0 

[mm] 
“new-born” 

[mm] 
Chest depth 90 100 
Shoulder width (maximum) 141 150 
Hip width seating 98 105 
Seating height 354 345 
 
 
Body part Q1 

[kg] 
“9-months” 

[kg] 
Q1.5 
[kg] 

“18 months” 
[kg] 

Head & neck 2.41 2.2 2.8 2.73 
Torso 4.46 3.4 5.04 5.06 
Upper arms 0.45 0.7 0.58 0.54 
Lower arms 0.44 0.45 0.62 0.5 
Upper legs 1.00 1.4 1.14 1.22 
Lower legs 0.82 0.85 0.92 0.96 
Total mass 9.6 9 11.1 11.01 
 
Dimension Q1 

[mm] 
“9-months” 

[mm] 
Q1.5 
[mm] 

“18 months” 
[mm] 

Back of buttocks to front knee 211 195 235 239 
Back of buttocks to popliteus, sitting 161 145 185 201 
Chest depth* 117 102  113 
Shoulder width (maximum) 227 216 227 224 
Hip width seating 191 166 194 174 
Seating height 479 450 499 495 
Shoulder height (sitting) 298 280 309 305 
Stature 740 708 800 820 

*Chest depth is measured on the centre line of the fixation point for the displacement sensor. 
 
 

Body part Q3 
[kg] 

“3-years” 
[kg] 

Q6 
[kg] 

“6 years” 
[kg] 

Head & neck 3.17 2.7 3.94 3.45 
Torso 6.40 5.8 9.62 8.45 
Upper arms 0.75 1.1 1.27 1.85 
Lower arms 0.73 0.7 1.22 1.15 
Upper legs 2.00 3 3.98 4.1 
Lower legs 1.54 1.7 2.92 3 
Total mass 14.6 15 22.9 22 
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Dimension Q3 

[mm] 
“3-years” 

[mm] 
Q6 

[mm] 
“6-years” 

[mm] 
Back of buttocks to front knee 305 334 366 378 
Back of buttocks to popliteus, sitting 253 262 299 312 
Chest depth* 145.5 125 141 135 
Shoulder width (maximum) 259 249 305 295 
Hip width seating 200 206 223 229 
Seating height 544 560 601 636 
Shoulder height (sitting) 329 335 362 403 
Stature 985 980 1143 1166 

*Chest depth is measured on the centre line of the fixation point for the displacement sensor. 
 
 
ANNEX B:  Test matrix of P & Q-dummy family comparison 
 
TYPE OF CRS CRS 

CODE 
P0    
Q0 

P 
3/4    
Q1 

P 1,5   
Q1,5  

P3    
Q3 

P6    
Q6 

Nb 
tests 

G0+ RWD FC               
Infant carrier Universal "01" X X X     12 
  "02" X X X     12 
  "03" X X X     12 
Infant carrier Isofix basis "04" X X X     12 
Combination CRS used RWD "05" X   X     8 
Combination CRS-RWD isofix "06" X X X     12 
GI FWD & RWD HARNESS               
FWD FC Universal "07"   X X X   12 
  "08"   X   X   8 
  "09"   X X X   12 
  "24"   X   X   8 
  "11"   X   X   8 
  "12"   X   X   8 
FWD FC isofix + top tether "13"   X X X   12 
 FWD FC isofix + support leg "14"   X   X   8 
 "15"   X X X   12 
RWD FC classical (non-isofix) "16"   X   X   8 
RWD FC isofix "17"   X X X   12 
GI FWD SHIELD               
FWD FC isofix "19"   X X X   12 
BOOSTER+BACK               
Universal "20"       X X 8 
  "21"       X X 8 
  "22"       X X 8 
  "23"       X X 8 
MULTI I/II/III same config               
Universal "10"   X   X X 12 
  "25"   X X X X 16 
  "26"   X   X X 12 
MULTI I/II/III differ config               
Universal - shield "27"     X X   8 
FWD Universal - harness "29"   X   X   8 
  "30"       X X 8 
  "31"   X   X   8 
  "32"       X X 8 
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ABSTRACT

The European Enhanced Vehicle-safety Committee
(EEVC) Working Group 13 for Side Impact
Protection has been developing an Interior
Headform Test Procedure to complement the full
scale Side Impact Test Procedure for Europe and for
the proposed IHRA test procedures. In real world
accidents interior head contacts with severe head
injuries still occur, which are not always observed in
standard side impact tests with dummies. Thus a
means is needed to encourage further progress in
head protection. At the 2003 ESV-Conference
EEVC Working Group 13 reported the results on
Interior Headform Testing. Further research has
been performed since and the test procedure has
been improved. This paper gives an overview of its
latest status. The paper presents new aspects which
are included in the latest test procedure and the
research work leading to these enhancements. One
topic of improvement is the definition of the Free
Motion Headform (FMH) impactor alignment
procedure to provide guidelines to minimise
excessive headform chin contact and to minimise
potential variability. Research activities have also
been carried out on the definition of reasonable
approach head angles to avoid unrealistic test
conditions. Further considerations have been given
to the evaluation of head airbags, their potential
benefits and a means of ensuring protection for
occupants regardless of seating position and sitting
height.
The paper presents the research activities that have
been made since the last ESV Conference in 2003
and the final proposal of the EEVC Headform Test
Procedure.

INTRODUCTION

Beside the frontal crash the side crash is the most
common crash causing severe injuries. The side
impact is loading various body parts. The intruding
car structure hits the occupant and can cause severe
injuries. In side impact tests in laboratories direct
contacts mainly occur with the torso of the dummy.
Accident analyses have shown that in real world
crashes also head contacts occur with the interior
structure of cars. These are only very rarely
observed in side impact tests according to European
Regulation ECE-R95.

One reason is that real world accidents occur in
various impact configurations, which cannot be
represented in only one test. To overcome this
deficiency in Type Approval evaluations, EEVC
WG13 was tasked by the EEVC Steering Committee
to develop an Interior Headform Test Procedure for
Europe. There already exists a test procedure for
head contacts in the interior of cars in the USA
(FMVSS 201). The European proposal includes
latest research results, in order to obtain a modern
test procedure.

It was planned to proceed in four phases to develop
this Interior Headform Test Procedure, starting with
the selection of the headform impactor. At this time
the FMH (Free Motion Headform) was also used in
FMVSS 201. No significant advantages were
identified in selecting either of the three impactors
available. The US FMH, was selected as it was
already in use in FMVSS 201. This was presented at
ESV 1996. Current research suggests that the use of
a symmetrical headform may have a number of
advantages in simplifying the procedure and
improving test reproducibility. WG13 is not
currently in a position to make such a decission and
the test procedure still uses the FMVSS 201
headform.
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Following the second phase of the research it was
decided to specify a non guided / free flight
headform impactor. This was presented at the 16th

ESV Conference.

After the decision of the impactor type and test
method correlation between EuroSID and FMH
responses were analysed, resulting in a formula to
calculate HIC FMH to HIC EuroSID. Additionally
an accident analysis study for side impact crashes
was made to identify potential head impact areas.
This was presented as result of phase three at the
ESV 2001.

A first draft test procedure was developed and its
feasibility, reproducibility and repeatability was
checked. Several tests in different European and
World cars were performed by TRL, TNO, Volvo
and BASt. This was published at ESV 2003.

The experience obtained in these tests lead to several
further investigations to optimise the test procedure.
In the following paragraphs the major investigations
and most important changes to the draft test protocol
version of ESV 2003 are presented.

DEFINITION OF CLEAN CONTACT AND
HEAD ALIGNMENT

It was observed in many cases, that the FMH con-
tacted the interior structure twice, firstly with the
calibrated zone (see figure 1) and secondly with the
nose or chin part. To avoid or minimise the risk and
severity of contact with an uncalibrated area a “clean
contact” had to be defined (figure 2)

       

Figure 1: Calibrated zone of FMH

The former draft test procedure proposed to turn the
head by up to ± 90°. With the possibility to turn the
head to any angle between 0° and 90° the definition
could be interpreted in several different ways.

As a result the following flow chart was developed
to minimise problems of misinterpretation.
This flowchart was checked by TNO and BASt by
aligning FMHs in several cars. Most of the head
alignments in same cars at same targets where
identical.
Another possibility is to reduce the flow chart in
figure 2 by excluding the 90° rotation steps. At this
point of time WG13 is not in a position to
recommend one as being better than the other.

 

Can the point be hit
cleanly using a perpendicular

impact vector?

Pitch forward by 10 °
and realign head

Return to normal and
rotate by 90° (see note)

Return the head to vertical then pitch 
head and head velocity vector forward
to achieve a clean contact (10°),up to
a maximum of 18° ± 2° from normal

Can the point be hit
cleanly using a perpendicular

impact vector?

Can the point be hit
cleanly using a perpendicular

impact vector?

Can the point be hit
cleanly using a perpendicular

impact vector?
Carry out test

Move Target location

no

yes

no

no

no

no

no

yes

yes

yes

no

note: Clarification note on headfrom rotation
FMH axial rotation about the impact vector facing towards
the target point.

Target area Left hand side of
the vehicle

Right hand side of
the vehicle

A post target
points

90° clockwise 90° anticlockwise

Roof rail tar-
get points

90° clockwise 90° anticlockwise

B post target
points

90° anticlockwise 90° clockwise

Figure 2: Flow chart to obtain “clean contact”

The two proposed possibilities to obtain “clean
contact” are more detailed shown in ANNEX A.

Calibrated
zone
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Even with this proposed methodology it is possible
that secondary impact could still occur. One possi-
bility to minimise further secondary impacts would
be to eliminate the flow chart avoiding different in-
terpretations, by the use of a symmetrical impactor
as currently used for pedestrian testing in Europe.
This has not been investigated further and can not
yet be recommended by WG13

NON FRONT SEATING POSITION

The initial WG13 research focused on frontal seating
positions. To contribute a proposal for IHRA
(International Harmonisation Research Activities)
SIWG (Side Impact Working Group) the test
procedure was extended to cover “non front seating
positions”.
The testing zone for the front seating position was
limited to a zone constructed from the CoGs (Centre
of Gravity) of a large male in the most rearward and
a small female in the most forward seating position.
The procedure to define a limitation zone for the rear
seating positions was changed due to different types
of seats since rear seats are not usually adjustable at
the seat back. Therefore the position of the CoG of
different sized occupants could be more easily
defined.

Figure 3 explains the procedure:

1) The dimensions from the H-point to the CoG for
5th female and 95th male are known.

2) The torso angle can be determined by the H-
point-manikin.

3) The position of the CoGs can now be defined in
the car.

4) The four limitation planes are constructed in the
car (marked green in figure 3).

.

Figure 3: Construction of testing limitation zone for
rear seating position

The planes are constructed through the CoGs at the
same angles as for the front seating position (see
figure 4)

1)

2)

3)

4)
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Figure 4: Planes for limitation zone

The interior testing zone is limited by the yellow
line. The areas outside this line are excluded from
testing.

Figure 5: Limitation zone in the car

These zones and the methodology to create them
will need to be validated in broader based
programmes, e.g. the European APROSYS project.

ADDITIONAL TARGET LIMITATION POSI-
TIONS

In addition to the mentioned limitation zones further
limitations are necessary since several of the
surfaces and possible targets in the limitation
window cannot be reached because of the shape of
the vehicles interior. It is proposed that any surface
within 165 mm of a glazed surface should be
excluded form evaluation. This is diagrammatically

shown by the application of a sphere of 165 mm
diameter in figure 6.

figure 6: additional limitation zone

BENEFIT OF HEAD AIRBAGS

a) Tests outside the car / basic tests
The former test procedure presented at ESV 2003
already included a part dealing with reduction of test
velocity due to airbag installation covering the
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mounting area around the stowed head airbag. The
test velocity being 5.3 m/s instead of 6.7 m/s.

WG13 believe that active head protection systems
can offer many benefits and should be encouraged as
they can give additional head protection. It therefore
seems reasonable to enlarge the exception zone to all
areas that are adequately protected by head airbag
systems, only requiring lower velocity testing to the
covered areas. An investigation into methods of
evaluating airbags and encourage appropriate per-
formance has been carried out by BASt, within
WG13. More details of the BASt study are presented
in Appendix 1.

First of all it was analysed whether these tests should
be performed on a permanently inflated airbag or a
fired airbag. Tests have shown that the variability in
performance is marginal if the static pressure is the
same as in the fired airbag at the moment of head
contact. The adequate airbag pressure (about 0,5 bar)
of the different airbags was provided by the airbag
manufactures.

Basic tests were made on different designs of head
airbags to analyse the different airbag characteris-
tics. All tested airbags and all tested points are
shown in figure 7.

Figure 7: Tested airbags and target points

To eliminate the influence of the vehicle structure
behind the bag the airbags were mounted on a
homogeneous plate. Therefore a rigid wooden plate
was fixed on a rigid steel wall (figure 8). In the
research testing in some cases additional foam was
attached to the plate, to reduce the HIC to an
appropriate level.

Figure 8: Test set-up – rigid wall

First of all the influence of the impact direction on
the airbag was investigated. Figure 9 shows that the
influence of the impact direction is marginal, within
the range of angles tested, as long as the impactor
does not strike through the airbag.

Figure 9: Different impact angles on airbag

To simplify the test procedure into an airbag, it was
decided to test perpendicular to the surface below
the airbag. The results on the inflated airbags are
significant lower than in the tests without inflated
airbags on the homogenous plate.
The following figure 10 shows an example of a test
on the plate compared to tests on different cushions.
The red values are tested with the head at 0° and the
yellow values at 10° pitch (see clean contact
definition) of the head and velocity vector.
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Figure 10: Protection level of different cushions

The critical areas of the airbag where evaluated as
indicated in figure 11

Figure 11: Critical airbag areas

The airbag procedure has been incorporated in the
draft EEVC procedure.

• The car would first have to pass a pole test to
ensure head airbag triggering.

• The manufacturer has to provide a drawing of
areas where the airbag would give the correct
level of protection, for example green for
adequate protection and red for inadequate
protection (see figure 12 and 13)

Figure 12: Marked protection level on airbag

Figure 13: Marked protection level of an airbag on
the interior surface

• According to the marked zones the interior
structure will be tested at 6.7 m/s in red areas
and 5.3 m/s in green areas, without inflated
airbag.

• To check whether the determination of the
airbag areas in green and red zones is adequate,
a minimum of two worst case tests would have
to be performed in the green zones on an
inflated airbag at 6.7 m/s, in the car. The
manufacturer would have to provide
information on deployment test pressures and
prove compliance.

• The HIC has to be below 1000 in all these tests.

The complete head airbag test proceeding is
summarised in the following figure.
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Is the target point
covered by the airbag in

an area marked as adequate
protected?

Test selected targets
without airbag 

deployment at 5.3 m/s

Define worst case targets in zone
marked as adequate protected on airbag

Should be
tested on a permanent

inflated airbag?
(depending on manufacturer’s

recommendation)

Install new airbag
inflate airbag

due to manufacturer’s
recommendation

Test on the airbag in the car
perpendicular to the  structure

below the airbag at 6.7 m/s

End

Any doubt
about protection level

in any zone marked as adequate
protected?

Any other worst
case targets?

Test selected target
without airbag 

deployment at 6.7 m/s

no

yes

yesno

no yes

no

yes

All targets tested?

no

Test a minimum
of [2] target
with airbag

yes

Figure 14: Flow chart for testing with head airbag
tests systems

The airbag test procedure is already included in the
latest version of the EEVC WG 13 test procedure for
interior headform testing.

HEAD IMPACT ANGLE

TNO have carried out a modelling study to investi-
gate reasonable impact directions in side impacts.
The testing protocol requires testing of target points
perpendicular to the surface structure as worst case
direction. It is noted that in some cases this might
lead to testing alignments which are very unrealistic
compared to real world accidents. Limitation angles
had been given in the test procedure, but no closer
investigation had been made before the study of
TNO to determine impact angles.

Various accident scenarios have been taken into
account. More details of this study are given in
APPENDIX 2.

Transferred to a general co-ordinate system of a car,
this study proposes the following angles:

• 50° < horizontal angle < 115°
• -12° < vertical angle < 18°

The EEVC headform test procedure currently
indicates the angles as defined in figure 15, but it
does mention the results of the TNO study. It is not
yet decided which angles should be recommended in

a final European test procedure. The EEVC WG13
test procedure is suggesting that the impact
limitation angles should be limited to those shown in
Figure 15. In a broader based practical analyse of the
test procedure these angles should be examined and
verified. This will be done in the European
APROSYS project and other evaluation programs.

180°

90°

270°

0°

Horizontal

Vertical

Head rotation

Figure 15: Additional limitation angles co-ordinate
system

CONCLUSIONS

It is the aim of EEVC WG 13 to create a robust test
procedure that would lead to reduction in injury in
real life accidents to all statures of occupant, sitting
in realistic seating positions. On one hand the
procedure has to test nearly all injury causing
possibilities but on the other hand it has to eliminate
unrealistic or extreme unlikely tests, without
imposing an unmanageable burden on test
authorities and vehicle manufacturers.

Repeatability must be ensured in any test procedure
that could be used in an approval process. It is also
advisable to have a procedure that does not
encourage ‘single point’ optimisation. This means
that worst case target point selection should be
encouraged and will be the task of the test house,
with sound supporting guidance. In addition head
alignment should be the same in all test laboratories.

The EEVC WG13 protocol has changed  since the
last ESV paper in 2003, due the WG13 members
research investigations to improve the repeatability
of the procedure. A better definition of head
alignment has been included to eliminate unrealistic
testing conditions.
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The test procedure has been extended to evaluate
head airbag systems and give credit to manufactures
who fit such systems, by reducing the severity of the
test to areas of the vehicle that are covered by an
appropriate head airbag. Such areas being tested at a
lower velocity due to reduced injury risk when
undeployed.

The draft test procedure is now at a high stage of
maturity.

The procedure will need to be revised further
following more extensive evaluations as it includes
some alternative testing strategies.

WG13 is of the opinion that it is now at a stage
whereby it can be evaluated by the boarder research
community.

RECOMMENDATIONS

Further improvements in repeatability and more re-
alistic kinematics may be possible with the use of a
symmetrical headform. Head alignment steps as pre-
sented in figure 2 would be reduced to a minimum
and contacts with uncalibrated zones eliminated.
Unrealistic dynamic head rotation would be mini-
mised since the CoG of the test device would be
aligned with the target point. Harmonisation in head-
form impactors in Europe could be achieved if the
same impactor were to be adopted, as for pedestrian
testing. No tests have been performed in cars with
such a test device. Further investigations need to be
performed if a symmetrical headform would be pre-
ferred to ensure that other unforeseen problems were
not introduced. It is noted that a new headform
would mean two different test devices for Europe
and the United State.
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APPENDIX 1 Airbag Testing (BASt studies)

Investigations of border areas
An important aspect was the protection level at the
border areas of an airbag. All the airbags of figure 7
were tested. Figure A1.1 shows a border marked by
the dotted line.

Where doesWhere does
protection fail?protection fail?border areasborder areas

Figure A1.1: Border areas at airbags

An example for border area testing is given in figure
A1.2. The result was that at the outer parts of the
airbag protection is still provided. It was tested with
two different head alignments: 0° (blue) to the hori-
zontal plane and 10° (red) referring to the clean
contact definition.

HIC border areas

impact point

Figure A1.2: Protection level of border areas

Compared to the HIC of about 6000 in figure 10 the
HIC values of less then 1300 at the lowest point 1 is
quite moderate.

Investigations of seams
Head airbags are made of several airbag cushions to
create an adequate shape. Therefore airbags have
seams with an airbag thickness of 0 mm (see figure
A1.3)

Figure A1.3: Seams at airbags

1000

1 2 3 impact point     4                 5
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The questions were: What is the influence of these
seams? Is this an area without protection? Several
tests have been performed on all airbags of figure 7.
Testing was done step by step from one cushion to
another cushion by crossing the seam. An example is
shown in figure A1.4 testing from a big cushion to a
small cushion.
It is surprising that the value of point 12 at the seam
with a thickness of 0 mm is still low. The location of
the seams cannot be identified by the diagram. The
HIC value is rising almost linear.

Figure A1.4: Protection level at seams

The explanation for this is: When shooting at the
seam, the kinetic energy of the FMH is absorbed by
the two bordering cushions (see figure A1.5)

Figure A1.5: Damping effect of cushions

Nevertheless it is possible to avoid 0 mm thickness
at airbag cushions. A new weaving technique with
multi layer is used in some modern cars (see figure
A1.6).

Figure A1.6: Multi layer weaving technique airbag

Special airbag
Further investigations were made of the above men-
tioned characteristics: cushion thickness and seams.
A special woven airbag as shown in figure A1.7 was
produced. Here the geometric characteristics could
be tested completely isolated in the most comparable
way. As shown in figure A1.7 the thickness of the
cushion rises from left with Ø 10 mm to right with Ø
150 mm and the seam width from top to bottom
from 5 mm to 20 mm.

Influence of airbag thickness at special airbag
First it was investigated whether there is a critical
airbag thickness by testing the marked points on the
airbag in figure A1.8.

Tests from zone 1 to zone 5 were performed. Point 1
is always the point at the top. Point 1-2 is always at
the lower part of each cushion. The thickness is al-
ways the same for point 1 and 1-2 on the same
cushion. Only the seam width between the cushions
is 5 mm for point 1 and 20 mm for point 1-2.

Ø10 Ø25 Ø50 Ø75 Ø100 Ø150

seem 20mm

seem 15mm

seem 10mm

seem 5mm

Zone 1Zone 2Zone 3Zone 4Zone 5 Zone 6 

Figure A1.7: Special airbag
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Figure A1.8: Tested points on cushions

Figure A1.9: Results of cushions testing

The results in zone 1 and 2 show that the airbag
thickness has no influence as long as the impactor
does not strike through the cushion. The reason is
that the kinetic energy was completely absorbed by
the cushion. At point 1 in zone 3 the impactor starts
to strike through. The critical airbag thickness is
under-run. This is visible in the sudden peak in the
acceleration curve in figure A1.9. To reduce HICs to
an adequate level, further investigations were made
with foam underneath the airbag (foam as used in
pedestrian testing). Therefore the bars in figure A1.9
are coloured blue when testing without foam and
yellow when testing with foam.
After retesting this point with foam underneath, the
sudden peak is still visible but is moderated. Further
tests from zone 3 to zone 5 show: The thinner the
cushion is, the less kinetic energy is absorbed before
hitting the structure underneath the airbag.

This study investigated the influence of the thickness
completely isolated from any other airbag charac-
teristics. Nevertheless it is impossible to define a
certain thickness value where protection fails. There
are several other important factors to be taken into

account: Volume and air permeability of the cush-
ion, pressure, number of overflow canals, shape and
the kind of cushions connected to the tested cushion.
Additionally low protection level may be sufficient
for a soft structure underneath.

Influence of seam width at special airbag
Now the influence of seams between cushions was
investigated.
It was tested from zone 1 to zone 5 at the marked
points in figure A1.10, again with foam under the
airbag (yellow) and without foam under the airbag
(blue).
Only the size of the seams is changing in one zone
from top to bottom, indicated by the prefix -15 and -
20.
As assumed, the results from zone 1 and 2 are al-
most identical because the kinetic energy of the head
is completely absorbed by the airbag. Therefore it
does not make much of a difference if the seam is
wide or narrow in this case. In zone 3 the FMH be-
gins to strike through. From here onwards the width
of the seams has an influence as shown by point 2-
15 and 2-20 in zone 3.
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Figure A1.10: Tested points on seems

Figure A1.11: Results of seem testing

Looking at figure A1.9 and figure A1.11 it is ex-
tremely surprising that the HIC values are higher for
zone 1 and zone 2 and lower at zone 3 and 4; tests at
seams compared to the cushion values. This indi-
cates that in thin areas where the impactor strikes
through, seams offer a better protection than the
cushion. The answer is already given in figure A1.5.
When shooting at seams the impactor contacts two
cushions and is therefore decelerated more effec-
tively.
This means that more energy is absorbed at seams at
the same intrusion distance than at cushions.
Result: As long as the impactor does not strike
through, the higher deceleration capability of the
two cushions leads to higher HICs. In this case the
lower deceleration capability with one cushion leads
to lower HICs. But more interesting is what happens
when the impactor strikes through. The higher de-
celeration capability by two cushions can absorb
more energy before striking on the underlying
structure. With only one cushion the HIC value will

now be higher because the impactor is hitting the
underlying structure with a higher velocity than with
two cushion protection.
This should not imply in general that seams are safer
than cushions. It always depends on seam width,
shape, volume, radius of the bordering cushions etc.
It is been shown that head airbags offer a very good
level of protection for head contacts.

Tests inside the car
In this test phase it was analysed how to give benefit
to head airbag systems in an “interior headform test
procedure”.
Originally the idea was to test the car interior at 6.7
m/s with an exception zone of 5.3 m/s tests, in the
area where the head airbag is stored. It is reasonable
to enlarge that exception zone to all areas where the
head airbag provides adequate protection. This mo-
tivates the manufacturers to improve their airbags.
To analyse the effect of airbags in cars, several
points on the B-pillar in two different cars where
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investigated. Three different test scenarios were
analysed:

1) without inflated airbag -> 5,3 m/s
2) without inflated airbag -> 6,7 m/s
3) with inflated airbag -> 6,7 m/s

A typical result is shown in figure A1.12.

 
5,3 m/s

without airbag
6,7 m/s

without airbag
6,7 m/s

with airbag

HIC

738,4 705,6

1241,0 1212,7

149,3 134,8

0

200

400

600

800

1000

1200

1400

B3CBR1-5.3 B3CBR1-5.3-2 B3CBR1-6.7 B3CBR1-6.7-2 BA3CBR1-1 BA3CBR1-2

Figure A1.12: Comparison of testing at different
velocities and different protections

In some cases the results with 5,3 m/s testing di-
rectly on the interior structure were higher than the
results with 6.7 m/s testing on the airbag above the
interior structure and vice versa, depending on the
tested airbag thickness. 
Nevertheless again it shows that head airbags can
provide a high level of protection.
It should be mentioned that in most tests the airbags
were not mounted in their designed positions, be-
cause current head airbags are often not equipped
with cushions at the B-pillar. The thickest cushion is
usually at the position where the pole hits the car in
a pole crash according FMVSS 201. Therefore the
head airbags have been mounted further backwards.
A procedure which gives benefit to head airbags
providing an adequate protection, would lead to a
better level of protection in the majority of cars.

APPENDIX 2 Impact Angles (TNO studies)

In the TNO study of impact angles in side impacts
various accident scenarios were taken into account.
The size of cars is responsible for different kine-
matics and therefore for different severity of acci-
dents. As first scenario a heavy bullet vehicle
(Honda Accord) against a relatively light target ve-
hicle (Chrysler Neon) was selected. The second sce-
nario was performed with two heavy vehicles,
Honda Accord against Ford Taurus. For mass and
size information see figure A2.1.

Figure A2.1: Mass and size information

Additionally different seating positions and occupant
sizes were taken into account as described in figure
A2.2.

Figure A2.2: Different seating positions and
occupant sizes

Impact angles from 30° to 120° and various impact
location at 50 km/h were taken into account (see
figure A2.3).

Figure A2.3: Angles and impact locations (top view)
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For virtual testing the MADYMO human body oc-
cupant model was used because it is more biofidelic
than dummy models.

To detect contact between the occupant’s head and
the interior of the vehicle, a plane was constructed in
the car interior by three points. Two points were at
the B-pillar and one point at the side roof rail. The
plane was not deformable in the simulation but was
moved inwards by the crash according to the struc-
ture deformation.

For each target car three different planes were used
to represent variation in car geometry.

First the base plane was rotated 23° to the vertical
and then in addition ± 6° (see figure A2.4)

Figure A2.4: Base plane for head contacts

The impact angles are defined according to the con-
structed plane as shown in figure A2.5.

Figure A2.5: Co-ordinate system refereed to base
plain

Altogether eight scenarios were simulated: seven
with three different sized human models and one
with a dummy model in different seating positions.
Finally 432 simulations were run.

An example of the head contacts is shown in the
following figure A2.6 for different occupant sizes
and seating positions for the middle plane (see plane
in figure A2.4 and A2.5 rotated at 23°).

Figure A2.6: Allocation of head contacts for differ-
ent human sizes

As expected the 95th percentile male has got the
highest risk to contact the B-pillar region whereas
the 5th female would contact the window area.

The received head impact velocities differ according
to occupant size and car mass. The impact velocity
is the difference between the velocity of the impact
plane and head CoG. A range of 3 to 9 m/s appeared
in the simulation. The average was 6.7 m/s, the same
as in the interior headform test procedure.
The horizontal and vertical impact angles according
to the co-ordinate system in figure A2.7 and A2.8
are also influenced by the seating position and occu-
pant size.

Figure A2.7: Range of horizontal angles

B-pillar

Side roof rail

median
0 25th 75th 100th



Langner  14 / 21

Figure A2.8: Range of vertical angles

The horizontal impact angle is between 50° and 115°
and the vertical between –5° and –35° as shown in
figure A2.9.

Figure A2.9: Maximum of observed angles

Transferred to a general co-ordinate system of a car,
this study proposes the following angles:

• 50° < horizontal angle < 115°
• -12° < vertical angle < 18°
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ANNEX A
SUMMARY OF TEST PROTOCOL

Headform – US Free Motion Headform FMH

Text and values between squared bracket are pro-
posed and to be confirmed before the final issue of
the protocol. (Example: [255] degrees)

The headform used for testing conforms to the speci-
fications of FMVSS-201 (part 572, subpart L “Free
motion headform”)

NOTE:
The headform shall be re-certified:
- after every [10] tests,
- after each test in which HICdummy > 1000
- after any test in which damage to the head-form

flesh is suspected

Forehead impact zone
The forehead impact zone
of the headform is determined according to the pro-
cedure specified in sections i to vi below.

i. Position the headform so that the baseplate of the
skull is horizontal. The midsagittal plane of the
headform is designated as Plane S.

ii. From the centre of the threaded hole on top of the
headform, draw a line 69 mm forward towards
the forehead, coincident with Plane S, along the
contour of the outer skin of the headform. The
front end of the line is designated as Point P.
From Point P, draw a line 100 mm forward to-
ward the forehead, coincident with Plane S,
along the contour of the outer skin of the head-
form. The front end of the line is designated as
Point O.

iii. Draw a 125 mm line which is coincident with a
horizontal plane along the contour of the outer
skin of the forehead from left to right through
Point O so that the line is bisected at Point O.
The end of the line on the left side of the head-
form is designated as Point a and the end on the
right as Point b.

iv. Draw another line 125 mm which is coincident
with a vertical plane along the contour of the
outer skin of the forehead through Point P so that
the line is bisected at Point P. The end of the line
on the left side of the headform is designated as
Point c and the end on the right as Point D.

v. Draw a line from Point a to Point c along the
contour of the outer skin of the headform using a

flexible steel tape. Using the same method, draw
a line from Point b to Point d.

vi. The forehead impact zone is the surface area on
the FMH forehead bounded by lines a-O-b and c-
P-d, and a-c and b-d.

Free flight trajectory
The FMH must be accelerated under linear control
and released for free flight between 25 and 100mm
from the point of first contact.

Impact Velocity
Two headform impact velocities are specified, the
higher one for the evaluation of all target points not
possessing and covered by active Head Protection
Systems, and the lower one being used for defined
areas of the of vehicle, which are covered by ap-
proved areas of an active Head Protection System.
• The standard impact speed is 6.7 m/s ± 0.2 m/s

measured ≤ 100 mm from the contact point for
‘normal’ surfaces.

• For areas covered by ‘active head protection sys-
tems’, the impact speed is 5.3 m/s ± 0.2 m/s meas-
ured ≤ 100 mm from contact point

Impact location accuracy
• The impact alignment accuracy shall be within a

radius of ≤ 10.0 mm of the selected target point.

Impact Environment
• The test temperature range shall be between 19 and

26°C
• The relative humidity shall be between 10 to 70%
• The environment shall be stabilised for a period ≥4

hours prior to test
• Time period between repeated tests using the same

headform shall not be less than 3 hours

Test location and Head-form orientation
One FMH test should be performed to each test lo-
cation. These are then restricted to those that lie
within the ‘defined’ target area i.e. within an area
defined by four planes, two passing through hori-
zontal axes defined by the locations of the heads of
large male and small female occupants and two
passing through vertical axes also defined by the
locations of the heads of large male and small fe-
male occupants.
In addition, tests are performed at certain defined
structures (taken from FMVSS201u):
• Upper seat belt anchorage
• Seat belt adjustment device, if located above the

anchorage point
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• Grab handle (located within the defined header rail
distance)

• Lighting control unit, coat hook or other such
‘fixed’ vehicle furniture.

Tests at one position must not compromise a test at
an adjacent position due to ‘pre-damage’. Although
testing will be performed with adjustable windows
in the open position, only those contact points,
which can be contacted by the headform with the
windows closed, will be tested. The impact angle,
defined as the angle of the impact velocity vector
with respect to the plane tangential to the surface at
the point of contact, shall be selected to be the
“worst case” as close as possible to perpendicular to
the impact surface.

Method 1
Then, for each selected target location, the headform
orientation and actual impact location for each test is
determined according to the following procedure.
For clarity this procedure is illustrated by means of a
decision making flow chart in Figure a.
• With the mid-sagittal plane vertical, should coin-

cide with the impact velocity vector through the
contact target.

• If a clean contact is not possible without contacting
other noncertified parts of the FMH, then the head-
form and impact velocity vector should be pitched
forward with respect to the normal by 10° ± 2° and
realigned with the target, figure b.

• If a clean contact cannot be made with the head
mid-sagittal plane, aligned vertically following this
adjustment then the FMH and velocity vector
should be returned to normal to the surface and the
FMH be rolled by 90° ± 2° around the velocity
vector, as described in the note.

• If the target location point still cannot be hit
cleanly, then the headform should be rotated back
to its original vertical position and the headform
and impact velocity vector should be pitched for-
wards, with respect to normal, until a clean contact
is established up to a maximum allowable pitch of
18° ± 2° to normal. A pitch of 18° reduces the lat-
eral component of the impact vector by approxi-
mately 5%.

• If the selected point still cannot be impacted
cleanly, then the target point should be moved
within the limits defined in Appendix 1, Section
1.3 while still seeking a worst case contactable po-
sition.

Method 2
Then, for each selected target location, the headform
orientation and actual impact location for each test is
determined according to the following procedure.
• With the mid-sagittal plane vertical, the impact

velocity vector shall be perpendicular to the sur-
face through the contact target.

• If a clean contact is not possible without contacting
other noncertified parts of the FMH, then the head-
form and impact velocity vector should be pitched
downward with respect to the normal by 10° ± 2°
and realigned with the target, figure b

• If the target point still cannot be hit cleanly, again
the headform and impact velocity vector should be
pitched downwards, with respect to normal, until a
clean contact is established.

• If the selected point still cannot be impacted
cleanly, then the target point should be moved
within the limits still seeking a worst case contac-
table position.

For any method the following exceptions will apply:
(a) Vertical approach angles will be limited to no

more than [50] degrees (as is used in FMVSS 201)
for all impacts. (Recent computer simulations has
suggested that Vertical approach angles of [-10 to
+20] degrees may be more appropriate, see TNO
study above)

(b) When testing the A-pillar, the horizontal ap-
proach angle will be limited to between [195] and
[255] degrees for the left hand side, and [105] to
[165] degrees for the right hand side. Figure c. For
impacts on the A-pillar only the longitudinal verti-
cal plane passing through the forehead impact zone
points O and P shall be perpendicular to the pri-
mary axis of the A-pillar at the impact point. Fig-
ure d.

 (c) When testing side roof structures, B-pillars and
other pillars (where applicable), the horizontal ap-
proach angle will be limited to between [230] and
[295] degrees for the left hand side, and between
[65] and [130] degrees for the right hand side. Fig-
ure e.

(d) For point BP2, the horizontal approach angle will
be limited to [270] degrees for the left hand side
and [90] degrees for the right hand side.

(e) When testing the rearmost pillar, the horizontal
approach angle will be limited to between [270]
and [345] degrees for the left hand side and [15] to
[90] degrees for the right hand side. Figure c.
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note: Clarification note on headfrom rotation
FMH axial rotation about the impact vector facing towards the target point.

                            

Target area Left hand side of
the vehicle

Right hand side of
the vehicle

A post target
points

90° clockwise 90° anticlockwise

Roof rail
target points

90° clockwise 90° anticlockwise

B post target
points

90° anticlockwise 90° clockwise

Figure a: Method 1, headform alignment flow chart

figure b: 10° pitch to the normal
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figure c: Horizontal approach angle limitation for A- and rearmost pillar

figure d: Perpendicular impact to the A-pillar

figure e: B-pillar and other pillar horizontal approach angle limitations
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General guidance

• ‘Worst Case’ impacts
It is expected that ‘worst case’ will differ between
vehicles, thus each vehicle should be assessed, by
examining the drawings or physical inspection,
before assuming the padding, fixing or other struc-
ture would be a worst case position. An inspection
of the trims and underlying structure should be car-
ried out to look for:
- Where the crush depth of padding is minimal.
- The location of fixings and bolts.
- The position of welds, joints or internal webs in

the chassis.
- The attachment of padding or other components

The presence of such features could be used to
guide a test authority regarding focal point for
‘worst case’ impacts.

• Closeness of repeated test
- Multiple impacts
A vehicle being tested may be impacted multi-
ple times, subject to the limitations given below
- Impacts within 300 mm of each other may not
occur less than 30 minutes apart.
- No impact may occur within 150 mm of any
other impact. The requirement within

FMVSS 201 has been increased to 200 mm be-
tween points for what is believed to be technical
reasons.

The distance between impacts is the distance be-
tween the centres of the target circle for each im-
pact, measured along the vehicle interior.

• Examination of collateral damage
If other impacts are to be carried out within a 200 mm
radius of a previous impact point then any structural
damage around and beneath the target point must be
assessed. If damage is noted and full repair is not
possible then no further adjacent impacts should be
performed within the area of damage extended by
200 mm from the target point. Tests at the adjacent
points would have to be performed in a different
vehicle.

Note – the chin of the headform can contact parts of
the vehicle structure 150 mm from the contact
point.

Damage assessment
• If any trim or padding has been permanently de-

formed or show signs of elastic distortion, in-
cluding attachment points within a 100 mm radius
of the target points then the padding must be re-
placed for adjacent tests. The 100 mm radius
could be increased if it is considered that the
damage might affect the stiffness of the padding
structure in any adjacent impact. All padding and
trim attachment points should be examined and
assessed for possible collateral stiffness.

• The extent of damage/deformation to structures
underlying the padding should be assessed. If any
permanent damage is detected the limit of the
damage must then be quantified. No adjacent test
should be carried out within 200 mm of the edge
of the identified structural damage.

Vehicle preparation, including support
The vehicle should be rigidly supported off its
wheels with the principle axes of the vehicle being
aligned with ground reference co-ordinates. The
maximum displacement of the exterior surface of
the vehicle, along the axis of the impact adjacent to
the point of contact, shall not exceed 10 mm. If
necessary, the exterior of the vehicle may be ‘addi-
tionally’ supported to limit exterior movement to 10
mm.

If the side window can be opened, tests should be
performed with the window fully open.

Pole impact test Procedure.*
The vehicle impacts a fixed 254 mm diameter rigid
vertical pole at an impact speed of 29 ± 2 km/h. The
pole is aligned with the centre of gravity of the head
of the ES-2 dummy. In order to achieve this impact,
the vehicle is placed on a carrier, which can trans-
late freely in the direction perpendicular to the ve-
hicle’s longitudinal vertical plane.

* NOTE: The pole impact test procedure is based
on that specified in FMVSS 201 with the ES-2
dummy. The specifications for the test procedure
defined in Annex 1 have been taken from an edited
version of the Euro NCAP protocol, since this also
uses ES-2. Elements only used in the derivation of
Euro NCAP ratings and items not appropriate for
this draft procedure have been removed.

The impact angle should be 90° ± 3°.
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The dummy’s seating position should be adjusted,
if necessary, to ensure that the head presents a tar-
get through the side glazing and is not obscured by
the B-pillar.

The active system FMH tests and active system
sub-structure FMH tests will only be performed
where the requirements of the pole impact test are
satisfied. The procedure is shown in figure f.

Performance criteria

FMH Head Injury Criterion
The Head Injury Criterion for the head-form
(HICFMH) is calculated according to the following
formula:
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where ‘a’ is the resultant head-form acceleration,
expressed as a multiple of ‘g’ (the acceleration due

to gravity), and t1 and t2 are any two points in time
during the impact, which are separated by not more
than a thirty-six millisecond time interval.

HICdummy = 0.75446 HICFMH + 166.4 * 1000

Pole Test Head Injury Criterion

In the pole impact test, the Head Injury Criterion
(HIC) must not be more than 1000. The HIC is the
maximum value of the expression:
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where ‘a’ is the resultant head-form acceleration,
expressed as a multiple of ‘g’ (the acceleration due
to gravity), and t1 and t2 are any two points in time
during the impact, which are separated by not more
than a thirty-six millisecond time interval.
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Is the target point
covered by the airbag in

an area marked as adequate
protected?

Test selected targets
without airbag 

deployment at 5.3 m/s

Define worst case targets in zone
marked as adequate protected on airbag

Should be
tested on a permanent

inflated airbag?
(depending on manufacturer’s

recommendation)

Install new airbag
inflate airbag

due to manufacturer’s
recommendation

Test on the airbag in the car
perpendicular to the  structure

below the airbag at 6.7 m/s

End

Any doubt
about protection level

in any zone marked as adequate
protected?

Any other worst
case targets?

Test selected target
without airbag 

deployment at 6.7 m/s

no

yes

yesno

no yes

no

yes

All targets tested?

no

Test a minimum
of [2] target
with airbag

yes

figure f: Flow chart for testing with head airbag systems
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ABSTRACT 
 
The alternative vehicle called CLEVER (Compact 
Low Emission Vehicle for Urban Transport) is 
conceived as a small, three-wheel vehicle with 
minimal demands on urban space, both in terms of 
traffic and parking. Furthermore, energy 
consumption, exhaust and noise emissions are low. 
CLEVER is funded by the European Commission 
with the Growth Programme of the Fifth 
Framework Programme. 
 
The CLEVER project task is to find solutions for 
the challenge of increasing mobility by developing 
a new type of a small vehicle, which could be an 
alternative to traditional cars. 
As a result, a vehicle was designed that is classified 
as a three-wheeler, according to European Union 
directive 2002/24/EC (class of motorcycles).  
 
The main characteristics are: 
 

• three-wheel vehicle for two occupants 
with a tilting, enclosed body 

• dimensions: length 3.0 m; width 1.0 m; 
height 1.4 m 

• use of a natural gas engine  
• energy storage by using specially designed 

removable gas cylinders  
 
Furthermore, the requirements define that passive 
safety standards must be comparable to the safety 
level of conventional cars. In addition, the 
CLEVER vehicle has to meet all relevant European 
legal requirements. 
 
In order to meet these requirements, the vehicle’s 
frame structure must be very stiff and a special 
restraint system had to be designed. The restraint 
system consists of state-of-the-art components and 
specially designed components, which are adapted 
to CLEVER’s requirements.  
 
This paper includes a description of the CLEVER 
safety concept, i.e. of the components’ character-

istics, as well as information concerning the results 
generated by the numerical simulation. 
 
INTRODUCTION 
 
With the constantly increasing need for mobility, 
particularly in urban areas, various problems arise 
including the urban space and energy consumption. 
In addition, exhaust and noise emissions have to be 
mentioned. In order to be able to satisfy the 
mobility needs in the future, new solutions are 
required. Therefore, it is necessary to develop new 
concepts for individual urban transport to close the 
gap between conventional individual transport and 
public transport. Due to the increasing readiness of 
customers to buy a second or third vehicle, there 
will be a market for new, innovative vehicles for 
urban transport. 
 
The project aims at improving urban transport, 
whilst minimising of negative environmental 
impacts caused by increased mobility. Within the 
CLEVER project, various requirements are 
recognised (e.g. customer requirements, 
environmental require-ments, safety requirements 
etc.). 
 
Different European companies and research 
institutes (e.g. BMW, TAKATA-PETRI, Technical 
University Berlin) are working together to meet the 
requirements.  
 
Goal of the CLEVER project is to identify general 
conditions for new mobility concepts, and to realise 
a vehicle with the following characteristics: 
 

• three-wheel vehicle with minimal 
requirements on urban space (for 2 
occupants) 

• environmental friendly, optimised for 
urban transport 

• length = 3.0 m, width = 1.0 m 
• natural gas engine 
• tilting mechanism 
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• aluminium Frame 
• CO2 – emissions approx. 50 – 60 g/km in 

the European car driving cycle 
• high level on passive safety comparable to 

small and micro-cars (checked by a rating-
test)  

 

 

Figure 1. The CLEVER vehicle. 

 

 

Figure 2. Pictures of a 1:4 model of the 
CLEVER vehicle. 

To meet the defined goals for the safety, the vehicle 
structure and the restraint system have to be 
designed and optimised in a special way. 
TAKATA, as the project partner responsible for the 
restraint system, will use optimised state-of-the-art 
components, as well as specially designed 
components concerning to the occupant body 
regions, which have a higher injury risk. These 
body regions were figured out by the accident 
analysis.  

 

 

CLEVER ACCIDENT ANALYSIS 

 
The following accident analysis is based on data 
from the German Federal Accident Statistics 
(GFAS), the German In-Depth Accident Study 
(GIDAS) and the National Accident Sampling 
System (NASS).  
 
Statistic analysis in general 
 
In general, the reporting period was from July 1999 
to April 2004 for GIDAS and GFAS. The NASS 
data analysis describes the statistic period from 
1996 to 2002. Additionally, for the period of time 
between 1985 and 1995, data of 1029 motorcycle 
accidents and 89 scooter accidents are available.  
 
Because of the special design, the same accident 
situation as for scooters and motorcycles can be 
assumed for CLEVER. The driving performance 
and the application areas, which are mostly cities, 
is mostly similar with scooters and motorcycles. 
Because of the fact that for CLEVER a restraint 
system will be used, which is comparable with 
state-of-the-art restraint systems for cars, the 
occupant kinematics during accidents and the 
injured body regions could be more similar to car 
accidents than to scooter or motorcycle accidents. 
That is why, different accident data (for cars, 
motorcycles and scooters) were analysed. 
 

 
 

Figure 3. Collision opponents for motorcycles 
and scooters. [1] 
 
Figure 3 shows the collision opponents of motor-
cycles and scooters. The main opponents are 
passenger cars, followed by the collisions of two 
wheelers with objects, mostly the road surface. 
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Figure 4. Directions of impact for motorcycles 
and scooters. [1] 
 
The main impact directions for motorcycles and 
scooters are the frontal directions (figure 4), 
followed by side impact and overturn. Similar 
impact directions can be assumed for CLEVER 
because of similar vehicle width.  
 
Accident analysis for the driver 
 
The following figure shows the body regions, 
which are affected in accidents with a two wheel 
vehicle.  
 

 
Figure 5. Affected body regions of persons 
involved in two-wheel vehicle accidents. [1] 
 
As result, the body regions (most injured) are arms 
and legs. The most fatal or severe injuries result 
from head injuries, followed by thorax injuries. It 
has to be stated that in 95 % of all cases, helmets 
were used. 
These data only show the figures for riders, due to 
the fact that the figures for passengers are 
extremely low.  
 
The closing speed in accidents is far lower for 
scooters than for motorcycles. More than 95 % of 
all registered accidents are covered with a closing 
speed of 50 kph (figure 6). In addition, the closing 
speed of accidents with the “Smart” (built by 
DaimlerChrysler for the European market) was 
figured out and evaluated. These data are also 

available in the GIDAS database. This closing 
speed is nearly similar to the closing speed of 
scooters. The low number of 28 reported accidents 
with an involved “Smart” is not very 
representative. But it gives an idea about the 
tendency for small and micro car accidents. 
  

 
Figure 6. Accident closing speed of two-
wheelers. [1] 
 
The concept of the BMW C1, a two-wheel vehicle 
equipped with seat belts, load limiter and energy 
absorbing elements, is partly similar to the CEVER 
concept. In several EU member states, it is allowed 
to drive the C1 without wearing a helmet.  
The main results of accident analysis by BMW are 
illustrated with two examples, which describe the 
real world accident performance of the C1. 
 

 
Figure 7: The BMW C1. [2] 
 
In frontal collision with a velocity of about 50 kph 
of the C1, and approximately 20 kph of the 
collision opponent (car), the belted driver (without 
helmet protection) had a AIS 1 injury-severity. 
Furthermore, a few injuries like cuts and contusions 
at the upper and lower extremities were reported. 
In a side collision between a C1 and a middle class 
car, the belted C1 driver had lacerations and 
contusions of his left leg and abrasions at his left 
forearm and hand.  
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These results should be typical for the C1 accident 
situation taking account to the low number of 
reported accidents. [2] 
It seems that the most endangered body parts of the 
C1 driver are the extremities. 
 
Passenger statistic analysis  
 
In order to determine the most affected body 
regions of passengers, a statistic analysis of the 
accidents with car occupants in the second or third 
row will be used. The database for this analysis 
includes traffic fatalities, sampled by GIDAS and 
NASS. 
 
The GIDAS database gives the information that for 
a number of 347 traffic fatalities, 195 of the 
occupants were car passengers. Out of these 195 
passengers, 22 did not use the first row and 12 of 
them were seated in the second row during a frontal 
crash. 
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Figure 8. Passenger injured body regions from 
the database GIDAS. [3] 
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Figure 9. Passenger injured body regions from 
the database NASS.  [4] 
 
These figures show that the most affected body 
regions with AIS3+ injuries are the head and thorax 
of passengers. This applies to Europe as well as to 
the US.  
Other results of the investigation for passengers are 
that the occupant position is quite regular. The 
closing speed for these accidents is between 20 kph 
and 60 kph. 
The reasons for the accidents were mostly DWI  
(driving while intoxicated) and speed. About 50 % 

of the accidents occur without involving other road 
users.  
 
Result of the accident investigation 
 
As result of this accident investigation, the 
following scenarios must be in the centre of frontal 
restraint system development. 
Main collision opponents will be conventional cars. 
The main impact type will be frontal impact. 
Another important accident type is single collision 
by hitting an object. 
As to the injuries regarding body regions, the 
frequency of head, thorax and pelvis injuries can be 
reduced significantly by use of conventional 
restraint systems.  
The open passenger compartment of the BMW C1 
does not give enough protection for the upper and 
lower extremities of the occupants. The absolute 
number could be reduced, compared to the injury 
figures for the upper and lower extremities for 
riders of two-wheelers.  
 
CLEVER SAFETY REQUIREMENTS 
 
The main safety requirements for the CLEVER 
vehicle are listed below: 
 

• Meeting all legal requirements 
• No obligation to wear a helmet (similar to 

the BMW C1) 
• High level of passive safety comparable to 

the level of conventional cars 
 
Legal Requirements 
 
For a three-wheel vehicle like CLEVER, no legal 
requirements exist concerning passive safety for the 
approval of motorcycles. To attain an operating 
license, the European regulation 97/24/EG has to 
be met. This regulation specifies constructive 
characteristics of vehicle parts, windshields and the 
seat belts with their connections to the vehicle, if 
included. 
 
The obligation to use crash helmets is compulsory 
(in European countries) for riders and passengers of 
motorcycles without a full-lining. However, 
different exemptions exist in EU member states. 
For Germany, exemptions are defined by the 
vehicle type approval or by legislation, like the C1. 
For example, the German law allows for two-wheel 
vehicles to be ridden without wearing a helmet, if 
the following requirements are fulfilled: 
 

• The belt system must be state of the art 
and comply with Directive 97/24/EC. 
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• A light signal for a clear warning, if the 
rider is not wearing a belt, is required, as 
per Directive 78/316/EEC. 

• The requirements for windows must be 
fulfilled, amongst others the minimum 
radii have to be complied with European 
Union Directive 97/24/EC. 

• Crash tests against a motorcar have to be 
performed (according to ISO 13232, 
which defines relevant impact scenarios 
for two-wheelers) – the values for the 
HPC criterion have to be lower than 1000 

• Lateral fall tests without head contact to 
the road surface and roof indentation tests 
(FMVSS 216) have to be fulfilled.  

 
On the basis of this directive, the exemption to 
wear a helmet applies to other European countries. 
[2] 
 
Additional safety requirements for CLEVER 
 
However, to meet the requirements for accepting 
CLEVER for the ACEA CO2-Agreement [5], the 
vehicle “should demonstrate passive and active 
safety appropriated to it’s intent to use”. To be able 
to assess these requirements, the CLEVER 
consortium defined a test procedure called 
“CLEVER-CAP”. This procedure should allow 
comparing the passive safety level of CLEVER to 
conventional cars. Therefore, it is reasonable to use 
similar or nearly similar test procedures as in 
consumer rating programmes. 
 
The most important consumer test for Europe is the 
EuroNCAP, while the US-NCAP is the state-of-
the-art consumer test for the United States.  
CLEVER is mainly designed to cope with 
European requirements. Therefore, the EuroNCAP 
test procedure should be favoured.  
 
However, due special design properties of 
CLEVER, it does not seem to be realistic to follow 
the test procedure completely.  
 
Frontal Impact 
 
EuroNCAP defined a 40%-offset crash configu-
ration against a deformable barrier for the frontal 
impact test. Because of the shape and width of the 
CLEVER vehicle, an offset crash seems not to be a 
suitable test to simulate real-world accidents. Data 
analysis revealed that frontal impacts were the 
main type of impacts for motorcycles. In addition, 
it is nearly impossible to conduct a 40%-offset 
crash with CLEVER, because 40 % of the front 
structure width is about 100 mm and the vehicle 
width is increasing from front to rear. Vehicle 
motions following a crash would not take place in a 
reproducible manner. 

 
As a result of these conditions, a crash test configu-
ration with impacting a rigid wall without an offset 
barrier is usable and should give a realistic output 
concerning to the anticipated accident situation. 
For frontal impact, the test configuration of the US-
NCAP is useful. This means a frontal impact with 
56 kph against the rigid wall. For comparing the 
CLEVER safety level with the safety level of 
European conventional cars, the EuroNCAP Star-
rating is used. 
In addition, chest acceleration will be measured. 
This allows a verification of the test results 
according to the US-NCAP rating. It seems 
possible to meet US-NCAP rating without major 
problems. 
  

 
Figure 10. CLEVER frontal test configuration. 
[1] 
 
This paper focuses mainly on the frontal impact, 
because this configuration was the most 
challenging one. 
 
Side Impact 
 
For lateral impact testing, the EuroNCAP is the 
most suitable test procedure. Therefore, this 
procedure is selected for CLEVER. 
 

 
Figure 11. CLEVER side test configuration. [1] 
 
Roll-over 
 
For CLEVER, the impact after an overturn is likely 
the most realistic scenario for the roll-over impact. 
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The safety cell will be tested by a static structure 
test procedure. The safety cell should resist a static 
force impact of about 22,2 kN. 
 
Pedestrian Safety 
 
The pedestrian safety level of the CLEVER vehicle 
will be checked by numerical simulation. Frontal 
impact to pedestrians with a velocity of 40 kph will 
be simulated. The assessment of criteria will 
comprise the mechanical loads to head, neck, and 
legs. 
  
CLEVER VEHICLE STRUCTURE 
AND CRASH PULSE 
 
The level of passive safety depends on different 
parameters. One important parameter is the 
characteristic of the crash pulse, mainly influenced 
by the crash velocity and the vehicle’s structure.  
In conventional cars, the crash structure influencing 
the accident performance is composed of a bumper, 
crash boxes and long members. Due to the 
CLEVER design with one wheel in the front, this 
conventional way of energy absorption is not 
possible. Therefore, a new approach was necessary. 
Special effort was needed to avoid any intrusion 
into the cabin, as the driver’s feet are located 
directly behind the front wheel.  
The crash structure of the CLEVER vehicle 
consists of the front wheel, the swing arms (front 
wheel suspension) and special designed crash 
elements. While conventional car wheels are stiff, 
motorcycle wheels normally brake in accidents. 
The CLEVER front wheel is designed to deform 
under crash loads. This is important to use as much 
as possible deformation length without injuring the 
legs of the driver on the one hand and for 
compatibility reasons in a side impact, when 
CLEVER hits a conventional car, on the other 
hand.  
The stiffness of the swing arms is quite high, 
resulting in small deformations of this part. 
However, the swing arms are designed to route the 
crash forces to the crash elements, which connects 
the swing arms with the stiff frame. These 
deformable elements allow the front wheel to move 
backwards together with the suspension, which 
absorbs energy. The cabin frame itself offers 
appropriated stiffness to avoid dangerous intrusions 
in frontal impacts. The body panels are made of 
laminated synthetic materials. The influence of the 
body panels to the crash behaviour should be 
negligible small.  
 

 
Figure 12. CLEVER – front frame structure.  
 
Based on finite element simulations the above 
described measures lead to the pulse shown in the 
following figure. 
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Figure 13. CLEVER crash pulse. 
 
The order of magnitude of these accelerations 
agrees with the documented test results of micro-
cars. 
 
A picture of the expected deformation is shown in 
figure 14.  
 

 
Figure 14. CLEVER deformation characteristic.  
 
Concerning the lateral impact, the introduced cross 
beams lead to appropriated cabin stiffness. The 
expected intrusion and intrusion velocity will not 
exceed 130 mm or 7,8 m/s, respectively figure 15. 
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Figure 15. Lateral impact characteristics in 
50 kph MDB test. 
 
The deformation of the structure is shown in the 
figure below. 
 

 
Figure 16. Maximum deformation in 
EuroNCAP lateral impact. 
 
The special designed rear seat will introduce 
additional lateral stiffness, which will result in 
lower intrusion and intrusion velocity. 
 
The knowledge about the structural behaviour of 
the vehicle allows the design of the restraint 
system. 
 
CLEVER FRONTAL RESTRAINT 
SYSTEM 
 
CLEVER’s frontal restraint system will be 
specially designed. The package conditions are not 
similar to conventional cars. 
To reduce the engineering and production costs for 
CLEVER, standard components for the restraint 
system were used wherever possible. However, due 
to the challenging restraint requirements caused by 
the small vehicle and the high pulse, it was 
necessary to adopt and modify existing components 
and design special components for CLEVER. 
 
 
MADYMO-Simulation of the CLEVER Vehicle 
 
The performance of the restraint system was 
checked by using numerical simulation tools. 
Furthermore, the components for the restraint 

system were also adjusted by numerical simulation 
too. 
 
The computer programme MADYMO was chosen 
for the simulation. With this solver, it is possible to 
combine the capabilities of multi-body and finite 
element techniques.  
 
In a first step, a very simple simulation model was 
built up, which presented the known vehicle 
characteristic at the beginning of the project. It was 
used for preliminary investigations. With this 
model, it was possible to see that the requirements 
could be met.  
 
When the project progressed, more detailed 
characteristics for the vehicle were defined. A 
better simulation model was built. Consequently, 
more exactly investigations could be carried out. 
The effect of different components like 
pretensioner or load limiters, separate or in 
combination with other components, were 
analysed. In addition, the safety level for different 
occupants (5%-HIII, 50%-HIII, 95%-HIII) was 
checked.  
As main output of this development step, the 
necessity of a combination of driver airbag, 
pretensioner and load limiter for reaching a three 
star ranking with the 50%-HIII was shown. For the 
5%-HIII and the 95%-HIII, the same configuration 
of the restraint system will lead to best results. 
These investigations started by using a synthetic 
generated crash-pulse. Within the ongoing 
development, a more realistic crash pulse (figure 
13) generated by the structural simulation was used 
and, consequently, more realistic results could be 
generated. 
 

Figure 17. More detailed simulation model.  
 
In the next development step, a final model was 
built. This model included all defined geometries, 
shapes, material characteristics and well known, 
validated components. 
This final simulation model was consequently built 
with multi-body parts (dummy, steering wheel) and 
finite element parts (seat, airbag, and belt).  
The complete results for the driver and passenger 
will be shown below. Because of the imprecision of 
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the simulation model, it is nearly impossible (at the 
moment) to generate realistic results for the lower 
extremities. For example, the design of the knee 
contact area of the dashboard and the footrest (with 
the mounted pedals) is not yet finished. It should be 
kept in mind that this could influence the overall 
performance rating compared with the currently 
existing results based on numerical simulations.  
 

 
Figure 18. Final CLEVER numerical simulation 
model. 
 
Driver Restraint System 
 
The current CLEVER results for the driver and the 
passenger are shown in the following table. The 
limits are comparable to the CLEVER-CAP limits. 
For the driver, the difference between a restraint 
system with deformable steering column and with 
stiff steering column is additionally shown. 
 

Table 1. 
Calculated results for the CLEVER driver 

 
18.02.2005 18.02.2005

Driver Driver
50% HIII 50% HIII

CLEVER-Puls CLEVER-Puls
final final

Simulation seat rest - - -
Airbag - 60 l 60 l

- coated coated
AOE 2 x 30 mm 2 x 30 mm

Steering column - stiff deformable

Head HIC36 883 658 412
HIC15 -

a3m s [g] 83 58 43
-

Neck My+ (max. Flexion) [Nm] - 80 55
My- (max. Extension) [Nm] 52 14 14

Fx+/- (max. Shearforce) [kN] 2,7 1,0 0,7
Fz+ (max. Force) [kN] 3,1 1,3 1,1
Fz- (max. Force) [kN] 3,1 0,2 0,2

Thorax a3m s  [g] - 59 58
amax  [g] -

smax  [mm] 41 40 39
VC [m/s] 0,83 0,22 0,22

Pelvis a3m s  [g] - 92 92

Femur Fz left [kN] 7,3 5,1 5,1
Fz right [kN] 7,3 7,1 7,1

EuroNCAP -Criterions - 50% HIII

Limits
50% HIII
CLEVER-

Requirements
2003

 
 
The limits, defined by the CLEVER-CAP for the 
frontal impact, were partially below target. In 
comparison to the US-NCAP, a three-star rating 
could be possible. 
These results come from a comparison of different 
components for the driver restraint system by 
numerical simulation. The most effective system 

consists of a deformable steering column, a driver 
airbag with two chambers, a pretensioner, and a 
dual stage load limiter. The system is shown in the 
figure 19. 
 

Figure 19. CLEVER driver restraint system. 
 
The steering column is an existing one, used in 
conventional cars out of the series production.  
The difference between restraint systems with a 
deformable and non-deformable steering column is 
significant. That is why the decision was made, to 
include a deformable steering column. 
  
In the following figure, the difference of the energy 
application of the airbag from a restraint system 
with deformable and non-deformable steering 
column is shown. In a restraint system without 
deformable steering column, the kinetic energy of 
the head and partly of the thorax will be absorbed 
by the airbag, and the deformation of the steering 
wheel. If a deformable steering column is used, the 
airbag has to absorb about 1/3 less energy. This 1/3 
will be absorbed by the deformable steering 
column. So the diameter of the airbag vents can be 
increased. That is why the airbag will be much 
softer. This will result in lower values of the 
assessment criteria.  
 

 
Figure 20. Application of energy by the airbag. 
 
The steering wheel is a modified steering wheel 
from serial production. Some styling and design 
modifications will be necessary. The deformation 
characteristics are well known. 
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Figure 21. Possible modifications of a series 
steering wheel for CLEVER. 
 

 
Figure 22. Simulation model of the steering 
column, steering wheel and driver airbag. 
 
The airbag system is consisting of a dual-stage 
inflator in combination with a 60 l two-chamber 
airbag. There are two venting holes with a diameter 
of about 30 mm each. This provides excellent 
performance for head protection in combination 
with lower impact force to the sternum. The 
positioning of the airbag will be better than with a 
conventional one chamber airbag.  
In the case of a restraint system without driver 
airbag, the head of the driver would touch the 
steering wheel. High values for head acceleration 
and the HIC would follow. To avoid these effects, 
the decision to use a driver airbag was taken. 
 
The belt system is fitted with a retractor mounted 
pretensioner. A dual-stage load limiter will be used. 
The load limiter will switch after a defined time 
from stage 1 to stage 2. The shoulder belt force will 
not exceed a maximum force of about 4,5 kN for 
stage 1 and 2,5 kN for stage 2. 
  

Figure 23. Driver seat belt system. 
 
Furthermore, optimal connection points of the seat 
belt system with the vehicle frame were found by 
the simulation. The value of chest deflection is 
influenced by the seat belt geometry. This 
geometry is determined by the connection points of 
the d-ring with the vehicle frame and the seat belt 
guiding on the seat rest. 
 

 
Figure 24. Seat belt guiding by the seat. 
 
The retractor has to be connected with the vehicle 
frame because of the high level of the reacting 
forces.  
For checking the seat characteristic for the case that 
the seat belt system is mounted on the seat, a static 
force load of about 2 kN was directed on the 
connection points at the seat rest. The results of the 
numerical simulation showed that the seat 
collapsed and, in result, the protection of the 
occupants could not be guaranteed. The calculation 
was made twice, at first with a steel seat with a 
thickness of 5 mm, second by a steel seat with a 
thickness of about 10 mm. 
Please remind, the real value of the belt forces at 
the shoulder are from 2,5 kN up to 5 kN.  
 

 

Dummy kinematics depends on seat belt guiding 
(effective angles) 
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Figure 25. Seat characteristic under force 
influence in x-direction. 
 
Passenger Restraint System 
 
For the passenger side, the requirements could not 
be met for a system with stiff seat rest. The 
decision was to design a deformable seat rest. The 
thickness and the material characteristics were 
defined based on validation tests.  
 

Table 2: 
Calculated results for the CLEVER passenger 

 
18.02.2005 18.02.2005

Passenger Passenger
50% HIII 50% HIII

CLEVER-Puls CLEVER-Puls
final final

Simulation seat rest - stiff deformable
Airbag - - -

- - -
AOE

Steering column - - -

Head HIC36 883 7743 548
HIC15 -

a3ms [g] 83 218 64
-

Neck My+ (max. Flexion) [Nm] -
My- (max. Extension) [Nm] 52 113 53

Fx+/- (max. Shearforce) [kN] 2,7 3,9 1,4
Fz+ (max. Force) [kN] 3,1 -3,7 0,0
Fz- (max. Force) [kN] 3,1 1,0 3,3

Thorax a3ms  [g] - 80 59
am ax  [g] -

smax  [mm] 41 36 44
VC [m/s] 0,83 0,31 0,32

Pelvis a3ms  [g] - 111 113

Femur Fz left [kN] 7,3 5,6 5,7
Fz right [kN] 7,3 5,5 5,6

EuroNCAP -Criterions - 50% HIII

Limits
50% HIII
CLEVER-

Requirements
2003

 
 
The passenger restraint system basically consists of 
a seat belt system. In addition, a head protection 
bolster is integrated. The front seat is designed with 
a deformable head rest. After the passenger’s head 
hits the head rest of the front seat, energy will be 
absorbed by the deformation of the bolster and by 
the deformation of the head rest, too.  
 

Figure 26. Position of contact between passenger 
head and seat rest.  
 
The validation of the head to seat contact will be 
made by head impactor tests. Therefore, a head 
impactor with a mass of about 4,8 kg will be shot 
with a defined velocity of 5,3 m/s on the head rest, 
similar to the head impacting velocity of the 
CLEVER passenger. The accelerations will be 
measured and different bolster thicknesses have to 
be checked. 
The expected bolster thickness by the calculated 
head impacting velocity is of about 20 to 50 mm, 
depending on the deformation characteristics and 
the stiffness of the seat rest.  
The best performance - lowest head impactor 
acceleration by acceptable deformation of the back 
rest and a realisable thickness of the bolster – will 
found with the described test procedure and be used 
for the CLEVER vehicle.  
 
The seat belt system is similar to the seat belt 
system for the driver. The time, when the load 
limiter switches from level 1 to level 2, is different. 
 
CONCLUSIONS 
 
CLEVER is an alternative vehicle concept, which 
is characterised by innovative solutions such as its 
fuel concept, the propulsion system, or the safety 
concept. 
The safety concept is specially designed for real 
world accident scenarios. The advantages and 
disadvantages of conventional protection systems 
for two–wheeled and three-wheeled vehicles could 
be identified. 
With the support of numerical simulation, the entire 
restraint system could be optimised. The exact 
application of different components was done.  
The performance has to be verified by real crash 
tests. 
To improve the safety level of two-wheel and 
three-wheel vehicles, occupants should be 
prevented from ejection during an accident. This 
will be realised by using a seat belt system.  
It is possible to develop a small three-wheel vehicle 
with an occupant safety level comparable with 
conventional cars. The calculated values for the 
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assessment criteria are equal or below the defined 
limits of the CLEVER-CAP, which was developed 
specifically for CLEVER. 
Furthermore, it is possible to adapt conventionally 
used restraint system components to alternative 
vehicles. A few changes have to be made, e.g. belt 
load limits, or the time to fire.  
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ABSTRACT 

This paper is based on accident statistics, 
theoretical considerations and physical tests of 
safety bumpers and their components. The statisti-
cal analysis shows the typical bus frontal collisions, 
their frequency and the possible advantage of the 
safety bumper in the typical collisions. The theo-
retical considerations try to outline the possible re-
quirements of a safety bumper: deformation capa-
bility, energy absorption capability, strength re-
quirements relating to the bus structure behind the 
safety bumper system, compatibility requirements, 
etc. When specifying these requirements all bus 
categories, all kind of buses (low floor and high 
decker, small and large, etc.) should be considered 
together with their special features. There are well-
defined theoretical connections between the length 
of the deformation, the energy absorption of the 
bumper and the average deceleration of the bus 
having safety bumper in a frontal collision. This 
deceleration is an important figure when regulating 
safety belts and seat strength in buses. The tests, the 
results of which are discussed in the paper include: 
pendulum impact tests of components of safety 
bumper systems, static loading tests of these com-
ponents and full scale frontal impact tests with 
complete buses against concrete wall. The differ-
ences between the results of static and dynamic 
tests – carried out on the same components – are 
shown and discussed. It is emphasized that the 
bumper cannot solve all the safety problems be-
longing to frontal collision of buses, but it may be a 
useful, effective tool in some cases (avoiding un-
derrun type accidents, reducing the decelerations 
below a certain impact speed, etc.) 
 
1. INTRODUCTION 
 

Analysing bus accident statistics collected 
from different sources, different countries [1] in 
which somebody has been injured (bus occupants 
or other road user), some interesting figures may be 
cited: 

• 30-50% of the accidents happened with vul-
nerable partners (pedestrian, bicy-
clist, motorcyclist, moped, etc.) No 
danger for the bus occupants. 

• 30-50% with cars and vans, which are 
weaker than the bus but not, so de-

fenceless as above. Danger mainly 
for the bus driver (and crew, if any) 
among the bus occupants. 

• 10-30% with heavy vehicles and stable ob-
jects, which are very dangerous for 
the bus occupants. 

The very wide range scatters are due to the 
different countries, different traffic circumstances, 
different data collecting methods, different systems 
in statistics, etc. The frontal collisions or run over 
type accidents among the total bus accidents are in 
the range of 55-65%.  

Thinking about the front safety bumper of 
buses, the first question to be decided is: who or 
what should be protected by this bumper? The bus 
occupants (driver, crew, passengers) or the other 
road users (pedestrians, bicyclist, car occupants, 
etc.) or the important control systems of the bus 
(steering, brake, electric) or to reduce the damage 
(cost) of the bus and/or the other vehicles being in-
volved in frontal collision of the bus. The theoreti-
cal answer on this question is that a multifunctional 
safety bumper would be the optimal solution. 

 Formerly (in the '70-s and '80-s) the bumpers 
of the buses were separate units on the front wall. 
They did not have any special safety function; they 
could not protect the front wall (or anything else) 
even in the case of a slight frontal impact, as it is 
shown on Figure 1.  
 

 
 

Figure 1. Old style bus bumper as a separate 
unit 
 
In the last fifteen years the separate bumpers disap-
peared and the bus bumper became an integrated 
part of the front wall having only aesthetic function. 
The background of this change is basically techno-
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logical, today the whole front wall is made from fi-
breglass reinforced plastic as a complete unit. The 
bumper does not have any projection from the front 
wall, therefore it does not have any deformation ca-
pability without damaging the front wall. Example 
is given on Figure 2. This practice is generally used 
for all kind of buses (city bus, long-distance coach, 
etc.)  
 

 
 

Figure 2. Integrated bumper, part of the front 
wall 
 

 
 

Figure 3. Presumably safety bumper on buses. 
 

On the other hand, there are a few buses, run-
ning in the everyday service presumed equipped 
with safety bumper.  Figure 3. shows an example. 
The criteria of these safety bumpers – on the basis 
of which they were designed – are not known, only 
their position, shape and construction give us the 
feeling that they could have safety function, too. 
The lack of an international regulation results that 
there are no unified, clear requirements for bus 
safety bumpers, which means that the possible 
goals of these bumpers are not cleared up yet. 
 
2. SAFETY BUMPER CONCEPTS 
 

There are two major lines, on the basis of 
which the concept of the safety bumper can be for-
mulated. Of course these two different concepts 
(their components) may be combined in the future 
practice, but theoretically it is better to discuss them 
separately. 

2.1. Protecting the vulnerable road users, part-
ners in a collision 
 

In spite of the general considerations (full 
frontal impact) in this case the local properties and 
behaviour of the bumper have special importance. 
Three kind of vulnerable partners could be consid-
ered: 

• Pedestrians. No energy absorption, no de-
formations, only the surface properties of 
the bumper are interesting (shape, radius 
of edges, surface hardness) and maybe its 
position (height above the road) 

• Cyclists, motorcyclists. The bus bumper 
cannot protect essentially these road users. 
The bus itself – whether has a safety 
bumper or not – is a very aggressive „part-
ner" for them. 

 

 
 

 

 

Figure 4. Underrun type frontal collision 
 
• Cars, small vans. One problem is to avoid 

the underrun type collisions with the safety 
bumper. Figure 4. gives an example: the 
underrun type collision with a small car 
(Trabant) was not too severe for the bus, 
but it was fatal for the car. The underrun 
type accident raises an other problem: the 
damage of the vital control systems lo-
cated under the driver compartment 
(brake, steering, electric-electronic sys-
tems) The damage of these systems means 
that the driver can not control the further 
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motion of the bus, even if the first collision 
with the car was not too severe, the second 
collision could be fatal.  

An other question to be considered is the en-
ergy conditions of the bus-car frontal collision. Fig-
ure 5. shows the relations, how to estimate the 
equivalent energies and impact speeds in two cases: 

• The bus hits a rigid wall 
• A car hits the bus 

The symbols are: M = mass of the bus; m = mass of 
a car; c = energy dissipation factor showing the en-
ergy absorbed by anything else expect the safety 
bumper. 

 
 
Figure 5. Equivalent impact speed (a) and im-
pact energy (b) 
 
Figure 5/b shows that a small car (1000 kg) with an 
impact speed of 30 km/h represents the same ki-
netic energy as a van (3500 kg) with 20 km/h im-
pact speed. It may be read out from Figure 5/a that 
the equivalent impact speed of the bus producing 
the same kinetic energy – assuming a full frontal 
impact against a rigid wall – is about 6 km/h. 
 
2.2. Protecting the bus and bus occupants. 
 

The protection of the bus occupants has spe-
cial importance when the bus collides a rigid wall, 
wall-like object or another heavy vehicle and the 
collision is full (not offset) For this case the work-
ing conditions of a safety bumper are shown on 
Figure 6. The safety bumper, as a complex system 
has three working ranges: 

 
Figure 6. Working conditions of a safety bumper 
system 

 
a)  In the normal position (no impact, no load 

on the bumper) the bumper has a certain 
projection (L) from the front wall 

b)  The first working range (WR1) is a non-
linear elastic deformation range having a 
maximum value x1 << L If the impact speed 
of the bus (v) is smaller than a limit value 
(v1), no permanent deformation occurs, the 
bumper springs back, the impact energy is 
absorbed temporarily by the elastic deforma-
tion. This impact speed limit value could be 
rather low (e.g. v1 = 4 km/h) 

c)  In the second working range (WR2) the 
bumper has a permanent, plastic deformation 
range (x1 < x ≤ L) If the impact speed is 
smaller than a limit value (v1< v ≤ v2) a 
permanent deformation will occur, but only 
in the bumper system, the front wall and 
other structural elements of the underframe 
structure remain intact. Practically it means 
that the bumper system has one or more 
structural elements, which absorb the impact 
energy while they are submitted to a certain 
plastic deformation. After the collision these 
elements are replaced by new ones and the 
whole bumper system is again in its normal 
position. The speed limit v2 could be in the 
range of 15-18 km/h. 

d) The third working range (WR3) is over the 
safety bumper capability, but it is strongly 
fitted to it. If the impact speed is higher than 
v2 the safety bumper cannot absorb the im-
pact energy, but in a certain speed range (v2 
< v ≤ v3) the impact should be controlled. 
For example the international regulation 
UN/ECE/Reg.80 describes the requirements 
for bus seats and seat anchorages in case of 
frontal impact with an impact speed of v3 = 
30 km/h. A certain deceleration pulse is as-
sumed and described for seat tests for this 
standardized accident. 

 
When designing and developing this kind of 

safety bumper system, a lot of technical parameters 
of the bus and the bumper shall be considered e.g. 
the mass, the impact speed, the allowed maximum 
deceleration or deceleration pulse, kinetic energy, 
etc. for the bus and the acceptable projection of the 
bumper, its energy absorbing capability, load bear-
ing capacity, the main parameters of its working 
ranges, etc. 
 

There are three basic criteria, on the basis of 
which these technical parameters shall be harmo-
nized, fitted to each other in the three working 
ranges of the safety bumper system: 

• Force criterion Figure 6. shows a typical force 
(F) – deformation (x) curve in the three work-
ing ranges (x1, x2, x3) To assure the appropri-
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ate sequence of the working ranges during the 
frontal collision, the force in the whole lower 
working range shall be smaller than the force 
at the beginning of the next working range. 
(simply F1 < F2 < F3) Otherwise the deforma-
tion in the next working range will start un-
timely, too early. 

• Energy criterion. Every working range repre-
sents an impact speed limit which – consider-
ing the effective mass of the bus – determines 
a kinetic energy. This energy must be ab-
sorbed by the safety bumper, which means 
the bumper shall have this energy absorbing 
capability. The energy curve (E) on Figure 6 
may be derived from the force curve (F) by 
integration. 

• Deformation criterion. The working ranges 
of the bumper system belong to certain de-
formation ranges which are determined by 
two things: the energy absorbing capability 
and the maximum, allowable deceleration 
(deceleration pulse) It is interesting to men-
tion that to day there is an administrative dif-
ficulty to develop and use safety bumper on 
buses. As it was shown above, to absorb en-
ergy, to limit the deceleration a certain 
amount of deformation (elastic and plastic to-
gether) is needed which means that the 
bumper requires a certain projection (L) from 
the front wall. To be effective this projection 
could be in the range of 250-350 mm. The to-
tal length of the bus – per definition – in-
cludes the bumpers too and every country, the 
national authorities determine length limita-
tions for the large vehicles. Therefore to in-
crease the projection of the bumper could 
mean to reduce the seat spacing (comfort of 
the passengers) or reduce the number of the 
seat rows (economy of the bus service) 
Therefore the bus operators and the manufac-
turers – without legislative force - are not en-
thusiastic for the safety bumper. 

 
3. SAFETY BUMPER DEVELOPMENTS 
 
3.2.  Buses with experimental safety bumper 
 

The development of a safety bumper system 
needs a lot of work: design considerations, labora-
tory tests and finally the validation of the whole ef-
fort by full-scale impact test of the bus. In the fol-
lowing some examples are shown about this devel-
opment process. IKARUS Bus Manufacturing Co., 
working together with Research Institute of Auto-
mobile Industry produced and tested two buses with 
safety bumper systems [1]: 
− Prototype of a 12 m long high decker long-

distance tourist coach, type IK270 (see Figure 
7.) The safety bumper concentrated to the 
partner protection: its surface was covered by 

a 40 mm thick square net plastic foam struc-
ture (see Figure 19.) The energy absorber was 
built from aluminium honeycomb (plate 
thickness 1,5 mm) filled up with plastic foam. 
Between the bumper structure and the under-
frame of the bus, two air springs were used, 
providing a 80 mm spring-way to decelerate 
the bus in total frontal collision. The air 
springs were non-linear elastic springs, so 
their energy absorption was temporally, they 
sprung back after the collision. 

 

 
 

Figure 7. Long distance HD coach with safety 
bumper, before low speed impact test 

 
− Serial version of a 11,4 m long IKARUS city 

bus – type IK 415 – with safety bumper, see 
Figure 8. The main goal of the bumper was to 
protect the bus occupants in total frontal colli-
sion. 

The underrun protection was not a central issue in 
these two projects. 

 

 
 
Figure 8. City bus with safety bumper, before 
impact test 
 
3.2  Design considerations. 
 

As an example, the design considerations and 
efforts will be shown with the city bus bumper 
development. The task was to develop a new safety 
bumper to an existing bus type (IK 415) which was 
already in serial production. The possible projection 
of the bumper from the front wall (L) was limited 
by the national total length limitation (12 m) and 
also the position, location was determined by the 
front wall structure and shape. The engineering lay 
out of the safety bumper may be seen on Figure 9. 
The goals were: 

I. In WR1 no plastic deformation is allowed up 
to the impact speed v1 = 4 km/h 
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II. In WR2 the energy is absorbed by plastic de-
formation of a removable part, the max. im-
pact speed is v2 = 8 km/h. No damage is al-
lowed in the front wall structure. 

III. In WR3 the plastic deformation of the un-
derframe structure should be localized also 
to a changeable part, but the front wall dam-
age is acceptable. The maximum impact 
speed v3 = 30 km/h and the deceleration of 
the bus CG's shall be in the pulse given in 
ECE. Reg.80. 

 

 
 

Figure 9. General layout of the safety bumper 
 
To meat the three criteria described in para. 2.2. 
laboratory tests were needed to know something 
more about the structural elements, structures used 
in the safety bumper system. 
 
3.3.   Laboratory tests. 
 

Many, different kind of laboratory tests have 
been carried out to get information about the behav-
iour of different structural elements. Figure 10. 
shows the force-deformation characteristics of non 
linear elastic rubber elements. The hysteresis in 
these rubber elements is rather small (15%) so their 
real energy absorbing capability is not significant. 
To the combined rubber structure shown on Figure 
10. (three double elements) having deformation of 
60 mm belongs a total energy of ≈ 15 kJ, while the 
really absorbed energy is around 2 kJ, the other    
13 kJ belongs to the elastic spring return. 

The underframe structures of the two buses 
equipped with safety bumper were built up from 
rectangular steel tubes. Therefore it is important to 
know the crash behaviour of these tubes. On the 
other hand these tubes may be used as components 
of energy absorber structures, too, therefore more 
hundreds of laboratory tests were carried out. Some 
examples are shown on Figure 11. where the crash 
characteristics, the buckling behaviours of rectan-
gular steel tube (cross section 40x40x2 mm) and 
tube combinations are given. Some interesting con-
clusion of these curves: 
• The buckling force (the first, highest peak of 

the curve) is almost linearly related to the area 
of cross sections of the tube combinations. 

 
 

Figure 10. Force-deformation curves of rubber 
elements 
 

 

 
 
Figure 11. Force-deformation curves of rubber 
elements 
 
 
• The hardening part of the curves (the last part, 

where the force is continuously increasing) 
does not show any close relation to the area of 
cross sections. 

• The stable energy absorbing part of the curves 
(middle part between the first buckling and the 
hardening) there is a significant correlation be-
tween the area of the cross section and the ab-
sorbed energy. 

• The buckling deformation process, the folding 
of the tubes, tube combinations are similar. 
Figure 12. shows the folding of a single tube, 
having a cross section of 40x40x2 mm and also 
the buckling of four tubes combination with the 
same cross section. Figure 13. gives two stages 
of the folding process of a two tubes combina-
tion. 
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Figure 12. Folding of a single tube and four 
tubes combination 
 

 
 
Figure 13. Folding process of a double tube 
combination 
 

It is interesting to mention that the different 
arrangement of a tube combination (in which the 
area of the cross section is the same) may result 
significantly different buckling and energy absorb-
ing behaviour. Figure 14. compares three different 
arrangements of the two tubes combination, in 

which the position of the tubes to each other are 
different. The significant differences are obvious. 
There are two interesting phenomena which should 
be mentioned in relation to the folding buckling of 
tubular structures and should be considered when 
designing crashworthiness of bus frames, when 
calculating safety bumpers, energy absorbing ele-
ments built up from tubular structural elements. To 
meet the three basic criteria in the working ranges 
of the safety bumper discussed in para 2.2. these 
are essential phenomena: 
• The compressed tubes may lose their stability 

on two ways, depending on the length of the 
tube [2] The “short” tubes have folding type 
buckling while on the  “long” tubes rotational 
plastic hinges are formed. Between the “short” 
and the “long” ounces there is a transitional 
range in which both kind of loss of stability 
may occur accidentally. The “short” and 
“long” terms depend on the cross sectional pa-
rameters of the tubes (thickness area, ratio of 
the sides, etc.) Figure 15. gives an example 
measured on 40x40x2 mm tubes. The two 
curves represents two different force applica-
tions: one was through free end of tube (free 
deformation capability of the end of the tube) 
and the other through fixed end. (Welded plate 
on the end, no deformation capability) 

 
 

 
 
Figure 14. Force-deformation curves of differ-
ent double tube arrangement 
 
 

 
 

Figure 15. Probability of folding type buckling 
as function of tube length 
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Figure 16. Distribution functions of force 
maximums. 

 
• The folding process is random one, influ-

enced by a lot of small accidental effects. All 
parameters of a force-deformation curve may 
be represented by a probability distribution 
function. As an example, Figure 16. shows the 
distribution functions of the local force peaks 
on the force-deformation curve. Ten 40x40x2 
mm rectangular tubes were compressed with a 
length of 160 mm having free ends and their 
force deformation curves were analysed. The 
distribution of the first, second, third and 
fourth force peak are shown in Gaussian nor-
mal coordinate system. The mean value and 
the scatter of the distributions may be deter-
mined from these figures. 

 

 
Figure 17. Force-deformation curves of energy 
absorber blocks 
 

Another test series was carried out with spe-
cial energy absorbers. Figure 17. shows the force-
deformation curves of three energy absorber blocks 
(EAB) having the same dimensions (510x490x350 
mm) but different construction: 
a) Steel plate box (thickness: 0,5 mm) with a 

rectangular tube (40x40x2 mm) in every cor-
ner, welded to the plates with intermittent 
welds. The box was filled up with polyure-
thane foam (density: 80 kg/m3) See Figure 18. 

b) Spot welded steel plate honeycomb structure 
(plate thickness 0,5 mm 14 sub-boxes in the 
EAB) filled up with polyurethane foam (den-
sity: 50 kg/m3) 

c) Aluminium honeycomb structure (thickness: 
1,5 mm) filled up with polyurethane foam 
(density: 50 kg/m3). The surface of this EAB 

was covered by square net plastic foam, see 
Figure 19. This structure was used as the 
safety bumper of the prototype IK 270 long 
distance coach. 

 

 
 

Figure 18. Test of a possible energy-absorbing 
block 
 

 
 

Figure 19.  Test of energy absorbing block of 
IK270 experimental coach 
 

It is interesting to mention: in the case “a” the 
expected maximum force (loss of stability) was 
over 600 kN (Figure 12. shows that this value for 
one tube is more than 150 kN) Very likely the load 
distribution among the tubes was not equivalent, 
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first two tubes on one side started the folding and 
after that the reminding two ones on the other side. 

 
The test series was extended to compare the 

static and dynamic behaviour of energy absorbers. 
The dynamic tests were pendulum impact tests. 
Figure 20. compares the static and dynamic force-
deformation curves of 40x40x2 mm steel rectangu-
lar tubes. Figure 21. shows similar diagrams for 
EAB type “b” (see above) 

 
One of the main conclusions of these kinds of 

comparative tests is the hardening effect in the dy-
namic tests: 

− The energy absorption, belonging to the same 
deformation (d) is higher in dynamic circum-
stances. In the case of steel tubes the ratio 
Edyn/Est is 1,2-1,3 but the honeycomb energy 
absorber showed a much higher ratio: 1,5-2,0 

− On other hand this means that the same en-
ergy absorption belongs to smaller deforma-
tion in the dynamic tests. 

− It was also observed that the dynamic tests 
produced cracks and fractures earlier, at 
smaller deformations than the static tests. 
 

 
 

Figure 20. Static and dynamic behaviour of 
tubes 
 

 
 

Figure 21. Static and dynamic behaviour of EAB 

It is a key issue to have good, reliable correla-
tion between the static and dynamic behaviour of 
the structural elements because in this case it is 
enough to make the much simpler and cheaper 
static tests in the early phase of the development. 
 
3.4    Full scale impact tests 
 

The validation of the development process 
(design, calculations, laboratory tests) could be a 
full-scale dynamic test, which may be carried out 
by a test bus impacting a rigid wall or the simula-
tion of this impact e.g. by an appropriate pendulum 
test. Full-scale impact tests have been made with 
the type IKARUS 415 having the safety bumper, 
discussed in chapter 3.2. Figure 8. shows the test 
arrangement. According to the WR-s of the safety 
bumper four impact tests have been carried out, in 
WR1 and WR2 the real impact speeds were a little 
bit smaller than the planned ones: 3 km/h and 3,6 
km/h (two tests, instead of 4 km/h) and 7 km/h (in-
stead of 8 km/h) Figure 22. shows some of the 
measured parameters in these impact tests: 

a) The total impact forces (two force transducers 
were used) as the function of time 

b) The maximum values of impact forces and 
deceleration of the bus CG’s as the function 
of the impact speed. 

 

 
 

Figure 22. Measured values in frontal impact 
test. 
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The general evaluation of the test results, 
evaluation of the experimental safety bumper: 

• In WR1 the safety bumper behaved well, 
there was no permanent, residual deformation 
after the two impact tests. 

• In WR2 we had to realise a malfunction of 
the safety bumper system. Part II. (see Figure 
9.) was too rigid compared to Part III. The re-
quirement F1 < F2 has not been met, or in 
other words, Part III. started to work earlier 
than Part II., more exactly only Part III. 
worked and absorbed the energy, Part II. re-
mained intact. The deformation of Part III. 
was a little bit bigger than it was planned for 
Part II., therefore the front wall (its panelling) 
was slightly damaged 

 

 
 

 
 
Figure 23. Deformation of the longitudinal 
beams of the underframe 
 
• Replacing the deformed Part III. by a new, 

reinforced one, the last test checked the be-
haviour of the safety bumper system in WR3. 
To correct one mistake – as usually – creates 
a new mistake. Reinforcing Part III., now the 
underframe structure proved to be too weak, 
now the requirement F2 < F3 has not been 
met, so the longitudinal beams of the under-
frame structure endured undesirable deforma-
tions as it is shown on Figure 23. The two 
longitudinal beam had different construction 
because of the driver compartment (left side) 
and the staircase at the service door (right 
side) It is interesting to point out that the ex-
pected strength of these underframe beams 
were based on test result of tubes and tube 
combinations. But the phenomena discussed 

above (two possible ways of losing stability 
as the function of tube length, probability ap-
proach and the effect of the load distribution) 
were not recognized and considered yet.  

• Structural parts, elements, components which 
are equivalent in respect to the normal service 
loads (linear stress-strain relationship, only 
elastic deformations) can behave completely 
different way when they are subjected to 
crash loads. Small local constructional 
differences can create essential differences in 
the initiation and working of plastic hinges, 
between their characteristics. The locality has 
much higher importance when designing 
structures for crash loads. 
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ABSTRACT 
 
The objective of the EC funded HUMOS2 project is to 
develop Finite Element (FE) human models 
representing a large range of the European population 
and allowing an accurate injury risk prediction for 
victims involved in road accidents. A human model of 
a male in a driving position close to the 50th percentile 
– HUMOS model – resulting of the previous HUMOS 
project was presented (Robin [1]) at the ESV 
conference in 2001. The present paper focuses on the 
new developments that have been made in the still 
running HUMOS2 project.  
Firstly, methods allowing the personalization 
(anthropometry, geometry and position) of human 
numerical models have been developed. They include 
a scaling tool enabling to derive any individual model 
from the original one through mesh control points and 
statistical relationships between external and internal 
dimensions. These were established from geometric 
data collected on standing and sitting human 
volunteers with a low dose bi-plane X ray system but 
also directly measured on isolated bone parts. A 
positioning tool has also been developed, based on a 
set of reference postures including seated car occupant, 
out of positions (OOPs) and pedestrian postures, in 
order to adjust and test the models for different sitting 
and standing postures.  
Secondly, experimental work has been conducted on 
human volunteers in order to identify the influence of 
muscular tensing on body response to moderate 
impacts. A data base of biomechanical test results, 
appropriate for model validation, has been set up. It 
includes new biomaterial laws for ligament and 
skeletal muscles, as well as existing cadaver tests 
results coming from former EC projects and 
Heidelberg University. It and will be further completed 
by specific tests performed by consortium members. 
On-going work includes injury prediction rules 
introduction in the models then, extensive testing of 
the model in various conditions defined for validation. 
 
INTRODUCTION 
 
The European Union is the largest car producing area 
in the world and the largest car market. Research and 
Technological Development is essential for improving 

the impact motor vehicles have on our society. Safety 
is one of the key issues in this respect.  
In 2001, there were approximately 40,000 reported 
deaths and 1.6 millions casualties as a result of road 
traffic accidents in the European Union. The annual 
cost to the European Society due to these accidents 
was more than 160 billion Euro which was about 
twice the entire budget of the European Union. This 
situation increases with the integration of new state 
members. Injuries due to road accidents are a 
problem that can be controlled considerably if 
adequate attention is given to accident and injury 
prevention strategies. Injury control measures, i.e. 
passive safety, have been proven a very effective 
method for the reduction of the trauma problem.  
The development of safety devices needs tools 
capable of predicting the injury risk and of evaluating 
the protection of road users (car occupants, 
pedestrians, two wheels users). For a long time, these 
tools have been only represented by mechanical crash 
test dummies. They were used for car safety research, 
development, and regulatory testing as well. These 
anthropometric crash dummies are limited in their 
biofidelity and in their application type. Moreover, 
the existing mechanical dummies represent only the 
population through 3 sizes (50th percentile male, 5th 
percentile female and 95th percentile male). 
Therefore, the crash test dummies produce important 
shortcomings with respect to a real crash situation. 
Increasing computational capabilities have allowed 
designers to efficiently integrate simulation 
techniques into the conception cycle of their 
prototypes. This is also true for numerical models of 
crash test dummies, nowadays fully integrated into 
the crash simulation procedures. Unfortunately, these 
models inherit the deficiencies of their mechanical 
counterparts (i.e. biofidelity). 
Moreover, there is an increasing interest on the 
possibility to use and introduce the “Virtual Testing” 
concept in the regulation and in the design process of 
safety devices, car or other transportation modes. 
This advanced approach requires more efficient, 
complex and biofidelic human substitutes. A global 
human body model capable to simulate the response 
of a human being and capable to predict the injuries 
in case of an omni-directional impact is one of the 
main keys of this new challenge.  
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The basic assumption of the project is that a biofidelic 
model shall be structurally close to the real human 
body. This assumption means that a correct 
representation of the human structures is needed, not 
only the bony parts but also the organs and muscles. 
Afterward, an up-to-date knowledge is also needed in 
order to provide the model with a satisfactory 
mechanical behavior in a car crash situation.  
The second assumption of the HUMOS2 project is that 
all road users need to be correctly protected by the 
safety devices during a collision and consequently it is 
necessary to develop personalized models able to 
represent all the population. That means that, in 
parallel with the development of a biofidelic finite 
element human model, tools need to be developed for 
the “scaling”, i.e. personalization of the internal and 
external geometry, and for the “positioning” to obtain 
easily specific models for car occupants, pedestrian, 
motorcyclist, etc… from a reference model.  
 
METHODS 
 
The HUMOS2 program was organized around 
different tasks. The two first tasks aimed at providing 
meshes representative of the 5th percentile female and 
the 50th and 95th percentile male in sitting and standing 
positions. European databases of anthropometry 
measurements were therefore analyzed in order to 
define the external geometry of the human body 
corresponding to these percentiles. For the internal 
geometry, relationships between external dimensions 
and internal organ dimensions were established. The 
paired acquisition of internal dimensions (skeletal parts 
and some soft organs) and of external (anthropometric) 
measurements was performed on 64 volunteers by 
means of a low dose bi-plane X Ray imaging system 
[2] and on PMHS (Post Mortem Human Subject) by 
direct measurements. The collected data were analyzed 
by statistical methods in order to establish a scaling 
law for the prediction of internal organ dimensions 
from external ones. Thus, internal dimension of the 5th 
percentile female and the 50th and 95th percentile male 
derives from external geometry. Based on these 
statistical relations, a specific software was developed. 
This tool allows the scaling of the existing HUMOS 
mesh (close to the 50th percentile) towards any other 
percentile from a set of external main dimensions. It 
was used to produce the 5th, 50th and 95th percentiles in 
sitting positions. Before being scaled, the existing 
mesh (HUMOS) was improved in order to ensure its 
quality, especially after the scaling and positioning 
processes. This work was based on:  
• identification of mesh defects during crash 

simulation (done by end users of the original model), 
• needs identified by biomechanical experts for injury 

mechanisms simulation, 

• needs identified for scaling and positioning 
purposes. 

Specific road user postures were also defined for car 
occupants and pedestrians, using ergonomic and/or 
accident study data. Automatic methods were defined 
as positioning tool for small and for large 
displacements. From the meshes corresponding to the 
driving position (5th, 50th, 95th percentiles), other 
meshes were built for the pedestrian positions. 
The third task deals with the improvement of 
biomechanical behavior knowledge specifically 
concerning the mechanical properties of biological 
tissues, the effect of muscle tone and the whole body 
response to realistic impact conditions. This 
knowledge is fundamental for the improvement and 
validation of the FE models.  
Firstly, the effects of muscle tonicity on the global 
body response of volunteers subjected to impact and 
on local deformation of muscle were analyzed, as 
well as the effect of the muscular pre-activation. 
Secondly, mechanical characterization of soft tissues 
(muscles, tendons and ligaments) was performed. The 
mechanical properties of skeletal muscles during 
(impact) loading, up to failure were determined. 
Existing sled tests on PMHS were reanalyzed and 
new tests are being performed in more realistic 
impact conditions to validate the developed models. 
Effects of organs interaction during impact were 
determined thanks to the analysis of clinical records 
of visceral injuries, dissections and drop tests on 
trunks. Finally, all these biomechanical data will be 
stored in a biomechanical database necessary for the 
task dedicated to the models validation.  
Task 4 deals firstly with the improvement of the 
developed models by simulating the injury 
mechanisms, the pressurization and the effect of 
muscle tone. For the simulation of injury occurrence, 
injury mechanisms were identified for each body 
parts. Behavioral laws for the tissue up to failure will 
be implemented and validated. The experimental data 
obtained on volunteers concerning the effect of 
muscle tone will be used for the development and the 
validation of active muscle models. Secondly, after 
the improvement of the whole body models, their 
biofidelity and injury prediction capabilities will be 
assessed by referring to the PMHS sled tests 
performed in the biomechanical study. 
The last task is dedicated to an extensive use of the 
HUMOS validated models in different impact 
conditions in order to assess their capacity in 
predicting injuries. The simulation of car crash or 
other transport accident situations and of body 
response in case of out of position will be carried on. 
Another objective of this work is to compare these 
capabilities with dummies in view to complete the 
current regulations by numerical simulations. 
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GEOMETRY DEFINITON 
 
Geometry Acquisition 
 
In the field of product design, it is important to be able 
to represent the user population from the 5th percentile 
female to the 95th percentile male. Three dimensional 
data allowing geometrical reconstruction of any 
individual are therefore necessary. The “geometrical 
acquisition” work performed aimed at providing a 
database of external and internal measurements of the 
human body.  
The external measurements concern more than 50 
anthropometric lengths of body segment (on volunteers 
and PMHS in both standing and sitting positions). Data 
collected (Appendix 1) includes age, sex, weight, 
lengths, heights and circumferences.  
Three-dimensional measurements of anatomical 
landmarks (acromions, trochanters, iliac crests, etc…) 
identifiable on the skin were performed in order to 
define the orientation of body segment in a sitting 
position. Their anatomical identification was simply 
done by palpation with the help of anatomists. Their 
3D coordinates are expressed in a global frame 
attached to the subject. Other anatomical points were 
also acquired on volunteers in both standing and sitting 
position. 

 
Figure 1.  Palpable points (Doc. Univ. of 
Méditerranée). 
The internal measurements related to anatomical 
points, which allow the description of the geometry of 
the organs. That concerned the head, the spine, the ribs 
and the sternum, the pelvis, the bones of the upper and 
lower limbs and the liver. For each organ, “control” 
points, dimensions based on these points and a local 
frame attached to the organ were defined. With the 
symmetry hypothesis, more than 1000 control points 
and 400 dimensions have been defined.  
In order to define the relative position of each organ in 
the sitting position, all local anatomical frames were 
expressed in the global frame attached to the subject. 
Data were acquired on 64 volunteers (mean 30 ± 9 
years old) distributed as 16 female, 33 and 15 male 
subjects representative of respectively the 5th, 50th and 
95th percentile, (Table 1.). Data were also collected on 
24 PMHS.  

Table 1. 
The 5th, 50th and 95th percentile definition 

Percentile Weight 
(Kg) 

Standing 
height (cm) 

Erect sitting 
height  (cm) 

5th female 47 154 83 

50th male 77 178 94 

95th male 103 190 100 

A common protocol was used to perform external 
measurements on volunteers and PMHS but different 
protocols were set up for internal data. The 
“volunteer protocol” is based on an X-ray 
acquisition using the low dose stereo X-rays system 
EOS® and on a 3D reconstruction procedure (Figure 
2). Internal data concern the 3D points of the trunk 
skeleton (C3-L5 vertebrae, pelvis, 1st to 10th right and 
left ribs, sternum).  

     
Figure 2.  X-ray picture of a 50th male subject in 
sitting position and 3D control points obtained on 
a seated volunteer. Ribs are represented with lines 
joining 3D points (Doc. SERAM). 
The “PMHS protocol” is based on 3D measurements 
of anatomical points on bones removed from PMHS. 
The study focused on limbs bones, head and sternum. 
In order to have some data on soft tissue organs, a 
specific protocol based on dual X-ray images was set-
up to acquire data on the liver. An example of 3D 
control points is given in Figure 3. 

  
Figure 3.  3D control points measured on the 
scapula (Doc. INRETS). 
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These data were used to find statistical links between 
dimensions, inter or intra organ, and to give an 
approximate geometry of any percentile. The samples 
contained in the database are described in Table 2. 

Table 2. 
Description of the samples contained in the 

HUMOS2 Geometrical Database 

Internal control points Subjects Samples 
Head 11 21 
Clavicle 14 18 
Scapula 14 50 
Humerus 23 32 
Radius 14 24 
Ulna 14 29 
Femur 23 38 
Tibia 23 30 
Fibula 13 19 
Sternum 73  3 
Thorax 64 100 
Pelvis 64 401 
Liver   9    9 

External dimensions 88  54 
External control points Samples 

Sitting position 64 trunks, 10 limbs 
Standing position 15 trunks 

 
Parameters Defining External/Internal Human 
Body Geometry 
 
The European 5th, 50th and 95th percentile definitions 
given in Table 1 were determined from existing 
database analysis. For a pth percentile, an arbitrary 
function δp, depending on weight (Wi), height (Hi), 
and erect sitting height (ESHi) of a subject Si was 
defined as follows (Eq. 1.): 
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The δp function was applied to all the subjects 
(volunteers and PMHS) in order to select among all of 
them the 3 subjects Sp with the smallest δp(Sp). These 
subjects will be the target for the building of the 
different HUMOS2 percentile meshes. 
Table 3 shows the subjects of the geometrical database 
whose anthropometry was the nearest (according to the 
δp criteria) to the percentile definitions.  
The methodology chosen for the personalization of a 
numerical model, based on a “scaling method”, needs 
the definition of the links between external/external, 
external/internal or internal/internal dimensions. These 
correlations are the key data of the “statistical tool”, 
which provides from a small number of main 

(external) parameters (input data) all the parameters 
(external and internal) defining the geometry of the 
considered person.  

Table 3.  
Subjects with the smallest δp value 

Percentiles p Hp 
(cm) 

ESHp 
(cm) 

Wp 
(kg) 

PMHS 159.5 85.0 47.5 
5th female 

Volunteers 155.9 83.0 46.9 
PMHS 179.0 82.0 72 

50th male 
Volunteers 182.5  93.0 76.3 

PMHS - - - 
95th male 

Volunteers 189.4 97.1 98.5 

The method comprised three steps which provide the 
three following output (Figure 4.): 

 
Figure 4.  Regressive methodology (Doc. SERAM) 

1. All external dimensions determined from main 
parameters by using external/external links; 

2. The main dimensions of body parts from all 
external dimensions by the mean of 
external/internal links; 

3. All dimensions of a body part from the main 
dimensions of the same body part by using 
internal/internal links. 

Many correlations were found in the literature but the 
existing relationships do not meet to the HUMOS2 
objective. Hence, the HUMOS2 geometrical database 
was analyzed by statistical methods in order to 
establish relationships between external 
anthropometric dimensions and internal organs 
dimensions. This work is based on: 
1. The definition of MPE (Main External Parameters 

for the whole body or one body segment, MSE 
(Secondary External Measurement for one body 
segment), MPI (Main Internal Parameters for one 
body segment), and MSI (Secondary Internal 
Measurement for one body segment); 

2. The definition of anthropometrical links: 
external/external (MPE/MPE, MPE/MSE), 
external/internal (MPE/MPI, MSE/MPI), and 
internal/internal (MPI/MPI, MPI/MSI);  

3. The determination of correlation coefficient; 
4. The determination of linear regressions. 
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Thanks to the statistical procedure, 285 linear 
regressions were assessed in order to model 285/411 
(69%) parameters. Figure 5 describes the diagram of 
the statistical analysis which provides internal and 
external anthropometrical dimensions from 10 of the 
external measurements. It consists in 3 steps: 1) all the 
MSE are modeled thanks to 10 MPE; 2) 81 MPI and 
30 MII (Isolated Internal Measurements) are modeled 
thanks to the MPE and the MSE; 3) 134 MSI are 
modeled thanks to the 81 MPI. 
 

10 
MPE 

40 MSE 

64/115
MPI 

17/115 
MPI 

134/184 
MSI 

10/72 
MII 

20/72 
MII 

4 MIE 

INPUT 

external/external links 

external/internal links 

internal/internal links 

 
Figure 5.  Statistical analysis summary (Doc. 
SERAM). 

Given the small size of samples used to determine 
some regressions, some body part dimensions modeled 
by simple linear equations are less effective than 
others. Some internal parameters were not modeled by 
the statistical analysis as shown. This is due to the 
selection criteria used for the regressions (R²>0.5) but 
it seems essential to get accurate predictions.  
 
Methodology for Scaling  
 
A specific tool was built allowing the “scaling” of the 
reference mesh (previous HUMOS 50th percentile) 
toward any other p-percentile and to validate it with 
the 3 common used percentiles (5th female, 50th and 
95th male). These different HUMOS2 meshes are 
generated by the HUMOS2 “scaling tool” (Figure 6).  

 
Figure 6.  Main structure of HUMOS2 scaling tool. 
(Doc. Mecalog). 

This tool uses the above-mentioned anthropometrical 
links and the “control points” defined on the initial 
HUMOS mesh (the “control points” have the same 
location as those measured on the volunteers and 
PMHS). From the 10 main parameters of a desired p-
percentile, the “statistical” part of the tool determines 
the “target points” of this p-percentile. Then, using a 
method based on the kriging method the mesh of this 
desired p-percentile is created. 
Consequently, the scaling of HUMOS2 mesh into any 
percentile in driving position is realized through a 
single step and requires only 10 anthropometrical 
dimensions. An example of the 5th female, 50th and 
95th percentile male obtained from HUMOS mesh 
with this scaling tool is given in Figure 7 . 

 
Figure 7.  Example of the different HUMOS2 
percentile (Doc. Mecalog). 
 
MESHES UPDATE 
 
Before proceeding to the scaling, the HUMOS model 
was exhaustively analyzed in order to define and 
select model which segments have to be improved via 
mesh improvements conditioned by 3 elements:  
• Identification of HUMOS mesh defects during 

crash simulation conducted by end-users, 
• Requirements for injury mechanisms simulation, 
• Requirements for the scaling and positioning of the 

initial model. 
The following improvements have been made: 
 
 
Head and Brain Meshes 
 
     Brain Modeling: In order to predict the brain 
movement and brain vessel failure, the skull needed 
first to be separated from the brain. The skull is 
meshed using shell elements, which means that there 
is no physical thickness of the skull bone structure. 
For that reason the intracranial space was directly 
connected to the skull by sharing the same (joined) 
nodes. After the separation, the positions of the nodes 
are still the same but the nodes are no longer 
attached. 
     Bridging Veins Implementation: Because of the 
bridging veins introduction in the head model, the 
brain was repositioned and scaled such that the veins 
are more realistically positioned and orientated.. 
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Anatomy handbooks show that the average distance 
between skull and brain is 1.4 mm and this space is 
filled with fluid (CSF). The intracranial space of the 
model was scaled to get this correct average distance. 
A layer between the brain and bone skull inner 
"surface" is also needed to get a better prediction of the 
bridging vein failure during crash. Rupture of these 
veins results in Subdural Hematomas, which are one of 
the most important causes of fatal head injuries. Figure 
8 shows the skin shell (light brown), the head flesh 
solid (brown transparent), the bone skull shell layers 
(blue) and the intracranial space (red) with in between 
the veins (yellow).  

 
Figure 8.  New head model with intracranial space 
and bridging veins (Doc. TNO). 
 
Neck Improvement 
 
     Neck Geometry Modification: The geometry and 
corresponding mesh of the neck of the HUMOS model 
needed some modifications to achieve a more 
biofidelic performance. The relative angle between C3 
and C4 was found to be out of range for normal values, 
23.8° instead of 6.6°, Harrison et al. 0[3], and needed 
correction. The relative angle between C2-C7 for 
HUMOS is larger than an average neck but was kept to 
avoid important changes at this stage. The global 
curvature of the neck was adjusted to a better 
distribution of the vertebrae and cervical discs, C3-C6 
were individually rotated around a local transverse 
axis, at the rear lower part of the vertebra body. The 
relative angles between the adjacent vertebrae were 
also defined within the range given by Harrison. 

     Neck Mesh Modification: After rotation of the 
vertebrae, the mesh of the pedicles and the spinous 
processes were modified to give the global neck model 
a smoother curvature. The facets also follow the new 
orientation of the pedicles. The comparison of the old 
and new neck is shown in Figure 9. The meshes of 
spine disc and nucleus pulposus were modified for a 
better size distribution within the solid elements and 
are modeled with two elements over the height and 
adjusted by placing the mid-layer-nodes at half 
distance between the upper and lower surface nodes.  

 
Figure 9.  (left) Old geometry, (right) modified 
model with smoother curvature (Doc. Volvo). 
 
Upper Limb 
 
     Elbow Mesh Refinement: In order to get a good 
contact description between the components of the 
elbow, refinement of the bones was needed. The 
meshes of the attached components were adapted as 
shown in Figure 10. From the available surfaces it 
was not possible to re-mesh the components to make 
them more realistic (smooth surface rounding instead 
of the edge formed surfaces). The number of shell 
elements was increased from 225 to 877 to have a 
denser mesh. 

 
Figure 10.  Elbow mesh refinement, left) old; 
right) new (Doc. TNO). 

     Elbow Ligaments Implementation: In order to 
be able to predict the movement of upper and lower 
arm through contact descriptions in the elbow, 
ligaments are necessary to keep the different 
components positioned correctly with respect to each 
other. Four ligaments, CollUlnar, AnnuRadial, 
CollRadial and Quadrate-R, were added in the refined 
mesh and therefore were adapted to the new mesh 
density. Figure 11 shows an example of two of the 
four added ligaments on right elbow with the denser 
mesh. 

 
Figure 11.  Elbow mesh with ligament CollUlnar 
1), AnnuRadial 2) and CollRadial 3) (Doc. TNO). 
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Thorax, Abdomen, Pelvis 
 
     Ribs Mesh Improvement: To predict the rib injury 
with greater accuracy, the ribs mesh has been refined. 
Figure 12 shows the ribcage before (left) and after 
(right) refinement of the cortical (shells) and the 
trabecular (solids) bones. Each element has been 
divided into two elements along the curvature of the 
rib. The refined rib cage is now composed of 5518 
shells and 2796 solids. 

 
Figure 12.  (left) Old, (right) new ribs mesh (Doc. 
ESI). 
     Aorta Insertion: The aorta rupture is an important 
injury of the thorax. The mesh of this organ has been 
added in the model. The geometry of the aorta came 
from unused data of the previous HUMOS project. It 
has been transformed to obtain an adequate position 
with respect to the heart, the spine and the diaphragm 
mesh. Figure 13 shows the mesh with shell elements of 
the aorta between the heart and the diaphragm. 

 
Figure 13.  Aorta mesh (Doc. ESI). 
The mesh of the aorta is composed of 191 shells and is 
connected to the heart and to the diaphragm by a 
continuous mesh. It is superimposed to the flesh for 
connection between organs. Thus, no interaction 
between the aorta and the flesh is possible through the 
mesh. An attachment between the aorta and the spine 
and a contact between the aorta and the lungs, the 
heart, and the spine has still to be modeled. 
     Thoracic and Abdominal Organs Mesh 
Improvements: The mesh quality of the thoracic and 
abdominal organs has been checked and corrected. The 
liver, the stomach and the intestines mesh have been 
corrected, but the maximum angle criteria (mesh 
quality criteria) were partially respected because of the 
specific geometry of those organs. In the first HUMOS 
model, the mesh of the heart, the lungs and the flesh 
were continuous. In the updated version, the heart 
mesh has been separated from the flesh and from the 

lungs to allow the relative motion of the heart with 
respect to the lungs. This part of the model needs 
further development concerning the description of the 
organs and soft tissues, especially in the abdomen 
 
Lower Limb 
 
     Lower Limbs Bones Improvements: The femur 
and tibia cortical bones were refined to improve the 
response of lower limbs and to predict bone fracture. 
Each element has been divided into two elements 
along the bone long axis. The refined femur and tibia 
bones are respectively composed of 220 and 176 
shells. The capsular hip joint, composed of 16 1D 
elements, has been added between the femoral head 
and the Glena (Figure 14) to improve the hip model.  

 
Figure 14.  Capsular hip joint (Doc. Mecalog). 

     Lower Limbs Flesh Modifications: To improve 
the response of the model in terms of soft tissue/bone 
contact and to reproduce more precisely the behavior 
of pedestrian, refinements were performed on the 
flesh and skin of lower limbs. 

Figure 15 shows the new mesh of the knee. For the 
limbs, the meshes are composed respectively of 1559 
solids and 914 shells elements (787 solids and 573 
shells elements for the old flesh and skin version).  

 
Figure 15.  Upper leg and knee flesh (blue) & skin 
(green), left) old; right) new (Doc. Mecalog). 
POSTURE DEFINITION 
 
Standard Occupant Position 
 
The occupant of a car involved in an accident can be 
a driver, a passenger front seat or a passenger rear 
seat. Defining correctly these various occupants’ 
positions is a need for an accurate injury prediction. 
The occupant morphology was also taken into 
account. For each case the best ergonomic posture 
was studied. It was proposed to use DSPM [Driver 
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Seat Position Model], being initially developed for the 
driver by Faurecia and therefore adapted to the 
passenger for HUMOS2 project. Several constraints 
such as the vehicle environment, the seat adjustment, 
the body segment length and the postural constraints 
were taken into account. The results are 3D 
representation of the articulated body link system 
(Figure 16) corresponding to the postures of "least 
discomfort" Among all the available postures, 3 
random postures were chosen for 2 types of cars and 
for each occupant. 

 
Figure 16.  System of articulated links (Doc. 
Faurecia). 

Among all the available posture, 3 random postures 
were chosen for 2 types of cars and for each occupant. 
Figure 17 shows an example of the 3D postures for the 
95th percentile (passenger front seat, rear seat and 
driver) in the car #2: 

 
Figure 17.  Example of 95th percentile postures 
(Doc. Faurecia). 

The second part of the task was addressing Out Of 
Position (OOP) postures of the 5th female model to get 
an idea of the relative change of body joint angles of 
two OOP postures compared to a normal driving 
position. The result obtained will be an input for the 
positioning tool. The study was performed using a 
RAMSIS 5th dummy: the outcome is expected to be 
very similar for the HUMOS2 model. OOP1 is chin on 
airbag module; OOP2 is chin on the rim of the steering 
wheel, both according to the FMVSS 208 (Figure 18).  

 
Figure 18.  View of the 5th female RAMSIS model 
in left) OOP1 and right) OOP2 (Doc. VW). 
 
Standard Pedestrian Position 
 
There is an increasing need of a pedestrian FE model 
with high biofidelity in field of pedestrian protection 
research. In order to develop a human body model to 
simulate pedestrian impacts, a realistic pedestrian 
initial posture is needed.. Therefore, a study was 
carried out to identify the pedestrian postures in real 
world car-to-pedestrian accidents. The task covered 
the following aspects: 
(1) Analysis of accident regarding walking, running, 
and jumping postures. The impact directions were 
from pedestrian lateral side, pedestrian facing to car 
or impacted from backside. 
(2) Positioning of pedestrian surrogates in computer 
and experimental simulations. Most of the studies 
concern lateral impact in a normal walking posture 
and very few cases exist in other position. 
(3) Application of a pedestrian mathematical model 
to accident reconstruction, to study the pedestrian 
impact responses and injury mechanisms 
The study was carried out in several steps : 1) review 
of published literature dealing with pedestrian initial 
posture; 2) accident statistics analysis with available 
data; 3) accident reconstructions; 4) analysis of 
simulations of pedestrian impacts; and 5) analysis of 
normal gait cycle. 
The literature study indicated that pedestrian 
accidents have been extensively studied in the past 
four decades (Appel et al. [4], EEVC [5] and [6], [7], 
Mizuno et al.[8],). It was determined that: 
• In 80-90% of the cases the pedestrians were hit 

from the side by the front structure of a vehicle 
when crossing a street; 

• In the EU countries, the number of pedestrians 
struck by passenger cars is around 60% to 80% of 
the reported vehicle-pedestrian accidents;  

• The initial postures of the pedestrians at the impacts 
could be in a standing position, normal walking or 
running movement. 

The statistical analysis of 1671 cases where about 
60% are clearly identified with respect to the 
direction of the vehicle and with respect to the 
location of the impact on the body shows that (Figure 
19):  



  VEZIN - 9 

• In about 85% of the cases the pedestrians were hit 
laterally (37% at the right side, 48% left); 

• 15% of the pedestrians are struck on their front; 
• 79% of the pedestrian were in motion; 

 
Figure 19.  The numbers of involved victims and 
their initial moving postures (Doc. VW). 

Then, an investigation was performed with 35 well-
documented fatal cases of pedestrian/vehicle accidents 
which were reconstructed. The typical positions in real 
accidents with location of the first contact interaction 
and the produced injury by this contact were analyzed. 
The analysis pointed out that: 
• for most of the pedestrian/car accident cases, the 

pedestrian was hit while crossing the road in an 
upright position; 

• the 1st contact interaction of an adult is most 
frequently located at the lower extremity especially 
the shank, according to the bumper height of the 
involved car; 

• there is a correlation of normal gait cycle with 
pedestrian initial posture. 

The pedestrian postures in front of the vehicle before 
the impact were analyzed based on accident data: 
• For the walking position, it was proposed to take into 

account the leg orientation. During the pedestrian 
impact, the kinematics and dynamic loading of 
pedestrian are not the same if the left leg is forward 
or if the right leg is forward; 

• Concerning the running position, it is difficult to 
validate a pedestrian model due to the lack of 
physical test data available in this configuration; 

Based on the results from this study, it was concluded 
that the impact responses and injury outcomes are 
significantly affected by the initial postures and the 
orientation of body segments. The consortium agreed 
to develop two pedestrian models. One model is in 
normal standing posture and another in normal walking 
posture. The positioning of the pedestrian model is 
defined based on the anatomical position of human 
body (Figure 20).  
The postures of the pedestrian models are to be 
adjusted according to the configuration of the needs in 
specific modeling of vehicle/pedestrian impact.  

The normal walking and running postures with left 
leg forward are specified with related rotation of 
joints from the baseline model within the range of 
physiological movement (Figure 20). 

 
Figure 20.  Anatomical position of the human 
body, baseline model. 

Table 4.  
Rotation from normal standing to walking and 

running posture  

Body segment Walking Running 
Left hip flexion 6° 6° 
Right hip extension 6° 5° 
Left knee flexion 3° 8° 
Right knee flexion 5° 35° 
Left elbow flexion 6° 80° 
Right elbow flexion 4° 69° 
Left shoulder joint 8° 23.5° 
Right shoulder joint 8° 15° 
Left ankle extension 3° - 
Right ankle flexion 2° - 
 
Positioning Tool 
 
The meshes of 5th, 50th and 95th percentiles in the 
pedestrian and car occupant positions will be created 
from the corresponding meshes in sitting position. To 
achieve these objectives a positioning tool is under 
development. Preliminary simulations were 
performed to study HUMOS capability to be in 
standing position and shown satisfactory results even 
if a re-mesh of pelvis flesh in standing position are 
necessary.  
Each software developer involved in the development 
of the HUMOS2 models builds its own positioning 
tool based on different approaches.  
For example the positioning tool developed by ESI 
uses interactive real-time background calculations 
provided by a simplified finite element solver (SFE 
solver). The main feature of this positioning tool is to 
model the physics needed during user imposed 
articulation movements. It does this by: 
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• performing real time simulation, 
• using rigid body dynamics and joint physics in the 

simulation, 
• imposing user requested rotations and translations, 
• using other physics based options such as elastic 

structures and contact interfaces, 
• using geometry based options such as geometrical 

interpolation. 
An example of results from the positioning tool 
developed by ESI is shown in the following Figure 21 
and compared with the position of a car occupant as 
defined in “car occupant definition” work.  

  
Figure 21.  HUMOS2 model in posture of 50th 
percentile driver compared with the standard car 
occupant position (Doc. ESI). 
The method used by Mecalog.in its positioning tool 
software allows setting any percentile model in any 
position without calculation. By using a pre-calculated 
position database, a new position can be computed by 
using only linear interpolations. The specification of 
the wanted position by the input of 28 angles allows a 
quick, easy and reliable use of the software. Figure 22 
shows an example of the different leg position 
obtained from the software. 

  
Figure 22: Different leg positions for a 50th 

percentile obtained from the Mecalog positioning 
tool (Doc. Mecalog). 
 
TISSUE MECHANICAL PROPERTIES 
 
Biological Material Laws 
 
The assessment of injury risks and the prediction of 
injuries need the implementation in the model of up-to-
date material properties. Soft tissues, in particular 
muscle material properties at high loading rate are 
poorly described in the literature. Consequently, some 
experimental static and dynamic tests were achieved 

within the project on different biological materials 
such as ligaments and skeletal muscle. 
     Dynamic Behavior of Ligaments: The goal of 
this research was to characterize the mechanical 
behavior of soft tissues under a wide range of 
loadings (from quasi-static to dynamic). A protocol 
was designed for performing tensile tests on knee 
ligaments placed in a physiological position. The 
experiments deal with cyclic and failure tests, under 
quasi-static and dynamic loadings of the PCL 
(Posterior Cruciate Ligament) and LCL (Lateral 
Collateral Ligament). The same protocol was used for 
the two types of loading. (Figure 23.) 

 

 

 

 

 
Figure 23.  Pictures of the sample placed on the 
tensile device (Univ. of Méditerranée). 

Cyclic tests were performed with prescribed 
displacement at the frequencies: 10, 20 and 30 Hz, 
and amplitudes of displacement: 1, 2 and 3 mm, and 
with sinus or triangle displacements. Speed range was 
then from 20 mm/s to 180 mm/s. The knees were first 
cyclically tested with the 2 ligaments, then one of 
them was removed. Finally, the other ligament was 
tested up to failure. Tests were beside performed for 
2 angles of knee flexion (180° and 120°). 
The comparison of ligaments behavior shows that: 
• The dissipation during cyclic tests is independent 

on the frequency, that is to say on the velocity,  
• The ranges of load for the cyclic tests are not very 

different in quasi-static and in dynamic, 
• For the failure tests, the stiffness of the PCL in 

flexion and of the PCL in extension are only a bit 
higher in dynamic than is quasi-static, whereas the 
failure loads and failure displacements are clearly 
higher in dynamic than in quasi-static, 

• The failure occurs mainly at the insertion sites, and 
it is deeper in dynamic than in quasi-static. In 
dynamic, there is always a loss of cohesion in the 
ligament, whereas this was not observed for the 
quasi-static tests, at least at the macroscopic level. 

Finally, from the results, numerical laws are proposed 
for the behavior of the ligaments and will be 
implemented in the HUMOS2 models. 
     Dynamic Muscle Properties: There is only few 
data available on the behavior of skeletal muscle 
under dynamic conditions. A study was then 
dedicated to improve this knowledge. The aim is to 
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determine the transverse mechanical (stiffness) 
properties of skeletal muscle at quasi-static loading and 
for dynamic loads up to high frequencies. A second 
objective is to find damage thresholds of the skeletal 
muscle, which can be used in crash tests.  
The quasi-static properties were determined using in a 
non-invasive set-up that allows in-vivo determination 
of the properties of skeletal muscle in Brown Norway 
rats using a MRI-facility. Conceptually, the best way 
to determine properties is to do that in-vivo, because 
problems with making test-samples and keeping 
tissues in the proper conditions during ex-vivo testing 
can be avoided. Moreover, properties found are more 
representative for the real tissue than ex-vivo 
properties. Immediately after a load is applied and 
removed it is also possible to detect damage at the cell 
level by means of T2-weighted imaging (Figure 24). 

 
Figure 24.  T2-maps of the rat hind limb. (Doc. TU 
Eindhoven). 
The dynamics tests were performed ex-vivo with 
standard DMTA testing on a rheometer. In this case 
the disadvantages of ex-vivo testing were accepted, 
because of the possibility to use time-temperature 
superposition. By cooling down the samples and 
measuring at low temperatures, the properties change 
according to a specific time/temperature rule. Then, a 
master curve at the relevant temperature can be 
constructed for a broad range of frequencies. This 
procedure has been already performed for brain tissue 
with success (Brands et al. [8]) and could be used for 
skeletal muscle for frequencies < 16Hz. 
From a comparison from quasi-static and dynamic 
experiments the following conclusions can be drawn:  
• It appears that the shear stiffness increases to reach a 

plateau value of 40 kPa at hig frequencies. Visco-
elastic effects become very small at high frequencies.  

• The muscle tissue behaves linear for shear strains up 
to 3.10-3. The loss modulus decreases from with the 
frequencies. At high frequencies the material starts to 
behave as an elastic material.  

• For small deformations the Neo-Hookean model is a 
suitable model for muscle. For large deformation the 
Ogden model has to be used. For details on the 
implementation of the Ogden model in a finite 
element code see Simo [9].  

• It is acceptable to use elastic properties for skeletal 
muscles for impact studies with the HUMOS2 model.  

 

Effect of Muscle Tonicity 
 
The main limitation of current human models is the 
lack of data included about the effect of the muscle 
activities. Moreover, the models are often validated 
with data coming from cadaver tests without muscle 
tonicity. A tentative work was started in the project in 
order to obtain information on the effect of muscle 
tone on the global kinematics and on materials 
properties and to assess the influence of the muscle 
pre-activation on the response to a moderate impact. 
     Effects of Muscle Tone on the Kinematics: The 
first objective was to determine the effect of muscle 
tone on the response of the human body in lateral, 
dorsal and frontal thoracic impact by subjected 
volunteers to pendulum impact (Figure 25). 

 
Figure 25.  Impact locations lateral, dorsal and 
frontal (Doc. LMU). 
The influence of muscle state was investigated by 
performing “unexpected” (relaxed muscles) and 
“expected” (pre-activated muscles) pendulum tests. 
Quantitative analysis of displacements (amplitude, 
time of beginning and maximum) and muscle 
activities (time of onset) resulted in mean values that 
can be used for validation of the HUMOS2 models. 
The test setup fulfilled the following requirements: 
• Used of volunteers with minimal risks of injuries; 
• Application of experimental results for simulation; 
• “Simple” modeling of test setup for simulation. 
The kinematics were recorded by a motion analysis 
system using reflecting markers, the muscle activity 
was recorded by surface electrodes. The following 
parameters were quantified and used for the 
validation of the human models by comparing the 
experimental results with results from the simulation: 
• Displacement in the impact direction for head-top 

and C7 markers; 
• Angle of the head relative to the trunk; 
• Onset times for left and right different muscles. 
Measurements with different “height of deflection” 
and “weight of pendulum” were performed. An 
example of some results  is given hereafter: 
• Head-top and C7 displacements are less for tensed 

muscles than for relaxed muscles. Due to inertia the 
head shows a small displacement in opposite impact 
direction before the head is accelerated together 
with the trunk in impact direction. 

• For higher energies, larger displacements and 
angles can be observed. 
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• High impact energy causes higher and faster muscle 
responses. Trunk muscles are activated later than 
neck muscles for side and rear impact.. 

• Displacements and angles show a higher variance for 
tests with relaxed muscles than for those with 
activated muscles. However, displacement curves for 
both muscle states appear similar for each volunteer 
(individual characteristics). 

• For similar impulses in side impact, but twice the 
energy, similar displacements were found. Most 
likely, the impulse mainly influences the reaction or 
kinematics of the body. 

• In rear impact, EMG onsets show a high variance and 
no correlation for the lowest energy. For higher 
impact energies the displacement is better correlated. 
In frontal impact, a good correlation is found for all 
impact intensities. 

     Effects of Muscle Tone on the Material 
Properties: The second objective was to determine the 
effect of muscle activation on the transverse material 
properties of the arm and femur soft tissue. Only few 
articles could be found investigating transversal 
material properties of muscle tissue. A test setup was 
therefore developed for the dynamic study of these 
properties in dependence of the muscle activation state. 
An impactor falls through a Plexiglas tube and impacts 
the volunteer’s muscle (Figure 26). 
Three impact locations were tested: 1) upper arm 
ventral, m. biceps brachii ; 2) upper leg ventral, m. 
quadriceps femoris, pars rectus femoris ; 3) ipper leg 
dorsal, m. biceps femoris. 

EMG

Impactor

Reference 
electrode

Height of
fall

EMG

Impactor

Reference 
electrode

Height of
fall

 

 
Figure 26.  Experimental setup (Doc. LMU). 
Peak accelerations, rebound heights, indentations and 
velocities were obtained. EMG signals of the muscle 
were recorded in order to get the muscle activity 
during the impact. The main results are: 
1) Acceleration peak values for different activation 

states at a constant falling height nearly coincide. 
2) Acceleration peak values vary between volunteers 

for relaxed muscles, but remain nearly constant for 
repeated tests with the same volunteer.  

3) An increasing height of fall causes higher 
acceleration peak values. 

4) First acceleration peak exhibits a distinct shape for 
relaxed and tensed arm muscles. This phenomenon 
could only be observed for the arm muscle, not for 
the leg. This might be caused by the difficult 
impact location definition. 

5) For relaxed muscles no impactor rebounds were 
observed. The whole impact energy is 
transformed into flesh deformation. For tensed 
muscles several impactor rebounds are observed. 
The time between the first and the second 
acceleration peak (rebound peak) can be used for 
calculating the amount of energy transformed into 
deformation of the flesh. 

     Influence of Muscle Pre-activation: The third 
objective was to define the influence of muscular 
activation prior to impact (pre-activation) on the 
overall stiffness of the lower limb and to establish the 
relationships between this muscular activation prior 
to impact and impact loading associated with shock 
wave transmission from the shank to the thigh.  
To establish these relationships, experiments were 
carried out using volunteers and a sledge ergometer 
(Figure 27). Such device allows to impact to the 
lower extremity of the seated subject while 
controlling the level of pre-activation. The evolution 
of the reaction force developed at impact, the 
corresponding variation of loading rates, the 
muscular force around the impact time (at and after), 
the associated kinematics of the lower limb and the 
impact cushioning provided by them were assessed. 

 
Figure 27.  Sledge ergometer (Doc. Univ. of 
Méditerranée). 
The positive relationship between, on the one hand, 
the level of pre-activation and the impact peak force 
and, on the other hand, the associated loading and 
unloading rates were demonstrated. In others words, 
the increase of pre-activation generates the increase 
of the force-related parameters (impact peak force 
and associated loading and unloading rates).  
It was tried to show the existence of differentiated 
reflex mechanisms with the increase of voluntary 
muscular pre-activation for the lower limb muscles 
controlling the thigh and leg dynamics.  
On a functional point of view, it is evident that the 
driver tends to increase the overall stiffness of the 
lower extremity via muscular activation when a 
frontal collision is imminent and visible. The 
consequences of the increased pre-activation are: 
• increase of the amplitude of the impact peak force 

with a higher loading rate,  
• increase of reflex facilitation, 
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• the knee is the most controlled joint due to the 
predominant action of the Vastus medialis muscle 
compared to Triceps surae. 

• massive attenuation of highest frequency 
components. 

These results strengthen the point that it is necessary to 
include in human numerical models the muscle 
behavior to better evaluate the overall stiffness of the 
body before and at impact. The improvement of the 
biofidelity of the numerical models will allow the 
development of passive and especially active security 
devices in the automotive domain. 
 
Global Validation Data 
 
Finally, the whole human body models need to be 
globally validated in a situation representative of a real 
car crash. First validation data from sled tests were 
obtained in the first HUMOS project (Vezin et al. 
[10]). In HUMOS2 the acquisition of validation data is 
pursued through the re-analysis of existing data and by 
performing new test in frontal and oblique directions 
with up-to-date restraint systems. All these data and 
the information coming from the human material 
properties research will be gathered in a 
“Biomechanical Experiment Database” that allows the 
exchange of information between data suppliers and 
end-users of these information. 
     Existing sled tests analysis: The first objective was 
to re-analyze 46 frontal impact cadaver sled tests, 
performed at Univ. of Heidelberg, with belt and/or 
airbag protected subjects. 
The tests were distributed in 4 test groups: 
1st: 30kph, medium sled deceleration 20G, 11 tests 
2nd: 40kph, medium sled deceleration 20G, 11 tests 
3rd: 50kph, medium sled deceleration 20G, 12 tests 
4th: 60kph, medium sled deceleration 15G, 12 tests 
The analysis concerned: test conditions, 
anthropometric data for each case, time-histories of 
single and resultant signals, corridors, photographs 
prior to and after the test, medical findings in word 
protocol and schematic with classification according to 
AIS and digitized high-speed films.  
Moreover acceptable correlations were found between 
mechanical parameters and injury severity: 
• max. shoulder belt force vs. weight; 
• max. shoulder belt force vs. weight x seating height; 
• max. shoulder belt force vs. seating height;  
• max. shoulder belt force vs. chest circumference; 
• area below force-deflection curve vs. impact 

velocity. 
     Complementary sled tests: To further extend the 
validation database of the HUMOS2 models, new sled 
tests with PMHS are performed at INRETS. The goal 
of these experiments is to provide detailed information 

on the global behavior of a body submitted to frontal 
and oblique impacts. Different impact conditions 
(50kph and 20G, 30kph and 15 G) and different 
restraint systems including load limited belt and 
airbag are being tested. A specific protocol was 
prepared by the Consortium and mainly focuses on 
the thorax behavior, but data about head, neck pelvis 
and lower legs will be provided. 
 
Biomechanical Experiment Database 
 
The objective is to develop a biomechanical 
experiment database which can gather the impact 
biomechanics results from experimental studies 
conducted with human subjects, either cadavers 
(donated to Science) or live volunteers. This research 
brings valuable results but is facing numerous 
difficulties due to various reasons: scientific, 
practical, technical and ethical. In some countries, 
this kind of research is very difficult to organize and 
sometimes is not possible at all. It is important to 
ensure the dissemination of these results as far as 
possible towards the scientific community in a way 
their use is facilitated. The european biomechanical 
experiment database will be established by the 
INRETS-LBMH Laboratory in order to properly 
disseminate and safeguard this data. The content 
includes data from biomechanical impact tests 
conducted in different laboratories involved in the 
project, as well as information on the associated test 
facilities and test subjects. The possibility to extend 
the content to the biomechanical experiments 
conducted within all EC funded RTD projects in the 
field of passive safety has been considered. 
In the perspective of achieving this task, a list of 
specifications was drawn in order to establish the 
database. The opportunity was given to potential 
users of these data to express their needs (crash 
simulation code developers, dummy manufacturers, 
automobile manufacturers). Fruitful discussions 
conducted to several resolutions, among them the 
definition of guidelines for biomechanical testing 
depending on the use of the results (numerical model 
or dummy development). The database has been 
included into the activities of the European Advanced 
Passive Safety Network of Excellence, APSN, in 
order to guarantee its viability after the end of the 
project. This will provide at European level similar 
information as the existing NHTSA database in the 
US. The accessibility to the scientific community at 
large is also considered. 
 
DISCUSSION AND CONCLUSIONS 
 
In the view of designing widely accepted human 
body models, a joint effort between some European 
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car manufacturers, suppliers, software developers, 
public research institute and universities was 
undertaken since 1997 within the HUMOS project. 
The same participants and new partners, who provided 
expertise and knowledge in the field of biomechanics 
have decided to continue and increase this effort in the 
HUMOS2 project started at the end of 2002. This 
program led to the definition of a set of refined FE 
models of the human body in driving and pedestrian 
postures. These models were implemented with three 
main dynamic FE codes: Madymo®, Radioss® and 
Pam-Crash®. This collaboration at a pre-competitive 
stage is very important to reach the common objective 
of designing a widely accepted model. 
A large validation database was build and will be used 
to validate the models in different impact 
configurations. The injury predictive capabilities 
implementation and the validation of the model still 
have to be done in the final step of the project. This 
validation will comprise the simulation of injury 
mechanisms mainly for the thorax, knee and lower 
legs. The simulation of influence of muscle tonicity 
based on the experimental work performed in the 
project will be performed. Some attempts will be done 
to simulate the effect of the inner pressure. Finally the 
models will be validated thanks to the data included in 
the biomechanical experiments database. 
In parallel with this validation effort, the HUMOS2 
models will be extensively used in different impact 
conditions in order to assess their capacity in 
predicting injuries in real accident scenario via 
simulated reconstructions. The simulation of car crash 
or other transport accident situations and of body 
response in case of out of position will be carried on. 
Another objective is to compare these capabilities with 
those of the dummies in view to address the issue of 
introducing virtual testing with human models in the 
regulatory process.  
Unfortunately, it is currently still difficult to account 
for the properties of living subjects, and as far as the 
mechanical behavior in car crash conditions is 
concerned, mainly cadaver results are available in the 
literature. In HUMOS2, a new step forward was done 
through the investigations on the muscle tone 
contribution and muscle pre-activation using 
volunteers tests. This research field is of great interest, 
especially for the low speed impact conditions that can 
be encountered in real field accident analysis. 
Furthermore, some limitations are due to the lack of 
knowledge of the injury mechanisms. The currently 
used criteria were implemented in the model, but its 
injury prediction capabilities are limited with regard to 
its complexity. 
From the beginning of this research work, it was 
foreseen that some major limitations would remain. 
First of all, the geometrical definition of the model 

despite its refinement,comes from a unique specimen, 
with some particularities. However, thanks to the 
geometrical acquisition work performed and scaling 
techniques, the HUMOS2 partners were able to 
define 1) a 50th percentile model from the current 
reference mesh and, 2) a 5th and a 95th percentile 
occupant models. They also derived from these 
models some pedestrian models. To achieve these 
innovations, two specific softwares were developed, 
one for the personalization of the model, i.e. “the 
scaling tool” one for the positioning of the models, 
“the positioning tool”. Obviously, these tools need 
further development, but within a very short term, 
they can provide the possibility to derive models of 
any living people in any postures possible during an 
accident occurring in any kind of transport mode. 
It was also identified during this work that some 
knowledge is still missing as far as the soft tissues 
behavior is concerned, especially the abdomen needs 
a great attention in the future, and also the muscle 
tone contribution in some crash conditions. It is 
expected that the model itself, which is accounting 
for the main muscular structures and the main soft 
tissues will enable to carry out parametric studies 
aiming at evaluating the muscle contribution and 
aiming at the assessment of some injury mechanisms. 
In the future, Human models are called to play an 
important role in the development and validation of 
safety solutions through the use of virtual testing. 
Standardization and regulation bodies (ISO, EEVC) 
are presently looking at the potential for virtual 
testing to be used in a regulatory context. HUMOS2 
is willing to support this process and may bring 
interesting tools besides those developed within other 
EC funded projects like VITES and ADVANCE. A 
lot of efforts is still needed for the development of the 
FE global human models; a new phase is about to 
start within the European funded Integrated Project 
“Advanced Protective Systems Project “APROSYS.  
 
CONTRIBUTING PARTNERS 
 
The development of the HUMOS2 models is a joint 
effort of many partners. The coordination of the work 
was done by INRETS which was also involved in 
different parts of it. Univ. of Méditerranée 
coordinated the geometrical acquisition task and in 
collaboration with SERAM and INRETS performed 
an innovative work on the paired acquisition and 
analysis of internal and external dimensions of the 
human body. This was a very difficult and crucial 
work and the data obtained are of great interest for 
the research in biomechanics. Mecalog, with Univ. of 
Méditerranée developed the scaling tool for the 
personalization of the models.  
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Software developers were strongly involved in this 
research program. Mecalog (Radioss software) 
coordinated the meshing activities and insured the 
assembly of the final model with Radioss. ESI (Pam-
Crash software) participated to meshing activities and 
was responsible of the validation task of the models. 
ESI also insured the assembly of the final model with 
Pam-Crash. TNO carried out the meshing and 
modeling work under the Madymo software and 
coordinated the human mechanical properties work. 
These three software companies have developed their 
own positioning tool during the project.  
The car manufacturers involved were Volvo (neck re-
meshing, validation and evaluation activities), PSA, 
Renault (evaluation work) and VW (definition of the 
positions, validation and evaluation tasks). The 
supplier Faurecia carried out the investigation of car 
occupant and pedestrian positions and participated to 
the evaluation and validation effort.  
Chalmers University achieved a wide bibliographical 
study on the knowledge about injury mechanisms and 
contributed to the validation and evaluation of the 
models. Univ. of Heidelberg provided a deep re-
analysis of full-scale sled tests with human substitutes 
including injury mechanism and contributed to the 
extension of the validation database. INRETS carried 
out complementary sled tests with human substitutes 
and contributed to the creation and the extension of the 
validation database. TU Eindhoven, and Univ. of 
Méditerranée carried out a research work aiming at 
defining of physical material laws under loading 
conditions for the different human soft tissues. The 
effect of muscle tonicity and pre-crash activities were 
studied through an innovative program of volunteer 
tests by Univ. of Méditerranée and LMU Muenchen. 
LMU participated also to the thoracic injury 
mechanism study, pedestrian position definition and to 
the validation and evaluation of the models. All these 
partners delivered a wide set of new experiments and 
contributed to the extension of the validation database. 
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APPENDIX A 
 

Table A1.  
List of anthropometric measurements 

1 Height (vertex - ground height) 26 c Head maximum width 

2 Eyes - ground height (Francfort's plane parallel to the 
ground) 

27 Head circumference passing over the glabella and 
through the occiput  

3 Acromion (superior border) - ground height 28 Chin - occipital circumference (with lower jaw closed) 

4 Elbow - ground height 29 Neck circumference under the thyroid cartilage 

5 Anterior-superior iliac crest - ground height 30 Abdominal width (navel) (in sitting position) 

6 Greater trochanter top - ground height 31 Abdominal circumference (navel) (in sitting position) 

7 Knee articular interline spacing - ground height 32 Oblic circumference of the pelvis (going through the 
pubis cranial edge and EIPS, in sitting pos.)  

8 Iliac bi-crest width 32bi
s 

Thickness of buttock (pubis level, in sitting and standing 
pos.) 

9 Bi-trochanter width 33 Abdominal thickness (navel) (in sitting pos.) 

10 Sitting height (vertex - seat) 34 Buttock - heel length (tense leg) 

11 Eyes - seat height (Francfort's plane parallel to the 
ground) 

35 Low pelvic circumference (going through the 
trochanters) (in standing pos.) 

12 Acromion - seat height 36 Thigh upper circumference (superior third of 6-7 length) 

13 Elbow - seat height 37 Thigh bottom circumference (inferior third of 6-7 length) 

14 Cervical (C7) - seat height 38 Knee circumference (interline spacing level) 

15 Bi-acromial width (between the 2 lateral borders) 39 Greatest calf circumference 

16 Knee - ground height 40 Smallest ankle circumference 

17 Buttock (backrest)- Knee length  41 Greatest foot width 

18 Forearm length (olecranon - ulnar styloid with zero 
rotation of the hand) 

42 Greatest foot length 

19 Arm length (acromion (superior border) - 90°-flexed 
elbow) = middle of (12-13, 3-4) (calculated) 

43 Lateral maleolus top (point the most lateral) - ground 
height 

20 Thoracic axillary width (end of the exhalation) (in sitting 
pos.) 

44 Arm upper circumference (superior third of 19 length) 

21 Thoracic axillary thickness (end of the exhalation) for 
female subject without bosom (in sitting position) 

46 Sternum length (without the xiphoid) 

22 Thoracic axillary circumference (end of the exhalation) 
(sitting pos.) 

47 Xiphoid angle (a, b, c) (tangent with the cartilage) 

23 Thoracic sub-sternal width (end of the exhalation) 
(sitting pos.) 

48 Longest hand length 

24 Thoracic sub-sternal thickness (end of the exhalation) 
(sitting pos.) 

49 Arm bottom circumference (inferior third of 19 length) 

25 Thoracic sub-sternal circumference (end of the 
exhalation) (sitting pos.) 

50 Greatest forearm circumference 

26 a Head length = glabella - occiput distance 51 Smallest forearm circumference 

26 b Skull height = auricular height (porion - vertex)    
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ABSTRACT 
 
Vulnerable road users, especially pedestrians, are 
more susceptible to fatal and serious injury 
compared with vehicle occupants. Although the 
frequency of accidents involving pedestrians has 
reduced in recent years, there are still 
approximately 800 pedestrians killed and 7,000 
seriously injured every year in Great Britain. 
Furthermore, in the late nineties, more than 6,000 
pedestrians were fatally injured annually on EU 
roads, accounting for approximately 20% of all 
road fatalities. 
 
The kinematics of pedestrian impacts has been well 
documented and test procedures have been adopted 
by EuroNCAP and changes made to EU regulation. 
Whilst this is aimed at driving improved 
pedestrian-friendly car design, further benefits 
could be achieved with the use of pre-crash sensing 
and active safety systems.  Such systems require 
sensors capable of accurately and reliably detecting 
the presence of a pedestrian prior to a collision, and 
activating protective countermeasures effectively in 
order to reduce the pedestrian injury risk. 
 
Accident data has been collected as part of a 
project developing a sensing system for cars 
capable of detecting and reacting to the presence of 
pedestrians. Systems that use radar, infra-red, laser, 
or ultrasound sensors to scan the 'target area' for 
obstacles, must be intrinsically safe, accurate and 
reliable, yet low cost in mass-production. A sensor 
array comprising both radar and infra-red devices 
has been developed as part of a project for the UK 
Foresight Vehicle programme.  Other work has 
involved systems that have been developed to 
demonstrate the potential for using external airbags 
to provide a means of protecting pedestrians during 
a frontal impact. 
 
This paper examines the pedestrian accident data, 
and the specification and application for pre-crash 
sensing. Systems for pedestrian detection and 
protection have been developed and the research in 
these areas is described. 
 
 
 
 

INTRODUCTION 
 
Although the frequency of accidents involving 
pedestrians has declined over recent years, during 
2003 there were 774 pedestrians killed in Great 
Britain and over 7,159 pedestrians who sustained 
seriously injury (DfT, 2004). These pedestrian 
fatalities account for 22% of all road traffic 
accident fatalities in Great Britain (DfT, 2004). A 
similar situation exists in the EU, where in 1999, 
32,552 road users were killed on EU roads, of 
which, 6,196 (19%) were pedestrians (OECD, 
2001). These figures demonstrate, both in societal 
and financial terms, the need for improved 
protection directed at this group of vulnerable road 
users.  This paper describes the requirements for 
advanced pedestrian protection, which includes a 
system which detects pedestrians in the vehicle’s 
path, together with a concept protection system 
designed to minimise injuries to pedestrians 
involved in an impact with a car.   
 
There are many types of pedestrian protection 
system that may be considered for vehicles. These 
include driver warning, brake assist, automatic 
braking and collision avoidance (primary safety) 
and external airbags, 'pop-up' bonnets, and 
advanced energy-absorbing materials (secondary 
safety). This paper describes some of the findings 
from work carried out in the UK to develop a 
detection system that could be combined with an 
appropriate protection system. The detection 
system was developed by the Advanced Protection 
of Vulnerable Road Users project (APVRU) with 
the aid of funding from the UK Department for 
Trade and Industry Foresight Vehicle Programme. 
This followed on from work commissioned by the 
UK Department for Transport investigating active 
adaptive secondary safety (AASS, 
www.rmd.dft.gov.uk), which showed that 
pedestrian protection in the form of airbags sited on 
the bumper and bonnet of a vehicle had the 
potential to reduce significantly injury potential in 
40 km/h (25mile/h)  and 48 km/h (30mile/h) 
impacts. For example, experimental tests conducted 
as part of the AASS study showed that the Head 
Injury Criteria (HIC) could be reduced by 93%, 
chest acceleration by 49%, pelvis acceleration by 
12% and lateral knee acceleration by 71% (Holding 
et al, 2001). 
 
If a pedestrian protection system is to confer 
maximum benefit, the sensor system and 
algorithms play a vital role in detecting appropriate 
targets and determining when the system should 
and should not activate. The system must activate if 
a collision is imminent in order to reduce the injury 
risk to the pedestrian. However, the system must 
not react inadvertently, and must not expose the 
pedestrian, or interacting road users, to an 
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increased risk of injury than would otherwise occur 
without the safety system. Furthermore, the sensors 
must be capable of distinguishing between 
pedestrians and inanimate objects, such as roadside 
furniture. Other issues exist regarding the resetting 
of any deployable system, the use of which must be 
fully justified in cost benefit terms.   
 
PEDESTRIAN INJURIES 
 
Pedestrian injuries resulting from impacts with cars 
frequently result from a primary impact to the 
lower or upper leg, and depending on the speed of 
the impact, a secondary impact (often causing head 
injury) on the upper bonnet, windscreen or 
windscreen surround. Furthermore, there may be a 
tertiary impact with the ground and also a risk that 
the pedestrian may be struck by other vehicles.  
The injury severity resulting from the primary 
impact may be reduced by using, for example, soft 
bumpers. Pop up bonnet or airbag systems have the 
potential to protect against the secondary impact 
and may also provide a means of retaining the 
pedestrian on the vehicle bonnet in lower velocity 
impacts.  Research by TRL using external airbags 
sited on the bumper and bonnet demonstrated the 
potential for retaining the pedestrian on the vehicle 
bonnet at the impact speeds tested (Holding et al  
2001). 
 
The impact velocity is perhaps the most important 
factor in determining the injury severity of an 
accident involving a pedestrian. For example, of 
543 pedestrians who sustained head injury, Otte 
(1999) found that the risk of brain injury at 30 
km/h was less than 20%, whereas at 40 km/h this 
risk had risen to 40%. Furthermore, according to 
the European Transport Safety Council, at impact 
velocities in excess of 50km/h (31mile/h), the 
likelihood of pedestrian survival is less than 50%. 
If however, the impact velocity is 30km/h 
(19mile/h) or less, approximately 90% of those 

struck may survive (Carlsson, 1996). Accident data 
was investigated because the impact velocity has 
implications for the number of impacts in which 
injury mitigation may be successfully conferred. 
Furthermore, the range of real-life impact velocities 
for which injuries may be reduced has implications 
for the time available for the system to detect and 
react to an imminent impact.  
 
Data from the TRL Fatals database (a Dft funded 
database analysing fatal police accident files - 
www.rmd.dft.gov.uk) was used to gain information 
estimates of the impact speed. The results of this 
analysis indicated that 6.4% of fatalities occurred at 
32km/h (20mile/h) or less, 41.5% at 48km/h 
(30mile/h) or less and 70.6% at less than 64km/h 
(40mile/h).  Otte (1999) also noted a strong bias 
towards low velocities, with approximately 70% of 
pedestrian impacts occurring at impact velocities 
up to 40km/h (25mile/h). In higher velocity 
impacts, Otte (1999) estimated the risk of serious 
(AIS 2-4) injury to be 65%.  He also found that the 
head was the most seriously injured body region, 
with 60% of pedestrians involved in car impacts 
suffering head injuries, and that higher impact 
velocities were correlated with more severe head 
injuries. Thus, this indicates that a significant 
proportion of pedestrians are killed at impact 
speeds for which an advanced protection system 
using airbags on the bumper and bonnet has been 
shown to provide substantial protection (Holding et 
al, 2001). 
 
Figure 1 shows the distribution of pedestrian 
injuries by impact point from the UK Fatals 
database.  Analysis of this source shows that the 
body region most frequently injured was the head, 
50.8% of cases. Multiple injuries accounted for 
29.1% of cases. The next most frequently injured 
body regions were the thorax, 5.0%, and legs, 
3.7%. 
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Pedestrian injuries from car impacts by impact point 
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Figure 1. Frequency of pedestrian injuries by impact point (UK Fatals database) 
 
 
Identification of the important injury mechanisms 
of pedestrian injury is essential for the development 
of an effective protective system. IHRA data, 
collected from a range of on-the-spot accident 
research projects, indicates that for injuries AIS≥2, 
the legs are the most frequently injured body 
region, 35.6%, followed by the head, 29.0%, chest, 
12.5%, and neck, 10%. The discrepancy between 
this data and the UK Fatals database may be 
explained by the fact that in more severe accidents, 
the impact velocity is greater and the trajectory of 
the pedestrian is likely to result in a more severe 
head strike on the vehicle. 
 
Stats19, the UK database on personal injury road 
accidents, resulting casualties, and the vehicles 
involved, data was also analysed for APVRU and 
showed that the majority of pedestrians hit by cars 
were crossing the road away from pedestrian 
crossings. This group accounted for 80.3% of the 
1,203 pedestrian casualties. Over 25% of casualties 
were also recorded as not being seen by the driver 
of the impacting vehicle due to roadside 
obstructions to vision. 
 
Holding et al (2001) has shown that protective 
airbags are successful at reducing injury potential 
in certain impacts up to 48km/h (30mile/h) when 
sited on the front of the vehicle to protect the legs 
from the initial contact, and also on the upper 
bonnet or lower windscreen frame to prevent head 
contact with the bonnet or windscreen area.   
 

 
 
However, further research is required regarding the 
response of such a system in a wider range of 
accident configurations and impact speeds to 
ensure that the injury risk is not increased 
compared with non fitment. 
 
SENSOR TECHNOLOGIES 
 
It is apparent that accurate pre-crash sensing is 
critical to the successful application of advanced 
protection systems for vulnerable road users. 
Sensors need to be able to detect and track 
pedestrians over time and reliably distinguish the 
vulnerable road user from the environment. They 
also have a requirement to be unaffected by 
external influences for example: EMC, solar 
loading, wind, rain, fog and mud. The type of 
system chosen must respond sufficiently rapidly 
and accurately to permit the system to activate 
correctly to minimise the injuries sustained, hence 
the range and update rate of the sensors are 
important.   
 
Research conducted as part of the APVRU project 
concluded that no single sensor will offer an 
acceptable solution, and that the problem of pre-
crash pedestrian detection is best addressed by 
using radar for target ranging and passive infrared 
for distinguishing of pedestrians from the road 
environment.  Radar sensors being developed for 
ACC (adaptive cruise control) could be used for the 
early prediction of a collision, before shorter range 
radars which cover a much greater angle continue 
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to track targets in closer proximity to the vehicle.  
An alternative solution would be to use an active 
transponder.  It is suggested that this would be very 
inexpensive and would not be severely affected by 
adverse weather.  A summary of sensor types 
reviewed is given in Table 1.  
 

Table 1. 
Summary of sensors used for detecting 

pedestrians 
 

 
System 

 
Range 

 
Cost 

 

 
Carrier 
freq 

 
Comments 

Microwave 
radar 

30-
150m 

low 60GHz not affected 
by darkness 

FMCW 
radar 

2-
100m 

low 76-
77GHz 

not affected 
by darkness 

Millimetre-
Wave real 
aperture 
radar 

>100
m 

low 14 or 
56GHz 

 
 

Active 
millimetre 
wave radar 

3-
100m 

low 76-
77GHz 

 
 

Passive 
millimetre 
wave 
sensors 

<150
m 

low 24GHz   
125MHz 

insensitive 
to fog, snow 
and rain 

Infrared 
sensors 

<25m low λ=2-4 
µm 

resolution 
problems in 
hot weather 

Active 
infrared 
(laser/ LED 
based) 

LED 
30m 
(laser 
130m) 

med/ 
high 

890GHz will not 
work in 
strong 
sunlight 

Lidar <60m med 50ns insensitive 
to rain, fog, 
snow but 
sensitive to 
dirt 

Passive 
infrared  

up to 
25m 

med 3kHz more 
expensive 
camera 
required in 
hot climates 

Ultrasonic 8mm - 
20m 

very 
low 

22kHz 
40kHz 
50kHz 

some 
clothing 
does not 
reflect 
signal 

Active 
transponder 

<20m  low  
 

 

Image 
based 
(camera) 

up to 
50m 
(poor 
45-
50m) 

med 80ms 
image 

strong 
shadows, 
poor 
lighting 

Capacitive up to 
2m 

low  sensitive to 
rain and 
snow 

 
 
 

REDUCING PEDESTRIAN INJURIES 
As part of the Active Adaptive Secondary Safety 
(AASS) project, active pedestrian protection 
systems comprising airbags on the front of a Rover 
200 and a Land Rover Discovery were evaluated 
using computer simulation.  A ranking analysis 
using various factors including the simulation 
results showed that the pedestrian active protection 
systems gave high potential for injury reduction 
(compared with occupant systems which were also 
assessed by AASS). This was due in part to the 
ability of the airbag systems to reduce head injuries 
for an adult, from an unacceptably high level to a 
relatively low one, which may in practice reduce 
the injury severity potential for accident victims. 
 
Further work sought to substantiate these claims by 
testing two full-scale vehicles fitted with a variety 
of foam padding and airbag devices in impacts with 
adult and child Occupant Protection Assessment 
Test (OPAT) dummies at two velocities. The first, 
40km/h (25mile/h), was chosen because it is the 
proposed EC legislative test speed, whilst the 
second, 48km/h (30mile/h), was chosen because it 
represented a severe impact to an adult or child and 
imparts 44% more energy than the first, so is likely 
to produce much greater injuries. 
 
Pedestrian impact protection systems can be 
passive or active. The first series of tests were 
designed to establish the passive performance and 
show that it was similar to the simulation and close 
to the EEVC Working Group 17 requirements for 
the bonnet leading edge and bonnet top. This was 
achieved through the use of open cell foam padding 
of a specific thickness to replicate a vehicle 
structure during impact with an OPAT adult 
pedestrian dummy.  A photograph of the test 
vehicle is shown in Figure 3. 
 
The same foam padding was then used for the 
OPAT child dummy impact tests, because a current 
vehicle would behave in a similar manner 
irrespective of the size of pedestrian impacted. The 
only region where this was potentially not true, on 
the Rover 200, was from the bonnet leading edge to 
part of the way back towards the windscreen. This 
could be tuned to be softer for a child head impact 
on a real vehicle. The EuroNCAP protocol 
demonstrates this, with several different impact 
sites chosen for adult and child head forms. 
 
When the foam testing had been completed, 
another series was designed with airbags inflated 
by pressurised air gas bottles to provide the 
requisite airflow and pressure to keep the airbags 
inflated prior to impact. This was thought 
necessary because the trajectory resulting from 
contact would be different from that produced by 
padding and it was critical to obtain the correct 



 McCarthy, 5 

timing before a pyrotechnic airbag test could be 
contemplated. This was to emulate an active 
system with pedestrian sensing capability and to 
investigate the applicability of air bag technology 
to pedestrian impact protection.   
 
Impact tests were conducted using airbags 
positioned on the bonnet leading edge and upper 
bonnet/windscreen area. Testing was carried out at 
25 km/h using an adult OPAT dummy. A 
photograph of the test vehicle is shown in Figure 4.  
 
 
 

 
 

Figure 3.  Simulated impact protection using 
foam 

 
 
 

 
 
Figure 4.  AASS inflatable external airbag 
system 
 
 
 
 
 
 
 
 

Holding et al (2001) reported that for pedestrian 
impacts at 49km/h (25mile/h), comparing an active 
adaptive restraint system to the base car 
performance, the injury reductions recorded for an 
adult occupant OPAT dummy were: 
 
• HIC36 reduced by 93% 
• Chest g reduced by 76% 
• Pelvis g reduced by 24% 
• Knee lateral angle reduced by 40% 
• Lateral knee force reduced by 4% 
 
 
APVRU - A “PROOF OF CONCEPT” 
SENSING SYSTEM 
 
The APVRU project concluded that a prototype 
sensing system should consist of a combination of 
radar for identification and ranging of targets and 
passive infra-red for determination of pedestrians 
from the environment.   

Radar sensor 
 
Further to the research in the investigation phases 
of the APVRU project, the radar unit selected was 
the High Resolution Radar (HRR) developed by 
M/A-COM.  This unit, designed originally for 
proximity sensing for the American automotive 
market, is a short range (0.2-20m), radar operating 
in the 24GHz ISM Band.  The unit consists of a 
microwave front-end, with an integrated Digital 
Signal Processor (DSP) and a Controller Area 
Network (CAN) protocol interface.  The horizontal 
3dB beamwidth is 55º and the vertical beamwidth 
is 15º. The publicised range accuracy is ±3cm with 
an associate resolution of 7cm.   
 
Although capable of Continuous Wave (CW) 
operation the unit is normally operated in pulse 
mode and in this mode reports the range and 
amplitude of the signal reflected back from each of 
a maximum of ten targets.  These are reported, via 
CAN, using one message for each target on every 
update cycle (every 20 ms). Targets are assigned 
identifiers according to their position in a range 
ordered list, and, if there are less than ten ’active‘ 
targets (targets that reflect a significant proportion 
of the transmitted signal), the unit transmits the 
remaining messages with zero range.  The 
communications load on the CAN bus is therefore 
constant for each unit. 
 
The radar unit measures 120 mm x 65 mm and is 
enclosed in a weather proof enclosure with a small 
push-fit connector, as shown in Figure 5.  The 
‘printed patch’ transmit and receive antenna are 
visible of the left and right hand sides of the unit. 
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Figure 5.  M/A-COM High Resolution Radar  

Infra-red tracking system 
 
The infrared pedestrian detection and tracking head 
used for APVRU was an experimental detector 
platform based around a low element count infrared 
detector array. This is a novel, low-cost, thermal 
sensing technology developed by InfraRed 
Integrated Systems Ltd (IRISYS) with a diverse 
range of applications in areas such as security, 
healthcare, retail and transportation.  
 
Infrared radiation is focussed on a 16x16 
pyroelectric detector array using a germanium lens 
giving a 60º field of view, while the array is 
scanned at just over 30 frames per second.  For this 
application, a long wave pass infrared filter 
(approximately 6.5 to 15 µm) was employed so that 
the device was optimised for the detection and 
discrimination of humans.  
 
The detector platform includes a DSP which 
enables all low-level signal processing and target 
tracking to be handled locally.  The tracking system 
is based around an elliptical contour tracker 
capable of concurrently tracking multiple thermally 
distinct moving targets with sub-pixel accuracy. 
This tracking system provides estimates of the 
position, shape/size, and velocity of multiple, 
uniquely identified, targets. Since the IRISYS 
sensor is only sensitive to changes in incident 
radiation, whilst the tracker only considered 
smoothly changing elliptical responses, the system 
was effective at minimising clutter and noise.  
 
In order to develop a combined sensor system with 
the HRR unit described above, using a common 
CAN communications interface, a second infrared 
head was developed for this project.  Since the 
communications bandwidth required to transmit 
256 element array data at 30 frames per second was 
considered to be an unnecessary burden, the head 
reported only the position within the image plane 
and unique identifiers of each target. It must be 
emphasised that, unlike the data returned from the 
HRR unit, the tracked thermal target identifiers 
associate the target estimates from one frame to the 

next, allowing trajectory information to be 
accumulated over time.  In order to maintain a 
fixed load on the CAN bus, and in keeping with the 
radar sensors, blank (null data) messages are 
transmitted if there are less than ten thermally 
distinct moving targets in the field of view.  The 
device is housed in a weather proof enclosure as 
shown in Figure 5 (note: the external cover for the 
CCD camera was removed when this photograph 
was taken). 
 

 
 
Figure 6  IRISYS Passive IR Head 
   
The prototype sensor array 
 
The final solution used for the APVRU test 
programme comprised an array of three radar 
sensors mounted on a roof bar fitted to the test 
vehicle together with the infra-red array as shown 
in Figure 7. It should be noted that this 
arrangement was convenient for development 
testing and the integration of the sensors within the 
vehicle was beyond the scope of the project.  The 
three radar sensors were used to provide accurate 
triangulation of the objects being detected. A 
schematic block diagram of the system hardware is 
shown in Figure 8.   
 
 

 
 

Figure 7.  Radar and infra-red sensor array 
fitted to test vehicle 
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Figure 8. Schematic block diagram of the 
APVRU hardware system 
 
 
System software 
 
It is not intended to describe the software used for 
this work within this paper but a summary of the 
requirements are listed below: 
 

• Data logging with record and playback 
functionality. 

• Individual radar range filtering (range 
tracking). 

• Computation of ground plane target 
position measurements from pairs of 
filtered radar range measurements. 

• Combining multiple radar ground plane 
position measurements with infrared 
evidence in a multitarget, multisensor, 
ground plane tracking system. 

• Trajectory prediction for determining the 
likelihood of an impact together with its 
position and timing. 

 
A schematic block diagram outlining the software 
is shown in Figure 9.  A full description is provided 
in the APVRU project report (McCarthy et al, 
2004). 
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Figure 9. Schematic block diagram showing the 

system software 
 
APVRU sensor system performance 
 
In order to evaluate the APVRU system, a series of 
trials of simulated, real-world, accident scenarios, 
each more progressively challenging were 
developed. These commenced with a pedestrian 
walking across in front of the vehicle and then 
progressed to test angled pedestrian approaches, 
multiple pedestrians (with different bearings and 
velocity) and multiple pedestrian movements with 
roadside clutter in the form of parked and moving 
vehicles. 
 
As an example of the APVRU system, Figures 10 
and 11 show two captured frames from a scenario 
in which a pedestrian walked along a collision 
course towards the left hand side of the vehicle. In 
these frames the right hand side is video (not used 
by the system) with the IR view plane 
superimposed. The left hand part of the image 
shows the ground plane (with 1m grid lines) 
showing the tracked position of the target (red 
circle) and the IR azimuth of the target (cyan line). 
The arrow shows the target’s speed and direction, 
or velocity vector, in relation to the vehicle. The 
large magenta ellipses are the confidence regions 
for the triangulated ground plane measurements 
(one for each filtered radar response).  Even though 
these measurements appear to be poor, the 
triangulation of the radar combinations is reporting 
a strong track with an accurate ground plane 
position, as indicated by the small red elliptical 
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confidence region around the target’s position. The 
four grey squares at the bottom of the image 
represent the bonnet of the car. The data in the top 
left hand corner of the frame shows calculated data 
from the APVRU system for the time to collision 
and the probability of impact. 
 
 

 
 

Figure 10. Example of APVRU system tracking 
a pedestrian 
 
Figure 10 shows that the combined radar and 
infrared tracking system has successfully locked 
onto the target and is reporting a high confidence in 
the ground plane position.  The prediction 
algorithm has estimated a 54% probability of 
impact.  Figure 11 is taken from later in the same 
sequence, when the pedestrian was 1m from the 
vehicle. The impact prediction showed a 77% 
probability with a time to impact of 0.52 seconds. 
The impact prediction algorithms in this case have 
indicated that a protective system would be 
deployed in this situation.     
 
 

 
 

Figure 11.  Example of the APVRU system 
predicting an impact  
 
 

For scenarios which involved multiple pedestrians 
the results were more varied. Here the scenarios 
were more complicated and involved instances 
where the primary target either hit the vehicle or 
was a near-miss. For targets with velocity vectors 
parallel to the vehicle, the system performed well. 
However, when the primary target had a velocity 
vector at an oblique angle to the vehicle, while the 
second target had a parallel velocity vector, there 
was a tendency to trigger a false deployment for 
near-miss scenarios. This appeared to be due to 
excessive velocity smoothing in the tracker 
together with failures to distinguish multiple targets 
that merged and then separated, within the time 
available. However, improvements in raw radar 
data quality, together with more advanced data 
association mechanisms within the trackers, would 
be likely to lead to significant performance 
improvements. 
 
The APVRU system was tested with a number of 
simulated real-world, accident scenarios. These are 
detailed below. Groups 1 to 10 were conducted 
with human volunteers (approximately equivalent 
to a 95th percentile male) walking or running at 
various trajectories toward the vehicle. Groups 11 
to 13 were conducted with a moving vehicle and 
the final group was conducted with the 
anthropometric dummy with radar and infrared 
profiles representative of a 50th percentile male 
developed by the APVRU project. 
 
1. A pedestrian crossing the vehicle left to right 

or right to left at varying distances.  
2. A pedestrian walking along various parallel 

trajectories toward the vehicle. 
3. A pedestrian running along various parallel 

trajectories.  
4. A pedestrian walking along various diagonal 

trajectories. 
5. Two pedestrians walking along various 

parallel trajectories  
6. Two pedestrians walking along various 

intersecting trajectories toward the vehicle. 
7. A pedestrian running past a second pedestrian 

walking toward the vehicle on parallel 
trajectories. 

8. A pedestrian walking/running at varying 
speeds across the front of the vehicle and then 
changing direction toward the vehicle 
(simulating a pedestrian running into the road). 

9. As (8) with a second pedestrian walking 
parallel toward the vehicle along the pavement. 

10. As (8) from behind a parked car. 
11. The vehicle driving past a pedestrian standing, 

at varying distances, at the side of the road. 
12. The vehicle driving past two pedestrians 

walking, at varying distances, at the side of the 
road. 
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13. The vehicle driving past pedestrians 
and vehicles parked at the side of the road. 

14. Impact tests with an anthropometric dummy at 
varying vehicle speeds up to 25kph (15.5mph) 

 

The test speed in the last scenario was due to safety 
concerns, since both the system operator and driver 
had to be inside the vehicle during the tests, rather 
than the performance limits of the system.

 

 
Figure 12. Mean and standard deviation graphs for the system’s track acquisition and tracking lock plus 
the percentage of appropriate deployments 
 
Based on a 5-point scale (1 being “poor” and 5 
being “good”) the performance of both the 
system’s ability to acquire a valid track and to 
maintain a tracking lock for each of the test 
scenarios was graded by subjective analysis. In 
each case the inspector also graded the appropriate 
deployment.  The mean and standard deviation of 
each group was calculated together with the 
percentage of appropriate deployment and is 
presented in Figure 12. The numbers in brackets on 
the central graph indicate the total number of 
individual tests in each grouping.  
 
 

 
These results suggest a good to excellent level of 
performance, apart from the results for group 13 
which showed only a 50% appropriate deployment. 
This data was taken from only 4 tests and was 
probably due to lower level of prediction accuracy 
from tracking multiple pedestrians plus parked and 
oncoming vehicles. In the majority of tests the 
system accurately tracked the target’s position on 
the ground plane, predicted the probability and/or 
the point of impact, and would have activated a 
protective system at what appeared to be the 
appropriate time, including 25 km/h impacts with a 
test dummy. However, it should be noted that these 
were simplified test scenarios in a largely 



 McCarthy, 10 

controlled environment and should only be 
regarded as evidence of ‘proof of concept’ for the 
sensor system.  
 
CONCLUSIONS 
 
The APVRU system has provided the basic 
foundations of a ‘proof of concept’ pre-crash 
vulnerable road user detection system. Such a 
system may provide the basis of future systems 
which could decelerate the vehicle to reduce the 
impact speed and/or deploy an active safety system 
on the front of the vehicle designed to mitigate the 
injury to the vulnerable road user.  
 
Data from each of the radars and infrared sensor 
were successfully synchronised and the data 
combined in order to track accurately “hot bodied” 
targets over time. The APVRU system was shown 
statically to be capable of detecting multiple 
vulnerable road users in a range of accident 
scenarios, and was shown, during impact tests, to 
be capable of detecting a dummy with radar and 
infrared profiles representative of a human at 
impact speeds of up to at least 25km/h 
(15.5mile/h). 
 
However, before such a system is integrated onto a 
production vehicle, considerable further research 
and testing is required to ensure system reliability. 
The APVRU project concluded that it would be 
beneficial for any final pre-crash system to use 
radar units integrated with other safety and comfort 
systems (e.g. Automatic Cruise Control and “stop 
and go” applications). The vulnerable road user 
detection radars would need to have a greater 
maximum and lateral range and an update rate of at 
least 100Hz (compared with 50Hz for the radars 
used in the APVRU system).  
 
TRL research has demonstrated the significant 
injury benefits possible with the use of external 
airbags to mitigate injury for the primary and 
secondary impact. However, these test results can 
only be applied to the specific conditions under 
which they were tested. Before the possibility of 
external airbags being fitted to vehicles, the sensor 
system reliability and airbag deployment must be 
shown to be effective in responding effectively to 
the highly complex and variable accident scenarios 
which are a distinct feature of vulnerable road user 
accidents. Thus, the first systems employing pre-
crash sensor technologies may be linked to driver 
warning systems and the braking response of the 
vehicle or an active system which does not confer 
any increased injury risk other than would occur if 
the device was not fitted (such as reactive bumper 
materials or a pop-up bonnet system).  
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ABSTRACT 
     Front-seat safety belt use in the United States (US) 
was 80 percent in June, 2004. This rate represents the 
highest ever for the US, but indicates that there is still 
a sizable minority of people who do not always use 
safety belts despite mandatory seat belt laws in all but 
one state.  Changing the behavior of these people will 
require new and innovative countermeasures. Little 
research has systematically investigated the 
effectiveness, feasibility, and acceptance of vehicle-
based countermeasures for promoting safety belt use.  
The purpose of this project was to promote safety belt 
use in the US by conducting research to develop an 
effective in-vehicle safety belt reminder system. 
Project activities included a nationwide survey of 
part-time safety belt users, development of potential 
safety belt reminder system ideas, and a series of 
focus groups with part-time safety belt users.  The 
results indicated that the most effective and 
acceptable safety-belt reminder system concept was 
one that was adaptive; that is, one that changes its 
signal type and presentation modality depending on 
belt use behavior over some metric (time, distance, or 
speed).  The study also assessed and developed an 
potential reminder system ideas for informing drivers 
about back-seat belt use. 
 
This work was supported by Toyota Motor 
Corporation of North America through contract 
#N004096.  
 
INTRODUCTION 
 
     The single most effective technology for reducing 
or preventing injuries from a motor vehicle crash is 
the safety belt restraint system. This system, 
however, is only effective if it is used.  The most 
recent nationwide survey of safety belt use in the 
United States (US), the National Occupant Protection 
Use Survey (NOPUS), estimated that 80 percent of 
front-outboard motor vehicle occupants use their 
safety belt (Glassbrenner, 2004).  While this is the 
highest rate ever in the US, the rate is lower than 

many other developed countries (e.g., Boase, Jonah, 
& Dawson, 2004) and shows that a significant 
portion of US travelers do not use safety belts, even 
though belt use is mandated in all but one state.   
 
     For nearly 30 years, the US federal government 
and vehicle manufacturers have developed and 
implemented numerous technologies for promoting 
safety belt use, with varying degrees of success.  In 
the 1970s, the federal government mandated two 
vehicle-based safety belt use promotion technologies.  
The first required vehicles manufactured after 1971 
to have a continuous buzzer-light safety belt reminder 
when safety belts were not used (vehicles equipped 
with air bags were excluded; Robertson, 1975).  
Analysis of belt use before and after the buzzer-light 
systems were installed showed no statistical increase 
in safety belt use (Robertson & Haddon, 1974).  The 
federal government then mandated that all new 
vehicles sold after August 15, 1973 be equipped with 
a safety-belt-ignition-interlock system that prevented 
the vehicle from starting if the driver and front-right 
passenger were not using safety belts (Buckley, 
1975).  Despite the fact that these interlock systems 
increased safety belt use by as much as 30 percentage 
points (see e.g., Robertson,1975), public opposition 
to them led Congress to rescind the legislation in 
1975.  The three main reasons cited for opposition to 
safety-belt-interlock system were: 1) problems with 
proper functioning of the system when no front-right 
passenger was present;  2) safety concerns associated 
with preventing drivers from rapidly starting a 
vehicle in the event of an emergency; and 3) the 
relative ease of disabling the ignition interlocks.   
 
     After 1975, the US federal government turned its 
attention to legislating safety belt use.  In the 1980s, 
the federal government began to urge states to pass 
legislation that required the use of safety belts, with 
New York passing the first mandatory safety belt use 
law in 1984.  While these laws were initially 
unpopular in many states, every state except New 
Hampshire has now passed a safety belt use law. 
There is clear evidence that these laws have been 
successful in increasing safety belt use (see e.g., Eby, 
Molnar, & Olk, 2000; Reinfurt, Campbell, Stewart, & 
Stutts, 1990; Ulmer, Preusser, & Preusser, 1994). 
 
     In the 1980s, the federal government required that 
vehicles have passive occupant protection systems, 
and manufacturers responded by developing the 
automatic belt systems in which the shoulder belt 
automatically positions itself after the driver starts the 
vehicle.  Research has shown that automatic belt 
systems do increase safety belt use (Streff & Molnar, 
1991).  However, these systems were judged as being 
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less effective than the 3-point safety belt and were 
not well liked by consumers. When the federal 
government clarified its definition of “passive 
occupant protection” to encompass air bags, 
automatic belts were largely eliminated from newly 
manufactured vehicles.  

 
     Recent attention has turned to the development of 
new in-vehicle technologies for increasing belt use 
(NHTSA, 2003; Transportation Research Board, 
TRB, 2003). One promising technology is the safety 
belt reminder system.  Since 1975, all new vehicles in 
the US have been required to display a 4-8 second 
signal if the driver does not use the safety belt after 
starting the vehicle.  Once the belt is fastened, the 
signal stops. This relatively benign reminder system 
is easily ignored.  Therefore, further research is 
needed to develop more effective and acceptable in-
vehicle technologies to promote safety belt use, such 
as safety belt reminder systems.   
 
The Project 
 
     The purpose of the  project was to promote safety 
belt use in the US by gaining a better understanding 
of the effectiveness of current safety belt reminder 
systems as well as suggesting appropriate 
improvements. The project examined several aspects 
of vehicle-based safety belt use technologies. Two 
main research tasks were completed: a nationally-
representative survey of part-time safety belt users 
and a series of focus groups with part-time safety belt 
users.  A literature review was also performed.  
Results from this review appear throughout this 
document. 
 
     The project design was iterative in nature; that is, 
after each task, University of Michigan 
Transportation Research Institute (UMTRI) 
personnel met with sponsor representatives and we 
refined our thinking about the characteristics that 
would lead to effective and acceptable in-vehicle 
safety belt promotion technology.  Combining 
information obtained from the literature review, 
UMTRI’s background in occupant protection 
research, and the sponsor’s expertise in developing 
in-vehicle safety technology, we developed a set of 
topics for the telephone survey and focus groups that 
we believed were relevant to the development of 
safety belt reminder systems.  These topics included:   
 
 The demographic trends of part-time safety belt 

users; 
 Part-time safety belt users’ attitudes toward belt 

use; 
 Reasons for part-time belt use by seating position; 

 Which types of system were thought be effective 
and acceptable to part-time users. 
 

     After detailed discussion with all parties on the 
project, we realized that the number of potential 
systems we could investigate was vast.  The decision 
was made, therefore, to investigate features of 
potential systems rather than example systems per se.  
These features were: 
 
 The type of signal; 
 The signal presentation method; 
 The signal recipient. 

 
     In addition, safety-belt-interlock systems have the 
potential to be effective in-vehicle technologies for 
promoting safety belt use.  As discussed previously, 
safety-belt-ignition interlocks were mandated in the 
US until public dissatisfaction  led to their repeal.  
Other vehicle systems could be interlocked with 
safety belt use, such as the heating/cooling or 
entertainment systems.  Therefore, we investigated 
features of this potential technology in the project. 
 
METHODS 
 
Nationwide Telephone Survey 
 
     The objective of the telephone survey was to 
gather information from a nationally representative 
sample of part-time safety belt users about their 
nonuse of safety belts, the reasons for this behavior, 
and what it would take to get them to use their safety 
belts. For the purpose of this survey, a part-time 
safety belt user was defined as a person who, by self-
report, had not used a safety belt on at least one 
occasion in the last year either as a driver or 
passenger (front or back seat) in a private car that had 
safety belts available.  This included not using a 
safety belt for some portion of the trip, other than a 
few moments at the very beginning or the very end of 
the trip.    
 
     A telephone survey instrument was developed 
with a screener to identify part-time safety belt users 
and to collect basic demographic information from 
those who did not qualify as part-time users.  Once 
part-time users were identified, they were asked 
about their safety belt nonuse by seating position, 
reasons for safety-belt non-use, the perceived 
usefulness and acceptability of a set of system 
features of in-vehicle safety belt promotion 
technologies. The three system features investigated 
in the survey were: the signal type; the ways in which 
the signal could be delivered; and the target 
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occupant(s) for the signal.  We also investigated, to 
some extent, acceptability and effectiveness of these 
features for the driver when he or she is not belted 
(driver-driver), for the driver when a passenger is not 
belted (driver-passenger); and for the passenger when 
he or she is not belted (passenger-passenger).  Other 
survey topics included: 
 
 How often respondent was driver and/or 

passenger; 
 Questions about the last time respondent did not 

use safety belt; 
 Questions about respondent’s general safety belt 

nonuse as driver and as passenger; 
 Questions to driver about belt use of his/her 

passengers; 
 Demographics. 

 
     The telephone survey utilized a nationally 
representative random-digit-dial (RDD) sample 
design of households. The telephone interviews were 
conducted by a professional survey research firm 
using Computer Assisted Telephone Interviewing 
(CATI) from April 21 to June 25, 2003. In all, there 
were 1,100 completed interviews from part-time 
safety belt users.  The final sample was weighted to 
reflect regional population distributions of the US. 
 
     To obtain the final sample of 1,100 part-time 
safety belt users, 21,670 telephone numbers were 
used.  If not answered, a telephone number was tried 
up to six times.   Of the 21,670 telephone numbers 
called, 8,557 yielded persons eligible for an 
interview; 6,613 resulted in an ineligible 
classification (not part-time safety-belt users, not age 
18 or older, disconnected number, fax or data line, 
business number); and 6,500 numbers resulted in an 
unknown classification (no answer, answering 
machine, scheduled for call-back). Using standard 
definitions for the final disposition of samples for 
RDD telephone surveys (American Association for 
Public Opinion Research, 1998), the minimum 
response rate for this survey was 7.3 percent and the 
maximum response rate 12.9 percent.   
 
Focus Groups 
 
     Twelve focus groups were conducted in Michigan 
to collect qualitative data from part-time safety belt 
users on the potential effectiveness and public 
acceptance of various features of systems that could 
be placed in cars to remind or encourage people to 
buckle up.  Discussions also focused on safety belt 
use in general, including reasons for using and not 
using belts.  Six of the groups were conducted in Ann 

Arbor, an urban/suburban area, and six in Clare, a 
rural area of the state.  Within each location, two 
groups each of 18-29 year olds, 30-64 year olds, and 
people 65 and older were conducted. 
 
     Part-time safety belt users (defined as those who 
reported nonuse at least some of the time) were 
recruited through advertisements in local newspapers, 
as well as postings at local businesses, academic 
institutions, and community organizations (e.g., 
senior centers).   Potential participants were screened 
via telephone to ensure that they met eligibility 
criteria (age 18 and older, valid driver license, part-
time safety belt user).  Background information on 
participants was collected during the telephone 
screening process.  Each selected participant was 
scheduled for a focus group session and sent written 
confirmation through regular mail or e-mail 
according to their preference.  Reminder telephone 
calls were made the day before each session.  A total 
of 97 participants were recruited, and 87 actually 
appeared at their session and participated in the focus 
group.  Participants received an honorarium of $50 
cash as an incentive to participate.  Each session 
lasted about 2 hours.   
 
     Discussion during the groups was guided by a 
moderator using a uniform set of questions.  
Participants were also provided with worksheets on 
which to record some of their answers to facilitate 
discussion.  During each session, focus group 
participants were shown a short computer 
demonstration of a sample safety belt reminder 
system and asked about their reactions.  Participants 
were told that the system was made up of three 
levels, with each level being activated only when the 
driver or front seat passenger remained unbuckled.  If 
someone were to unbuckle during the trip, the system 
would  start over from the beginning.  
 
 Level 1 corresponded to the current US 

government requirement that cars display a 4 to 8 
second signal if drivers do not put on their seat belt 
after starting the car.  This is typically a flashing 
light on the dashboard with some type of sound 
signal.  In the sample reminder system, it included 
a blinking light and a beeping signal that came on 
when the engine started and continued for 8 
seconds. 

 Level 2 included a sound signal (delivered by a 
female voice, a male voice, a buzzer, or a beeping 
signal) that repeats three times with 8 seconds in 
between. 

 Level 3 included either a buzzer or beeping signal 
that stays on continuously for 45 seconds.   
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     Each group was audio-taped and a project staff 
member was present at each session, in addition to 
the moderator, to take notes.  After each group, a 
debriefing session was held to identify important 
themes that emerged from the discussion. Analysis of 
the focus group discussions was based on the 
debriefings of project staff conducted immediately 
after each focus group, a review of notes taken during 
the focus groups, and the audio tape recordings of the 
focus group sessions. 
 
RESULTS 
 
Nationwide Telephone Survey 
 
Respondents 
     About 60 percent of respondents were female; 
education level was fairly well-distributed; a wide 
variety of ages was included; and about 40 percent of 
respondents had young children in their household.  
Approximately 84 percent of the part-time safety belt 
users drove a car almost every day, and almost all 
were passengers in a car at some time in the past 
year.  Nearly 80 percent of respondents were 
passengers in the back seat at least a few times in the 
last year.  Nearly 42 percent did not use a safety belt 
within the previous week.  When asked about seating 
position the last time a belt was not used, about 40 
percent reported being a driver, 21 percent were 
passengers in the front seat, and about 34 percent 
were passengers in the back seat. 
  
Reasons for Nonuse of Belts 
     We analyzed the primary reasons people gave for 
part-time nonuse of safety belts.  In the survey, 

people were asked to think back to the last they did 
not use a safety belt in the past year and report the 
main reason for their lack of use.  Respondents gave 
a wide variety of responses to this open-ended 
question.  We discovered, however, that all of the 
responses fell into six broad nonuse categories: 
cognitive/personal (e.g., forgetting or not in habit); 
comfort (e.g., too big for belt or belt does not fit 
correctly), convenience (e.g., belt hard to reach), low 
perceived risk (e.g., only driving a short distance or 
not driving on public road), social (e.g., others not 
wearing belt), and vehicle (e.g., no belt in vehicle).    
 
     Figure 1 shows the percent of respondents in each 
category as a function of seating position. The most 
commonly cited reason for nonuse involved 
perceived risk, followed by cognitive/personal 
reasons.  Comfort and convenience were also 
commonly-cited factors.  Comparing reasons by 
seating position showed that risk was much more 
commonly cited by drivers than occupants in other 
seating positions; cognitive/personal reasons were 
more commonly cited for front-seat occupants than 
those in the back-seat; both comfort and convenience 
were more important for back-seat passengers than 
for the driver; and vehicle-based reasons were much 
more common for back-seat passengers. 
 
     Because so few respondents indicated that their 
lack of belt use resulted from social factors, this 
classification was excluded from further analyses.  In 
addition, the vehicle-based reasons could not be 
addressed through any type in in-vehicle safety belt 
promotion technology; that is, if the belt is missing or 
the buckle is broken, a vehicle occupant cannot use 

Figure 1: Main Reason for Not Wearing Belt Last Time by Seating 
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the belt regardless of system effectiveness. Therefore, 
the vehicle-based classification was also excluded 
from further analyses.  The classifications of comfort 
and convenience are not directly related to the 
development of effective in-vehicle belt promotion 
technologies as these factors are best addressed 
through human factors and ergonomic improvements 
to the vehicle interior.  However, since these 
classifications were representative of many 
respondents and were of interest to the project team 
and sponsor, we combined them and addressed them 
separately from the in-vehicle belt promotion 
technology analyses. 
   
Comfort and Convenience 
      Survey results indicated that about 9 percent of 
respondents cited comfort and 13 percent cited 
convenience as the primary reason for nonuse of 
safety belts.  As these classifications do not relate to 
the development of effective in-vehicle technology to 
promote belt use, the nationwide survey did not 
explore the dimensions of comfort and convenience 
in depth. A literature review on the topic, however,  
showed the following general results (Eby et al., 
2004): 
 
 Discomfort is a factor especially for shorter 

people (belt cuts into neck or clavicle); 
 People who say they are not in the habit of 

buckling up are more likely to say belts are 
restricting and uncomfortable; 

 Discomfort is more likely to be mentioned during 
winter and with heavier, bulkier clothing or coats; 

 More complaints regarding comfort come from 
drivers over age 40; 

 Women, overweight, and short drivers experience 
more problems with comfort/convenience; 

 The most important convenience-related issues 
were: 

o Location and accessibility of buckle; 
o Levels of retraction force; 
o Perceptiveness to webbing extraction; 
o Susceptibility of webbing to tangling and 

twisting; 
o Belt buckle is too far back; 
o Belt trapped in door; 
o Awkward negotiating around clothes; 
o Belt twisting when getting it, when it 

retracts, and when adjusting it; 
o Belt locking up unexpectedly when 

leaning forward and when pulling belt; 
o Reaching for and gripping the belt 

buckle.  
 

Cognitive/Personal 
     As mentioned previously, opinions about the type 
of signal, signal delivery method, and signal recipient 
(driver-driver; driver-passenger; and passenger-
passenger) were examined separately for each of the 
nonuse classification groups of respondents. 
According to our survey, people who cite 
cognitive/personal reasons (usually forgetting) 
account for approximately 23 percent of part-time 
safety belt users nationwide. 

 

Figure 2: System Signal Preferences as a Driver
 Cognitive/Personal Group 
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     Type of Signal, Driver-Driver: Figure 2 shows the 
percent of cognitive/personal respondents who rated 
each type of signal on effectiveness, acceptability, 
and unacceptability as a driver.  Unacceptability 
includes responses to the question: What signals 
would you definitely not want in your car?   As can 
be seen in Figure 2, the voice message and buzzer 
scored the highest on perceived effectiveness.  The 
voice message, flashing light, and buzzer also scored 
high on acceptability.  The voice message, flashing 
light, and chime all scored low on unacceptability. 
 
     Type of Signal, Driver-Passenger:  Figure 3 
shows the percent of cognitive/personal respondents 
who rated each type of signal on their preference, 
acceptability, and unacceptability for a driver to be 

reminded that a passenger is not using a safety belt.  
Effectiveness in getting the passenger to buckle-up 
was not asked about for this situation because a 
respondent could not be expected to accurately 
predict the behavior of another vehicle occupant.  As 
can be seen in Figure 3, the voice message, flashing 
light, and buzzer were selected most often as the 
preferred signal.  The flashing light, voice message, 
and buzzer were also frequently cited as acceptable 
signals.  The seat vibrator and buzzer were selected 
most frequently as unacceptable to drivers.   
 
     Type of Signal, Passenger-Passenger:  The 
percentages of cognitive/personal respondents who 
selected each type of signal as the most effective for 
getting them to use a safety belt while they were 

Figure 3: System Signal Preferences as a Driver for an Unbuckled 
Passenger, Cognitive/Personal Group
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Figure 4: System Signal Delivery Preferences
Cognitive/Personal Group
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traveling in a vehicle as a passenger were the 
following: voice (24.7%); buzzer (22.1%); seat 
vibrator (15.6%); chime (12.8%); and  flashing light 
(12.0%). We only asked about effectiveness, because 
passengers are not necessarily the owners of the 
vehicle in which they are traveling so acceptability/ 
unacceptability is not relevant.   
 
     Type of Signal Deliver,  All Types of Systems:  
Figure  4 shows the percent of cognitive/personal 
respondents who rated each signal delivery method 
on effectiveness, acceptability, and unacceptability.  
The survey did not explore these questions as a 
function of seating position.  As seen in Figure 4, 
repeating at a constant interval was the most 
frequently selected delivery system.  Repeating, and a 
system that comes on once, were judged as the most 
acceptable overall.   The most unacceptable system 
was one that became more intense the faster the 
vehicle travels.   
 
Low-Risk 
     According to our survey, people who cite low risk 
as the reason for part-time belt use account for 
approximately 39 percent of part-time safety belt 
users nationwide.  As with the cognitive/personal 
group, three system features were investigated in the 
survey: the signal type; the way in which the signal 
was delivered; and who received the signal.  We also 
investigated, to some extent, acceptability and 
effectiveness of these features for the driver when he 
or she is not belted (driver-driver), for the driver 
when a passenger is not belted (driver-passenger); 
and for the passenger when he or she is not belted 
(passenger-passenger).  

  
    Type of Signal,  Driver-Driver:  Figure 5 shows 
the percent of low-risk-based respondents who rated 
each type of signal on effectiveness, acceptability, 
and unacceptability as a driver.  As can be seen in 
Figure 5, the voice message and buzzer were selected 
most often as effective signals.  The seat vibrator, 
chime, and voice message were found to be the least 
acceptable signals.  The seat vibrator was selected by 
nearly half of this group as unacceptable, while 
nearly 25 percent thought the buzzer was 
unacceptable.   
 
     Type of Signal,  Driver-Passenger:  The 
percentages of low-risk-based respondents who rated 
each type of signal on acceptability as a driver to be 
told that a passenger was unbelted were the 
following: flashing light (40.9%); buzzer (16.3%); 
voice (11.5%); chime (10.9%); and seat vibrator 
(2.1%).   
 
     Type of Signal,  Passenger-Passenger:  The 
percentages of low-risk-based respondents who 
selected each type of signal as the most effective for 
getting them to use a safety belt while they were 
traveling in a vehicle as a passenger were the 
following: seat vibrator (24.7%); buzzer (24.5%); 
voice (15.6%); flashing light (11.9%); and chime 
(9.5%).   We only asked about effectiveness, because 
passengers are not necessarily the owners of the 
vehicle in which they are traveling; therefore 
acceptability is not an issue   
 
     Type of Signal Deliver, All Types of Systems:  
Figure 6 shows the percent of low-risk based 

Figure 5: System Signal Preferences as a Driver
 Low Risk Group
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respondents who selected each method for signal 
delivery on effectiveness, acceptability, and 
unacceptability.  The survey did not explore this 
question as a function of seating position.  As seen in 
Figure 6, repeating a signal at a constant interval was 
the most frequently selected delivery system for 
effectiveness, followed distantly by a signal that 
becomes more intense the faster the vehicle moves.   
The two least acceptable signal delivery methods 
were one in which the signal gets more intense the 
farther the vehicle travels and one in which the signal 
gets more intense the faster the vehicle travels. By 
far, the most unacceptable delivery method was one 
that gets more intense the faster the vehicle travels. 
 
Interlock Systems 
     We investigated only interlocks that link to some 
vehicle feature other than the ignition.  If a vehicle 
has an ignition interlock system, then no other system  
is necessary.  The survey only considered interlock 
systems that would disable some system operating in 
the vehicle if anyone in the vehicle was not using a 
safety belt.  Figure 7 shows the percent of 
respondents who selected each system to be 
interlocked with safety belt nonuse on effectiveness, 
acceptability, and unacceptability for all respondents 
in the survey.  The survey clearly showed that 
disabling the radio/entertainment system was most 
often judged to be effective for promoting belt use 
and the most unacceptable system to have in the 

vehicle. Disabling the heating/cooling system was 
also judged to be fairly effective and unacceptable.  
 
Focus Groups 
 
     Complete results of the focus groups, including 
illustrative quotes can be found elsewhere (Eby et al., 
2004).  Here we summarize the main findings. 
 
 The main reasons cited for using a safety belt 

were: safety, Michigan’s belt law, setting 
example for children in car, and belt use being a 
habit. 

 The main reasons cited for not using a safety belt 
were: discomfort and inconvenience, lack of 
habit/forgetting, just driving short distance, and 
low perceived crash risk. 

 The most commonly reported reasons for 
discomfort were: the safety belt cutting into neck, 
belt locking up or too tight across chest or body, 
roughness of belt material, tendency to wrinkle 
clothing, difficulty reaching buckle, and twisting 
of the belt. 

 The following ideas for making belts more 
comfortable were cited: make belt out of softer 
material or soften belt edges and add padding to 
belt to cushion neck and shoulder. 

 Nonuse of belts tends to be a deliberate decision 
rather than simply forgetting.  The times when 
respondents were less likely to use belts were: 
short trips, a lack of police presence, lower 

Figure 6: System Signal Delivery Preferences
 Low Risk Group
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speeds, being in a hurry, and traveling in someone 
else’s car or as a passenger. 

 Responses about the point in the driving sequence 
when participants usually buckle indicate: 
o About half buckle up before starting to drive. 
o About half wait until they are actually driving 

to put on belt (half of this group wait until 
they are on patrolled roads). 

o Responses vary considerably across 
individuals and subgroups. 

o Participants buckle up earlier with passengers 
present, where there is police presence, on 
long trips or in unfamiliar areas, in public 
places with other cars, in inclement weather, 
and at night. 

 Reactions to current US requirement (Level 1 of 
sample reminder system) were: 
o For most, it works only somewhat well or not 

at all well to get them to buckle up because of  
signal’s short duration, ease with which it can 
be ignored, and low level of  annoyance. 

o For majority, it is acceptable or very 
acceptable to have in their car. 

 Reactions to Level 2 sound signals were: 
o For each signal - male voice, female voice, 

buzzer, and beeping signal  – a majority 
thought it would work only somewhat well or 
not at all well.  

o There was a wide range of individual 
reactions to signals; similar reasons were often 
given for both liking and not liking signals. 

o The buzzer was reported to be least acceptable 
signal, with people voicing strong negative 
views. 

o The beeping signal was somewhat more 
acceptable than a male or female voice. 

o Acceptability was often linked to annoyance – 
the more annoying, the less acceptable. 

o For many, acceptability and effectiveness 
were inversely linked – the more acceptable, 
the less effective, and vice versa. 

 Reactions to Level 3 sound signals were: 
o For most, the buzzer would work well or very 

well because of high level of annoyance 
associated with it. 

o The beeping signal was thought to be less 
effective because it was easier to ignore. 

o The majority reported that the buzzer would 
not be at all acceptable and the buzzer was 
associated with strong negative reactions. 

o The beeping signal was more acceptable than 
buzzer but was still thought to be only 
somewhat or not at all acceptable by the 
majority of participants. 

 Reactions  to a system that would alert the driver 
about back seat passengers’ belt use were: 
o Opinions were mixed, with support generally 

limited to situation in which children are in 
the back seat.  

o The preferred signals were a flashing light and 
lighted diagram on dashboard to identify 
seating positions of unbuckled passengers. 

Figure 7: Disabling System Preferences
All Respondents
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 Reactions  to a system that would  alert back seat 
passengers directly about their own belt use were: 
o Opinions were mixed with the strongest 

support from the oldest age group. 
o There was a preference for the driver to 

remind passengers rather than to have a signal 
or to have diagram visible to passengers that 
shows the seating position of unbuckled 
passenger. 

 Reactions  to radio or entertainment center 
interlock system were: 
o There was general opposition to this system 

that was sometimes strong, with many finding 
the system unacceptable. 

o Concern was expressed that system would 
only work if people listened to the radio. 

o The oldest age group was somewhat more 
supportive of the system. 

 Reactions  to an ignition interlock system were: 
o Reactions were generally negative with many 

people stating that the system goes too far. 
o Concerns were expressed about how the 

system would work in emergency situations 
when driver might need to move quickly or in 
circumstances when belt could not be worn by 
someone in car. 

o Somewhat more favorable views were 
expressed from oldest age group, especially 
those who lived in an urban setting. 

 
 
DISCUSSION AND CONCLUSIONS 
 
     This section contains a synthesis of the results 
from the literature review, telephone survey, and 
focus groups in order to provide guidelines for the 
development of an optimal in-vehicle safety belt 
promotion system.  
 
Principles for Optimal System Design 
 
     Based upon previous work (Turnbell et al., 1996) 
and our own expertise, we derived seven principles 
for the development of an optimal safety belt 

reminder system:    
 
1. The fulltime safety belt user should not notice the 

system. 
2. It should be more difficult and cumbersome to 

cheat on the system than to use the safety belt. 
3. Permanent disconnection of the system should be 

difficult. 
4. The system should be reliable and have a long 

life. 
5. Crash and injury risk should not be increased as a 

result of the system. 
6. System design should be based on what is known 

about the effectiveness and acceptability of 
system types and elements. 

7. System design should be compatible with the 
manufacturer’s intended purpose/goals for the 
system.  

 
Different Systems For Different Belt Users 
 
     Our results showed that the part-time belt users in 
the US fall into three broad, distinct categories when 
the reasons for part-time nonuse are considered: 
comfort/convenience, cognitive/personal, and  low 
perceived risk.  Full-time users, by virtue of their belt 
use pattern, form a fourth distinct group.  Full-time 
nonusers, who are willing to face citations and higher 
injury levels in the event of a crash, form a distinct 
fifth belt use group.  Thus, safety belt use behavior 
among people in different categories is motivated by 
different factors.  We conclude, therefore, that 
optimal in-vehicle belt promotion technologies 
should target people in the different categories using 
different systems features and/or systems. 
 
Level of Intrusiveness 
 
     In a recent publication by the Transportation 
Research Board (TRB, 2003), safety belt promotion 
technologies were described as varying along an 
intrusiveness dimension, with reminder systems at 
the low end of the intrusiveness scale and interlock 
systems at the high end of the scale.   This concept, 

Full-time
user

Part-time user:
cognitive/personal

Part-time user: low
perceived risk

Full-time
nonuser

Part-time user:
comfort/convenience

Safety Belt
Use Group

Level of
Intrusiveness Low High

Figure 8: Safety belt use groups aligned in order of the relative level of system
intrusiveness that is most likely to change behavior.
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combined with the conclusions that different users 
should be targeted with different features and/or 
systems, led us to the conclusion that the optimal in-
vehicle technology should be adaptive in response to 
the type of belt user.  A similar conclusion has been 
drawn by other researchers (TRB, 2003; Fildes, 
Fitzharris, Koppel, & Vulcan, 2002). 
 
     The conclusion that different belt use groups 
should be targeted with different features and/or 
systems and that the level of intrusiveness should be 
different depending upon the group, led to the 
development of Figure 8.  The figure shows a 
continuum of intrusiveness, with low intrusiveness on 
the left and high on the right.  We have placed each 
belt use group along the continuum, based on how we 
thought the intrusiveness of the system and/or 
features designed for each group would fall relative 
to each other.  Note that the comfort/convenience 
part-time user group is not placed along the 
continuum. The most effective countermeasure for 
promoting belt use among this group is proper human 
factors and ergonomics research to enhance the 
comfort and convenience of safety belts.   Low on the 
continuum are the full-time users, while high on the 
continuum are the full-time nonusers.  In the middle 
part of the continuum, we have first placed the 
cognitive/personal part-time user group, followed by 
the low-perceived-risk group.  Thus, we propose that 
cognitive/personal part-time users need a less 
intrusive system for the effective promotion of belt 
use than those in the low perceived risk group.   
 
Effectiveness versus Acceptability 
 
     As previously discussed, the main thrust of the 
current research was to qualitatively determine which 
signals, signal presentation methods, and systems 

would be most likely to get a user to buckle up and 
would be acceptable to have in a vehicle.  
Effectiveness and acceptability, however, can be at 
odds with one another in belt promotion systems; that 
is, a highly intrusive system would be so 
unacceptable that even though the driver would be 
more likely use his or her belt to stop the annoyance, 
he or she would not want the system in the vehicle.   
 
     In order to maximize both effectiveness and 
acceptability, we developed effectiveness and 
acceptance criteria for each system feature and/or 
system to be targeted at each belt use group.  These 
criteria are shown in Figure 9.  Based upon Principle 
1 for optimal system design, full time users, or those 
who use their belt at the start of trip, should not 
notice the system; that is, the system goal is that it is 
invisible to the full-time user.  For the part-time belt 
users for cognitive/personal reasons, a more intrusive 
system is needed.  The goals of this system are to 
maximize both user acceptance and effectiveness.  
Such a system corresponds to what is currently called 
a safety belt reminder system.  The part-time users 
who cite low perceived risk as the reason for nonuse, 
do not need reminding, but instead need a system that 
provides a great enough annoyance to get people to 
use their belt.  For lack of a better term, we have 
called this type of system an annoyance system.  
Because the system would be designed to be 
unpleasant, the system goal here is to maximize 
effectiveness and minimize acceptance.  If this 
system was acceptable, then it would not be annoying 
enough to change behavior.  Finally, we have the 
hard-core full-time nonusers.  Despite the fact that 
safety belt nonuse can result in a citation and greater 
injury in the event of a crash, these people have made 
the conscious decision to not buckle up.  Therefore, 
we believe that only the most intrusive system, an 
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Figure 9: Types of systems and system goals necessary for effective and acceptable
in-vehicle safety belt promotion technology.
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interlock system, would be effective in getting these 
people to use a safety belt.  As such, the system goal 
is simply to minimize acceptability. 
 
Signal Type and Presentation Method 
 
     Following the framework depicted in Figure 9, the 
next step in developing an optimal in-vehicle belt 
promotion system was to determine which signals 
and signal presentation methods best met the system 
goals for each belt use group.  According to the first 
system design principle discussed previously, if a 
driver uses his or her belt, the in-vehicle belt 
promotion technology should be invisible.  
Therefore, there should be no signal presented to this 
group. This recommendation suggests that the current 
4-8 second signal that is required in US vehicles be 
removed.   
 
     For the cognitive/personal part-time belt use 
group, our survey suggested that the signals that 
maximized effectiveness and acceptability were a 
flashing light and a voice message.  During the focus 
group discussions, however, where actual voice 
messages were presented, it was clear that there were 
strong preferences for certain voices and strong 
dislikes for others, and these preferences were not 
consistent.  Having a single voice message, therefore, 
would be unacceptable for many users and would 
violate an important goal of the system for this belt 
use group.  Many focus group participants suggested 
that they be allowed to input or select the voice used 

in this system.  Since acceptance is an important 
criteria for this group, we extend this idea, and 
propose that the signal, whether it is a specific voice, 
light, buzzer, or chime, be selectable by the driver.  
The presentation method for the signal, on the other 
hand, must still maintain a moderate level of 
intrusiveness to be effective.  An optimal delivery 
method would be selected most often by the 
cognitive/personal respondents as effective and 
acceptable, and least often as unacceptable.  As seen 
in Figure 8, repeating at a constant interval scored 
high on both acceptability and effectiveness.  Thus, 
based upon these results, we recommend that the 
signal delivery method for reminder systems should 
be one that repeats at a constant interval.  
 
     Moving along the intrusiveness continuum, the 
next system is the annoyance system targeted at those 
drivers who are part-time belt users due to low 
perceived risk.  An optimal signal and delivery 
method for this group should optimize effectiveness 
and minimize acceptability.  As shown in Figure 9, 
the buzzer scored fairly high on both effectiveness 
and unacceptability. The seat vibrator scored quite 
high on unacceptability but quite low on 
effectiveness.  Based upon these survey results, the 
buzzer seems to be the best annoyance signal for 
getting a driver to buckle-up.  Based on the finding in 
Figure 8, a signal that gets more intense the faster the 
vehicle travels scored high on both effectiveness and 
unacceptability.  We conclude, therefore, that this 
would be the best signal delivery method for getting 
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the low-risk-based part-time belt user to buckle up.  
Note that we did not describe the characteristics of 
how the intensity of the signal changes.  There are 
three options that are open for further research: 
increasing frequency (decreasing the inter-signal-
interval); increasing volume, and increasing pitch.  
 
     The final group to target are the full-time 
nonusers.  This group is targeted with the most 
intrusive system, the interlock.  The system goals for 
the interlock, are simply to maximize 
unacceptability—drivers should not like having the 
system engage.  Here we do not consider 
effectiveness, because these drivers will either buckle 
up or go to the extreme measure of disconnecting the 
system.    Figure 7 shows that the most unacceptable 
vehicle system to interlock with belt use is the 
radio/entertainment system.  This is also the system 
that our respondents thought would be most effective.  
One must be careful, however, to design this system 
so that the driver is not surprised and potentially 
distracted trying to figure out why the entertainment 
system is not operating.  Such a situation could 
increase the driver’s chance of crashing, violating 
system design Principle 5.  Therefore, we propose 
that the optimal delivery system provide a warning 
signal (not determined in this study) prior to 
engaging the interlock, so that the driver is aware that 

the interlock has turned off the entertainment system.    
The recommended system features for all safety belt 
user groups are summarized in Figure 10.  
 
An Integrated and Adaptive Reminder System 
 
     The final issue in the development of an optimal 
in-vehicle safety belt promotion system, is how to 
integrate the various systems we have discussed.  We 
propose the adaptive system depicted in Figure 11.  
The figure depicts an adaptive system that changes its 
characteristics as the trip proceeds either in time, 
distance, vehicle operation, or some other metric.   
The figure also shows for each period of the trip, the 
safety belt nonuse group that is targeted by the 
system, that group’s primary reasons for nonuse of 
safety belts, the system that is activated, and the 
important characteristics of the countermeasure. 
Once a trip begins, the system assumes that the driver 
is a full-time user and does nothing.  Thus, if the 
driver uses his or her safety belt, then the system is 
invisible to them.  If, however, belts are not used 
within some period of time or distance traveled (or 
other metric), then the system assumes that the 
unbelted driver has forgotten to use his or her safety 
belt.  At this point, the reminder system is activated.  
As more time passes, or as a greater distance is 
traveled, if the driver still does not use his or her 
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safety belt, then the system assumes that the driver 
has chosen not to use a belt because of a low 
perceived risk of a crash or citation.  At this point, the 
annoyance system is activated.  Again, as more time 
or distance passes without the driver using his or her 
belt, at some point the system assumes that the driver 
is a full-time nonuser and an interlock system is 
activated, shutting off the entertainment system 
following the warning signal.   If at any time during 
the trip, the buckled driver removes his or her belt, 
the sequence of events begins again.  
 
     The Choice of a Metric: The project did not gather 
definitive information about which metric is optimal 
or at which point along the metric the various 
systems should engage.    We have provided three 
examples, based on our best judgment, the literature 
review, and comments from the focus group 
participants.  In particular, during the focus groups, 
we discussed when during an average trip people 
buckle up.  We developed the first metric based on 
how people answered this question.  When choosing 
a metric, it is important to keep in mind the principles 
of optimal system development, in particular the 
principle that states that safety should not be 
compromised.  The most appropriate metric or 
combination of metrics should be the topic of further 
research.  
 
Other Reminder System Recommendations 
 
     The previous system design recommendations 
refer to a system designed to promote driver safety 
belt use (called driver-driver systems).  This project, 
however, also investigated (in less detail) features of 
systems to inform the driver that a passenger is not 
using a safety belt (called driver-passenger systems) 
and to inform a passenger that he or she is not 
buckled (called passenger-passenger systems).   
 
     Driver-Passenger Systems:  The intent of this 
system is to let the driver know that a passenger is 
not using a safety belt.  In most US jurisdictions, 
adult passengers in a vehicle are responsible for their 
own belt use and will receive the citation for nonuse.  
Non-adult passengers, on the other hand, are the 
responsibility of the driver who can be cited for 
violating the child passenger safety law, if a non-
adult does not use a proper restraint.  As such, the 
goal of a driver-passenger system is to inform the 
driver of passenger nonuse of belts, so that he or she 
can require and monitor passenger belt use.  Because 
the driver may not have perceived authority over an 
adult passenger, we conclude that a driver-passenger 
system should include the reminder and interlock 
components, but not the annoyance component of the 

system described in Figure 11.  The signal type 
indicated for driver-passenger systems in the survey 
that maximized effectiveness and acceptability was a 
flashing light on the dashboard.  In the focus groups, 
however, many participants suggested that the driver 
should be presented with a pictograph that shows the 
seating positions where passengers are not buckled.  
Combining these two ideas, we propose that the best 
signal and signal presentation method for a driver-
passenger system is a seating-position pictograph that 
flashes at a constant interval.   
 
     Passenger-Passenger Systems: This type of 
system is designed to let passengers know that they 
are unbelted and encourages them to use their belt.  
As with driver-passenger systems, the passenger may 
be a child or adult.  The large majority of focus group 
participants did not favor such a system, preferring 
that the driver tell the passenger.  Therefore, as with 
the previous system, the annoyance system 
component should be omitted from a passenger-
passenger system.  Survey results showed that 
respondents thought the most effective signal for the 
reminder component of a passenger-passenger system 
would be either a buzzer or a voice message.  In the 
focus groups, however, these signals were strongly 
opposed in favor of either a flashing light or no signal 
at all. The survey did not investigate acceptability of 
various passenger-passenger system components, but 
the focus group results suggested that the buzzer or 
voice would not be well received by vehicle owners. 
We propose, therefore, that the best signal and signal 
presentation method for a passenger-passenger 
system is a light or “unbelted” pictograph that flashes 
at a constant interval.   
 
A Fully Integrated System 
 
     We have discussed three potential systems to 
promote safety belt use.  These systems, however, 
would be most effective if they were integrated.  
Figure 12, shows the framework for a fully integrated 
system. This figure shows the sequence of signals, 
how they should be presented, and to whom, as the 
trip progresses.  If the driver puts on his or her belt, 
then the sequence for the driver stops.  If the 
passenger puts on his or her belt, then the sequence 
for the passenger stops.  If either the driver or 
passenger unbuckles after having used the belt, the 
sequence will begin again for the person who 
unbuckles.  
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ABSTRACT 
 
This paper examines the NASS-CDS statistics to 
identify the significant parameters associated with 
injuries in LTV to car frontal collisions. These 
parameters of interest are the ∆V of the colliding 
vehicles, the direction of impact as well as any under-
ride of the smaller vehicle. It is observed that the 
cumulative ∆V curve of car occupants in frontal tow-
away collisions with LTVs becomes asymptotic at 30 
miles per hour and that over 97% of those car 
occupants are in cars with a ∆V of 35 mph or less. 
The relationship of injuries with the reported under-
ride in the NASS database is more complex and in 
several ∆V ranges, the presence of under-ride is 
related to a lower risk of injuries. Based on these 
findings, evaluations of compatibility improvement 
are conducted for frontal impact between an LTV and 
a small car at approximate ∆V of 35 mph and 
intrusion levels are calculated for the struck car. It is 
concluded from the data presented here that lowering 
the height of LTVs to increase the vertical overlap 
with a smaller vehicle may, in many cases, increase 
the intrusion levels in the smaller vehicle as well as 
increase the crash energy in the smaller vehicle. The 
addition of a secondary structure to LTVs for the 
purpose of increasing structural interaction is also 
investigated and it is shown that the effect of this in 
the studied cases is to reduce the calculated intrusion 
in the smaller vehicle. 
 
INTRODUCTION 
 
Several studies published in the recent literature have 
discussed the factors influencing collision 
compatibility between different sized automobiles 
and the possible ways of improving this 
compatibility. Although most of the societal harm in 
vehicle-to-vehicle collisions is attributable to lateral 
impacts1, almost all of the published studies have 
looked at frontal impacts only.  
 
It is important to emphasize that the objective of 
‘improved collision compatibility between vehicles’ 
is that of improving the safety of the occupants of a 
smaller vehicle in collisions against a larger 
automobile. Therefore, any criteria proposed as 
measurement of compatibility improvement must 

demonstrate strong, monotonic relationship to the 
reduction of injury probability of occupants in the 
smaller vehicle. Such relationship is yet to be 
demonstrated for any of the criteria or test procedures 
published so far. 
 
Several authors2-5 have suggested measurements of 
compatibility in frontal crashes by using data from 
discrete load cells on a fixed barrier, the test 
procedure consisting of the larger vehicle in the 
collision pair (often referred to as ‘the striking 
vehicle’) being impacted into such a barrier at a 
certain speed. These barriers have generally consisted 
of a fixed, rigid surface with or without a layer of 
deformable material. The quantities measured in such 
tests are of course limited to forces at the various 
load cells and the crush of the barrier material. The 
proposed measures of collision compatibility have 
been mathematical functions of the measured 
quantities, e.g. height of force, peak force levels, 
homogeneity of force distribution, etc. As mentioned 
above, none of these mathematical functions meet the 
criteria6 necessary to be a reliable indicator of 
collision compatibility of the vehicles.  Several other 
published studies have been attempted to identify the 
significant factors influencing the vehicle 
compatibility from investigation of vehicle-to-vehicle 
impacts7, 8.  
 
The present paper discusses the definition of proper 
evaluation conditions that are representative of crash 
statistics in the USA. The possible solutions for 
improving compatibility are then studied in these 
‘field representative’ conditions. Of course, collision 
compatibility is only one aspect of the total traffic 
safety and it is necessary that any improvements in 
collision compatibility be also evaluated for the effect 
on the overall safety. 
 
FRONT-END FORCES OF A VEHICLE 
 
Considerable attention has been paid in the published 
literature to the premise that the measurement of the 
forces exerted by a vehicle in a frontal impact against 
a barrier can be transformed into a compatibility 
measurement. However, an examination of the front 
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structure of automobiles shows that the principal load 
paths in frontal crashes consist of structural 
components with generally hollow sections (such as 
the frame rail, rockers, engine cradle, etc) and other 
‘non-structural’ components (such as engine, 
transmission, tires, etc). The forces generated in any 
crash are then the aggregation of the response of all 
these components of the automobile as well as those 
from the other collision partner. Since the structural 
properties of the vehicle components are highly 
nonlinear functions of the loading direction, load 
magnitudes, the loading area, time, etc, it is to be 
expected that the forces generated by the vehicle in 
an impact are also time- and space-dependent, 
nonlinear functions of ‘what’ these components 
impact and ‘how’ they interact (the direction of 
loading, deformation modes, interaction dynamics 
such as sliding, rotating, etc).  
 
For such nonlinear, highly directional and non-
uniform structures, it is not possible to predict the 
force generated in a specific mode of impact from 
that measured in another mode. Thus, the forces in a 
vehicle-to-vehicle impact will be vastly different 
from those generated in a fixed barrier impact. 
Similarly, the forces in vehicle-to-vehicle impact will 
be dependent on the location of impact, the direction 
of impact, the speed etc. 
 
The design of front-end structures is governed by the 
fundamental principle of the crashworthiness in that 
they have to meet the various regulatory and non-
regulatory requirements for front crashes. Thus, these 
front structures dissipate the total energy of the crash 
in the crush space available in the vehicle in the most 
efficient manner possible. The crash energy (or the 
pre-impact kinetic energy) is proportional to the mass 
of the vehicle. This relationship has been discussed in 
an earlier publication9 and is also supported by  
available test results, e.g. those in the US NCAP 
database of the National Highway Traffic Safety 
Administration. Since the pre-impact kinetic energy 
of the vehicle is translated principally into structural 
deformation of the vehicle (ignoring the small portion 
used in post-crash translation and into other forms of 
energy), it is to be expected that the average force 
(averaged over the crush depth) measured on the 
barrier will be proportional to the mass of the vehicle, 
other factors remaining the same.  
 
That such is indeed the case9 is shown in Figure 1, 
which is a plot of the vehicle mass versus the 
‘average force’ calculated from frontal NCAP tests. 
This ‘average force’ is not a physical parameter but a 
hypothetical number which, when multiplied by the 

total distance of crush of the vehicle, is indicative of 
the pre-impact kinetic energy of the vehicle. 

Average Barrier Force vs. Vehicle Mass 
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          Figure 1: Relationship of Front-end force to  
                           Vehicle Mass in NCAP tests 
 
As is to be expected, a slightly stronger correlation 
exists between the average force and the parameter 
‘vehicle mass divided by the dynamic crush distance 
of the vehicle (Figure 2). The relatively slight change 
of correlation (when the crush distance is used as one 

Average Barrier Force vs. Vehicle Mass over Crush Distance
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    Figure 2: Front end Force relationship to Mass  
                     and crush distance in NCAP Tests 
 
of the variables) is an indication that this parameter 
(vehicle’s crush space) is relatively invariant for the 
vehicle population. 
 
If the vehicle were to impact another vehicle, the 
forces generated will be different from those 
measured against a fixed barrier for the reasons 
mentioned earlier. It is important, therefore that 
determination of collision compatibility be based on 
the dynamics of vehicle-to-vehicle crash and that any 
measurement of compatibility improvement be 
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ultimately linked to evaluation in a vehicle-to-vehicle 
crash in a ‘field representative’ test condition. 
 
FIELD REPRESENTATIVE TEST CONDITION 
 
Shown in Figure 3 is the distribution of harm in 
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Figure 3: Distribution of harm in LTV-to-car     
                 front impacts by location & direction 
 
frontal crashes between light truck based vehicles 
(referred to as LTVs) and passenger cars, obtained 
from the 1997-2003 NASS-CDS database. It is 
observed that the category of ‘Front Distributed’ 
crashes is the largest single category associated with 
harm in frontal collisions. Similarly, the estimated 
change in velocity (∆V) of cars in frontal impacts 
with LTVs is shown in  Figure 4 from the same 
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NASS-CDS database. It is seen that for these crashes, 
more than ninety percent of the occupants (and sixty 
three percent of the occupants with reported injuries 
of AIS greater than or equal to 3) were in cars with a 
∆V of 30 mph or less. A threshold of ∆V =35mph 
includes over ninety-seven percent of all the 
occupants and about seventy four percent of those 
occupants where the injury reported was of AIS > 3. 

It can therefore be stated that a ‘field representative’ 
condition for evaluation of collision compatibility is a 
full frontal test between two vehicles where the ∆V in 
the struck car is 35 mph 

Fraction of Belted Drivers of Airbag-Equippped Cars and LTVs with MAIS≥2
in Frontal Crashes with Another Vehicle
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      Figure 5:  Vehicle Under-ride and MAIS Risk 
 
There is no consistent relationship observed between 
under-ride reported in the database and the 
probability of injury (Figure 5). 
 
COUNTERMEASURES FOR COMPATIBILITY 
IMPROVEMENT 
 
For two vehicles of different heights, ensuring the 
structural interaction between the colliding vehicles 
is generally considered to be a step towards increased 
compatibility. For the US fleet, the issue of 
compatibility is often interpreted to be that of 
collision between LTVs and passenger cars and the 
improved structural interaction has been mentioned 
as a step towards preventing the higher LTV over-
riding a lower automobile.   
 
From an examination of the automobile structures, it 
is easy to conclude that any such ‘increased structural 
interaction between vehicles’ needs to be between the 
primary structures of the vehicles (and not between 
the bumpers since the bumper carry a very small part 
of the load in collisions at speeds being considered 
here). One possibility of achieving such increased 
structural interaction is by aligning the primary 
structures of the two vehicles. For a high LTV, this 
may be achieved by requiring that the height of the 
primary structure be lowered. Alternatively, this may 
be achieved by adding properly designed secondary 
structures to the LTV. Both these options are 
examined here. 
 
Lowered Height of LTVs 
A simulation of frontal impact between an LTV and a 
passenger car was conducted using finite element 
models of the vehicles. Both the vehicles were 
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moving towards each other at 30 mph prior to the 
impact (Figure 6). 

 
 Figure 6: Simulation of LTV-to-Car Frontal  

    impact 
 
For this study, the LTV height was varied to obtain 
the following four cases (shown in Figures 7a and 7b 
with the bumpers of both vehicles hidden from view): 
a) Baseline- No overlap between the frame rails 
(primary load carrying structures of the LTV and of 
the car); 
b) Full overlap-The LTV was lowered so that its 
frame rail fully was fully overlapped by the car frame 
rail (centerlines of the frame rails of the two vehicles 
were aligned); 
 

 
Figure 7a: Baseline and Full overlap cases of LTV  

  rail with Car Rail 
 

c) Large (>50% overlap) - The LTV was lowered so 
that the car rail overlapped more than 50% of the 
depth of the LTV rail (bottom of LTV rail was 
aligned with the centerline of car rail);  
 
 

d) 50% overlap - The LTV was lowered so that the 
car rail structure overlapped 50% of the depth of the 
LTV rail (centerline of the LTV rail was aligned with 
the top of the car rail).  
 
 

 
Figure 7b: Partial overlap cases of LTV rail with  
                   Car Rail 
 
The calculated intrusions at several points in the 
struck car are presented in Figure 8 for this 
simulation of frontal impact. 

Figure 8:  Effect of Increased overlap on Struck    
                  Car  
 
It is observed that lowering the LTV to obtain larger 
structural overlap between the vehicles generally 
increases the intrusions in the passenger car. The full 
overlap of the structures of the two vehicles produces 
the highest amounts of intrusion in the struck car in 
the present study. It is only in the case of the 50% 
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overlap that a slight reduction in intrusion in the car 
is obtained.  
 
Similar conclusions are drawn from an examination 
of the energy distribution between the two vehicles. 
The total energy just prior to the impact equals the 
sum of kinetic energies of the two vehicles. This 
energy is translated during the impact into the 
following components- 
a) energy dissipated in the structural deformations in 
the car (shown as ‘car energy’) and the truck (shown 
as ‘truck energy’) , 
b) energy dissipated in the motion of the vehicles 
during the impact (shown as final ‘kinetic energy’); 
and 
c) energy dissipated in other forms (non mechanical, 
etc).   
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Figure 9: Effect of Structural overlap on energy 

  sharing between two vehicles 
 
Figure 9 show that larger structural overlaps between 
the two vehicle results in more energy being 
transferred into the structural deformation of the car 
(as compared to the baseline case of no vertical 
overlap). Again, a small reduction in the energy share 
of the car is observed only for the case of the 50% 
overlap of the LTV primary structure. 
 
The above conclusion that increasing the vertical 
overlap between two vehicles of dissimilar mass may 
not improve the collision compatibility between the 
vehicles is generally supported by the published8 test 
data in the literature. 
 
SECONDARY STRUCTURES ADDED TO LTV 
 
Addition of a ‘secondary structure’ to the frame rail 
of a higher vehicle is a possible solution for 
increasing the structural interaction6 of such vehicle 
with a lower vehicle. One of the possible mechanisms 

by which such added secondary structures improve 
the interaction between the two vehicles is that, when 
impacted by the frame rail of the passenger car, these 
secondary structures generate a bending moment on 
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Figure 10: Secondary Structures Added to LTV 
 
the frame rail of the LTV. This of course requires that 
the secondary structure be of sufficient strength so as 
to not fail prior to the bending of LTV rail. There 
may also be other structural interactions. Since the 
loads required to initiate bending of hollow-sectioned 
structures are generally lower than the axial crush 
strength, the effect of secondary structures is to cause 
higher deformation in the LTV rail in an impact with 
a lighter car. This has been studied here for impacts 
between two vehicles. The ‘base LTV’ was selected 
to represent a ‘mid size Sports Utility Vehicle’ in the 
US. A properly designed secondary structure was 
added to the LTV (Figure 11) to increase the 
structural engagement between the primary structures 
of the LTV and the passenger car. 
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Figure 11: Secondary Structure added to LTV for 
                  Increased structural engagement 
 
The impact conditions investigated in the present 
case (Figure 12) were (a) full frontal crash between 
the two vehicles, and (b) a 50% offset impact 
between the vehicles. The LTV and the passenger car  
 
Results from this investigation are shown in Figure 
13 for the calculated intrusions at several points in 
the struck car. For the full frontal impact between the 
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Full Frontal Impact

CAR LTV

50% Offset Frontal  Impact  
Figure 12: Frontal Impacts between two  
                   vehicles 
 
two vehicles, the addition of the secondary structure 
to LTV leads to reduced intrusion levels in the struck 
car. Similar conclusions regarding the effect of the 
added secondary structure are also observed for the 
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Figure 13: Effect of Added Structure to LTV on  
                   passenger car intrusions 
 
the case of offset frontal impact between the two 
vehicles. 
 
In contrast to the effect observed from lowering 
LTVs, the effect of adding secondary structure to the 
LTV is thus found to be preferable in that the 
intrusion levels in the lighter vehicle are lowered by 
the added secondary structure.  
 
CONCLUSIONS 

This paper discusses the approaches to enhancing 
geometrical interaction in frontal collision between 
vehicles. The main points are the following: 
 
1. Evaluation conditions have been identified from. 
NASS-CDS statistics and these may be considered to 
be ‘field representative’ for evaluation of frontal 
collision compatibility. 
 
2. Forces generated by a vehicle in a barrier test are 
proportional to the mass of the vehicle and are 
determined by the various barrier test requirements. 
These forces and the associated parameters as 
measured by load cells on a fixed barrier are unlikely 
to be representative of vehicle-to-vehicle collision 
compatibility. 
 
3. Lowering the height of larger vehicles to increase 
their structural interaction with smaller vehicles may 
not produce desirable results in many cases. 
 
4. The addition of appropriately designed secondary 
structures to larger vehicles has been shown to 
increase the structural interaction while reducing the 
calculated intrusions in the smaller vehicle. This 
approach needs to be explored further as a possible 
solution to improving collision compatibility between 
vehicles. 
 
Further studies are required to assure that the 
approaches mentioned here improve ‘partner 
protection’ without any significant degradation of 
self-protection in automobiles and thus help achieve 
the goal of automotive safety of reducing the overall 
number of injuries and fatalities. 
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ABSTRACT

Crash reconstruction is sometimes used to study 
injury mechanisms and thresholds, but is often difficult 
because crash and model parameters are not known 
precisely. If simulation is used as part of the 
reconstruction process, then various Design-of-
Experiment (DOE) tools may be easily applied to 
estimate response surfaces of the dependent variable 
(e.g. head acceleration),  to a range of possible crash 
factors, subject to the validity of the model. This 
approach relies on the validity of the model’s 
characteristics over the range of likely crash conditions, 
meaning that non-linear aspects of the system will often 
need to be included. The contact between the head of a 
pedestrian and the hood of a car is an example of a non-
linear contact that is critical to the estimation of the 
variable of interest: the head impact severity (as 
measured by linear and angular acceleration or HIC, for 
example). This paper describes the reconstruction of four 
pedestrian collisions in which the effects of uncertainties 
in posture and impact speed on the estimation of a head 
impact severity were quantified. For each case, physical 
tests were conducted at lower, middle and upper 
estimates of head impact speed on a vehicle of the same 
make and model as the striking vehicle in the collision. 
The results of these tests were used to define a single 
non-linear contact characteristic in MADYMO that 
could reproduce the results of all three impact tests. This 
contact characteristic was then used in the simulation of 
the collision to estimate a likely range for the head 
impact severity.

INTRODUCTION

The reconstruction of crashes is one method that 
has been used to investigate the tolerance of the body to 
impact and the biomechanics of injury.  Anderson et al. 
(2003) used the reconstruction of pedestrian crashes in 
the laboratory to test whether headform impact tests 
could discriminate the injury potential of vehicle 
structures in pedestrian crashes. We have also previously 
presented attempts to examine the ability of a  finite 
element model of the head to predict axonal injury in 
fatal pedestrian collisions (Dokko et al., 2003). There are 
also other examples in the crash injury literature.

A shortcoming of using reconstructions to study 
the biomechanics of head injury is that many input 
parameters used in the reconstruction process are 
estimates. Uncertainties arising from the investigation 
process (for example the impact speed of the vehicle) 
may lead to point estimates of head impact conditions 
that may be significantly in error. Ideally, any 
uncertainty should be taken into account. 

If computer simulation is used to reconstruct the 
crash, it is relatively straightforward to create many 
simulations that encompass, for example, a range of 
impact speeds. There are tools available that can be used 
in conjunction with computer simulations to perform 
simulations according to design-of-experiment 
principles. The large number of simulations required 
using such a design mean that it is advantageous to 
retain as much numerical simplicity as possible: for 
example, multi-body simulations are more efficient than 
finite-element methods. However,  maintaining the 
validity of a multi-body model over a range of different 
conditions is not guaranteed if a simple (linear) multi-
body contact model is used, when in reality, contact 
interactions are non-linear.  Ideally, the head-to-vehicle 
interaction (and other interactions as well) should be 
valid over the range of likely crash conditions, so that 
estimates of head impact severity can be made more 
accurately. 

One obvious solution would be to replace critical 
parts of the multi-body model with finite element 
structures. However, this may take too long to do. The  
size of the computation may also limit the number of 
scenarios that can be simulated,  and when several 
crashes are being analysed these limitations are 
multiplied.

This paper describes the use of multi-body 
techniques to reconstruct several fatal pedestrian 
crashes. In each case, uncertainties about the crash were 
incorporated by performing variants of the simulation 
according to what was known about the collision. 
Subsequently, a contact characteristic between the head 
and the vehicle has been devised to be valid over the 
range of head impact speeds predicted by the modelling, 
and this allowed estimates to be made of the range of the 
head impact severity to be made, rather than a point 
estimate of the severity.
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METHOD

The methodology used for this study is illustrated 
in Figure 1. As explained in the introduction, the 
methods used in this study attempt to minimise the 
effects of uncertainties in the reconstruction process by 
estimating a range of the head impact condition that is 
likely to encompass that experienced in the actual 
collision. This means that many collision scenarios have 
been simulated,  covering a range of plausible vehicle 
speeds and pedestrian postures. For each case, three 
speeds and six pedestrian postures are considered in 18 
simulations. Note that the procedure would be equally 
applicable where there are other uncertainties in the 
reconstruction of a crash.

The simulations are analysed to choose three 
combinations of impact speed and angle (upper, middle 
and lower) that represent the range of the head impact 
velocity that was experienced in the accident (as 
predicted by the modelling). These three impact speeds 
and angles are used to do sub-system impact tests, on the 
same make and model of vehicle that was involved in 
the crash. These tests provide upper,  middle and lower 
estimates of the head impact severity and, enable us to 
characterise the contact between the head and the car: 
the tests are used to generate a contact interaction model 
that can adequately describe the interaction of the 
headform and the vehicle over the range of test 
velocities. 

The resulting contact interaction model is 
validated by reproducing the headform acceleration in a 
MADYMO model of each sub-system test.  If the contact 
interaction model can reproduce the head impact 
acceleration over the range of impact speeds in the tests, 
by extension it can be considered suitable to describe the 
contact between the head and vehicle in the simulations 
of the pedestrian-vehicle collision. We then estimate a 
range of values for the head impact severity: the range  
should encompass that experienced in the crash. The 
impact severity is reported using HIC values,  and linear 

and angular acceleration. Furthermore, the definition of 
this characteristic will make improvements in the 
estimate of head acceleration possible, should we 
improve the models.

Cases

The Centre for Automotive Safety Research has 
investigated over 200 fatal pedestrian crashes. 
Investigations include site surveys, vehicle examinations 
and photography, determining impact and travel speeds, 
and attending the autopsy of the victim. At the autopsy, 
injuries are noted with the aid of the forensic 
pathologist, and photographs and body dimensions are 
taken. 

In South Australia, the Coroner investigates the 
cause of death of every road mortality, and as part of his 
investigation, he requires the examination of the brain by 
a neuropathologist.  This examination has usually taken 
place at the Institute of Medical and Veterinary Science, 
located in Adelaide. The combination of this routinely 
collected neuropathological data, and the accident 
investigation, provides a rare source of data on human 
brain injury and the circumstances of its causation.

This study set out to find cases in which the brain 
injuries were suitable for further analysis by the finite 
element method. Some results from the FE analysis have 
been presented previously (Dokko et al., 2003).

The cases reconstructed for this study are 
summarised in Table 1.

Computer simulation

The model that was used for the simulation part 
of this study was developed specifically to simulate 
pedestrians in car-pedestrian collisions. The model has 
been presented previously (Garrett, 1996; Garrett, 1998) 
and used for accident simulation purposes (Anderson et 
al.,  2002; Anderson et al.,  2003). The model consists of 
17 rigid segments linked by kinematic joints that are 
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Figure 1.  Methodology used in this study



largely based on the model proposed by Ishikawa et al. 
(1993) although some joints have been added while 
others have been modified (see Garrett, 1996).

Before the simulations could be made, the model 
was checked to see that it satisfied validation corridors 
that were constructed from post-mortem human subject 
(PMHS) tests, carried out in Hannover (Ishikawa et al., 
1993). These corridors specify the trajectory of different 
body components as well as the time history of the head 
velocity.  The biofidelity of the model was tested using 
two car profiles used in the PMHS experiments.  ‘Car A’ 
was simulated with the pedestrian model at three speeds, 
while ‘Car B’ was simulated at two speeds. The initial 
stance of the model was chosen to match the general 
stance of the PMHS in the experiments.

The model’s behaviour is in generally in 
accordance with the corridors drawn from the PHMS 
tests. The results of the simulation of the collision 
between the PMHS and Car B are particularly close. The 
characteristics of the model in a collision with the profile 
of Car A still produce results that mostly fit the corridors 
of the tests,  but the behaviour seems to diverge  slightly 
from experimental results in some parts of the 
simulation. The profile of Car A has a higher leading 
edge than Car B. The results of pedestrian collision 
models appear to become more variable with higher 
leading edges (Anderson and McLean, 2001). However, 
we judged that these discrepancies were not important 
for the current study. 

Implementation of the model in the simulation of the 
accidents

The cases that were modelled in this study 
involved pedestrians of varying ages and statures. The 
model was based on and validated against the behaviour 
of a fiftieth percentile adult male. Therefore, the model 
was scaled to the dimensions of each pedestrian in each 
case. The pedestrians’  weights and heights were used to 
generate anthropometric data (segment dimensions, 
masses and moments of inertia) using GEBOD 
(Baughman, 1983), a program which generates 
anthropometric segment data using regression equations 
derived from a database of human body measurements. 
The resulting dimensions were checked against the 

actual body dimensions of the pedestrians that were 
measured at autopsy. In cases where the dimensions 
could be cross referenced,  the dimensions were adjusted 
as the opportunity arose and used to generate a revised 
GEBOD data-set.

The next step in the simulation process was to 
model the posture of the pedestrian prior to impact. 
Body postures representative of the human gait cycle 
were used to generate separate simulations.  Six postures 
were used in all and represented evenly spaced positions 
in one gait cycle. Combined with the three speeds, these 
postures meant 18 simulations were carried out in each 
case. The gait positions are illustrated in Figure 2.

Vehicle modelling

Vehicles that corresponded to the make, model 
and series of those involved in the cases were obtained 
for the physical reconstruction process. We also 
measured the geometry of the cars for the simulation. A 
Geodimeter (usually used in surveying) was used to 
measure the main geometrical features of the car. A 
prism was held at various points and the Geodimeter was 
used to record the position of the prism in Cartesian 
coordinates. These were used as a basis of the geometry 
created in MADYMO. The geometry was imported into 
Easi-CrashMAD (a MADYMO pre-processor) in IGES 
format. The vehicle geometry was then approximated by 
defining planes, elliptical cylinders and ellipsoids. An 
example is shown in Figure 3. Where the vehicle in the 
case braked heavily,  the front of the vehicle was lowered 
by 100 mm and then rotated by 3˚, to take account of the 
dip in cars produced by braking (Figure 4). Sections of 
the vehicle were assigned contact characteristics based 
on published values.

Because the speeds of the vehicle were only 
estimated as a range, three sets of simulations were 
made to cover the range of possible vehicle velocities. 
These were at the upper and lower limits of the estimate 
of impact speed, and the third at the median speed of the 
range.
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Case Pedestrian Vehicle Throw 
distance

Impact 
speed

Head contact 
structure

Head and C0 injuries (may not be the 
fatal injury)

H021-86 87 y.o. male, 66 kg, 186 cm 1976 Large 
4-door sedan

22-25 m 50 - 64 
km/h

bonnet Fracture of right temporal base of skull 
and patchy subarachnoid haemorrhage

H032-86 81 y.o. male, 75 kg, 175 cm 1974  Small 
4-door sedan

22-25 m 50 - 64 
km/h

base of 
windscreen and 
dash

Subarachnoid haemorrhage 

H029-89 87 y.o. male, 44 kg, 158 cm 1976 Mid-
size 4 door 
sedan

28-33 m 57 - 74 
km/h

bonnet Fracture/dislocation of the atlanto-
occipital joint with spinal cord laceration 
and lacerations to the head

H070-85 14 y.o. female, 64 kg, 163 cm 1970 Small 
4-door sedan

24 m 53 - 64 
km/h

base of 
windscreen and 
dash

Fractured skull base, subdural 
haematoma, contusion to left frontal 
lobe, cerebral laceration cerebral oedema

Table 1.
Details of cases used for the reconstruction



RESULTS

Each simulation provided estimates of the head 
impact velocity and impact angle. The head impact 
speed and angle were averaged over each gait position at 

each vehicle impact speed to provide test conditions for 
the impact reconstruction. The results of this are shown 
for each case in Figure 5 to Figure 16.
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Figure 2. Gait positions used in the simulation.

Figure 3.  Geometry of one of the vehicles, and the 
entities used to approximate its shape in 
MADYMO.

Figure 4.  Dip introduced for vehicles that were 
braking.
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Figure 5.  Head impact speed in the simulations of Case 
H021-86
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Figure 6.  Head impact angle in the simulations of Case 
H021-86
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Figure 7.  Head impact speed in the simulations of Case 
H029-89
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Figure 8.  Head impact angle in the simulations of Case 
H029-89
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Figure 9.  Head impact speed in the simulations of Case 
H0007-88
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Figure 10.  Head impact angle in the simulations of Case 
H007-88
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Figure 11.  Head impact speed in the simulations of Case 
H037-90
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Figure 12.  Head impact angle in the simulations of Case 
H037-90
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Figure 13.  Head impact speeds in the simulations of Case 
H032-86
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Figure 14.  Head impact angles in the simulations of Case 
H032-86
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Figure 15.  Head impact speeds in the simulations of Case 
H070-85
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Figure 16.  Head impact angles in the simulations of Case 
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HEADFORM IMPACT TESTS

The aim of the headform impact tests was to 
characterise the contact interaction between the head and 
the vehicle. The impact was reconstructed using a free 
flight headform, using the angle and speed estimated 
from the MADYMO simulations of the accident.

Methods

The impact tests were undertaken at the 
Pedestrian Impact Laboratory at the Centre for 
Automotive Safety Research. The laboratory includes a 
free-flight headform launcher that is capable of 
propelling a headform of 4.8 kg at speeds up to 70 km/h.

The headform used for this study was one 
conforming to the  specifications of EEVC WG10. The 
head impact speed and angle were set according to the 
results of the simulations (discussed previously). Three 
tests were conducted for each case. Where necessary, a 
separate vehicle was obtained for each test. This was 
necessary where the structure of the car was altered by 
the impact.

The results of the impact tests were used to derive 
contact interaction models that were valid over the range 
of speeds used in the impact tests. This is discussed in 
the next section of the paper.

SIMULATION OF HEADFORM IMPACT TESTS

The aim of this part of the study was to determine 
a suitable contact characteristic that could be used to 
describe and reproduce the impact of the headform and 
the vehicle in MADYMO, over the range of velocities 
used in the testing. The derived contact characteristic 
should reproduce, in a simulation of the impact test, the 
acceleration history of the headform test at each test 
speed. Such a contact characteristic was then considered 
a valid approximation of the contact characteristic over 
the range of estimates that the modelling predicts for the 
head impact speed in the collision. Therefore, the contact 
characteristic enabled further simulation of the accident 
to provide justifiable estimates of HIC, and the linear 
and angular acceleration experienced by the head of the 
pedestrian.

The contact between headform and vehicle is 
non-linear.  There are rate effects, as well as the presence 
of other non-linearities in the structure, which means 
that simple linear stiffness is rarely a satisfactory 
description of contact over any range of impact speeds. 
An approximation of the non-linearities arising from 
rate-effects (such as damping), can be made using a 
dynamic amplification factor. In MADYMO, dynamic 
amplification applies a scaling factor that depends on the 
rate of penetration, to a “base” stiffness. This factor may 
include stiffening or softening effects.

The use of dynamic amplification factors is not 
new, and has been used to estimate the dynamic response 
of structures from quasi-static tests (Prasad and 
Padgaonkar, 1981).  

Determination of contact interaction parameters 
from test results

The procedure used to determine the contact 
interaction between headform and vehicle will be 
explained by way of an example. Figure 17 shows the 
acceleration time histories from three impact tests. These 
tests were conducted at upper, lower, and middle 
estimates of the head impact speed, as determined from 
the initial simulations of the pedestrian-car collision in 
Case H021-86. These results can be used to approximate 
the force-displacement characteristic of each impact by 
converting the acceleration to force (by multiplying by 
the mass of the headform) and by integrating the 
acceleration to derive the displacement of the headform 
throughout the impact. The three force-displacement 
characteristics that result from this process are shown in 
Figure 18.
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Figure 17.  Head acceleration measurements made in the 
reconstruction of Case H021-86
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Figure 18.  Dynamic force-displacement curves estimated 
from the impact tests for Case H021-86

What is notable here is that the three curves are 
essentially scaled versions of one another. (In other 
cases, the relationship between results and different 
speeds may be more complex.) In this example it would 
seem reasonable to try approximating the contact 
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behaviour as a stiffness that is scaled linearly according 
to the impact velocity. For example, a dynamic 
amplification factor may be chosen that is of the 
following form:

€ 

c1 + c2 v

where v is the rate of deformation and c1 and c2 
are constants.

To get an idea of how well such a dynamic 
amplification factor could approximate the contact 
interaction, we can scale each of the force-displacement 
curves by the above factor, using the initial impact speed 
as a proxy for the rate of deformation. (In reality, the 
velocity of the headform will rapidly drop throughout 
the impact, but the assumption is that the velocity 
profiles of each test are roughly proportional to one 
another.) The result of this is shown in Figure 19. The 
similarity between the three resulting curves indicates 
that the contact interaction model that includes the 
dynamic amplification factor should be a reasonable 
description of the contact interaction over the speed 
range of the testing. To use the model in MADYMO, we 
defined a “base” stiffness. This base stiffness will be 
amplified according to the velocity of the headform. The 
base stiffness for the example is shown in Figure 20, for 
c1 = 1 and c2 = 0.25. The unloading is approximated by a 
null curve, and the hysteresis slope is set to 800000 N/m.
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Figure 19.  Force-deflection curves from impact tests 
associated with Case H021-86, normalised by the impact 
velocity

The next step is to model the three impact tests in 
MADYMO, to see how well the contact interaction 
model can reproduce the results of the impact tests. The 
model set-up is shown in Figure 21. The headform 
model is taken from the MADYMO dummy database. 
The bonnet of the car is modelled as a single plane, and 
the contact interaction with the headform is modelled 
with the base stiffness and the dynamic amplification 
model ABSEXP, with c1 = 1 and c2 = 0.25.
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Figure 20.  The force-displacement curves of each test, 
divided by the proposed dynamic amplification factor, and 
the discrete curve used in the MADYMO simulation of the 
impact tests.

Figure 21.  Illustration of the simulation of the headform 
test

The results of the simulations,  and the results of 
the actual impact tests are shown in Figure 22 through 
Figure 24.

These figures show that the headform 
acceleration predicted by the simulation is very close to 
that measured experimentally. The important feature of 
this result is that the model can predict the acceleration 
of the headform over the range of velocities used in the 
testing. Therefore, collision scenarios with different 
velocities can be modelled,  and over the range of 
resulting head impact velocities, better estimates of head 
impact severity can be made than had a simple linear 
contact characteristic been used.  The accuracy of the 
acceleration measurement is now dependent on 
modelling parameters other than the contact 
characteristic, such as the behaviour of the neck and the 
geometrical and inertial properties of the head. Changes 
can be made to the model to improve biofidelity, and the 
definition of the contact interaction should remain valid 
(as long as the head velocity is not grossly affected by 
modelling changes).
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Figure 22.  Headform  acceleration estimated from the 
simulation, and the acceleration recorded in the impact test 
(Case H021-86, impact velocity = 10.6 m/s)
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Figure 23.  Headform  acceleration estimated from the 
simulation, and the acceleration recorded in the impact test 
(Case H021-86, impact velocity = 12.2 m/s)
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Figure 24.  Headform  acceleration estimated from the 
simulation, and the acceleration recorded in the impact test 
(Case H021-86, impact velocity = 13.7 m/s)

Results of headform impact simulations

The contact interactions resulting from testing of 
selected cases were analysed, and the resulting dynamic 

amplification models are summarised in Table 2.  Note 
that the base stiffness functions are not presented here.

Table 2.
Dynamic amplification used to model the interaction in 

each case

Case Dynamic amplification factor Constants
H021-86 c1 + c2|v|  + c3v2 + c4|v|3 + c5v4 c1 = 1.0

c2 = 0.25
c3 = 0
c4 = 0
c5 = 0

H029-89 c1 + c2|v|  + c3v2 + c4|v|3 + c5v4 c1 = 1.0
c2 = 0.25
c3 = 0
c4 = 0
c5 = 0

H032-86 Windscreen: none
Dash: c1 + c2|v|  + c3v2 + c4|v|3 + 
c5v4

c1 = 1.0
c2 = 1.0
c3 = 0
c4 = 0
c5 = 0

H070-85 Windscreen: none
Dash: c1 + c2(v/c3)c4

c1 = 0
c2 = 1
c3 = 3
c4 = 0.41

A comparison between the headform acceleration 
predicted by each model, and its associated experimental 
result are shown in Figure 22 to Figure 33.

The magnitude and shape of the acceleration 
curves are similar in each case showing that the selection 
of a dynamic amplification model can adequately 
describe the contact of the headform and bonnet over the 
velocity range of the impact tests. The second part of the 
impact in the simulation of the headform tests for Case 
H070-85 shows that some refinement of the dynamic 
amplification model may be required. However, the 
principle of using such a model is demonstrated by the 
satisfactory simulation of the 12 impact tests performed 
for this study.
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Figure 25.  Headform  acceleration estimated from the 
simulation, and the acceleration recorded in the impact test 
(Case H029-89, impact velocity = 11.14 m/s)
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Figure 26.  Headform  acceleration estimated from the 
simulation, and the acceleration recorded in the impact test 
(Case H029-89, impact velocity =  9.97 m/s)
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Figure 27.  Headform  acceleration estimated from the 
simulation, and the acceleration recorded in the impact test 
(Case H029-89, impact velocity =  8.08 m/s)
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Figure 28.  Headform  acceleration estimated from the 
simulation, and the acceleration recorded in the impact test 
(Case H032-86, impact velocity =  10.24 m/s)
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Figure 29.  Headform  acceleration estimated from the 
simulation, and the acceleration recorded in the impact test 
(Case H032-86 impact velocity =  11.71 m/s)
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Figure 30.  Headform  acceleration estimated from the 
simulation, and the acceleration recorded in the impact test 
(Case H032-86, impact velocity = 12.46 m/s)
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Figure 31.  Headform  acceleration estimated from the 
simulation, and the acceleration recorded in the impact test 
(Case H070-85, impact velocity = 11.1 m/s)

! Anderson 10



0 5 10 15 20 25 30 35 40

200

400

600

800

1000

1200

1400

time (ms)

simulation
test

0

Figure 32.  Headform  acceleration estimated from the 
simulation, and the acceleration recorded in the impact test 
(Case H070-85, impact velocity = 12.56 m/s)
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Figure 33.  Headform  acceleration estimated from the 
simulation, and the acceleration recorded in the impact test 
(Case H070-85, impact velocity = 14.37 m/s)

HEAD IMPACT SEVERITY ESTIMATES FROM 
REVISED MADYMO MODELS

The previous section of this paper described the 
derivation of contact characteristics for each case. The 

contact characteristics appear to be valid over the range 
of head impact speeds used in the associated impact 
tests. By extension, we will assume that the contact 
characteristics are also a valid representation of the 
stiffness of the head impact over the range of likely head 
impact velocities in the crashes themselves. The 
simulations of the crashes can be used to estimate head 
impact severity by applying the derived contact 
characteristic to the head-vehicle contact in the 
MADYMO model of the crash.

Each variant of the case simulation was rerun 
with the new contact characteristic. The peak linear 
acceleration, the angular acceleration and the HIC value 
were estimated in each simulation. The results of these 
simulations are given in Table 3. The head injuries noted 
in each case are also given in this table.

Further analysis of the solution space is possible: 
Figure 34 shows a contour plot of peak linear 
acceleration values, estimated for Case H021-86. This 
plot shows the variation in head impact severity over the 
solution space defined by the range of the dependent 
variables Gait Position and Vehicle Speed. Gait positions 
around position 3 (also refer to Figure 2) produce the 
lowest head impact severity, whereas higher severity 
estimates are found about gait position 6. As might be 
expected,  higher impact speeds lead to higher estimates 
of impact severity. Table 3 and Figure 34 show that the 
variation in the estimate of head impact severity may be 
considerable.

DISCUSSION

In previous reconstruction studies using our 
MADYMO pedestrian model, we have limited the use of 
the model to estimating the impact velocity of the head. 
We have preferred to estimate impact severity by a 
physical test using a free flight headform on a vehicle of 
the same make and model as the vehicle involved in the 
accident. This is because the use of arbitrary values for - 
or point-estimates of - the impact stiffness will lead to 
unreliable estimates of head impact severity. For our 
purposes,  the use of complex and valid finite element 
models (which might overcome some of the objections 
to using simulation for estimating head impact severity) 
is not practicable.
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Case Mean 
estimated HIC 
(std dev. in 
parenthesis)

Mean estimated peak 
acceleration (g) (std 
dev. in parenthesis)

Mean estimated peak angular 
acceleration (krad/s2)
(std dev. in parenthesis)

Head and C0 injuries (may not be the fatal injury)

H021-86 1141 (793) 213 (80) 40.8 (8.9) Fracture of right temporal base of skull and patchy 
subarachnoid haemorrhage

H032-86 612 (344) 108 (41) 22.9 (6.5) Subarachnoid haemorrhage 

H029-89 1175 (486) 176 (45) 27.2 (9.2) Fracture/dislocation of the atlanto-occipital joint with 
spinal cord laceration and lacerations to the head

H070-85 1121 (840) 205 (46) 27.0 (6.0) Fractured skull base, subdural haematoma, contusion 
to left frontal lobe, cerebral laceration.

Table 3.
Mean values and standard deviations for head impact severity estimated from the 18 variants of the MADYMO model of 

each crash, using the experimentally derived stiffness values



Figure 34.   Contour plot of peak acceleration (g) by gait 
position and impact speed, Case H021-86.

We have developed a multi-body modelling 
technique that can use a range of estimates for input 
parameters that are not known precisely,  without 
compromising the validity of the head-vehicle contact 
interaction model. If the contact interaction model is 
valid over the range of one or several simulation 
parameters (such as impact speed of the vehicle or 
pedestrian posture),  then the model may be used to 
explore the solution space that is bounded by the limits 
of the simulation parameters over their range.

The mean estimated HIC values and acceleration 
values reflect not only the choice of the range of each 
parameter,  but also all model parameters. Therefore, the 
estimates of head injury severity would be likely to 
change if other aspects of the model were altered.

Figure 34 is an example of the distribution of 
estimates that this kind of analysis can produce. By 
checking the kinematics of the simulation and 
comparing these to the physical evidence left after the 
collision, the range of each of the dependent variables 
may be reduced further by, for example, ruling out 
certain postures as being unlikely in the collision. This 
may reduce the variance in the estimates of the head 
impact severity.

CONCLUSIONS

This paper has demonstrated that multi-body 
techniques can be successfully used to reconstruct and 
simulate crashes where certain dependent variables are 
not known precisely. Design-of-experiment type 
analyses may be applied readily and efficiently to multi-
body techniques, and non-linearities in contact 
interactions may be empirically derived using a 
combination of simulation and impact testing.

This technique was applied in the reconstruction 
of four car-to-pedestrian collisions.  The results showed 
that the use of a dynamic amplification model within 
model could adequately describe the non-linearity in the 
head impact.  The range in the estimate of the head 
impact severity provides both bounds on the impact 
dynamics in the actual crash, and demonstrates the 
sensitivity of the estimate to chosen initial conditions. 
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ABSTRACT

The daytime use of motorcycle headlights has had
mixed success in various countries. Dedicated lights
that are optimised for use as daytime running lights
(DRLs) can be far more effective and energy-
efficient than low beam headlights.

A difficulty with motorcycles is a lack of space for
fitting extra lights at the front. In the USA many
General Motors cars use bright yellow front turn
signals as DRLs. The feasibility of applying this
approach to motorcyles is examined. Initial research
suggests that bright yellow DRLs could be highly
cost effective for preventing motorcycle accidents.
Technology improvements such as Light Emitting
Diodes and ambient light sensors would make them
even more effective.

INTRODUCTION

Motorcycle accidents

Motorcycle riders make up about 17% of vehicle
operator fatalities in Australia. Per kilometre
travelled, motorcycle riders are 29 times more likely
to be killed than operators of other vehicles.
Motorcycle operators in in the 17 to 25 age range
have almost 100 times greater risk to operators of
other vehicles (ATSB 2002).

About two-thirds of Australian motorcycle accidents
occur in daylight and 65% involve more than one
vehicle. It was reported that in 21% of daytime multi-
vehicle collisions the driver of the other vehicle
claims to have not seen the motorcycle (Hendtlass
1992).

More recently, an in-depth study of motorcycle
crashes in Europe found that in 37% of all cases the
primary contributing factor was the failure of another
vehicle operator to detect the motorcycle (ACEM

2004). 73% of accidents occurred in daylight and a
further 8% at dawn or dusk. It is notable, however,
that the headlights were in use in 69% of these
accidents. Unfortunately any link between detection
failure and lack of headlights is not reported by the
authors but it is evident that many cases involve
motorcycles with illuminated headlights that are not
seen by other motorists.

Daytime running lights

Daytime running lights (DRLs) are bright white or
yellow forward-facing lights that improve the
forward conspicuity of vehicles in the daytime. They
are intended to increase the chance of other road
users seeing the approach of the vehicle.

Four main types of DRLs are currently in use:

a) low-beam headlights that illuminate when the
vehicle is started

b) dimmed high beam headlights - the voltage to the
high-beam headlights is regulated so that they have
greatly reduced intensity

c) dedicated lights with a defined beam pattern and
light intensity

d) increased intensity yellow turn signals. These
illuminate constantly until the turn signal control is
activated and then they flash on one side.

In each case the vehicle is usually wired so that the
DRLs illuminate whenever the engine is running.
DRLs that do not utilise low-beam headlights must
deactivate whenever normal headlights come on.

In the case of motorcycles DRLs are almost always
low-beam headlights.
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Regulations and standards

Australian Design Rule 76/00 'Daytime Running
Lamps' sets out requirements for optional lamps fitted
to vehicles sold in Australia. The ADR calls up
Europe (UN ECE) Regulation 87 and only allows
white lamps to be used as DRLs.

SAE Recommended Practice J2087 'Daytime running
lights for use on motor vehicles' is an optional
standard.

Canada Motor Vehicle Safety Standard 108 specifies
requirements for the mandatory fitting of DRLs to
vehicles built from 1st December 1989.

Several countries require the use of DRLs (mainly
low beam headlights) under traffic laws but they are
not required to be 'hard wired':

In 1992 Australia introduced mandatory "hard-wired"
headlights for motorcycles - low-beam headlights
were required to illuminate whenever the engine was
running. This requirement was rescinded in 1996, due
mainly to pressure from motorcycle lobby groups:
"The Motorcycle Council of NSW (MCC) counts
amongst its major achievements... Convincing the
Federal government in 1996 to provide an alternative
to ADR 19/01 (requiring hard wired lights on for
motorcycles) in the form of ADR 19/02  (which does
not require hard wired headlights)" (MCC website).

Effectiveness studies – cars

Overseas studies have generally shown that daytime
running lights reduce daytime accidents by making
vehicles more conspicuous to other road users. The
greatest benefits are with the more severe accidents,
including head-on and intersection crashes and
collisions with pedestrians and cyclists.

According to a European study (Koornstra 1997) the
potential savings are:

• 25% of daytime multi-vehicle fatal accidents

• 28% of daytime fatal pedestrian accidents

• 20% of daytime multi-vehicle injury accidents

• 12% of daytime multi-vehicle property accident

The large benefits to pedestrians arise from improved
conspicuity of vehicles - the pedestrian is less likely
to move into the path of an approaching vehicle that
is equipped with DRLs. Similar benefits would apply
to other vulnerable road users such as bicyclists and
motorcyclists.

In Australia 64% of fatal crashes and 79% of non-
fatal crashes occur during the daytime and about 3/4
of these are multi-vehicle crashes. If the savings

estimated for Europe could be achieved in Australia
this would equate to savings of:

11% of all fatal accidents

15% of all other accidents

Effectiveness studies – motorcycles

Rumar (2003) reviews the effectiveness of
motorcycle DRLs. He reports that there are relatively
few applicable studies. For example, Henderson and
others (1983) showed that motorcycle crashes were
reduced by about 5% after the introduction of the
DRL legislation for motorcycles in North Carolina in
1973. Other crashes were not influenced. Williams
(1996) reports an estimated 13% reduction in
motorcycle crashes through the use of motorcycle
DRLs (mostly headlights) in the USA.

Rumar points out that motorcycles have a significant
conspicuity disadvantage due to their smalller front
cross-sectional area. This also leads to speed and
distance estimation errors by other drivers. Rumar
notes that a single headlamp does not provide
adequate distance information and he suggests that
three lamps, mounted in a triangular pattern, may
assist in speed and distance estimation.

This observation by Rumar, combined with the recent
studies of motorcycle accidents where most
motorcycles had headlights illuminated in the
daytime, indicates that single low-beam headlights
might not be particularly effective as motorcycle
DRLs. It is therefore  necessary to consider the visual
ergonomics of on-road situations when accessing the
functional requirements for motorcycle DRLs.

FUNCTIONAL REQUIREMENTS OF DRLS

Vehicle signal lights need to be designed to meet the
conflicting requirements of:

• providing sufficient signal range to be seen and
recognised and

• avoiding undue glare that hinders the vision of
other road users

This must be achieved throughout a very large range
in background lighting conditions (Paine and Fisher
1996).

The luminous intensity of lights is measured in
candela. Research with traffic signals found that
yellow lights require three times the luminous
intensity of red lights to achieve the same signal
range (Fisher and Cole 1974). White light signal
range lies between these extremes.
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In 1993 a detailed report on DRLs was issued by the
Commission Internationale de l'Eclairage (CIE) - the
international authority on lighting standards. Prof
Rumar was chair of the CIE committee that prepared
the report. The committee recommended that
dedicated DRLs be encouraged with the following
features:
• Relatively high intensity: up to 1200cd along the
central axis
• Two white lights mounted at the front of the vehicle
• Minimum area of illumination 40cm2.
• Motorists should be encouraged to switch to low
beam headlights at dawn and dusk to minimise
potential glare problems.

Paine (2003) reviewed the functional and operational
issues associated with DRLs. Road design guidelines
provide a benchmark for determining the required
signal range for DRLs:

Table 1. Road Design Sight Distances - metres
(Lay 1991)

Design
Speed

Intersection
sight distance

Overtaking sight
distance

40km/h 80 160

60km/h 120 220

80km/h 170 340

100km/h 230 480

These required sight distances can be compared with
the signal range of various colours of light under a
range of background lighting conditions. With DRLs
the worse case is a bright day (background luminance
10,000cd/m2).

Using the formula provided by Paine and Fisher
(1996), Table 2 sets out the estimated signal range of
a selection of automotive lamps on a bright day.

Table 2. Australian Requirements for Vehicle Lamps

Type of lamp Minimum
Intensity

Maximum
Intensity

Estimated
Range*

Front turn signal
(yellow, not
flashing)

175cd 700cd 110m

Rear turn signals
(yellow, not
flashing)

50cd 200cd 60m

Rear brake lamp
(red, day/night)

40cd 100cd 70m

Rear brake lamp
(red, day only)

130cd 520cd 160m

Rear fog lamp (red) 150cd 300cd 120m

Low beam (white,
upper portion)

- 437.5cd 100m

Dedicated DRL
(white)

400cd 800cd 140m

*Estimated range in bright daylight with light 3o from
observer's line of sight and at maximum permitted
intensity.

Figure 1. Light intensity and signal range for a selection of vehicle lights
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These are illustrated in Figure 1, together with the
sight distances from Table 1 (e.g. i40 = intersection
with 40km/h traffic speeds, ot60 = overtaking with
60km/h traffic speeds).

Notable from this analysis is that on bright days, low-
beam headlights which are at their maximum
permitted intensity (437cd in the direction of other
road users) are barely adequate for intersection
situations where traffic is travelling at about 50km/h.
They are inadequate for traffic speeds of 60km/h or
higher. This outcome could go some way to explain
the so-called latitude effect where DRLs have
generally been found to be more effective in high
latitude countries (Koornstra 1997). If this is the case
then brighter DRLs can be expected to overcome this
latitude effect.

On cloudy days, or near dawn or dusk, most potential
DRL lights can be expected to be effective for the
range of signal ranges set out in Table 1. An
exception is for overtaking in traffic travelling at
80km/h or more. In this case low beam headlights
(437cd) are likely to be marginally effective.

This analysis is supported by a US study reported by
Thompson (2003). The effectiveness of several types
of DRL now fitted as standard to GM cars was
evaluated by comparing the collision rates of models
built before and after DRLs became standard:

Table 3. Effectiveness of DRLs on GM cars
(from Thompson 2003)

DRL Type Change in
Collision rate

Dedicated DRL (900cd) -8.76%

Low beam headlight -3.23%

Reduced intensity low beam -2.31%

Reduced intensity high beam* -4.86%

Yellow turn signal # -12.4%

* Although reduced intensity high beams are bright (around
5000cd) they have a very narrow beam angle that limits
their effectiveness as a DRL (CIE 1993)L

# GM uses high intensity turn signals (around 900cd).

Subject to sample size limitations, the GM study
suggests that dedicated DRLs are nearly three times
as effective as low beam headlights and bright turn
signals are nearly four times as effective.

It is therefore important that the type of DRL be
taken into account when considering DRLs for
motorcycles.

DRLS FOR MOTORCYCLES

Low beam headlights are the most popular form of
DRL on motorcycles. Although these are the easiest
to implement they have several disadvantages:

1. As demonstrated in the previous section,
they have marginal photometric performance,
even at the brightest intensity permitted by
regulation. In any case, it is likely that most
motorcycle headlights are well below this
maximum permitted value.

2. Headlights waste energy when used as
DRLs because, on low beam, they are designed
to direct most light below the horizontal and
away from the eyes of other road users. Tail
lights and number plate lights also illuminate
with the headlights but are not needed in
daylight.

3. There is increased risk of a headlight bulb
failure and this is a more serious night-time issue
with motorcycles than cars.

Dedicated DRLs overcome these disadvantages but
motorcycles generally do not have sufficient space at
the front for these additional lamps.

Turn signal DRLs also overcome the disadvantages
of headlight DRLs. Furthermore they do not require
extra space at the front of the motorcycle. All that is
required is the replacement of normal motorcycle
turn signals (which are likely to have relatively poor
photometric performance) with much brighter ones.

Turn signal DRLs would unambiguously indicate to
other motorists that the approaching vehicle was a
motorcycle and the intended direction of turn
(conventional motorcycle turn signals are so close
together that, sometimes, the intended direction of
turn is not evident to other motorists).

Yellow DRLs are not currently permitted in
Australia. There is therefore the one-off opportunity
to regulate to allow optional yellow DRLs on
motorcycles and ensure that these vehicles are
uniquely identified to other road users. A pair of
yellow DRLs will also assist other road users to judge
the speed and distance of an approaching motorcycle.

CRITICISMS OF DRLS

There are several myths and misunderstandings about
DRLs that need to be addressed by policy makers.

Increased fuel consumption not an issue with energy-
efficient dedicated or turn signal DRLs that send light
in exactly the direction where it is most effective.
Recent developments in LED technology should



Paine, 5

mean that a pair of DRLs with excellent photometric
performance will consume less than 20W.

Concern about masking of vulnerable road users has
been shown to be unfounded (Williams 1996). In any
case vulnerable road users benefit most from being
able to see approaching vehicles with DRLs.

Masking of brake lights by tail lights (that come on
with headlights) and premature failure of headlight
globes are not issues with dedicated/turn signal DRLs

Glare could be a problem at dawn and dusk (Stern
2002). This is easily overcome by automatic
headlights with an ambient light sensor. Many new
cars now have this feature. If turn signal DRLs are to
remain continuously illuminated at night then they
should have reduced intensity  (maximum 700cd)
when the headlights are illuminated. Bright turn
signals that only illuminate when they flash would
not need to have reduced intensity at night and may
provide increased signal effectiveness.

CONCLUSION

Bright yellow turn signal DRLs should be
encouraged for motorcycles. These should have an
on-axis luminous intensity of not less than 1000cd
and not more than 1800cd. Automatic headlights
should also be encouraged so that a light sensor is
used to switch from DRL operation to headlights. To
avoid glare, bright turn signals should not be
continuously illuminated at night.

In Australia bright yellow DRLs should be permitted
on motorcycles but should continue to be disallowed
on other vehicles. These would be far more effective
as DRLs than headlights and have the potential to
reduce fatal motorcycle crashes by more than 13%.
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ABSTRACT 
 
THUMS (Total human model for safety) [Watanabe et 
al1] is a finite element model of human body developed 
to study various injury mechanisms and for use as a 
substitute for crash test dummies. The development 
team of Toyota Central R&D Labs (TCRDL) has 
validated different parts of this model against 
experimental data available in literature. Neck response 
data for different impact conditions is available in 
Mertz and Patrick2,3 and McElhaney et.al4,5. A 
preliminary validation of the neck model in Thums, 
against some of these tests, has been presented by the 
TCRDL group [Oshita et.al6] but no extensive 
validation has been reported for the variety of test 
conditions reported in literature. Typically, frontal and 
rear end impacts are of interest and these cause 
bending, axial as well as torsional loading on the 
cervical spine. A computational model can be expected 
to validate against multiple boundary conditions and 
initial conditions. Therefore, validation of a 
computational model (THUMS) in varying test 
conditions is of significance. Thus the objective of the 
current work is to independently investigate the fidelity 
of the neck model of THUMS under varying impact 
conditions.  
 
 
From the initial seating position the Thums model has 
been modified to match the initial position in the tests. 
The impact test conditions used in the experiments 
have been then recreated in PAMCRASHTM and 
simulations have been carried out to validate the neck 
model. The models and the material properties have 
then been iterated and the performance of the Thums 
model has been investigated vis-à-vis the experimental 
results.  
 
INTRODUCTION 
 
Injuries to the neck, or cervical region, are very 
important since there is a potential risk of damage to 
the spinal cord. High-speed transportation have 
increased the number of serious neck injuries and made 

us increasingly aware of its consequences. The 
incidence data from the injury surveillance program at 
the Swedish National Board of Health and Welfare, 
[Karrin7] is indicative of this.. 
 
The lower cervical spine is the most frequently 
observed location for spinal trauma. It has been shown 
that cervical spine injuries are more often connected 
with spinal cord injuries than the lower spinal regions, 
Pintar and Narayan8. There is also a strong association 
between head and face trauma and neck injuries. Hence 
a neck injury in automobile crashes is a problem that 
needs to be addressed with new preventive strategies.  
 
FE Models of the human body are now being 
developed to aid in development of new protection 
devices for vehicles. These models include realistic 
anatomical geometry of the human body and their 
physical properties, to predict kinematics, kinetics, and 
internal stresses and strains inside the human body. 
THUMS is one such human body model1.  
 
The THUMS model represents a 50 percentile 
American male in seating position. The model has been 
developed by Toyota Central R&D Labs. Inc, Toyota 
System Research Inc., and Toyota Motor Company in 
conjunctions with the Wayne State University1,9,10. The 
model contains about 60,000 nodes and 80,000 
elements. Each bone consists of cancellous zone 
modeled using solid elements and cortical zone 
modeled using shell elements. In the joints of THUMS 
model, ligaments that connect the bones are modeled 
using shell / beam elements and sliding interfaces are 
defined on the contacting surfaces of these bones. Skin 
and muscles that cover the bone are modeled with solid 
elements.  
 
The purpose of THUMS is to simulate responses of 
human body sustaining impact loads. However these 
FE models need to be validated before they can be used 
effectively. Various studies for the validation of 
different parts of the THUMS model have been 
reported by the Toyota group (6, 9, 10 to name a few).  
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In the present work Human Cervical Spine (Neck) 
Model of THUMS has been validated for different 
impact conditions (Frontal, Rear and Torsion). 
Simulations have been developed for these impact 
configurations and compared against experimental data 
already available in literature. We first briefly mention 
the experimental data used in this work and then 
describe our simulations and comparisons. 
 
EXPERIMENTAL DATA 
 
Considerable work has been done in the area of 
measurement of the response and tolerance of the 
human neck in  impact environment. Some of these 
papers include the information of the actual test 
condition and boundary condition imposed on human 
cadavers and volunteers. In this section we describe 
some of this data that we have used for validations.  
 
Mertz and Patrick2, conducted several tests on cadavers 
for investigating the kinematics and kinetics of 
whiplash. The work also proposes mathematical 
modeling of dynamics of human head for different 
impacts. Later, Mertz and Patrick3 conducted test for 
neck response envelopes for the extension and flexion 
of the neck. They report motion of the head relative to 
the torso in the segittal plane and the static and 
dynamic strength of the neck in flexion and extension.  
 
McElhaney etal4 investigated the lateral, anterior and 
posterior passive bending responses of the human 
cervical spine from cadavers. Results include moment 
angle curves, relaxation modulii and the effect of cyclic 
conditioning on bending stiffness of cervical spine. 
Later, McElhaney etal5 have investigated the responses 
of the unembalmed cadaver cervical spine to axial 
rotations of the head about a vertical axis. Thunnissen 
and Philippines11 investigated the head-neck response; 
the neck loads and the sustained injuries obtained from 
human cadaver experiments in the frontal, lateral and 
rear-end collisions. Ono and Koji12 analyzed the 
motion of the cervical vertebrae under varying 
conditions. They investigated head and neck responses 
in low speed rear-end impact conditions and have 
focused on the head kinematics using sled tests with 
post mortem human subjects. Rizzetti et al. 13 reported 
skull, brain and cervical spine injuries through direct 
head impacts. Fourteen head impacts (frontal, lateral or 
occipital) with cadavers were performed.  
 
Panjabi et al.14 reported the current understanding of 
the injury tolerance of the human cervical spine and 
characterization of the mechanical properties and 
injury criterion of the cervical spine. They also 
documented the state-of-the-art by which surrogate 

devices and models may be used to mimic the 
mechanical behavior of the human neck. 
 
In this work we present validation of the Thums model 
against frontal impact tests of Mertz etal 2,3, rear end 
impact tests of Ono etal12 and torsion tests of Myers 
etal15. 
 
VALIDATION METHODOLOGY AND MODEL 
DEVELOPMENT 
 
The nominal posture of the Thums model is a sitting 
position. In order to validate the neck model of Thums 
we had first modified the FE mesh of THUMS, to bring 
its position identical to that used in the experiments. 
This turned out to be a non-trivial exercise for human 
body models. The dummy had been positioned in the 
correct posture by running successive simulations for 
altering the dummy position. The deformed / 
positioned dummy obtained from these simulations 
were used as an input mesh in the next stage, and 
iteratively the initial condition for the meshes is 
obtained.  
 
The following sub-sections describe how the model has 
been developed for the three tests simulated in this 
work. 
 
Simulation model for frontal impact  
 
While conducting test on human cadavers for dynamic 
hyper-flexion, the subjects were restrained on a rigid 
chair mounted on an impact sled3. The sled is 
accelerated pneumatically over a distance of 6 ft to the 
prescribed velocity. The head position was set to a 
vertical, upright position and backrest at 15 degree 
from the vertical. The sled was then brought to rest 
rapidly by a hydraulic cylinder to generate the 
deceleration pulse. The model of sled in PAM-
GENERIS using shell elements, defined as rigid is 
shown in Figure 1 
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Figure 1.  Sled Model using Shell Element 
 
The THUMS model had then been brought into a 
sitting position on the sled i.e. in the same position as 
the human subjects were at the time of the experiment. 
This was achieved by dynamically simulating the 
sitting process in Pamcrash by successive single axis 
rotations. The initial and the final position of the 
THUMS model have been shown in the Figure 2 and 
Figure 3 respectively. 
 
The restraint system used in the experiment consisted 
of a lap belt and two individual shoulder harnesses that 
crossed at the mid-sternum. In addition, the subject’s 
feet were fastened to the foot support. 
 

 
Figure 2.  Initial Position of THUMS. 
 

 
Figure 3.  Final Sitting Position of THUMS for 
frontal Impact. 
 
Belts have been modeled using multiple beam 
elements, and are assigned a material model 205 in 
PAM GENERISTMwhich is a non-linear ension-only 
bar element meant for modeling of seat belts.  
 
Simulation models for low speed rear impact 
simulations 
 
The experimental responses for low speed rear impact 
has been reported by Ono et al12. In these tests, the 
head position was set in a vertical upright position, 
backrest is at 20 degree from the vertical and sitting 
base is at 10 degree from the horizontal. The sled has 
been modeled in PAM-GENERIS using shell elements 
and has been designated as a rigid body. 
 

 
Figure 4.  THUMS with chest restraint system 
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Figure 5.  Modeled Sled for rear impact 
 
THUMS mode had been modified so as to have the 
same initial position as reported in Ono et al12 (Figure 
6). 
 
Simulation models for the neck in torsion 
 
Myers etal15 reported experimental response for the 
cervical spine in torsion. The experimental cervical 
spine specimen included the base of the skull, 
approximately two centimeters around the foramen 
magnum and the first thoracic vertebrae at the caudal 
end, with all the ligaments structures kept intact. It is 
found after experimentation that all failures were 
confined to the atlanto-axial joint. A similar model of 
neck has been prepared for simulation by eliminating 
the structures other than C2 to T1.  
 

 
 
Figure 6.  Final sitting position of THUMS for low 
speed rear impact simulations 
 
The thoracic vertebra was kept fixed and the axis was 
given various input rotational velocities. Specimens 
were cast into aluminum cups so that the ends were 
parallel. The axial movement of the neck has been 
permitted. Same boundary conditions have been 
incorporated in the simulation models shown in Figure 
7. 

 
Models for the three test conditions, viz, frontal impact, 
rear impact and torsion, had thus been duplicated to 
reproduce the geometry and end-fixity conditions. 
Subsequently the THUMS neck muscle material model 
and the associated material properties were tuned to 
match with the experimental results available. Hill 
material Model was implemented in all the neck 
muscles, and its properties have been iterated to match 
the results. The next section describes the results of the 
simulations and their comparisons with experimental 
data. 

 
 

 
 

 
Figure 7.  Front, side and Top view of the neck 
model prepared for simulating Human cervical 
spine to torsion. 
 
RESULTS AND VALIDATIONS 
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Results of frontal impact, rear impact and torsion 
response of THUMS neck are now discussed in this 
section.  
 
Validation for frontal sled impact test 
 
For the frontal sled impact simulation using THUMS 
conditions corresponding to cadaver 15383 have been 
simulated. Additional weight of 1.36 kg has been put at 
the center of gravity of head of cadaver, and an initial 
velocity of 5.88 m/s has been given. The sled has been 
made to stop within a distance of 0.254 m with a 
deceleration pulse (Figure 8) having a plateau 
deceleration of 66.7 m/s2.  
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Figure 8.  Deceleration pulse used in Rum 200 with 
cadaver 1538  
 

With the test conditions as stated above, is the model 
was simulated for 100 msec termination time.. Figure 9 
shows the movements in THUMS after 0.025, 0.05, 
0.075 and 0.092 msec. 

 

Figure 11 plots the equivalent moment about the 
occipital condyles as a function of angular rotation of 
head relative to torso, for experiment and simulation 
using unmodified, elastic and Hills model for muscles. 
This curve is of primary interest for validating THUMS 

neck behavior.  
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Figure 9. Movements in THUMS after 0.025, 0.05, 
0.075 and 0.092 msec. 

 
 

 
 
Figure 10.  Angular rotation of Head with Torso 
from simulation. 
 

 
 
Figure 11.  Moment as a function of the angular 
position of head, under hyper flexion. 
 
Figure 10 shows that the THUMS model had larger 
relative head angulations, 140 deg as compared to 73 

for cadaver 1538. This large difference can be due to 
difference in neck stiffness and muscular behavior. 
 
For cadaver experiment, maximum equivalent moment 
of 27 Nm was observed at relative head rotation of 20 
deg. For THUMS this was 40 Nm at 19 degree relative 
head rotation. Peak resisting moment for cadaver was 
62 Nm at 50 deg of relative head rotation. For THUMS 
this was 60 Nm at 50-60 deg of relative head rotation 
which is similar to the experiment.  
 
After the peak of resisting equivalent moment is 
achieved, THUMS head was not coming back to its 
initial position due to inadequate muscular forces and 
chin chest reactions. Rather the angular rotation of 
head increased unto 140 deg of relative head rotation. 
This could be because of  cadaver 1538 having a neck 
stiffer than the neck of THUMS . This magnitude of 
relative head rotation was observed in cadaver 1404 
neck response which had the most flexible neck among 
the cadavers, with maximum relative head rotation of 
100 deg for same test conditions. 
 
The result showed considerable improvements in the 
model behavior when Hill material model was 
incorporated in the neck muscles of THUMS. The 
nature of the overall equivalent moment with head 
rotation response of the model shows a good agreement 
with the experimental corridor. Peak values matched 
but the area under the response curve deviated from the 
corridor.  
 
The peak value of head rotation had improved to be 60 
degree which is as reported by Mertz et al (1971). The 
head also whipped back after reaching a rotation limit  
 
Low speed rear impact simulation 
 
Speed selected for simulating test conditions was 4 
km/h which wass the same as in the experiments.  
 
The parameters that had been tracked in simulation 
were sled acceleration, head acceleration; thoracic 
spine acceleration, frontal chest acceleration and 
cervical vertebrae motion analysis. The motions of 
entire cervical vertebrae were represented by the 
changes in the relative rotational angle and translation 
of the third cervical vertebra from the sixth cervical 
vertebra. 
 
The deceleration pulse given as an input to the sled was 
generated based on the experimental response data 
reported by Ono et al12 (Figure 12).  
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Figure 12.  Acceleration Pulse given to the sled from 
low speed rear impact simulation, Koshiro Ono 
(1997). 
 
With the test conditions above, THUMS was simulated 
for 300 msec termination time. Sixty stages have been 
created at increment of 5 msec per stage. Figure 13 
shows the movements in THUMS after 0, 100, 150, 
200, 250 msec respectively. 

 
The head rotation curve shown in Figure 16 indicates 
that THUMS underwent larger relative head 
angulations, 32 deg as compared to 20 deg for cadaver. 
After the peak of head rotation is attained, in THUMS 
the head is not restored to its initial position but 
angular rotation of head kept on increasing unto 40 deg 
of relative head rotation. This could be because of less 
stiff neck of THUMS or improper muscle model in the 
neck.  
 
In Figure, the time history of equivalent moment for 
THUMS and that from the experiments has been 
compared. The peak values of both positive and 
resisting moments are much higher than the 
experimental data. For experimental run, maximum 
equivalent moment of 8 Nm is observed while for 
THUMS this is coming out to be 25 Nm.  Peak 
resisting moment in experimental data is 3 Nm and for 
THUMS this is 14 Nm. 
 
In Figure 14, acceleration response of head of THUMS 
has been compared with that of experimental data.. 
Peak experimental value achieved is 22m/sec2 whereas 
from simulation this is coming out to be 28 m/sec2. 
Rotational angle of C3 in crash condition has been 
compared for experimental and simulation results in 
Figure 16.  In general, large variations can be seen 
between the experimental and simulation results. One 
of the main reasons for this, we feel, is that the neck 
muscles have not been modeled completely in Thums.  
 
From the head rotation curve obtained for THUMSTM 
with Hill model, the peak value of head rotation is 17 
degree, which is close to the value of 22 degree for 

volunteers. Another significant change that can be 
observed from the head rotation curve is the coming 
back of head after attaining the peak value of 17 
degree.  
Comparison has been made in head acceleration 
experimental data and simulation data. Nature of the 
both the curves are same and the peaks values are quiet 
same with 24 m/sec2 for THUMS and 23 m/sec2 for 
volunteers.  
 
The time history of equivalent moment for THUMS 

and that from the experiments has been compared. The 
peak value of positive moment is 7.5 N-m for 
experimental data and 9 N-m for THUMS. The peak 
resisting neck moment value for THUMS neck is 4 N-
m whereas for volunteer it is 2 N-m. The nature of the 
curve is same as that of experimental data.  
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Figure 13. Movements in THUMS after 0 msec, 100 
msec, 150 msec, 200 msec and 250 msec 
respectively. 

 

 
 

Figure 14.  Acceleration response of head of 
THUMS from simulation. 

 
 

 
 
Figure 15.  C3 motion relative to C6 – Vertical 
translation. 

 

 
 
Figure 16.  C3 motion relative to C6 – Rotational 
angle. 
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Figure17.  Time history of neck moment. 

 
Simulation for the neck in torsion 
 
Simulations have been done for the torsion tests 
conducted by Myers etal15. These include visco-elastic 
tests using relaxation and constant strain rate 
conditions. The specimen is loaded to failure by 
applying a ramp and hold at 500 degrees/sec. 
Relaxation tests use ramp and hold signals with 0.25-
second rise times. The deflection is then held constant 
for next 150 seconds. Myers etal15 also report a failure 
test, which has been categorized as high velocity 
failure tests using ramp to failure velocity 
displacements. The purpose of these tests was to 
provide a database representing the lower bound (No 
muscle action) of the stiffness of the human neck in 
rotation.  
 
Figure  shows the load to failure response of the 
experiments conducted on 3 human cervical spines 
reported by Myers and McElhaney15 and the simulation 
response of THUMS neck. The results show a fair 
degree of correspondence. 
 
 
 

 

 
Figure 18.  Movements in THUMS neck after 0 
msec, 100msec, 200 msec and 300 msec respectively. 
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Figure 19.  Torsion Failure Test Responses of 
Human Cervical Spine. 

 
DISCUSSION 
 
In frontal impact simulations, the nature of the overall 
equivalent moment with head rotation response of the 
model shows a good agreement with the experimental 
corridor. But primarily the positive moment path of the 
model response is deviating from the corridor. In the 
neck model of THUMS this has been observed that 
many muscles have been modeled using bars elements, 
which have been assigned a null material model. This 
doesn’t incorporate the forces coming either in tension 
or compression on the model. Because of the absence 
of these forces there is no effect of these muscles on 
the movement of neck. As a consequence of this the 
head of THUMS is not whipping back even after a 
relative head rotation with respect to the torso of more 
than 140 deg, (Figure 11). 
This can be concluded that initially THUMS neck had 
a very less stiffness value and because of this actual 
THUMS had a 150-degree of Head rotation. The main 
cause for this looseness of THUMS neck was identified 
to be the improper material model used for modeling 
its neck muscles. There is no contribution of the 
muscle forces in actual THUMS. By changing the 
material model of neck muscles to elastic and then to 
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Hill material model, THUMS neck response has 
improves considerably.  
 
In the low speed rear impacts, the sled acceleration, 
head acceleration and cervical spine motion have been 
compared between the experiment and the simulations. 
The compressive vertical motion plays an important 
role in minor neck injuries. In the rear impact 
simulations, downward and rearward extension motion 
of the C3 compared to the C6 has been observed, 
resulting in the cervical spine getting compressed in 
early stage of the impact Figure 15. Similar behavior 
was also observed in the experiments. 
 
The motion of C3 in terms of rotational angle (Figure 
16) and vertical translation as compared to C6 (Figure 
15) reveals that the rotational angle of C3 increases 
over the time and reaches its peak around 150 ms after 
impact. After a drop of 10 deg in next 50 msec, it starts 
increasing again. The vertical translation of C3 wrt C6, 
on the other hand, reaches its first peak at 150msec 
after the impact and after a drop in its value for next 50 
msec it starts rising again. This variation is however, 
missing in the experiments. This is primarily because 
neck muscles have not been modeled completely in the 
Thums neck model. 
 
In the simulations that have been run for the failure 
tests in torsion on THUMS neck model; primary goal 
was the duplication of the in vivo kinematics and 
dynamics at the computer simulation level, as all the 
future work is based onto it. The centre of rotation is 
one such parameter which has been successfully 
identified in the THUMS neck model based upon the 
minimum energy method theorem(Myers and 
McElhaney15). The neck moment results obtained from 
THUMS show a good conformity with experimental 
results. The mean value of THUMS neck stiffness lies 
in the range of 0.472 Nm/degree in the high stiffness 
region. 
 
These simulations have given us a good insight into the 
THUMS neck model and also requirements needed 
from human body FE models in general. The cervical 
neck is an extremely complicated joint, and its FE 
modeling is an arduous task. We have run numerous 
simulations to study the importance various aspects of 
these simulations. On the basis of these we are now 
able to highlight various aspects of these models, 
which need further attention for a closer validation 
under different conditions.  
 
THUMS neck needs to be modeled in greater detail, 
especially with greater care for the muscles and 
tendons. Also, appropriate pre-tensioning needs to be 
included for these elements.  

 
No failure model is defined for any of the parts 
involved in available model of THUMS, though 
inclusion of failure model for ligaments has been 
reported in later versions of the THUMS model of 
some other body parts. In the current model, elements 
continue to stretch endlessly under load, without failure 
/ rupture.  
 
Similarly, the material model of the soft tissues as well 
as that of ligaments is found to be critical. Variations in 
geometry as well as properties from cadaver to 
cadaver, repeatability of the experiments and 
establishing appropriate corridors in these experiments 
are other issues, which need to be addressed. The 
simulation results suggest that the properties of 
ligaments and muscles need to be verified and 
implemented with greater care. This is particularly 
important as ligament injuries are of considerable 
interest in most situations.  
Neck muscles can alter the head and neck kinematics 
during frontal and rear end impact. Reflex time, 
activation level, co-contraction and the initial 
activation of the muscles can influence the head and 
neck motion. Additionally, initial seating posture and 
head restraint position influence the global and local 
head neck response in a rear end impact as was 
observed in the simulation results. Therefore, for 
accurate THUMS validation exact information on 
muscle activation, seating posture and position of seat 
and head restraint is essential.  

 
To summarize, in this paper we have verified the 
THUMS cervical spine model against three sets of 
experimental data available in literature. The model 
validates well in some cases but is found lacking in 
some others. The reasons for the same have been 
discussed and possible directions for improvement 
have been suggested. These include better material 
models for soft tissues, better muscle model, better 
failure / rupture models, better contact interfaces and 
inclusion of more details in the neck model, to name a 
few. We are currently investigating most of these 
issues and would have more suggestions in these areas 
in the months to come. 
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ABSTRACT 
 

This paper summarizes the compatibility 
research project conducted by JMLIT. Test 
procedures to assess vehicle compatibility were 
investigated based on a series of crash tests. In the 
IHRA (International Harmonized Research 
Activities) Compatibility Working Group, the 
full-width tests have been agreed upon for 
structural interaction evaluation of the Phase 1 
approach. Thus, the JMLIT compatibility research 
project mainly focused on this test procedure. 

Full-width rigid and deformable barrier tests 
were compared with respect to force distributions, 
vehicle deformation and dummy responses. In 
full-width deformable barrier tests, shear 
deformations are excited, and forces from structures 
can be clearly shown in barrier force distributions. 
The average height of force (AHOF) determined in 
full-width rigid and deformable barrier tests was 
similar. Basically, the full-width deformable barrier 
tests can be used as high acceleration tests. The 
dummy injury criteria were also similar between 
full-width rigid and deformable barrier tests, 
although for small cars the injury criteria can be 
inferior for full-width deformable barrier test due to 
sensor delay.  

In order to investigate SEAS detection in the 
barrier force distributions, full-width tests were 
conducted for SUVs (sport utility vehicles) with 
and without SEAS. The reaction force of the SEAS 
could be detected in the full-width deformable 
barrier test. The VNT (vertical component of 
negative deviation from target row load) will be a 
useful criterion to evaluate the SEAS reaction force.  

Car-to-car crash tests were conducted, and 
the compartment deformations of a small car in a 
crash into a medium car, MPV and SUV were 
compared. The structural interaction was poor in 
the SUV collision, and the passenger compartment 
of small car collapsed. Even structural interaction 
was good, a relatively large intrusion of the small 
car occurred in an MPV (multi-purpose vehicle) 
crash. Force matching and compartment strength 
will be significant for the next phase of 
compatibility improvement. 

INTRODUCTION 
 

Compatibility is defined as the ability to 
protect not only the occupants, but also other road 
users as well. Analyses of global accident data of 
car-to-car collisions from various countries have 
indicated that there are vehicles with low 
compatibility, such as cars with poor self-protection 
and cars with high aggressivity with respect to other 
cars. The aggressivity of SUVs has become an issue 
in the United States and to a lesser extent, Australia, 
as has the self-protection of small cars in Europe. In 
Japan as well, vehicle sizes vary widely, and 
compatibility is considered an important problem. It 
is therefore necessary to evaluate and improve 
compatibility performance based on crash tests. 

Test procedures for evaluating and improving 
the compatibility of passenger cars are currently 
under discussion in the IHRA Compatibility 
Working Group [1]. Japan considers the activities 
of the IHRA to be a significant way to inform future 
legislation and regulation, and has conducted 
research with the aim of making an active 
contribution to these activities. The proposed IHRA 
phase 1 approach used a full-width test [1]. In the 
proposal, barrier force distributions are measured 
and evaluated to improve structural interaction. To 
have enough resistance force in the common 
interaction zone to avoid structural misalignment of 
SUV is considered as short term as phase 1a. 

This paper summarizes the results of crash 
tests that Japan has conducted and reported to the 
IHRA Compatibility Working Group from 2003 to 
2005. In the tests, the full-width rigid barrier 
(FWRB) test and full-width deformable barrier 
(FWDB) tests were compared with respect to 
barrier force distributions, vehicle deformations, 
vehicle accelerations, injury readings and SEAS 
detection. This study also includes the analysis of 
Australia PDB test to investigate the compartment 
strength. Car-to-car crash test series of small cars 
was examined, and the compartment intrusion was 
compared with respect to the structural interaction 
and compartment strength. 
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LOAD CELL WALL IN FULL-WIDTH TESTS 
 

In full frontal tests, the barrier force 
distributions are measured from load cells, and 
structure alignment and homogeneity which are 
effective for structural interactions, are evaluated. 
Since Japan has a full-width rigid barrier crash test 
requirement in the regulation, it will be useful if the 
compatibility can be evaluated in this test 
configuration. In the present study, force 
distributions in full-width rigid and deformable 
barrier crash tests were examined from the data of 
JMLIT compatibility project and JNCAP (Japan 
New Car Assessment Program) tests. 

Figure 1 shows the load cell alignment of 
IHRA agreement [1] and of JMLIT test series at a 
JARI test facility. The common interaction zone in 
IHRA is at row 3 and 4, which is from 330 mm to 
580 mm above ground level. At JARI, the ground 
clearance of the load cell wall is 125 mm, and the 
area of rows 2, 3 and 4 correspond to rows 3 and 4 
in the IHRA agreement load cell alignments. 
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Figure 1.  Alignment of load cell wall in JARI 
test facility and in IHRA agreement.  
 
 
FULL-WIDTH DEFORMABLE BARRIER 
TESTS 
 

Full-width deformable barrier tests were carried 
out for five vehicles using a deformable element 
developed by the Transport Research Laboratory 
(TRL) [1][2]. The first layer of the deformable 
element has a crush strength of 0.34 MPa with 150 
mm depth, and the second layer has a crush strength 
of 1.71 MPa with 150 mm depth. Test vehicles 
include the minicar, small car, medium car, small 
SUV, MPV, and SUV that have different load paths 
(Table 1). Hybrid III dummies were used in driver 
and front passenger seats. An impact velocity was 
55 km/h. 

Table 1. 
Test matrix of full-width deformable barrier 

tests. 

Test car 
model 

Vehicle 
class 

Load path 
Kerb mass 

(kg) 
Test mass 

(kg) 

Suzuki  
Wagon R 

Minicar 
Single  
(w/o bumper 
beam) 

840 1041 

Toyota 
Vitz (Yaris) 

Small car Single 921 1091 

Subaru 
Legacy 

Medium  
Car 

Single 
(stiff lower  
Cross member) 

1510 1699 

Subaru 
Forester 

Small SUV 
2-stage 
(subframe) 

1443 1638 

Honda 
Stepwgn 

MPV 
Single 
(stiff lower  
Cross member) 

1530 1717 

Toyota 
Surf 

SUV 
Single  
(frame-type,  
SEAS) 

1878 2076 

 
 
 

Test vehicles after tests are presented in 
Figure 2. Generally, it was observed that the 
deformable element excites shear deformation of 
structures in the full-width deformable tests, which 
is similar in car-to-car crashes. The lower cross 
members and SEAS deformed rearward. Thus, the 
forces of the lower cross member which can prevent 
underride will be assessed effectively in the 
full-width deformable barrier tests. 

As shown in Figure 2, the deformation of 
bumper rearward bending was observed in 
full-width deformable barrier tests, which is a 
different deformation mode in full-width rigid 
barrier crash tests. In a Legacy, according to the 
rearward bending of stiff bumper beam, the 
front-ends of longitudinal members bent and 
wrapped inside at the point where the cross-section 
area changes. Sensors attached to the front end of 
longitudinal members also may not work as 
designed when the longitudinal member deforms in 
this way. This inward deformation of longitudinal 
members was observed more or less for all tested 
vehicles, except the Wagon R, which does not have 
a bumper beam, and the thin longitudinal members 
penetrated the honeycomb. 

Distributions of each load cell peak force are 
presented in Figure 3. The engine impact forces are 
mitigated by the deformable barrier, and forces of 
structures in a longitudinal direction can be seen 
clearly. Especially for Surf or Stepwgn, the 
longitudinal members are so stiff that they 
bottomed out the barrier, and the barrier force from 
these structures became high. The Forester has a 
subframe, Surf has a SEAS, and Stepwgn has a stiff 
lower cross member. If these lateral structures are 
stiff enough, they push the honeycomb and transfer 
forces at the barrier, though the force levels from 
lateral structures are not so high. 
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(a) Wagon R 

 

 
(b) Vitz 

 
(c) Legacy 

 
(d) Forester 

 
(e) Stepwgn 

 
(f) Surf 

Figure 2.  Vehicle deformation in full-width 
deformable barrier tests.  
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Figure 3.  Peak cell force in full-width 
deformable barrier tests.  
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The VNT is the difference of row force from 
a minimum target row load, which was proposed by 
TRL [1]. The VNT is a criterion to evaluate the 
reaction force in common interaction zone. The 
VNT is calculated as: 

{ }[
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fij = peak cell force. 

The VNT will be an effective parameter to 
evaluate the resistance force in the common 
interaction zone if the target load level is selected 
properly. In the IHRA, the target row load is 
proposed as 100 kN. As shown in Figure 4, since 
the ground-height of the longitudinal member of 
Wagon R is low, the force level in row 4 became 
small. As the Vitz has a single load path, only force 
in row 4 is large. Though the VNT is a criterion of 
resistance force for SUV structural alignment, the 
row load of minicar and small car can be smaller 
than the target row load of 100 kN.  

The HNT (horizontal component of negative 
deviation from target cell load) is also proposed by 
TRL as: 
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The HNT is a parameter to evaluate the 

bumper beam stiffness. In Figure 4, the HNT of the 
tested vehicles is also shown. The HNT is good for 
Legacy and Forester which has a stiff bumper beam. 
The HNT is not good for other cars with a less-stiff 
bumper beam. The HNT is not also good for the 
SURF which has stiff longitudinal members. The 
HNT depends on the bumper beam stiffness as well 
as longitudinal member stiffness because TCi 
heavily depends on the longitudinal member 
stiffness. Accordingly, it will be difficult to 
distinguish between the less-stiff bumper beam and 
the stiff longitudinal members on the basis of HNT. 
It might not be realistic to consider that an 
extremely stiff bumper beam is needed for vehicles 
with stiff longitudinal members. Further 
investigation will be needed for the HNT to 
evaluate the bumper beam stiffness. 
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Figure 4.  VNT and HNT in full-width  
deformable barrier crash tests.  
 
 
 
COMPARISON OF FULL-WIDTH RIGID 
AND DEFORMABLE BARRIER TESTS 
 
Criteria of Structural Interaction 
 

AHOF   The AHOF in full-width deformable 
and rigid barrier tests were compared and shown in 
Figure 5. The AHOF measured in both barriers 
have a strong correlation. The honeycomb may 
affect the pitching of vehicles on impact, which can 
lead to higher AHOF. The AHOF of the Stepwgn 
and Wagon R in full-width deformable barrier tests 
are lower than in full rigid barrier tests, because the 
upper structures of these vehicles do not contact the 
whole barrier due to the limited size of the 
deformable element.  
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Figure 5.  Average height of force in full-width 
rigid and deformable barrier tests.  
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Barrier Row Force Levels Estimated in 
Full Rigid Barrier Crash Tests   In order to 
examine the target load level of 100 kN in 
full-width deformable barrier tests, the peak row 
load in the current vehicles was investigated using 
full-width rigid barrier test data. Figure 6 shows the 
sum of peak cell force in rows 3 and 4. As there is a 
correlation between the peak row load in full-width 
rigid and deformable barrier tests, the peak row 
loads in full-width rigid barrier tests were used for 
analysis. Figure 7 shows the sum of peak force in all 
load cells. The total peak cell forces in full-width 
rigid and deformable barrier tests have a linear 
relation, and the slope is 1.3. Therefore, the target 
row load of 100 kN in full-width deformable barrier 
tests will correspond to 130 kN in full-width rigid 
barrier tests. 

Figure 8 shows the peak row force of 
minicars, small cars, medium and large cars, MPV 
and SUV in full-width rigid barrier crash tests. Due 
to low ground-height of longitudinal members, the 
peak force in rows 2 and 3 of some minicars is more 
than 130 kN whereas the peak force in row 4 is 
smaller than 130 kN. For many cars, the peak force 
in row 3 is higher than rows 2 and 4 because the 
longitudinal members contact row 3. This 
concentration of peak row force in row 3 will shift 
to rows 3 and 4 in the IHRA agreement load cell 
alignment since the longitudinal members will 
bridge between rows 3 and 4 in the IHRA alignment. 
However, some small cars and minicars will not 
satisfy the target row load of 100 kN in full-width 
deformable barrier tests.  
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Figure 6.  Peak row forces in rows 3 and 4 in 
full-width rigid and deformable barrier crash 
tests.  
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Figure 7.  Total peak cell force in full-width rigid 
and deformable barrier crash tests.  
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Figure 8.  Peak cell force in row 2, 3 and 4 of 
vehicles in full-width rigid barrier crash tests.  
 
 
Vehicle Acceleration and Dummy Responses 
 

The dummy response and car acceleration of 
Wagon R are shown in Figure 9. The data also 
include the results of a car-to-car full frontal crash 
test with identical car models (Wagon R). The 
results of the full frontal car-to-car crash test are 
quite similar to those of full-width rigid barrier test. 
Because of a crash sensing time difference between 
rigid and deformable barrier tests, the dummy 
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restraint start times were later in deformable barrier 
tests compared with rigid barrier test. In the 
full-width deformable barrier test, the chest 
acceleration delayed and there is no peak around 25 
ms by the seat belt pretensioner. As a result, the 
interaction of seat belt and airbag with dummies 
differed in both tests. The rear-loaded crash pulse in 
the full-width deformable barrier test could also 
lead to higher injury criteria. The deformable 
barrier can cause relatively high injury criteria for 
small cars with high-deceleration. 

Figure 10 shows injury criteria of the driver 
dummy in full-width rigid and deformable barrier 
tests. Dummy criteria were similar for full-width 
rigid and deformable barrier tests. For Wagon R, 
the injury criteria were relatively higher in the 
full-width deformable barrier test.  
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Figure 9.  Dummy response and vehicle 
deceleration in full-width and deformble barrier 
tests.  
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Figure 10.  Dummy injury criteria in full-rigid 
and deformable barrier tests.  

SEAS DETECTION IN FULL WIDTH 
DEFORMABLE BARRIER TESTS 
 
Vehicle Deformation 
 

In order to examine SEAS detection in force 
distributions in full-width tests, the force 
distributions of SUV with or without SEAS were 
examined. Test vehicles were an SUV (Toyota 
SURF) that has a frame-type longitudinal member 
with SEAS. The kerb mass of the vehicle is 1868 kg. 
Table 2 shows the test matrix.  The results were 
compared to those of SURF with SEAS in 
full-width deformable and rigid barrier tests. The 
ground clearance of the load cell barrier was 125 
mm. In this load cell alignment, the SEAS made 
contact with row 2 load cells. Thus, in this study, 
the VNT was calculated in rows 2, 3 and 4 though 
they are usually calculated in a common interaction 
zone (rows 3 and 4).  

Figure 11 presents the SUV structure. The 
SEAS is mounted directly under the longitudinal 
member. From the front-edge of the bumper cover, 
the length of the bumper beam is 62 mm, and the 
SEAS is 377 mm in the longitudinal direction. In a 
case of SUV without SEAS, the SEAS were 
removed from the original SUV at the SEAS 
mount. 

The vehicles after tests are shown in Figure 
12. For the SUV with SEAS in the full-width 
deformable barrier test, the SEAS deformed 
rearward. In the full-width rigid barrier test, the 
SEAS did not deform rearward, and the SEAS 
made contact with the suspension cross member 
behind SEAS in accord with the collapse of 
longitudinal member. There were also differences 
in the deformation mode of longitudinal members. 
For the SUV with SEAS in the full-width 
deformable barrier test, the front-end of 
longitudinal members deformed downward in 
accord with to rearward bending of SEAS. 

Figure 13 is a bottom view of the tested 
vehicle. For the SURF with SEAS, the deformation 
was symmetric between right- and left-hand 
longitudinal members. The front end of the 
longitudinal members deformed slightly inward 
(39.0 mm on the right-hand longitudinal member 
and 32.9 mm on the left-hand longitudinal member). 
On the other hand, for the SUV without SEAS, both 
longitudinal members deformed outward. The front 
end of the right-hand longitudinal member 
deformed 97.2 mm and the left-hand longitudinal 
member 15.1 mm because the longitudinal member 
became unstable due to removal of SEAS. As a 
result, they contacted a different location on the 
load cells from that of the original SUV with SEAS.  
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Table 2. 
Test matrix of SUV in full-width tests to 

investigate SEAS detection. 

Car model Test 
Impact 
velocity 
(km/h) 

Test 
mass 
(kg) 

Impact 
location 

from target 

SURF with SEAS  FWDB  55 2076 
20 mm  
(right side) 

SURF without SEAS FWDB 55 2076 
7 mm 
(right side) 

SURF with SEAS FWRB 55 2076 
18 mm 
(right side) 

 

 
Figure 11.  SEAS of SUV.  
 

 
(a) with SEAS in FWDB test 

 
(b) without SEAS in FWDB test 

 

(c) with SEAS in FWRB test 

Figure 12.  Deformation of longitudinal member 
of SUV with and without SEAS in full-width 
deformable and rigid barrier test.  

 

 
(a) with SEAS 

 

 
(b) without SEAS 

 

Figure 13.  Bottom view of SUV with and 
without SEAS.  
 
 
 
Peak Cell Force from SEAS 
 

Peak cell force distributions of the SUV with 
and without SEAS are presented in Figures 14 and 
15. There are smooth force distributions around the 
SEAS. In the row 2 where SEAS made contact, the 
row load was about 120 kN. On the other hand, in 
row 2 of SURF without SEAS, it was 87 kN. Thus, 
this test result supports the IHRA proposed 
threshold of 100 kN for target row load in the 
assessment area, which will be able to be achieved 
by attachment of the SEAS. The VNT of the SUV 
with SEAS is 0 kN for rows 2, 3 and 4. The VNT of 
the SUV without SEAS is 13, 0, 0 kN for rows 2, 3, 
and 4, respectively. Thus, the VNT can be a useful 
criterion to assess the reaction force of SEAS.  

In the test of SURF with or without SEAS, 
lateral shifts from a target location were 20 mm and 
7 mm in the test (see Table 2). As shown in Figure 
15, the left-hand longitudinal member can also 
contact adjacent load cell with such a small shift in 
tests. For the SURF without SEAS, the longitudinal 
member became unstable with bending, and also 
contacted more than one load cells (rows 3, 4 and 5), 
which led to different force distribution around the 
longitudinal member. 

Figure 16 presents the peak cell forces for the 
SUV with and without SEAS. Row 2 with columns 
from 6 to 12 are the load cells which are in 
alignment with the SEAS. From these two graphs, it 
may be still difficult to conclude that the forces of 
row 2 were generated from SEAS deformation. 
This is because there are many load cells with small 
forces in the force distribution where the vehicle 
makes contact. 

SEAS 

Bumper 
beam 

Longitudinal 
member 



 Mizuno, 8

 

0 200 400 600 

(b) without SEAS 

1 

2 

3 

4 

5 

6 

7 

8 

87 kN 

(a) with SEAS 

0200 400 600 

Row peak force (kN) 

1 

2 

3 

4 

5 

6 

7 

8 

120 kN 45-50 
40-45 
35-40 
30-35 
25-30 
20-25 
15-20 
10-15 
5-10 
0-5 

50- 

unit : kN

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

 

Figure 14.  Peak cell force distributions of SUV 
with and without SEAS in full-width deformable 
barrier tests.  
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Figure 15.  Peak cell force of SUV with and 
without SEAS to calculate VNT and HNT.  
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Figure 16.  Bar chart of peak cell force of SUV 
with and without SEAS in full-width deformable 
barrier tests.  
 
 

The sum of the barrier force in row 2 where 
SEAS made contact was plotted against the vehicle 
displacement (Figure 17). The vehicle displacement 
was calculated from a double integral of the 
compartment acceleration. The force increases 
from the vehicle displacement of 0.4 m, where the 
SEAS began to contact the barrier. For the SUV 
without SEAS, the force level is small in the initial 
stage, and it increases after 0.5 m where lateral 

suspension structures start to contact the barrier. 
Consequently, it is considered that the barrier force 
in row 2 shows the SEAS reaction force in the 
full-width deformable barrier test. The result of 
SUV with SEAS in a full-with rigid barrier test is 
also shown in Figure 17. The force in row 2 does 
not increase until the deformation of 0.5 m. Since 
the vehicle deformation is flat in a rigid barrier test, 
the SEAS did not deform rearward and did not 
generate a reaction force against the barrier. Thus, it 
will be difficult to measure a SEAS reaction force 
in full-width rigid barrier crash tests. 

The center of force (COF) was plotted with 
vehicle displacement (Figure 18). The COF is 
almost constant as the tested SUV which has a 
simple frame-type longitudinal member. The COF 
is smaller for the SUV with SEAS after the contact 
of SEAS. The average height of force (AHOF) was 
527 mm for SUV with SEAS, and 552 mm without 
SEAS. There are several factors which can affect 
the AHOF such as engine impacts [3]. The criteria 
based on forces from row 2 such as VNT, may be a 
direct way to evaluate the SEAS reaction force 
compared to the AHOF.  

The relative homogeneity assessment was 
calculated and shown in Figure 19. The 
homogeneity assessment was larger for the SUV 
with SEAS. Several factors can be considered for 
this reason. One is that the SUV longitudinal 
member was instable without SEAS, and contacted 
different load cells from the original SUV with 
SEAS. For SUV without SEAS, the impact forces 
of the engine became great due to bending of the 
left-hand longitudinal member, which also reduced 
the homogeneity assessment. Consequently, the 
load cell contact locations can significantly affect 
the barrier force distributions and homogeneity 
assessment. The influence of SEAS reaction force 
can be seen only for the homogeneity assessment in 
row which can be an override/underride criteria. 
Further investigation will be needed for the 
homogeneity assessment. 
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Figure 17.  Barrier force in row 2 vs. vehicle 
displacement for SUV with and without SEAS in 
full-width deformable and rigid barrier tests.  
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Figure 18.  COF with vehicle displacement in 
full-width deformable barrier tests of SUV.  
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EVALUATION OF COMPARTMENT 
STRENGTH IN PDB TESTS 
 

Using Australian government data, the 
barrier forces in PDB tests were examined with 
respect to the compartment strength. The Australian 
government conducted PDB (progressive 
deformable barrier) offset tests using the Toyota 
Vitz (Echo or Yaris) at 60 and 74 km/h, and Vitz II 
at 74 km/h [4]. The Vitz has a simple structure with 
a single load path with two longitudinal members 
and a bumper beam. The Vitz II is a Vitz with a 
minor change, and the passenger compartment was 
strengthened from Vitz, whereas the front structures 
remain the same. The test data were provided by the 
Australian government. 

The force-time histories of three tests are 
shown in Figure 20. In general, the barrier forces 
are similar in three tests although the Vitz passenger 
compartment collapsed in the 74 km/h test. The 
maximum force is the highest for the test at the 
lowest impact velocity of 60 km/h. The passenger 
compartment strength was evaluated based on 
criteria [5] (Figure 21). In the present study, the end 

of crash force is defined as the barrier force at the 
time when the engine acceleration is minimum after 
the engine makes contact with a firewall. However, 
it is rather difficult to determine the end of crash 
force in an objective way because the engine does 
not bottom out the barrier and engine acceleration is 
small during engine intrusion into the passenger 
compartment. The rebound force is a barrier force 
when the car separates from the barrier, and is 
determined from force-displacement curves. From 
the rebound force, the compartment strength is 
higher for the Vitz II than for the Vitz, which is a 
reasonable result. However, the rebound force is 
smaller for the Echo at 60 km/h than that at 74 km/h, 
even though the rebound forces are similar between 
64 km/h and 80 km/h in tests using the EEVC 
barrier. 

Because the PDB is deep and does not bottom 
out for cars, the barrier force may be difficult to use 
as criteria for compartment strength evaluation in 
an objective way. This situation is different from 
overload 80 km/h or ODB (offset deformable 
barrier) 64 km/h tests where the EEVC barrier 
bottoms out and the compartment resistance force 
can be transferred directly to the barrier force. 
According to PDB tests of the Vitz and Vitz II, the 
vehicle deformation mode is more similar to that in 
car-to-car crash tests compared to ODB tests. Thus, 
in PDB tests, the intrusion into the passenger 
compartment may be a reliable criterion for 
compartment strength evaluation. 
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Figure 20.  Barrier force-time histories in PDB 
tests.  
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CAR-TO-CAR CRASHES 
 
A series of car-to-car crash tests using a small car 
(Toyota Vitz) were conducted to investigate the 
structural interaction and compartment strength 
(Table 3). In the crash test series, the impact 
velocity was 50 km/h for both cars. The kerb mass 
of the Vitz is about 920 kg, and the test mass about 
1090 kg. In Table 3, Vitz vs. Legacy crash test were 
conducted by the Australian government [4]. In 
order to examine the structural interaction, the 
SEAS was removed from the SURF. 
 

Table 3. 
Car-to-car crash test with Toyota Vitz. Impact 

velocity is 50 km/h. 

Other car 
Subject 
car Model Load path Kerb mass 

(kg) 
Test mass 

(kg) 

Vitz   Legacy 
(Medium car) 

1.5 Single  
(still lower cross 
member) 

- 1600 

Vitz II Legacy 
(Medium car) 

1.5 Single 
(still lower cross 
 member) 

1430 1589 

Vitz II Surf (SUV) 
w/o SEAS 

Single 
Frame-type, SEAS 
was removed) 

1906 2076 

Vitz II Odyssey 
(MPV) 

2-stage 
(subframe) 1660 1830 

 
 

Figures 22 and 23 show the deformation of 
Vitz. The crash test between the Vitz, Vitz II and 
Legacy demonstrated the effectiveness of passenger 
compartment strength. By stiffening the passenger 
compartment from Vitz to Vitz II, the A-pillar 
rearward displacement was reduced from 118 mm 
to 33 mm. The longitudinal member of Vitz made 
contact above the bumper beam of Legacy and 
deformed in upward direction. Therefore, the 
structural interaction was not still so good. 

In a crash into a SURF which the SEAS was 
removed, the longitudinal member of SURF did not 
interact with the Vitz II longitudinal member, and it 
made contact the suspension strut, which induced a 
large intrusion into the passenger compartment of 
the Vitz II. The A-pillar rearward displacement of 
the Vitz was 349 mm. The right femur force of the 
driver dummy was more than the injury threshold 
(13.4 kN). If the SEAS was not removed from the 
original SURF, the SEAS could interact with a 
right-hand tire of the Vitz, and poor structural 
interaction would be improved. 

In a crash into an Odyssey, the structural 
interaction was good, and the front structure of the 
Vitz absorbed the energy efficiently. However, due 
to the force mismatch between vehicles, the 
steering axis of the Vitz moved upward (100 mm), 
which led to high chest acceleration of the driver 
dummy (56.5G).  

The crash test results demonstrate that after 
good structural interaction, there will not be a 

significant compartment collapse. However, there 
may be no end to control passenger compartment 
intrusion until the guidelines for force-matching 
and compartment strength are provided. 
 

 
Vitz (vs. Legacy) 

 
Vitz II (vs. Legacy) 

 
Vitz II (vs. SURF w/o SEAS) 

 
Vitz II (vs. Odyssey) 

Figure 22.  Passenger compartment deformation 
in car-to-car crashes.  
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Figure 23.  Passenger compartment intrusion of 
small car in car-to-car crashes. 
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DISCUSSION 
 

In the present research, full-width rigid and 
deformable barrier crash tests were compared using 
a series of crash tests. A deformable element in 
full-width tests will be useful because shear 
deformation of the structures occurs and the local 
force of engine impact is mitigated. However, in 
full-width deformable barrier crash tests, for some 
cars with stiff bumper beam, the longitudinal 
members deformed in an unnatural mode in accord 
with rearward bending of the bumper beam. This 
deformation mode can affect sensor timing, 
especially with a seat belt pretensioner. Particularly 
for minicars and small cars, the deformable barrier 
effect is large because of the high acceleration of 
these cars, and the sensor delay can affect occupant 
interaction with airbag. It is still not clear how 
minicars or small cars optimized in full-width 
deformable barrier tests can affect the 
crashworthiness of these cars in real-world 
collisions.  

Barrier forces of SUV with or without SEAS 
were examined. The results indicate that a reaction 
force from the SEAS can be evaluated using the 
peak row load in full-width deformable barrier 
crash tests. The target row load of 100 kN will be an 
acceptable threshold because the peak row load at 
the SEAS location decreased from 120 kN to 87 kN 
by removal of SEAS. Although it is also important 
for minicars and small cars to have longitudinal 
members with a ground-height in alignment with 
common interaction zone, further research will be 
needed to apply the SUV target row load 100 kN to 
minicars and small cars. This is because after ODB 
64 km/h tests in NCAP, the compartment 
accelerations of minicars and small cars are already 
so high that high reaction forces required in 
common interaction zone can induce higher car 
acceleration, and acceleration-related injuries to 
occupants can increase even at low speed impacts.  

The car-to-car crash test series using small 
cars indicated that the lateral and vertical mismatch 
of the longitudinal member can lead to the 
passenger compartment collapse of the small car. 
This situation will be improved after IHRA phase 1, 
when the structural interaction of SUV becomes 
acceptable. Although minimum strength of the 
passenger compartment is significant means to 
prevent the passenger compartment collapse, too 
strong a passenger compartment, on the other hand, 
can induce acceleration-related injuries. After 
structural interaction is improved, the stiffness 
matching and compartment strength will be 
important in controlling the intrusion and 
deceleration of the passenger compartment. The 
force matching and the compartment strength are 
important especially for the vehicle fleet where 
passenger cars occupy a large population like 
Japan.  

CONCLUSIONS 
 
A series of crash tests was carried out to assess 
vehicle compatibility. The results are summarized 
as follows: 
1. Shear deformation occurs in full-width 

deformable barrier crash tests, and lateral 
members generate forces on the load cell 
barrier though the force level is small. 

2. Full-width deformable barrier crash tests can 
be used as high acceleration tests. However, in 
full-width deformable barrier crash tests, the 
longitudinal member deformed inward, which 
can induce a crash sensor delay.  

3. SEAS was detected in a full-width deformable 
barrier test, and VNT with a target row load of 
100 kN will be a useful criterion to evaluate its 
force level. 

4. Car-to-car crash tests showed that the 
guidelines of force matching and compartment 
strength will be needed to control and predict 
the passenger compartment intrusion. 
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ABSTRACT 
 

A full vehicle model of the RTV is 
developed in MADYMO including steering, tire and 
suspension. The suspension characteristics were 
validated using experimental accelerations measured 
over bumps. A torque controller is simulated to 
maintain set speed of the RTV in simulations. The 
model is used to predict rollover limits using Slowly 
Increasing Steer, J-Turn, and Road Edge Recovery 
maneuvers. The rollover limits with three different 
loading states, RTV without passengers, RTV with 
unrestrained passengers, and the RTV with restrained 
passengers have been studied. Comparison with other 
commercial vehicles indicates that the rollover 
limiting speed of the RTV in dynamic maneuvers is 
low. 
 

Keywords: RTV, Rollover, Slowly Increasing Steer, 
J-Turn and Road Edge Recovery. 

INTRODUCTION 

 
Hindustan Motors launched a ‘Rural 

Transport Vehicle’, popularly known in India as 
RTV, in 1998 [Figure 1]. The vehicle is popular 
because of its small size and shape, has a capacity for 
conveyance of 15 people simultaneously and that it 
runs on the inexpensive CNG. Incidents of rollover of 
RTV have been reported in several cities and there 
were 11 reported in Delhi recently. This is out of 
proportion to the vehicle proportion. This paper 
reports investigations of rollover stability of the RTV 
based on dynamic maneuvers. Our findings are that 
the RTV may have low resistance to rollover and 
hence may not be suitable for deployment in zones 
having peak speeds in excess of 45 kmph. 
 

 

Figure 1   RTV 

 
The conventional measure of rollover 

stability has been the static stability ratio. The 
NHTSA of USA has proposed dynamic rollover 
maneuvers using which Forkenbrock et.al. 
(2001)&(2002) had conducted experiments 
procedures to determine the rollover characteristics 
of 2001 Chevrolet Blazer, 2001 Toyota 4 Runner, 
1999 Mercedes ML320, and 2001 Ford Escape. 
Subsequently, Gawade et.al (2003) had developed 
models in MATLAB to predict rollover 
characteristics of three wheel-scooter taxis for these 
standard maneuvers. 
 

In this paper the rollover characteristics of 
RTV in dynamic maneuvers has been predicted using 
a model of RTV developed in MADYMO. The 
maneuvers simulated were Slowly Increasing Steer, 
J-Turn, and Road Edge Recovery maneuvers as 
reported in Forkenbrock et.al. (2001)&(2002). 
 

The model was built using parameters 
available in the manufacturers catalog and field 
measurements. For validating the suspension 
characteristics of the model, a of the  RTV was run 
over a bump and the resultant vertical accelerations 
were measured. The bump-pass was simulated in 
MADYMO, for the equivalent operating conditions. 
 



Unlike earlier reported tests and simulations, 
three different loading conditions were studied to 
evaluate the effect of the number of passengers. The 
three situations considered were the RTV without 
passengers, RTV with unrestrained passengers, and 
RTV with restrained passengers. There is variation in 
rollover stability under these loading considerations.  
 
PARAMETERS OF RTV 
 

Some technical specifications for RTV were 
obtained from the manufacturer’s catalog and 
remaining data, necessary for modeling, is obtained 
through measurement. Though the overall mass of 
the vehicle was known, the masses of the various 
components have been estimated to obtain the same 
CG location. Stiffness and damping properties of the 
suspension was determined experimentally by 
loading them and studying the decay curve in free 
vibration. The technical specifications of RTV as 
available from manufacturer catalog are given in 
Table 1. 

Table 1 
Technical specification of the RTV 

Engine weight 205 Kg 

Engine size 710* 640* 863 mm3 

Wheel base 240 mm 

Wheel track 150 mm 

Weight of RTV 1460 Kg 

 
RTV MADYMO MODEL 
 

 

Figure 2 RTV MADYMO Model with passengers 

Full vehicle model of RTV was developed. To 
simulate rollover maneuvers following features were 
incorporated in the model: 

1. Steering mechanics 
2. Suspension 
3. Tyre model 
4. Tyre-road interaction 
5. RTV seat modeling 
6. Differential torque controller 

The tyre damping ratio and tyre stiffness was not 
determined experimentally but has been taken 0.011 
and 300 KN/m respectively, based on the work of 
Hinch et.al. (1991) and Lupker et.al. (1991) 
 
Validation of RTV MADYMO Model 
 

In dynamic maneuvers, in addition to the 
geometry, the suspension parameters play a 
significant role. Experiments were conducted to 
measure the vertical acceleration of RTV chassis over 
a bump for varying velocities of RTV to validate the 
suspension model. 
 

The vertical acceleration of RTV chassis 
was acquired using an accelerometer attached to the 
chassis, as shown schematically in  

Figure 3 at the rear of the RTV. The location 
was selected as the maximum acceleration while 
passing over a bump is expected at the rear. 
Acceleration was sampled at the sampling frequency 
of 1000 HZ through the ‘e-DAQ’ (data acquisition 
system) and filtered digitally. 
 

 
Figure 3 Experimental setup 
 

A comparison of the experimental and 
simulation results in time domain is shown in  Figure 
4 and Figure 5 . Vertical accelerations predicted by 
the MADYMO model of the RTV agrees well with 
for velocities of the RTV, 20km/hr and 25 km/hr, 
except at the end of the bump where all the wheels of 
the RTV has traveled over the bump. In this region, 
the decay of the vertical acceleration of the chassis, 
as predicted by the theoretical model, is slower as 
compared to the experimental results. Data necessary 
for modeling components other than those listed 

Chassis 

Bump 

Battery 

Computer 

e-DAQ 

RTV Front 

Accelerometer 



above, like chassis compliance were not available to 
us and could be contributing to the discrepancy. 

Figure 4 Experimental and simulation results at 
20 km/hr 

 

Figure 5 Experimental and simulation results at 
25 km/hr 

 
ROLLOVER MANEUVERS 
 

The standard NHTSA rollover maneuvers as 
described in Forkenbrock et.al (2003) were used for 
the evaluation. 
 
Slowly increasing steer maneuver  
 

The Slowly Increasing Steer (SIS) maneuver 
is used to characterize the lateral dynamics of each 
vehicle, based on the “Constant Speed, Variable 
Steer” test defined in Forkenbrock et.al (2003) was 
simulated. In this maneuver, vehicle running at the 
maximum velocity in the normal driving condition 
(taken as 60 km/hr for RTV) is steered at increasing 
angles till wheel lift off is indicated. The SIS is used 
to determine the parameters for the J-Turn and RER 
maneuvers and in itself is not considered a good 
measure of rollover stability.  
 

To execute the SIS maneuver, the vehicle is 
initially driven in a straight line at a constant speed. 
Hand wheel (steering) position was linearly increased 

from zero to 270 degrees at a rate 13.5 degree per 
second, as shown in [Figure 6]. Hand wheel position 
was held constant at 270 degrees for two seconds, 
and then returned back to zero degrees in four 
seconds. During the maneuver, the lateral 
acceleration of the RTV is tracked. The lateral 
acceleration was plotted with respect to time and the 
linear segment was identified to be between a 0 to 0.4 
g as shown in [ Figure 7]. Using the slope of the best-
fit line, the steering-wheel position at middle point of 
the linear range of lateral acceleration, was estimated 
as 53.86 degrees (this corresponds to 2.15 degree 
rotation of front wheel). This hand wheel position 
was used in simulations for maneuvers of J-Turn and 
RER steering inputs, as described in later sections of 
this paper. 

In field tests, the driver or computerized 
drive actuates the accelerator pedal in a vehicle to 
maintain a constant speed. The speed drops quite 
rapidly when steered if the vehicle is in free roll. So a 
differential torque controller was modeled to 
maintain constant speed for the RTV in the slowly 
increasing steer maneuver. The design of the 
controller is detailed in [Gawade]. The entrance 
speed of the RTV, in the simulations for SIS 
maneuver, was 16.67 m/s and the minimum entrance 
speed of the RTV in the simulation was 16 m/s as 
shown in [Figure 8]. In simulating of SIS maneuver, 
speed drops by 0.67 m/s, which is a tolerable 4.091 % 
variation. 
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Figure 6 Steering input in the simulation for SIS 
maneuvers 
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Figure 7 Lateral acceleration of RTV in the 
simulation for SIS maneuvers 
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Figure 8 RTV speed variation in the simulation 
for SIS maneuvers 

 
J-Turn Maneuver 
 

The NHTSA J-turn maneuver entails a 
sudden and large steering input. Large handlebar 
angles are chosen to saturate the lateral force 
response of the tires of the vehicle. The maximum 
handlebar angle is held constant for next four seconds 
and followed by the handlebar returning to zero. This 
maneuver models an extreme driver reaction and 
mimics what might happen when a driver initiates a 
severe turn to avoid a road discontinuity or suddenly 
stalled vehicle. For J-turn, it is necessary that the 
steering goes well beyond the limiting lateral 
acceleration, thus saturating the tire response. The 
path traced resembles the alphabet ‘J’, giving the test 
its name. 

The initial steering-wheel magnitudes for 
simulating the J-Turn maneuver, were calculated by 
multiplying the steering-wheel angle that produced 
an average of 0.2g in the Slowly Increasing Steer 
maneuver by a scalar of 8.0 which corresponds to 
16.5 degrees rotation of the front wheels. The rate of 
steering-wheel ramp was 1000 degrees/sec, or 40 
degrees/sec at the front wheel (steering ratio for RTV 
is 25:1). Initial steer was performed in 0.413 seconds. 
This is shown graphically in figure 8. The entrance 

speeds in the simulations for the J-Turn maneuver 
was varied until the ‘two-wheel lift’ condition is 
reached. In the ‘two-wheel lift’ condition, the inside 
wheels lift at least by at least two inches from the 
ground. Also note that this is a free running 
maneuver, so the torque controller is not activated. 
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Figure 9 Steering input for J-Turn maneuvers 

NHTSA J-Turn maneuver simulations were 
conducted for three different loading conditions viz. 
RTV without passengers, RTV with restrained 
passengers and RTV with unrestrained passengers. 
 

RTV without passengers 

The NHTSA J-Turn simulations are performed for 
increasing entrance speeds starting from 5 m/s in 
steps of 1 m/s. The termination condition (two-wheel 
lift) was observed at the entrance speed of 8 m/s.  
During a downward iteration of the vehicle speed in 
steps of 0.1 m/s, at the entrance speed of 7.5 m/s two-
wheel lift was not detected. This speed is taken as the 
rollover limit for the RTV without passengers on a J-
Turn. The lateral acceleration, roll angle and speed 
variation of the RTV during the maneuver is shown 
in figures 9-11 
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Figure 10 Lateral acceleration of RTV without 
passengers 
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Figure 11 Roll angle of RTV without passengers 
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Figure 12 Resultant speed of RTV without 
passengers during J-turn maneuvers 

RTV With restrained passengers 

To simulate the effect of being seat belted, 
passengers are restrained on to the RTV seat. Since 
we were interested in studying vehicle rollover and 
not evaluating the safety of individual passengers, 
kinematic joint were defined between passenger 
dummy and the seat that allowed rotation but 
disallowed translation between the dummy-pelvis and 
the seat. The rollover limit of the RTV with 
restrained passengers is 6.8 m/s, a drop of 0.7 m/s 
from that estimated for the empty vehicle. This 
reduction is due to increase in CG height of the 
vehicle. 

 

RTV with unrestrained passengers 

 For this simulation, a contact interface was defined 
between the passenger dummies and the seat. The 
contact interface allows separation between the 
dummy and seat, but does not allow penetration. The 
NHTSA J-Turn rollover limit was predicted to be 6 
m/s for RTV with unrestrained passengers. In this 
case, the simulated dummies were thrown towards 
the outside during the maneuver, thus reducing the 
stability. 
 
Road edge recovery maneuver  

The RER maneuver attempts to induce two-
wheel liftoff or rollover at a lower lateral acceleration 
than the NHTSA J-turn by making a large turn, 
holding for a short duration at the maximum steering 

angle and then suddenly reversing the steer. The 
reversing is initiated when the roll rate approaches 
zero for the first time, which corresponds, to the 
maximal roll angle of the vehicle. This procedure 
hence requires one to ‘sense’ the attitude of the 
vehicle. During the counter steer, the handle bar 
turned to an equal angle in the opposite direction. 
Following the second turn, the handlebar is held fixed 
for a short duration and brought back to zero. This 
maneuver models, in an extreme way, what might 
happen when a driver performs a double lane change 
or two-wheel off-road recovery maneuver. 

The steering-wheel magnitude for initial and 
counter steer were symmetric, and were calculated by 
multiplying the steering-wheel angle in the center of 
the linear range in the SIS maneuver by a scalar of 
6.5 and is equal to 30.73 degrees of the steering 
wheel rotation. The rate of steering-wheel ramp was 
720 degrees/sec, which is equal to 28.8 degrees /sec 
for front wheel. Initial steer was performed in 0.9 
seconds. The steering input is shown graphically in 
Figure 12. 
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Figure 13 Steering input in simulation for RER 
maneuver 

 
RER maneuver simulations were conducted 

for the same loading conditions used for the J-turn; 
RTV without passengers, RTV with restrained 
passengers and RTV with unrestrained passengers. 
 

RTV Without passengers 

The rollover stability for the RER maneuver 
is predicted to be 8.75 m/s for the RTV without 
passengers. The lateral acceleration, roll angle, roll 
rate and speed in the maneuver is shown in Figures 
13-16 
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Figure 14 Lateral acceleration of RTV without 
passengers for RER maneuvers 
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Figure 15 Roll angle of RTV without passengers 
for RER maneuvers 
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Figure 16 Roll rate of RTV without passengers for 
RER maneuvers 
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Figure 17 Speed of RTV without passengers in the 
simulation for RER maneuvers 

 
RER with passengers 

 

The rollover stability for the RER maneuver 
is predicted to be 7.5 m/s for RTV with restrained 
passengers.  

The rollover stability for the RER maneuver 
is predicted to be 7 m/s for the RTV with 
unrestrained passengers  

 
COMPARISON OF MANEUVERS 
 

J-Turn and RER maneuvers were simulated 
for the modeled RTV with three different loading 
conditions. A comparison of the predicted stability 
during both maneuvers is presented in [Table 2]. 
From the table, it is indicated that for either 
maneuver, the stable entrance speed is maximum in 
RTV without passenger and minimum in RTV with 
unrestrained passengers. This is to be expected as the 
center of gravity shifts upwards on inclusion of the 
passengers. The stable entrance speed is higher for 
RTV with restrained passengers than the 
unrestrained. The sideways outward movement of 
passengers during steering of RTV moves the CG 
outwards, closer to the line of support, thus reducing 
the stability. 

Table 2 
Results summary of rollover simulations 

Loading 
condition 

Limiting speed 
(m/sec) for J-

Turn  

Limiting speed 
(m/sec) for 

RER   

 
RTV without 
passengers 

 
7.5 

 
8.75 

RTV with 
restrained 
passengers 

 
6.5 

 
7.5 

RTV with 
unrestrained 
passengers 

 
6 

 
7 

 
NHTSA has conducted experiments for 

standard rollover maneuvers on existing vehicles 
[Forkenbrock, 2002,2003]. Published results are 
compared with the present RTV simulation results. 
The comparison is presented in Table 3. Results show 
that entrance speed for RTV is low compared to 
general commercial vehicles. 



 
Table 3 

 Limiting entrance speed (m/sec) for rollover 
maneuvers 

Vehicle 
 

J-Turn 
 

RER 
 

2001 Chevrolet 
Blazer 

17.29 m/s 
 

16.09 m/s 
 

2001 Toyota 4 
Runner 

20.5 m/s 
 

17.06 m/s 
 

1999 Mercedes 
ML320 

20.04 m/s 
 

…. 
 

2001 Ford 
Escape 

 
… 

 
21.51 m/s 

RTV 
 

7.5 m/s 
 

8.75 m/s 
 

 
 
CONCLUSION 
 

Model of RTV has been developed in 
MADYMO and the heave mode validated by 
measuring the acceleration of the RTV passing over a 
bump. The model is used for predicting rollover 
characteristics of RTV in dynamic maneuvers. The 
comparisons of results show that rollover stability of 
the RTV is predicted to be inferior to conventional 
vehicles for which there is measured data. 
Considering that the RTV is capable of running 
speeds of the order of 60 km/h, it would seem that the 
RTV is prone to rolling over in urban roads that 
sustain these speeds. 
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ABSTRACT 
 

Various countries are independently 
conducting side impact tests with actual vehicles, 
resulting in extensive revisions of safety measures 
for accidents involving side collisions. However, the 
number of people injured and killed in these 
collisions remains high, and so more effective overall 
measures, including those for the vehicle itself, are 
urgently needed. The IHRA is actively conducting 
research toward enacting laws to standardize future 
methods of side impact tests as one way to realize 
international harmonization projects.  This has led to 
MDB improvements as well as the improvement and 
development of dummies. 

This report is intended to be useful for IHRA 
research activities. Tests were conducted using the 
improved dummies (ES-2, ES-2re) and AE- MDB in 
order to provide research results for comparison with 
body and dummy responses obtained in conditions 
complying with current regulations in Japan and 
Europe, and proposed regulations in the US. 
 
INTRODUCTION 
 

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

In this paper, new side impact test procedures 
were investigated, which have been discussed in 
IHRA SIWG (International Harmonized Research 

Activities Side Impact Working Group), and are 
proposed by the United States. These tests consist of 
(1) AE-MDB test in which the current vehicle 
specifications and front stiffness are taken into 
consideration and (2) Pole impact. 

These test procedures were compared with the 
current regulation (ECE/R95). In the tests of the 
present research, new side impact dummies such as 
ES-2, SID-IIs and ES-2re were used in addition to 
the EuroSID-1. 
 
TEST CONDITIONS 
 
Test Conditions 
 

Table 1 shows the test configurations and 
conditions in the present research. In the tests, two 
types of Japanese bonnet-type 4 door sedans as car A 
and car B were used. These two cars are 
representative models of the vehicle fleet in Japan. 
From Test No.1 to 4, car A was used as the target car. 
From No.5 to 7, car B was used. 

Test No.1, 2, 3, 4 and 5 were conducted on the 
basis of the ECE/R95 test configuration. In Test No.1, 
the ECE/R95 moving deformable barrier (MDB) was 
used, and the EuroSID-1 was placed in a front seat 
and SID-IIs in a rear seat. In Test No.2, only ES-2 
was placed in a front seat. In Test No.3 and 4, the 
AE-MDB was used as an MDB, and the ES-2 was 
placed in a front seat and SID-IIs in a rear seat. In 
Test No.3, the center line of the AE-MDB was in 
alignment with the front seat reference point (SRP) 
of the test car. On the other hand, in Test No.4, the 
center line of the AD-MDB was 250 mm behind the 
SRP. From Test No.1 to 4, injury criteria of dummies 
in front and rear seats were compared. In Test No.5, 
ES-2 was placed in the front seat of car B, and SID-
IIs in the rear seat, and the injury criteria of the 
dummy were compared with the pole test using the 
same car model (Test No.6 and 7). 
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Table 1. 
Test conditions in full-scale side impact test 

 
1 2 3 4 5 7

50km/h 50km/h 50km/h 50km/h 50km/h 32km/h

Striking vehicle C/L
Front seat SRP of struck vehicle

Striking vehicle C/L
Front seat SRP of struck vehicle

Striking vehicle C/L
Front seat SRP of struck vehicle

Striking vehicle C/L
Front seat SRP-250mm of struck

vehicle

S triking vehicle C /L
Front seat S R P  of struck vehicle

←

Type ECER95 ECER95 AE-MDB A E-M D B EC ER 95 
Mass 950kg 950kg 1503kg 1503kg 950kg

Ground
Height

300mm 300mm
Barrier；300mm
Bumper；350mm

Barrier；300mm
Bumper；350mm

300m m
Impact angle 75° ←

Mass 143１kg 1432kg 1433kg 1418kg 1266kg 1194kg
Front

Dummy
EuroSID-1 ES-2 ES-2 ES-2 ES-2 ES-2re

Rear
Dummy SID-IIs － SID-IIs SID-IIs SID-IIs -

1194kg

ES-2

-

Pole
Size

254mm
(10 inch)

←

6

32km/h

Pole center to
Front Dummy Head center

MDB

Struck
Vehicle

Test No.

Test config.

Impact velocity

Impact point

50km/h
50km/h50km/h 50km/h50km/h50km/h

 

 
 
Test No.6 and 7 are a pole test which was conducted 
based on the pole test proposed by NHTSA 
(FMVSS214 Draft). This pole test was conducted 
according to the proposal by NHTSA in the FMVSS 
214 Draft where the impact velocity is 32 km/h, the 
impact angle is 75° and the pole diameter is 254 mm. 
In Test No.6 and 7, a curtain airbag was installed in 
car B. The ES-2 was placed in the front seat in Test 
No.6, and the ES-2re in Test No.7. In both tests, the 
center of gravity of the dummy head in a front seat 
was in alignment with the center of the pole. 
 
Moving deformable barrier 
 

In ECE/R95 test conditions, the impact 
velocity of the MDB was 50 km/h and the ground 
clearance was 300 mm. The front face of the MDB in 
the tests was a barrier with a progressively changing 
crush pressure. The AE-MDB is an MDB that was 
developed based on the car dimensions, mass and 
front stiffness in the current vehicle fleet (Figure 1). 
It also considers both-vehicle traveling and loading 
of the rear seat occupants. The AE-MDB tests were 
conducted under two conditions: Center line of AE-
MDB was in alignment with the front seat SRP (Test 
No.3), and it was 250 mm behind the front seat SRP 
(Test No.4). 

 
   

   
 
Figure 1. Dimensions of AE-MDB. 
 
 
TEST RESULTS 
 
Vehicle and MDB Deformation 
 

The deformations of test car A (outer and inner 
panel) and MDB in Test No.1, 2, 3 and 4 are 
presented in Figure 2a and 2b. The deformation of 

car B and MDB are also presented in Figure 3a and 
3b. Velocity-time histories of car A at the side sill 
and front door, the MDB, and the lower spine of the 
ES-2 were compared in Test No.2, 3 and 4, and are 
shown in Figure 4. 

The common velocity and its time of MDB and 
test car A (side sill) are different with various 
deformations of test car. Especially, there are 
differences of velocity at the front door among Test 
No.1, 2, 3 and 4, which can cause different injury 
criteria of the dummy. 
 
 
Exterior 

  
Interior 

  
MDB 

  
Test No.1                          Test No.2 

(ECE/R95, EuroSID-1)            (ECE/R95, ES-2) 
Figure 2a.  Deformation of test car and MDB 
(Test No.1 and 2). 
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Exterior 

  
Interior 

  
MDB 

  
Test No.3                         Test No.4 

(AE-MDB)           (AE-MDB, SRP-250mm) 
Figure 2b.  Deformation of test car and MDB 
(Test No.3 and 4). 
 
 
 

Exterior                            MDB 

  
Interior 

 
Test No.5 

(ECE/R95, ES-2) 
 

Figure 3a.  Deformation of test car and MDB 
(Test No.5). 
 
 
 
 
 
 
 
 
 
 

 
Exterior 

   
Interior 

 
Test No.6                           Test No.7 
    (ES-2)                               (ES-2re) 

 
Figure 3b.  Deformation of test car and MDB 
(Test No.6 and 7). 
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(a) Test No.2 (ECE/R95) 
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(b) Test No.3 (AE-MDB) 
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(c) Test No.4 (AE-MDB, SRP-250mm) 

 
Figure 4.  Velocity-time histories of car A and 
MDB. 
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Dummy Injury Criteria in Car A 
 

Front seat dummy (EuroSID-1, ES-2)   
Using the test results of Test No.1, 2, 3 and 4, the 
injury criteria of EuroSID-1 and ES-2 in car A 
impacted by AE-MDB were compared with those in 
the test condition using ECE/R95 MDB (Test No.2). 

Injury criteria of the dummy were compared 
for ECE/R95 MDB and AE-MDB. Figure 5 shows 
the HPC (head performance criteria) of ES-2 in Test 
No.2, 3 and 4. The HPC of the dummy were higher 
in the AE-MDB tests than the ECE/R95 MDB test. In 
Test No.4 (SRP-250) where the AE-MDB target 
location was 250 mm behind the SRP, the head of the 
front seat dummy interacted with the B-pillar and 
HPC was above 600. 

Figure 6 compares thorax upper, middle and 
lower rib deflections of the ES-2 dummy in Test 
No.2, 3 and 4. The thorax deflections are in 
descending order of upper, middle and lower rib, and 
there are no significant differences of dummy thorax 
deflection between ECE/R95 MDB and AE-MDB. 
The thorax deflection was slightly smaller in Test 
No.3 (AE-MDB center was in alignment with the 
target car front seat SRP) among the three tests. 

The thorax V*C of ES-2 is compared in Figure 
7. The V*C in upper, middle and lower rib was 
highest in the ECE/R95 MDB test (Test No.2), and 
lowest in the AE-MDB test (Test No.3). 

The abdominal force and pubic force of ES-2 
are compared in Figure 8. The abdominal force 
shows similar values among the three tests, whereas 
the pubic force is higher in the AE-MDB tests (Test 
No.3 and 4) than the ECE/R95 MDB test (Test No.2). 
In Test No.3, the abdominal force and pubic force are 
highest, though the thorax rib deflection and V*C 
were smallest among the three tests. 

Injury criteria of front seat dummies are 
compared between EuroSID-1 (Test No.1) and ES-2 
(Test No.2) in Figure 9. The thorax rib deflection and 
V*C are higher for ES-2 than EuroSID-1. However, 
the abdominal force and pubic force are similar 
between the two dummies. Due to a modification of 
the back plate of ES-2 from EuroSID-1, interaction 
between the dummy back and the seat back was 
changed, which significantly affects the thorax injury 
criteria. 
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Figure 5.  HPC of ES-2 in car A. 
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Figure 6.  Thorax rib deflection of ES-2 in car A 
struck by ECE/R95 MDB or AE-MDB. 
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Figure 7.  Thorax Rib V*C of ES-2 in car A 
struck by ECE/R95 MDB or AE-MDB. 
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Figure 8.  Abdominal and Pubic Force of ES-2 in 
car A struck by ECE/R95 MDB or AE-MDB. 
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 (b) Thorax rib deflection 
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(c) Thorax rib V*C 
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(d) Abdominal force and pubic force 

 
Figure 9.  Comparison of injury criteria between 
EuroSID-1 and ES-2 in car A struck by ECE/R95 
MDB. 

Rear seat dummy (SID-IIs)     The injury 
criteria of the rear seat dummy (SID IIs) in car A 
impacted by ECE/R95 MDB and AE-MDB were 
compared from the results of Test No.1, 3, and 4. 

 Figure 10 shows the HPC of SID-IIs. The 
HPC was inclined to be higher in the AE-MDB test 
than ECE/R95 MDB. In Test No.4, the head made 
contact with the C-pillar, which led to high HPC 
because the AE-MDB impacted toward the rear of 
the car compared with other tests. 

The shoulder rib deflection and thorax rib 
accelerations of SID-IIs are compared in Figure 11. 
The shoulder rib deflections are similar among the 
three tests. The upper and middle rib accelerations 
are lower in Test No.3, and higher in Test No.4 
compared with the ECE/R95 MDB test (No.1). The 
lower thorax rib accelerations are similar in the two 
AE-MDB tests, and they are far higher than in the 
ECE/R95 MDB test. 

Figure 12 shows abdominal rib deflections of 
SID-IIs. Compared with the ECE/R95 test, the 
abdominal upper rib deflection is small in Test No.3, 
and is large in Test No.4. The abdominal lower rib 
deflection in the AE-MDB tests (Test No.3 and 4) is 
larger than that in the ECE/R95 MDB test (Test 
No.1). 

The pubic force, iliac force and acetabulum 
force are shown in Figure 13. The pubic force is 
similar in the three tests. The iliac force is 
significantly greater in the AE-MDB tests (Test No.3 
and 4) than in the ECE/R95 MDB test (Test No.1). 
On the other hand, the acetabulum force in the AE-
MDB test is high in Test No.3 and is low in Test 
No.4 compared with that in the ECE/R95 MDB test. 

In the present research, the impact location of 
the AE-MDB tests was changed, therefore, the 
vehicle deformation and door impact velocity 
became different from that of ECE/R95 MDB, which 
affected the injury criteria of the dummy in the front 
seat. In Test No.4, since the vehicle deformation 
around the rear seat was large and the injury criteria 
of the rear seat dummy in this test tended to be 
higher than in the other tests, the effects of MDB 
were large compared with the front seat dummy. 
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Figure 10.  HPC of rear seat dummy (SID-IIs) in 
car A struck by ECE/R95 MDB or AE-MDB. 
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Figure 11.  Shoulder rib deflection and thorax rib 
accelerations of rear seat dummy (SID-IIs) in car 
A struck by ECE/R95 MDB or AE-MDB. 
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Figure 12.  Abdominal rib deflection of rear seat 
dummy (SID-IIs) in car A struck by ECE/R95 
MDB or AE-MDB. 
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Figure 13.  Pubic, iliac and acetabulum force of 
rear seat dummy (SID-IIs) in car A struck by 
ECE/R95 MDB or AE-MDB. 
 
Dummy Injury Criteria in Car B 

 
Based on Test No.5, 6 and 7, the injury criteria 

of the dummy in car B were examined. The car 
exterior deformations at the ground clearance level of 
H.P., thorax, and side sill in the pole test (Test No.6 
and 7) are shown in Figure 14. The vehicle 
deformation at each location is similar in these tests. 
The deformation of car B in Test No.6 is relatively 
large compared with that in Test No.7. 

The injury criteria of the dummy in car B were 
compared between the ECE/R95 MDB test and pole 
test. Figure 15 shows the HPC of the dummy.  

Although the curtain airbag deployed, the HPC 
of the dummy was higher in the pole test compared 
with the ECE/R95 MDB test. The HPC of ES-2 in 
the pole test was especially large. Thorax rib 
deflection is compared in Figure 16. The thorax 
upper, middle and lower rib deflections were larger 
in the pole test than in the ECE/R95 MDB test 
because the door intrusion at the thorax was large in 
the pole test. The thorax upper, middle and lower rib 
deflections showed similar tendencies between ES-2 
and ES-2re. However, in general, the ES-2re showed 
higher thorax deflections than ES-2. Thorax rib V*C 
of the dummy in car B is compared in Figure 17. The 
V*C is higher in the pole test than in the ECE/R95 
MDB test. Abdominal force and pubic force of the 
dummy are shown in Figure 18. The abdominal force 
is higher in the pole test whereas the pubic force is 
higher in the ECE/R95 test. 

The ES-2 and ES-2re were compared in the 
pole test (Test No.6 and 7). The thorax upper rib 
V*C is similar between ES-2 and ES-2re. The thorax 
middle rib V*C of ES-2re is higher than that of ES-2, 
and the lower rib V*C of ES-2 is higher than that of 
ES-2re. Abdominal force and pubic force are similar 
between ES-2 and ES-2re. 

It is difficult to directly compare dummy injury 
criteria between the pole test proposed by NHTSA 
and the ECE/R95 test since the test configurations 
were different. However, the pole test is very severe 
for the injury criteria of the head and chest of the 
dummy. In comparing the ES-2re with ES-2, the 
thorax rib deflection and thorax rib V*C showed 
higher values in ES-2re since the ES-2re was 
improved against oblique impacts. 
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Figure 14.  Deformation of outer panel of car B in 
the pole test (Test No.6 and 7). 
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Figure 15.  HPC of ES-2 and ES-2re in car B in 
the ECE/R95 test and pole test. 
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Figure 16.  Thorax rib deflection of ES-2 and ES-
2re in car B in the ECE/R95 test and pole test. 
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Figure 17.  Thorax rib V*C of ES-2 and ES-2re in 
car B in the ECE/R95 test and pole test. 
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Figure 18.  Abdominal force and pubic force of 
ES-2 and ES-2re in car B in the ECE/R95 test and 
pole test. 

 
SUMMARY 
 

The test procedures proposed by IHRA or 
by NHTSA were compared with the present test 
(ECE/R95) with respect to injury criteria of the 
dummy and dummy types. The results are 
summarized as follows. 
(1) AD-MDB 

The tests using AD-MDB, which has been 
developed to reflect the specifications and stiffness 
of the present cars, were compared with the 
ECE/R95 test. 
(i) The vehicle deformation and velocity-time 

histories were different and could affect injury 
criteria of the front seat dummy, especially for 
pubic force. 

(ii) In the AE-MDB test with rearward target point 
(SRP-250 mm), the deformation in the rear 
door was large and affected the rear dummy 
injury criteria. The head made contact with the 
C-pillar, which led to high HPC. 

(iii) Regarding the injury criteria of EuroSID-1 and 
ES-2 in the ECE/R95 MDB tests, the thorax 
deflection and thorax V*C were higher for ES-
2 because the back plate of ES-2 was modified 
from EuroSID-1. 

 
(2) Pole impact test 

The pole test, which NHTSA is considering 
introducing in the regulation (FMVSS214 draft), was 
compared with the ECE/R95 MDB test. 
(i) The injury criteria of the head and chest of the 

dummy in the pole test were far higher than in 
the ECE/R95 test. 

(ii) The HPC of the dummy in the pole test could 
be higher, even though the curtain air bag 
deployed, depending on airbag deployment 
timing. 

(iii) ES-2re showed a larger thorax rib deflection   
and V*C than ES-2 due to the modification of 
ES-2re against oblique impacts. However, they 
showed similar HPC, abdominal force and 
pubic force. 

 
The MDB prescribed in the present regulation 

(ECE/R95) was determined on the basis of 
investigations of vehicles in the 1970s. Recently, 
there are various vehicle types in the fleet, and it is 
necessary to develop an MDB (AE-MDB) which 
reflects the vehicle specifications and front stiffness 
of the current cars. 

In the present research, a series of side impact 
tests was conducted using the AE-MDB that is under 
development based on the data of each country in 
IHRA SIWG. Fundamental research is on-going to 
develop test procedures with a high level of occupant 
protection. In addition to car-to-car collisions, 
occupant protection in single-car crashes is also 
important. In the present research, the pole test 
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proposed by NHTSA was carried out and the dummy 
injury criteria were examined. In Japan, basic 
research on occupant protection in side collisions 
will be continued, and side impact test procedures 
will be developed in the near future. 
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ABSTRACT 

Research by the U.S. Department of Transportation, 
Federal Highway Administration (FHWA) and 
National Highway Traffic Safety Administration 
(NHTSA) has developed technologies to improve 
transport and treatment of crash victims.  
Multidisciplinary (engineering, medical, and 
epidemiological) research has been initiated to 
improve the ability for: (a) identifying the 
approximately 250,000 crashed vehicles with 
occupants that probably have serious injuries each 
year, (b) alerting emergency medical care providers 
to the potential for serious (especially occult) 
injuries, and (c) enhancing the timeliness and quality 
of rescue and treatment through better utilization of 
air medical services.  These improvements will lead 
to reducing the deaths and disabilities resulting from 
crash injuries. 

This paper describes recent advances in tools to 
improve the rescue, transport, and treatment of 
seriously injured crash victims.   Specifically, this 
paper reports on the development of URGENCY 
software for crash injury assessment, an Occult 
Injury Database (OID) for emergency medical 
warning flags, and the Atlas & Database of Air 
Medical Services (ADAMS).  These tools provide for  
timely and appropriate rescue actions when needed. 

Introduction - NHTSA Administrator Dr. Jeffrey W. 
Runge recently described the current motor vehicle 
crash problem and available safety advances as 
follows:  “Serious crashes happen every day, more 
than half of them in rural areas where the ability to 
rapidly contact 9-1-1 and the capability of 
responders to quickly reach the scene can mean the 
difference between life and death.  New technologies 
such as wireless E9-1-1, automatic collision 

notification and emergency vehicle route navigation 
are available that will make emergency access more 
reliable and help deliver faster and better care.” [1]  

This paper describes recent research and 
development activities that support the delivery of 
faster and better care. 

Background -- In September 1966, the National 
Academy of Sciences (NAS) issued a report that 
found “49,000 deaths in 1965 were due to motor-
vehicle accidents.”  That report, Accidental Death 
and Disability: The Neglected Disease of Modern 
Society, focused on emergency care noting that 
“Data are lacking on which to determine the number 
of individuals whose lives are lost or injuries are 
compounded by misguided attempts at rescue or first 
aid.”[2] The title, the findings, and many of the 
recommendations in that 1966 report are applicable 
to this day 39 years, and more than 1,750,000 crash 
deaths and 10 million serious crash injuries, later in 
the U.S. [3-6].    

The NAS report also pointed to the need for research 
to improve diagnosis and treatment of injuries, 
stating that “findings are important to alert 
emergency department staffs to the incidence of 
covert injuries that might well dictate first priority 
care, as well as the care and prophylactic measures 
that must be observed during definitive care and 
rehabilitation.”   

Dr. William Haddon, the first Administrator of 
NHTSA, directed NHTSA to perform research to 
improve the emergency treatment of crash victims.  
An early study funded by the agency, published in 
1971, “Alcohol and Highway Safety: Behavioral and 
Medical Aspects” highlighted the need for improving 
emergency medical treatment of crash injuries, 
including early recognition of internal (covert, occult, 
or hidden) injuries. [7]  

In 1973, Dr. Haddon wrote “The ninth strategy in 
loss reduction is to move rapidly in detection and 
evaluation of damage that has occurred.  The 
generation of a signal that response is required; the 
signal’s transfer, receipt, and evaluation; the 
decision to follow-through, are all elements here—
whether the issue is wounds on the battlefield or 
highway.” [8] 

Methods - Members of the research team were 
brought together by NHTSA for their expertise in 
trauma care research, advanced technologies, 
emergency medicine, crash data analysis, and motor 
vehicle crashworthiness engineering.  The team, in 
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recent years, performed a series of statistical analyses 
of data on crashes, deaths, and injuries [11-18, 44].  
The sources of the data included the Fatal Analysis 
Reporting System (FARS), the National Automotive 
Sampling System (NASS), and the Crash Injury 
Research and Engineering Network (CIREN).   

Some of the multidisciplinary team members came 
from the NHTSA CIREN Centers.  CIREN 
researchers study the most serious crash injuries – 
those that result in deaths, disabilities and loss of 
livelihoods.  These injuries represent about 12 
percent of all crash injuries, but account for about 77 
percent of the economic costs of crash injuries.  The 
costs associated with serious crash injuries amount to 
about $112 billion in economic costs (excluding 
value for pain and suffering) each year. [1]   

 Over the past ten years research and development 
was conducted to refine the analyses and develop 
tools that could be used to improve triage, transport, 
and treatment decision-making for future crash 
victims.  The team has presented its findings and 
recommendations at various stages to the NHTSA 
and to other organizations concerned with reducing 
morbidity and mortality of crash victims.  This paper 
provides further updates on these efforts.  [11-18]. 

The Problem  –Each year, along the 4 million miles 
of roads in the U.S., about 5 million Americans are 
injured in 17 million crashes involving 28 million 
vehicles. Among those 28 million crash-involved 
vehicles, approximately 250,000 Americans suffer 
seriously life-threatening Abbreviated Injury Scale 
(AIS 3+) injuries.  Specifically where and when they 
will occur is not predictable.  Thus, it is important to 
be able to rapidly distinguish the one crashed vehicle 
that has a seriously injured person from the 100 
crashed vehicles that have no injury or simply minor 
injuries.   

Historically, each year a growing number and 
percentage of all crash deaths were Not Taken to a 
medical facility for treatment.  And many people 
currently Taken to a medical facility for treatment die 
from crash injuries without the benefit of timely 
definitive care.    

Figure 1.  Number of U.S. Crash Deaths 
“Taken” & “Not Taken” for Medical Treatment
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Figure 1 shows that in the year 2002, the number of 
people dying in crashes without being taken to a 
medical treatment facility amounted to 23,795 deaths, 
nearly 56 percent of crash deaths.  The percentage of 
crash fatalities each year that are Not Taken to a 
medical treatment facility has increased over the past 
15 years.   The number of crash fatalities Taken for 
medical treatment has declined to 18,463, and this 
percentage has declined to 43 percent, in 2002. [18] 

Both the fatalities Taken and those Not Taken 
suffered serious injuries.  But limitations of FARS 
data on injury severity do not permit distinguishing 
survivable from non-survivable injuries.  Thus, the 
number of these people that might have survived with 
timely, definitive medical care is unknown.  While 
the number that might have survived is currently 
unknown, the research reported herein indicates that 
with new technologies, substantial benefits may be 
possible.  Other researchers have estimated potential 
benefits ranging from hundreds to thousands of lives 
saved each year with improvements in post-crash 
care. [24, 30-32, 45]  

Fig. 2. Growing Percentage of U.S. Crash Deaths 
Not Taken for Medical Treatment
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Figure 2 shows that in the year 2002, the percentage 
of people dying in crashes without being taken to a 
medical treatment facility amounted to nearly 56 
percent of crash deaths.  The percentage of crash 
fatalities each year that are Not Taken to a medical 
treatment facility has increased steadily over the 
years.   The percentage of crash fatalities Taken for 
medical treatment, conversely, has steadily declined.   

The increase in the number and percent of deaths at 
the scene may be due to a number of factors.  More 
research is needed to understand the cause(s) of the 
increase in the number and percentage of “dead at the 
scene” and the possible remedies. 

Reducing Time from Crash to Trauma Center  --  
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Fig. 3.  Crash Rescue Urgency
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Figure 3 categorizes crash injuries in terms of their 
severity and urgency of treatment in all crashes 
involving injuries. The most important (life, or 
livelihood, threatening) injuries need to be treated 
differently from the more numerous cases of minor 
and uninjured people in crashes.  Those with serious 
injuries require advanced emergency care while those 
with minor or no injury do not.  The challenge is to 
distinguish and treat appropriately and rapidly the 
urgent injuries from the minor injuries.   

In Figure 3, the top category shows that about 
650,000 people suffer moderate to severe threat-to-
life (AIS 2+), high priority, injuries each year.   
Currently some, but an unknown portion, of these 
people are under-triaged, i.e., receive less than 
optimal care in terms of timeliness, quality, and/or 
place of treatment (e.g., seriously injured not taken 
directly to a trauma center).  Under-triage can result 
in needless deaths and disabilities. 

The lower two categories show that there are about 7 
million people who suffer minor or no injuries in 
crashes each year.   Currently some, but an unknown 
portion, of these people are over-triaged to hospitals 
and trauma centers and found not to need the highest 
level of medical treatment.   Over-triage can result in 
needless added health care costs.   

Thus, tools are needed to better allocate emergency 
medical resources according to need, both for 
providing life saving care to those who need it, and 
for economic savings for those without serious 
injuries. 

Note that the injury severity level often is not known 
at the time and scene of the crash.   Thus, it is 
important to develop information systems and 
protocols that help to distinguish those who are likely 
to have serious injuries from those who are unlikely 
to have serious injuries – and to do so both faster and 
more accurately than we do today.    

Since 1977, more than 1 million people have died 
from crash injuries along U.S. roads.  Nearly 500,000 

of these people died from crash injuries without 
having been taken to a medical treatment facility.     
Each year 43,000 people die and 650,000 suffer 
disabling injuries.  Many of these people could 
benefit from faster, more informed, transport and 
treatment [4].  

The morbidity of serious injuries is described by the 
trauma maxim “Time is tissue.”  As an injury results 
in bleeding or edema, the longer tissue is deprived of 
oxygen and normal function, the greater the 
deterioration.   And the longer the deterioration is 
allowed to progress, the greater the complexity of 
treatment, and the greater the long-term 
consequences.   Long-term consequences include 
decreased physical function, pain, suffering, 
psychological and sociological problems, and 
economic harm.  

Timely, optimal treatment is necessary to reduce 
morbidity resulting from many crash injuries 
occurring each year.  Nearly 66,000 serious brain 
injuries occur to light vehicle occupants each year.  
About 3,500 serious spinal cord injuries occur each 
year that often result in life-long disabilities including 
quadriplegia and paraplegia.  Nearly 140,000 lower 
limb injuries (hip, leg, knee, ankle and foot) of 
moderate to serious threat to life are sustained in 
crashes each year.  Another 20,000 upper limb 
injuries occur each year. [10] Many injuries involve 
critical joints that result in long-term disabilities, 
psychological and sociological problems, economic 
harm, and pain and suffering – especially when 
timely, optimal care is not received.  

The literature of emergency medical care has long 
documented that for many serious injuries, time is 
critical.  In a description by R Adams Cowley of the 
origin of the Maryland Shock Trauma Center (now a 
base for research by the Maryland CIREN team) 
completed in 1969:   

 “During these years of initial organization, it was 
learned that the first 60 minutes, “the golden hour,” 
after a life-threatening injury incident dictates 
whether a patient will live or die.  Another factor 
influencing survival is access to an emergency 
medical system providing on-site resuscitation, 
evaluation, triage, and communication and 
transportation with care en route to a definitive care 
facility.”  [60] 

As described by RD Stewart:  

"Trauma is a time-dependent disease. ‘The 
Golden Hour’ of trauma care is a concept that 
emphasizes this time dependency. That is in 
polytrauma (typically, serious crash victims 
suffer multiple injuries) patients, the first hour of 
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care is crucial, and the patient must come under 
restorative care during that first hour.... Pre-
hospital immediate care seeks to apply 
supportive measures, and it must do so quickly, 
within what has been called the ‘Golden Ten 
Minutes.’" [34] 

Dr. John R. Border described the problems of 
polytrauma in a classic textbook “Blunt Multiple 
Trauma”: 

“Major errors in care are made when the 
principles that appear largely valid for a single 
injury are extrapolated to the blunt multiple 
trauma patient.”  [47, 57, 61-62]  

Both the internal (difficult to detect) nature and 
extent of blunt trauma, and the compounding 
effects of multiple injuries combine to 
complicate the emergency medical treatment of 
crash victims.  This need for rapid diagnoses and 
treatments for the optimal care of crash injuries 
makes them time critical.  

The authors of this paper compared the available data 
on fatal crashes in FARS with the goal of trauma care 
to get seriously injured patients into a trauma center 
for diagnosis, critical care and appropriate surgical 
treatment within the "Golden Hour" [14, 17, 18].  The 
team used the time benchmarks in Fig. 4 for data 
available in FARS on the delivery of patients to 
medical facility care within the “Golden Hour.”[9]  

[Note that the FARS currently does not contain data 
on the capability level of medical facilities to which 
victims in fatal crashes have been transported for 
treatment, nor does FARS currently contain data on 
methods of transport (air, ground, or ground and air)]. 

Fig. 4. “Golden Hour” 
Benchmarks

Time from Crash to:

• EMS Notification: <1 Minute
• EMS Scene Arrival: <10 Minutes
• Hospital Arrival: <45 Minutes
• Definitive Care: <60 minutes

 

Figure 4 shows the medical benchmarks of the 
“Golden Hour” to provide optimal care for seriously 
injured crash victims.  

Fig. 5. Fatalities in Crashes 
Meeting Benchmarks  2002
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Figure 5 shows the number of fatalities in FARS 
2002 that reportedly met medical benchmarks of the 
“Golden Hour” to provide optimal care for seriously 
injured crash victims. 

Fig. 6.  Average 2002 Performance 
Recorded in U.S. Rural Fatal Crashes
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Figure 6 shows the EMS average time performance 
in U.S. rural fatal crashes as recorded in FARS 2002.  
Note, only crashes with times less than 120 minutes 
were used to calculate average times to minimize 
effects of questionable and very long times on the 
averages.  Average times to trauma center greater 
than 120 minutes have just been documented in the 
State of Maine. [66] Average EMS Notification times 
have declined nationally with the growing 
availability of cell phones over the past decade from 
9 minutes to 7 minutes in fatal rural crashes  [5]. 

Fig. 7 Needed Reductions in Average Times
in Recorded U.S. Rural Fatal Crashes 2002
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Figure 7 shows the needed reductions in average 
times in U.S. rural crashes.  Methods by which these 
reductions can be achieved are indicated in Figure 8. 

Fig. 8 Feasibility of Reductions in Average Times
in Recorded U.S. Rural Fatal Crashes 2002
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Figure 8 shows technologies that could be employed 
to reduce average times: Automatic Crash 
Notification (ACN) equipment, URGENCY software, 
Air Medical Services, and Trauma systems linked 
together via wireless communications systems. [23, 
50-52] 

The Need for Timely Intervention – In FARS 2002, 
there were 42,815 fatalities along U.S. roads; 23,795 
fatalities (56%) were Not Taken for Medical 
Treatment and the rest died later. 

Fig. 9 Percent Fatalities: Taken vs. Not Taken by 
Time Between Crash and

EMS Notification (All Roads 2002)
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Figure 9 using FARS 2002 data, shows that the 
percent of fatalities Not Taken for medical treatment 
increases as the time between crash and EMS 
Notification increases while the percent Taken for 
medical treatment declines. 

Fig. 10 Fatalities in 2002 by Times Between
Crash & EMS Notification (0-120 Min)
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Figure 10 shows the numbers of fatalities in each 
time interval are not based on small numbers of 
cases.  The percentages Taken versus Not Taken in 
Figure 9 are based on substantial numbers of cases in 
each time interval. 

Fig. 11 Percent Fatalities: Taken vs. Not Taken 
by Times (0-120 Min) Between Crash and 

EMS Arrival at Scene (All Roads FARS 2002)
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Figure 11 shows that the percent of fatalities Not 
Taken for medical treatment increases as the time 
between crash and EMS Arrival increases, while the 
percent Taken for treatment declines.   

Fig. 12 Fatalities by Times
Between Crash & EMS Arrival at Scene (2002)
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Figure 12 shows the numbers of fatalities in each 
time interval and indicates that the percentages Taken 
versus Not Taken in Figure 11 are based on 
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substantial numbers of cases in each time interval.  
The later the arrival, the greater the percentage of 
people Not Taken for treatment in that time interval.  
These data support the “Golden Ten Minutes” rule. 

Finding Serious Injury Crashes – Run-off-the-road 
(ROR) crashes are an important safety problem 
resulting in 17,927 fatalities in the year 2002.   
Vehicles that run off the road and crash may be 
difficult to see.   In ROR crashes in 2002, there were 
11,068 fatalities that were Not Taken for medical 
treatment and 6,686 fatalities that were “Taken.” [9] 

Decreased visibility also is often present 
complicating location of the crash.  Decreased 
visibility is defined as times between dusk and dawn 
and/or weather conditions involving snow, rain, 
and/or fog.   In 2002, of the 17,927 fatalities in ROR 
crashes there were 11,120 fatalities with decreased 
visibility conditions and 6,807 fatalities without 
decreased visibility. [9]    

Fig. 13 Percent Fatalities: Not Taken by 

Time Between Crash & EMS Arrival
(Rural ROR Crashes & Visibility 2002)
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Figure 13 shows that in rural run-off-the-road 
crashes, with decreased visibility, the percent of 
fatalities Not Taken for medical treatment is greater 
in each time interval when visibility is impaired.    

In many such crashes, ACN technologies can help 
locate the crash and speed the delivery of emergency 
services because accurate GPS locations are provided 
even if the crashed vehicle is out of sight from the 
road or not easily seen because of poor visibility 
conditions.   

Urban/Rural -- A recent report published by 
NHTSA described the problem of preventable 
mortality in rural areas as follows: “Typically, rural 
areas have a higher preventable mortality rate than 
urban regions.  This may be due to a number of 
factors, such as the time elapsed from the emergency 
call to the arrival of the ambulance at the scene of 
the incident, the time for the ambulance to reach the 
trauma center, insufficient experience with certain 
trauma procedures due to infrequent occurrences, 

and inadequate training for EMS personnel in rural 
areas.” [39]    

Using Crash Scene Information to Improve Care – 

Meeting the Safety Need with Information 
Technology: URGENCY Software - To advance, in 
Dr. Haddon’s words, “the detection and evaluation of 
damage….and the generation of a signal that 
response is required”, the research team has 
developed the nation’s first prototype software called 
URGENCY and worked on subsequent versions.  This 
tool is designed to help detect and evaluate crashes to 
distinguish serious injury crashes from non-serious 
injury crashes.  A research version of the latest  
URGENCY software prepared by Drs. Bahouth and 
Digges is available for academic review at: 

http://surgery.med.miami.edu/williamlehman/ 

Research on URGENCY software continues through 
development of two software packages SCENE 
URGENCY software and Automatic Crash 
Notification (ACN) URGENCY software. [16] 
SCENE URGENCY addresses current needs of 
responders to crashes to better assess the probability 
of serious injury presence.   ACN URGENCY 
addresses the future need to assess injury 
probabilities in crashes of new vehicles equipped 
with ACN systems.  The goal is to save crash victims 
from death and disability through the application of 
engineering knowledge of crash injury mechanisms 
and probabilities of serious injuries.  

Future research also is expected to help us better 
estimate the potential benefits in mortality and 
morbidity reductions possible with faster and better 
emergency medical decision-making.  Hopefully, in 
the future, improvements in triage, transport, and 
treatment, with ACN, URGENCY, and earlier and 
better utilization of Air Medical Services will reduce 
the number of deaths of people -- both those “Taken 
for Treatment” and those “Not Taken for Treatment.”       

ACN with URGENCY information on crash severity 
can help dispatchers, instantly and automatically, 
decide to send appropriate resources such as 
extrication equipment in severe crashes, thereby, 
saving additional precious minutes.   

Extrication -- Extrication is an increasingly 
important factor in fatal crashes [17].  In 1990, 
extrication was involved in crashes resulting in 4,426 
fatalities.  In 2002, nearly 10,000 fatalities occurred 
in crashes involving extrication. [9] Extrication 
requires specialized equipment and trained rescue 
teams to remove occupants rapidly and safely.   First 
responders to the scene may have to wait for heavy 
rescue teams to extricate the crash victim. 
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Once heavy rescue teams arrive at the scene of 
serious injury crashes, extrication can take many 
precious minutes.  CIREN researchers have found 
that in serious injury crashes extrication often takes 
more than 20 minutes. [65] The NHTSA/CIREN 
database, as of Nov. 2004, has 123 cases with 
extrication times equal to or less than 20 minutes and 
102 cases of extrication times equal to or greater than 
21 minutes. 

In future implementations, ACN and URGENCY 
information could save valuable time by alerting 
dispatchers that the crash severity information, e.g., 
rollover, near side impact, high Delta V, indicates 
heavy rescue teams might well be needed.  In 
addition, since the ACN crash message includes the 
make and model of the crashed car, it is now 
technically possible for heavy rescue teams to receive 
extrication information on the number of air bags, 
their location, and vehicle cut points specifically for 
the crashed vehicle – before arriving at the scene.   

Alternatively, for all vehicles currently on the road, 
crash evaluation services could be provided by a third 
party, either via call center, wireless internet, or 
software carried by rescue personnel on PDA’s or 
laptop computers.   Such systems could provide 
rescue teams with extrication information specifically 
for the crashed vehicle using the Vehicle 
Identification Number (VIN) – shortly after arriving 
at the crash scene.    

More advanced versions of URGENCY software will 
employ additional sensor data to create a more robust 
and sophisticated triage, transport, and treatment 
decision-making tool.  Future URGENCY ratings may 
calculate the probabilities of the presence of minor as 
well as major injuries.  Information will be included 
such as the number, size, and seating positions of 
occupants, seat track location (closeness to air bag), 
crash pulse, air bag time of deployment, level of air 
bag deployment, deployment of seat belt emergency 
tensioning retractors, seat belt forces, door openings, 
presence or absence of fire, pre-crash speed, and 
braking deceleration.   

Occult Injuries – Occult injuries cause problems in 
providing timely optimal care.  This section of the 
paper describes work by NHTSA and CIREN 
researchers to improve detection and treatment of 
serious occult injuries. 

Brain injuries, especially the so-called “talk and 
die” injuries, are a constant concern to emergency 
medical care providers.  As described in Advanced 
Trauma Life Support Program for Doctors 
(ATLSPD):  

“Despite proper attention to all aspects of managing 

the patient with a closed head injury, neurologic 
deterioration can occur, often rapidly.  The lucid 
interval commonly associated with acute epidural 
hematoma is an example of a situation where the 
patient will ‘talk and die’.”   Diagnosis can be made 
more difficult by other circumstances, e.g., “Alcohol 
and/or other drugs also may alter the patient’s level 
of consciousness.”  [56]   

Thoracic injuries including lung, heart, and aortic 
injuries, without initial bleeding, can be fatal later.   
To overcome difficulties in diagnosis, the ATLSPD 
advises “Contusions and hematomas of the chest wall 
should alert the doctor to the possibility of occult 
injury.”  It also warns of the pitfalls to be avoided 
regarding elderly and pediatric patients:  

“A. Elderly patients are not tolerant of even 
relatively minor chest injuries.  Progression to acute 
respiratory insufficiency must be anticipated and 
support instituted before collapse occurs.” 

“B. Children often sustain significant injury to the 
intrathoracic structures without evidence of thoracic 
skeletal trauma.  A high index of suspicion is 
essential.” [56]  

Internal bleeding injuries in the abdomen without 
external symptoms e.g., liver, spleen, and bowel 
injuries have long been a concern in emergency 
medical care of crash victims.  As the ATLSPD 
describes the problem: “Abdominal injuries must be 
identified and treated aggressively….A  normal 
initial examination of the abdomen does not exclude 
a significant intra-abdominal injury…Knowledge of 
injury mechanism, associated injuries that can be 
identified, and a high index of suspicion are 
required.”   [56] 

Occult Injury Warnings - To advance “the 
detection and evaluation of damage”, the nation’s 
first Occult Injury Database (OID) was developed by 
researchers at the CenTIR, NHTSA, and CIREN 
[19].  The OID is a new tool for studying the problem 
of occult crash-related injuries that often can be fatal.  
Occult injuries can be fatal because of their severity, 
time sensitivity, and treatment criticality.   

For the purposes of this database, occult injuries are 
defined as injuries that are not easily recognized and 
are life-threatening.  They require timely treatment at 
the scene, in transport, and at medical facilities and 
trauma centers that are equipped and staffed to 
provide optimal care.   

Occult injuries present difficulties at all stages of 
care: triage, transport, and treatment decision-
making.  Crash victims may decline medical 
treatment, despite needing care, because they “look 
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and feel OK.”  Many factors complicate diagnoses of 
crash injuries.  In multiple injury cases, common in 
crashes, the pain of one injury may distract the 
patient from pain of another more serious injury.  Or 
the presence of alcohol may impair the ability of the 
patient to provide proper responses during medical 
examination.  Occult injuries also are often 
characterized by deterioration at differing rates.  
Initially, such injuries may not be apparent.  
However, if not properly treated, victims can 
deteriorate, sometimes rapidly, and too often suffer 
fatal consequences. 

The OID was used to estimate, also for the first time, 
the potential number of fatalities occurring each year 
from occult injuries to occupants in motor vehicle 
crashes.  The estimates indicate that in an average 
recent year, 1,186 crash-related fatalities were 
recorded with a potentially occult injury as the “Only 
Cause of Death.”  In addition, based on data from 
1997-2001, the estimates are that, in an average year, 
of 29,118 injuries recorded as a “Cause of Death,” 
18,888 were potentially occult injuries.   

Thus, nearly 65 percent of all the fatal injuries 
recorded as a cause of death to occupants in crashes 
each year were due to potentially occult injuries.  The 
approximately 18,888 potentially occult injuries 
recorded as a Cause of Death each year were 
distributed by body region as follows: 10,376 head, 
6,001 thoracic, and 2,511 abdominal and pelvic 
injuries.  Of the 1,186 single Cause of Death cases, 
441 were head, 658 thoracic, and 87 
abdominal/pelvic. [19] See  

http://www.cubrc.org/centir/occult_injury.html 

Crash information may be used to improve triage and 
treatment decision-making by helping in the 
identification of occult injuries.  [54-55] Researchers 
at the CIREN centers and NHTSA have found that 
use of information from the crash has the potential of 
providing more sensitive triage and faster diagnosis 
of injuries for motor vehicle crash victims. 

One of the first contributions on occult injuries by 
current NHTSA/CIREN researchers occurred after 
the advent of air bags.  While air bags protect the 
head and face in serious crashes, internal injuries are 
being missed.   This happens because the previously 
common “tell tale” signs of bleeding from facial 
lacerations and decreased levels of consciousness are 
now often not present to alert emergency medical 
care providers to the severity of the crash.   

This new injury pattern led NHTSA to issue a 
Research Note “Detection of Internal Injuries in 
Drivers Protected by Air Bags” to help emergency 
medical care providers better recognize occult 

internal injuries.  That Research Note recommended 
that rescue workers “lift the deployed air bag to look 
for steering wheel deformation.” [21]  

This “Lift and Look” tip to make a quick visual 
check was made to reduce the likelihood that 
potentially fatal internal injuries would be missed 
because motorists protected by air bags “may look 
fine and feel fine, but not be fine.”  Occult internal 
injuries from blunt trauma often are survivable if 
detected and treated appropriately in time. 

Consequently, NHTSA published and widely 
distributed the poster “Look Beyond the Obvious” 
based on continued research at the Miami CIREN 
Center [22].  This research found additional occult 
injury patterns that could be recognized using 
information from the crash.  The “Look Beyond the 
Obvious” poster listed five indicators based on crash 
scene information to help emergency care providers 
detect internal injuries.  These were organized into a 
checklist in an easy to remember mnemonic SCENE:    

• S - Steering Wheel Deformation – Lift the air 
bag and look.  A bent steering wheel could 
provide an alert that internal injuries are present.   

• C - Close Proximity of Driver to Steering 
Wheel – Occupants of small stature or large 
girth sitting close the steering wheel are at 
greater risk of internal injuries. 

• E - Energy of the Crash – Twenty (20) or more 
inches of vehicle crush, or twelve (12) inches of 
intrusion, indicate high-energy crash forces.   

• N - Non-use of Seat Belts – Non-use of lap or 
lap shoulder belts by any of the occupants can 
result in multiple impacts of the occupants 
(including occupant to occupant loading) and 
greater probability of internal injuries.  Note the 
non-use of lap belts continues to be of concern.  
The estimated number of vehicles on the roads 
today equipped with manual 2-point belts 
exceeds 10 million vehicles.  

• E - Eyewitness Report of Crash Scene – 
Verbal reports, photos, and tele-video images of 
the crash vehicle convey some idea of the 
severity of the crash, and may indicate the 
possibility of occult injuries.   

These recommendations on occult injury indicators 
are increasingly relevant.   Today, the need to detect 
occult injuries is growing each year as more 
Americans are riding with their belts buckled (now 
79%) and protected by air bags (air bags are now in 
more than 133 million vehicles, or 60% of the fleet). 
While air bags and seat belts are now estimated to 
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save nearly 17,000 lives each year, these post-crash 
tips can increase the number of lives saved. [20] 

NHTSA/CIREN researchers have continued this 
work and identified a series of crash characteristics 
associated with occult injuries.  [44] These 
researchers have developed the following “Warning 
Flags,” or tips, to alert first responders to crash 
conditions that result in increased risk of occult 
injuries and compelling injuries.   Figure 14 
schematically describes the information flow possible 
from the scene of serious crashes to EMS, hospitals, 
and telematics service providers (TSP) such as ATX, 
Cross Country Group, and OnStar. [18, 29] 

Figure 14.  Schematic of Improved 
Communications with Occult Injury Warning 
Flags 
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NHTSA CIREN researchers have worked for years to 
identify the characteristics of motor vehicle crashes 
that increase the risk of serious injury.  This research 
resulted in the development of a mathematical 
algorithm (discussed above) to estimate the 
probability of the presence of serious injury in a car 
crash based on crash severity measures.  The NHTSA 
CIREN research team incorporated the algorithm into 
computer software named URGENCY to relate crash 
severity measures to the probability of serious 
injuries. [11-18] 

In addition to developing improvements in 
URGENCY for use with Automatic Crash 
Notification (ACN) systems, work has proceeded to 
develop SCENE URGENCY for use with handheld 
computers for use in all current crashes since most 
vehicles currently are not equipped with ACN 
systems.   Field-testing of this software is planned. 

Occult injuries comprise a fraction of all crash 
injuries and result in an unknown number of 
preventable deaths.  In many cases the deaths might 
have been prevented had the injuries been recognized 
and treated in time.  Independent studies funded by 

NHTSA found a range of preventable deaths from 
17% in rural Montana in a 1992 report [36], 12.9% in 
a rural Michigan study [37], and 7-21% in North 
Carolina in a 1995 report [38].   Occult injury 
warning flags, had they been available, may have 
helped improve system effectiveness. 

Note that the preventable death studies just cited  
were performed before air bags were present in a 
large proportion of the fleet and at times when safety 
belt use was lower.  In addition, these studies 
examined the problem of preventable deaths “as is.”  
They did not address how many additional deaths 
might have been preventable using new technologies 
providing information from the crash.  Use of such 
crash information is expected to improve quality of 
care by alerting medical care providers to the 
potential for occult injury presence and reduce the 
risk of missed injuries. 

CIREN researchers have identified potentially useful 
indicators of the presence of occult injuries.  [44, 48]  
Several occupant and crash characteristics have been 
associated with an increased risk of serious injury.  
Each factor is being incorporated into developmental 
software as an “Occult Injury Warning Flag.”  The 
following Warning Flags have been organized into a 
mnemonic OCCULT: 

• O -- Occupant Age & Sex – Older adults have a 
higher risk of suffering serious injuries than 
younger adults in a crash of the same crash 
severity (in all crash directions combined). [15, 
44, 63] 

For example, in a 35 mph frontal impact crash, a 
25 year-old male has about a 41 percent 
probability of suffering a serious injury.  In a 
crash of the same type and severity, a male age 
75 faces a 74 percent probability of being 
seriously injured.  Thus, independent of the 
vehicle damage, occupant age should be taken 
into account in assessing the probability of 
serious injury.  [16] 

Females in a crash of a given severity also face a 
greater risk of suffering serious injuries than do 
males.  For example, if the occupant in a 35 mph 
frontal crash is a female, instead of a male as in 
the above crash; at age 25 her risk of serious 
injury is about 45 percent.    

The overall risk of serious injury in a crash of a 
given severity increases at a rate of nearly 1 
percent per year of age through the adult years.  

Figure 15 below provides data indicating the 
growing importance of age in the nation’s crash 
problem.  As the U.S. population ages, the 
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average age of crash fatalities has increased 
steadily over the past 20 years.  Note, however, 
that while the nation’s average age of the 
population has increased from 34 to 36 since 
1980, the average age of crash fatalities has 
increased at a greater rate from 33 to 40.  

Fig. 15  Average Age of Crash Deaths 
vs.

Average Age of Population
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Currently, more than 10,000 people, age 55 and 
older, are killed in crashes each year.  In the near 
future, demographics indicate that the 
importance of age in crashes will grow rapidly.  
The U.S. population age 65 and older is 
projected to increase from 35 million in 2000 to 
63 million by the year 2025.  [40] 

Researchers at the Alabama CIREN Center 
recently published a paper concluding that 
“Older adults have the highest rate of motor 
vehicle collision-related blunt aortic injury 
(BAI), and their injuries tend to occur in less 
severe collisions.  A high level of suspicion for 
BAI among older adults should not be reserved 
for high-energy collisions only.”  This 
underscores the importance of faster and more 
informed transport and treatment decision-
making that takes into account the age of the 
crash victims. [41-43] 

• C – Caught or Entrapped – As is shown in 
Figure 16, if an occupant is entrapped in the 
vehicle, the risk of serious injuries nearly triples 
to close to 75 percent from an assumed baseline 
crash with a 25 percent probability of a serious 
injury.  Thus, entrapment is a warning flag that 
serious injuries are likely in that crash.   [15, 44] 

• C – Complete or Partial Ejection – Also as can 
be seen from Figure 16, if ejection is involved in 
a crash, the probability of serious injury 
approximately doubles to more than 50 percent 
probability of serious injury. [15] 
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• U – Under-ride and Narrow Object Crashes – 
Crashes that involve under-ride of another 
vehicle or impacts with poles, trees, and other 
narrow objects increase the likelihood of internal 
and other serious injuries.  These crashes may 
involve increased belt loads and late deployment 
of air bags that result in less than optimal crash 
protection.  Part of the physical crash problem 
here is that vehicle crash sensors may sense 
crash forces late (milliseconds later) in these 
crashes.  Thus, the occupant may be less 
optimally positioned to obtain maximal 
protection from the restraint systems and suffer 
internal injuries.  [44]   

• L - Lateral Crashes, Near Side, Far Side and 
Off-Side Crashes – As Figure 17 indicates, the 
risk of serious injury is very dependent on crash 
type.  Note that side impacts, of a given crash 
severity, have the highest risks, with near side 
impacts having the highest risk of serious injury.  
For instance, in crashes with a 30 mph Delta V, 
occupants struck on the near side have an 
estimated 80% risk of suffering serious injury.  
Far-side occupants have nearly a 50% risk. 
Occupants in 30 mph frontal crashes have nearly 
a 40% risk.  And occupants experiencing a rear 
impact crash with a 30 mph Delta V have about a 
20% risk.   Note that crash force direction can 
result in four-fold to six-fold differences in 
probability of serious injury. [44] 
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Figure 17 - Probability of Serious Injury by Crash 
Direction and Severity 
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Crashes in which the vehicle is struck from the 
side, or off-side at one of the wheels, may result 
in rapid rotation of the vehicle and cause 
occupants to suffer internal injuries that are 
asymptomatic and not apparent e.g., aortic, 
abdominal, and spinal injuries.   

• T – Two or More Impacts – Crashes that 
involve multiple impacts such as vehicle-to-
vehicle followed by an impact with another 
vehicle or structure increase the risk of serious 
injuries.  Crashes involving multiple impacts 
may induce complex loading of the chest, 
abdomen, and spine. [44] 

With ACN and SCENE URGENCY software and 
Occult Injury Warning Flags, the outcomes of many 
serious crash injuries are expected to improve.  These 
new tools will enable better outcomes with 
improvements in the timeliness, appropriateness, and 
efficacy of the medical care received by the crash 
victim.  In too many cases, especially in rural areas, 
people die without having obtained definitive care at 
a trauma center within the "Golden Hour."  Definitive 
care for seriously injured crash victims includes 
expert care at the scene and en route, thorough, 
timely, and accurate diagnoses, intensive critical care 
facilities, and readily available trauma teams with 
surgeons specializing in brain, spinal cord, internal 
organ, and orthopedic injuries.    

ADAMS for More Timely Rescues – To advance 
the ability to provide timely, quality, emergency 
medical care, the researchers have developed the 
nation’s first Atlas and Database of Air Medical 
Services (ADAMS).  See 

http://www.adamsairmed.org/ 

ADAMS was developed to facilitate, in Dr. Haddon’s 

words “the decision to follow-through,” the 
deployment of air medical services to rescue people 
in serious injury crashes.   

Fig. 18 Atlas & Database of Air Medical Services 
(ADAMS) 

 

The national view of ADAMS is shown in Figure 18. 
ADAMS is designed to improve the timeliness and 
quality of emergency response and care.  Research 
that led to ADAMS is at [18, 23, 25-29, 46, 49, 58-
60]. 

Currently in virtually all 42,000 deaths and 250,000 
serious injuries every year, helicopter rescue 
operations do not begin unless, and until, someone in 
authority (usually police, fire or EMS) travels over 
land to the crash scene to make a judgment to call for 
air medical rescue.  Consequently today, too often, 
the deployment of appropriate rescue resources 
results in the dispatch of too little, too late, to save 
lives and prevent disabilities.   Without the tools 
described in this paper there also is a substantial 
amount of over-triage currently occurring. 

Current national data on air medical rescues is too 
scarce to quantify how many seriously injured people 
in crashes might have benefited from the more-timely 
and often higher level care provided by air medical 
rescue teams both at the scene and en route to the 
trauma center.   

Better utilization of air medical services can produce 
reductions in mortality and morbidity of crashes.  
Such benefits can be achieved with faster response 
and transport times, higher quality care at the scene 
and in transport, and at the highest-level trauma 
center.  The goal is to facilitate air medical care when 
needed, and avoid over utilization when not needed. 

To fully reap the safety benefits of ACN technology 
for seriously injured crash victims, information on 
the crash must be provided to the appropriate 
emergency responders as soon as possible.  By 
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coupling advanced ACN technology with the smart 
use of air medical transport, it is anticipated that 
many seriously injured crash victims will benefit.  

A detailed survey of air medical services was 
conducted including the specific location of all air 
medical bases and Rotor Wing (RW) aircraft in the 
country.  This detailed assessment of air medical 
rotor wing service coverage areas across the nation 
was used to produce ADAMS [29].    

ADAMS is implemented in a Geographic 
Information System (GIS) on the web.   It displays, in 
a map context, the locations of all known air medical 
base helipads and their coverage areas, as well as the 
locations of their communication centers and 
receiving hospitals / trauma centers.  Summary 
information on rotor wing aircraft (e.g., N#, make & 
model, cruise speed, etc.) is also included.  Figure 18 
provides a map showing national coverage by air 
medical RW services.   

Using ADAMS in concert with ACN and 
URGENCY, the researchers believe that the nation is 
now better equipped for processing “the signal’s 
transfer, receipt, and evaluation,” and making “the 
decision to follow-through” for seriously injured 
crash victims.  In the near future, using crash-specific 
information from the ACN signal and using 
URGENCY to interpret the injury implications of the 
signal, dispatchers will be able to rapidly assess the 
need for an air medical response.   With ADAMS, air 
medical services will have the ability to be on early 
alert, as will the nearest trauma centers.  It is 
expected that the near-parallel (rather than serial) 
response which ensues, will enable appropriate 
responders to reach the scene sooner after the crash 
than is currently possible.   

In addition, the data-driven inputs provided by ACN, 
URGENCY, and ADAMS will enable smarter triage 
so that those who are most seriously injured in a 
crash get to the right place – a Trauma Center.   It is 
anticipated that when the ACN-URGENCY-ADAMS 
components start to function together as part of a 
trauma system response, lives will be saved and 
disabilities reduced [18, 25-29, 58-60]. 

In addition to being designed as a tool to improve 
operations; ADAMS is designed to be a research tool 
to find ways to continuously improve emergency 
care.  ADAMS is contributing to research by the 
Association of Air Medical Services (AAMS).  The 
AAMS Research Committee currently is examining 
the potential of using Auto Launch/Early Activation 
policies to improve emergency medical care to 
seriously injured people. [64] 

ADAMS data and software tools will soon be made 

available to analysts collecting data for national crash 
databases.   In the near future, mode of transport 
(ground, air, or some combination) as well as the air 
medical service utilized will be easily recorded in the 
crash data record along with the location and type of 
hospital or trauma center to which the patient was 
transported.  ADAMS will therefore enable national 
crash databases to document how crash victims were 
transported as well as where they were transported to.  
In addition, accurate crash times (from ACN crashes) 
can be coupled with the time data already collected in 
the national databases (time of EMS notification, 
scene arrival, hospital arrival, etc.). 

Accurate crash data will improve emergency 
response timeline information and further strengthen 
and expand the utility of the nation’s crash research 
databases.   ACN-URGENCY-ADAMS will help 
provide a better picture of how, where, and when 
crash victims received emergency care and will 
support research efforts aimed at improving access to 
such care throughout the country.  

Air Medical Coverage Relative to Fatal Crash 
Locations 

 

Figure 19.  NY FARS Data for 1996 – 2001 in a 
GIS Map with Air Medical Fly Zones 

Figure 19 shows a map of NY with the locations of 
all fatal crashes between 1996 and 2001 indicated by 
a blue dot.  This data was geo-coded using 
specialized software developed by Drs. Hwang and 
Thill at the Department of Geography at the State 
University of NY at Buffalo.  [67] 

http://www.adamsairmed.org/pubs/ITS_SSC.pdf 

Also overlaid on the map are the interstate highways 
and major cities. [18]   

Analyzing fatality data in a geographic context 
enables researchers to easily view where crashes are 
occurring and aids in characterizing the nature of 
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these events in each region (e.g., are they 
predominantly in urban, suburban, or rural areas, are 
they on or off the major highways, are they overly 
concentrated in specific locales that could benefit 
from better use of air medical services, etc.?)     

An additional overlay on the map in Figure 19 shows 
the air medical base locations with 10 minute fly 
circles.   With ADAMS it is possible to perform even 
more detailed analyses of air medical coverage 
patterns.  The number of crashes that occurred within 
10- minute fly-circles in NY State between 1996 and 
2001 were calculated.   The data indicates that 75-
78% of the fatal crashes occurred in areas that were 
within a 10-minute fly-circle.  

Nationwide, about 70 percent of the population is 
located within 10-minute fly circles in the U.S. and 
about 97 percent within 30-minute fly circles.  In 
contrast, about 33 percent of the interstate and U.S. 
highway system is located within 10-minute fly 
circles in the U.S.; and about 82 percent of these 
roads are within 30-minute fly circles. [29]  

Figure 20 shows an ADAMS map of Maryland’s air 
medical system with 10-minute fly zones.  This 
illustrates the possibility of rescues within the 
“Golden Hour” in the future with ACN, URGENCY, 
and ADAMS.  An ACN signal is translated into a 
high URGENCY rating alerting the statewide trauma 
care system.  EMS and heavy rescue teams arrive 
within the “Golden 10 minutes”.  Air medical arrives.    
Patient(s) extricated by 30 minutes after the crash.  
Within 45 minutes post-crash, patient(s) arrive at 
trauma center.  Patient receives definitive care in the 
Operating Room within “Golden Hour” post-crash.   
The result will be lives saved and disabilities 
prevented. 

Fig. 20  Air Medical Base Location & Coverage Areas
in State of Maryland 

Nominal 10 minute flight radius around each base, calculated using cruise speed of specific RW make/model.

Fly Circle Color Legend
MD001  Maryland State Police MedEvac (yellow)
DC001  MedStar (blue)
PA010  STAT MedEvac (maroon)

 

Conclusions -- New technologies are available to: 

(a) rapidly detect and evaluate damage with ACN, 

(b) alert emergency medical care providers with 

URGENCY software and Occult Injury Warning 
Flags, 

(c) enable earlier and more informed dispatch 
decisions, including air medical services, 

to rescue people seriously injured in crashes - in time 
to save lives and prevent disabilities.  The lifesaving 
and disability-reducing capabilities of these new 
technologies will help build a safer America. 
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ABSTRACT 
 
Drowsiness among commercial vehicle drivers has been 
identified as the number one safety concern of commercial 
fleets at trucking summit meetings. Over the past 10 years, 
the U.S. Department of Transportation’s National Highway 
Traffic Safety Administration (NHTSA) and its research 
partners have sought to quantify the loss of alertness among 
commercial vehicle drivers. This work led to the 
development of the world’s first unobtrusive and valid sensor 
of loss of alertness, and has been the benchmark for 
continuing international study. Replicated experiments have 
shown that the most valid measure of loss of alertness among 
drivers is the percentage of eyelid closure over the pupil over 
time (Perclos). Formerly pioneered by Dr. Walter Wierwille 
at the Virginia Polytechnical Institute and State University, 
using a manual observation technique[6], Perclos is now 
monitored in real time using machine vision technology in 
the vehicle. In order to estimate the highway safety benefit 
based on the effectiveness of the system, a Field Operational 
Test (FOT) is underway with long haul and express (i.e., 
overnight) fleet operations. This paper discusses the field test 
methodology, as well as the questions each analysis seeks to 
answer. A summary of the status of the project, the results to 
date, and a vision of future work for the deployment of this 
technology will be provided. 
 
 
INTRODUCTION 
 
     Since 1996, research has been underway at the U.S. 
National Highway Traffic Safety Administration to develop, 
test, and evaluate a drowsy-driver detection and warning 
system for commercial vehicle drivers. Drowsiness is 
consistently identified in trucking summits as the number one 
safety concern of commercial vehicle drivers. As a result, 
numerous field studies and laboratory experiments were 
conducted, which produced the world’s first real-time and 
non-obtrusive means for detecting loss of alertness. Among 
all driver performance and bio-behavioral measures tested, 
the Percentage of Eyelid Closure Over Time (Perclos) 
reliably predicted the most widely recognized psycho-
physiological index of loss of alertness. That index is a 
measure of the latency between a visual stimulus and a motor 

response. The latency is collected using the Psychomotor 
Vigilance Task (PVT), whereby a subject   reacts to the onset 
of a display that counts milliseconds and then stops the 
counter by pressing a button. PVT is the most valid predictor 
of loss of alertness, previously validated for use in medical 
research[1].  
     The strong relationship between Perclos and PVT was 
consistent in all subsequent validation studies, which showed 
that the measure was invariant to individual lapsing style 
(subjects who might lapse earlier in the task v. later) and the 
passage of time (subjects who return months later to repeat 
the experiment.)[1]. We also learned that individuals possess 
a characteristic lapsing pattern; drowsy drivers progressively 
underestimate the passage of time and the extent of their 
drowsiness; external sensory stimulation triggered by an 
automatic detection system is not effective and performance 
measures like lane deviation alone do not reliably predict loss 
of alertness.  We did find that providing a driver with valid 
and real-time feedback about their alertness is the most 
effective means to motivate a driver to initiate self-alerting 
strategies, which then improves vehicle handling[4]. 
     The payoff of this program is that international efforts are 
underway to develop advanced drowsiness detection 
technologies that use the Perclos measure as a foundation. 
Monitoring driver condition is no longer elusive to 
measurement. Whereas, there exist challenges regarding 
implementation, a Field Operational Test is underway to 
begin understanding the highway safety benefits afforded by 
a system that provides real time feedback to heavy vehicle 
drivers about their alertness. This paper provides an overview 
of the experimental design, data analysis, and progress 
toward understanding those benefits.   
    
Problem Size  
 
     Our current understanding of the drowsy driver problem   
in the United States is based on NHTSA=s revised estimates 
for the 5-year period between 1989 and 1993[2,3]. An 
average annual total of 6.3 million police reported crashes 
occurred during this period. Of these, approximately 100,000 
crashes per year (1.6% of 6.3 million) were identified on 
Police Crash Reports (PCR) where drowsiness was indicated, 
and from a review of ADrift-Out-Of-Lane@ crashes not 
specifically indicated but which had drowsiness 
characteristics. Approximately 71,000 of all drowsy-related 
crashes involved non-fatal injuries, whereas 1,357 drowsy-
related fatal crashes resulted in 1,544 fatalities (3.6% of all 
fatal crashes), as reported by the Fatality Analysis Reporting 
System (FARS). Nevertheless, many run-off-roadway 
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crashes are not reported or cannot be verified by police, 
suggesting that the problem is much larger than previously 
estimated. 
     Regarding differences between cars and trucks, 
approximately 96% of annual drowsy driver crashes (96,000 
total including 1,429 fatalities) involved drivers of passenger 
vehicles, whereas only 3.3% (3,300 total including 84 
fatalities) involved drivers of combination-unit trucks. 
However, drowsiness was cited in more truck crash 
involvements (.82%) than passenger vehicle crashes (.52%). 
In addition, the risk of a drowsiness-related crash in a 
combination-unit truck=s operational life is 4.5 times greater 
than that of passenger vehicles, because of greater exposure 
(60K versus 11K miles/year), longer operational life (15 
versus 13 years), and more night [2,3]. There is also a greater 
likelihood of injury in heavy vehicle crashes. Approximately 
37% of the truck-related drowsy driver fatalities and 20% of 
the non-fatal injuries occurred to individuals outside the 
truck, compared to 12% of the fatalities and 13% of the non-
fatal injuries from drowsy passenger vehicle drivers. 
 
 
FIELD OPERATIONAL TEST 
 
      This field test is underway to collect and analyze driver 
performance and alertness data between August 2004 and 
August 2005. There are 102 commercial drivers and 34 
single-unit heavy trucks. There will be 16 weeks of data 
collected from each driver. Fifty-one drivers from Howell’s 
Trucking Company will represent long haul (cross country) 
operations. The remaining drivers will represent overnight 
express operations, 6 from Pitt-Ohio (Pennsylvania Turnpike 
Operations) and 45 from J.B. Hunt (Virginia Interstate 
Highway Operations). This arrangement was decided based 
on the experimental design and analysis requirements to 
answer the key research questions of the FOT. Whereas, the 
process of data collection, reduction and transfer has begun, 
there are no results to report in this writing.  
 
Participation 
 
     There are three main research partners involved with this 
field test. First, Dr. Rich Hanowski of the Virginia Poly-
Technical and State University Transportation Institute 
(VTTI) provides leadership and expertise in the activity of 
conducting the field test. Activity includes vehicle 
instrumentation, subject scheduling, data acquisition, data 
reduction, special analyses, and transmission of data to the 
independent evaluator. Second, working in close 
coordination with the “conductor”, the “independent 
evaluator” role includes Dr. Bruce Wilson and Dr. Steve 
Popkin, from the Department of Transportation’s Volpe 
Center in Cambridge, Massachusetts. Volpe provides 

expertise in the experimental design and data analyses 
required to answer the objectives of this research. Lastly, Dr. 
Richard Grace, the developer of the Perclos sensor and 
president of Attention Technologies in Pittsburgh, PA., 
supplies the conductor with the required copies of the 
advanced Perclos sensor.  
 
Test Objectives 
 
     Through this research we expect to learn about 1) the 
nature of the distribution of drowsiness in the population of 
heavy vehicle drivers, and how these groups differ in their 
performance with and without the warning system; 2) the 
effects of independent factors such as driver age, health, 
sleep patterns, road conditions, and type of trucking 
operation, etc.; 3) the effect of the warning system and 
independent factors on conflict driving, near collisions, and 
severe near collisions; and 4) fleet acceptance and 
deployment prospects.  
     This paper is organized to show how the experimental 
design and data analyses are structured to answer the safety 
benefits question of the Field Operational Test (FOT.) FOT 
questions 3 – 5, below, are the subject of a separate paper.  
     1). What are the safety benefits associated with device 
usage? 
     2). What performance and capabilities does the Drowsy 
Driver Warning System (DDWS) have? 
     3). Will drivers accept the device? 
     4). Will fleet management purchase the device? 
     5). What are the deployment prospects of the DDWS? 
 
Preliminary Tests 
 
     In October 2003, three preparatory activities were 
completed in advance of the FOT to verify the operational 
condition of the prototype equipment. The three activities 
included a laboratory revalidation of the Perclos metric 
produced by a 2nd generation Perclos monitor, the 
development of a Perclos system user interface suitable for 
commercial vehicle operations, and a study of the response 
characteristic of the Perclos monitor in a heavy vehicle 
environment. Activities addressed concerns about using the 
device in an operational setting. Its usability depended on the 
capability of the camera to detect infrared light reflected back 
to the source at the camera from the drivers’ retina.   
     Perclos revalidation was successful and involved a 
replication of the prospective laboratory protocol, used in 
two previous validation efforts [1,4]. In a second effort, 
Attention Technologies convened focus groups separately 
composed of commercial drivers and design experts to 
determine the essential functionality of the interface. The 
redesign included visual displays showing the number of 
total lapses, the longest lapse during the previous 
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measurement interval, and the length of roadway traversed 
during that lapse. Drivers would then acknowledge the 
lapsing by pressing a button on top of the device to silence 
the concurrent audible warning. Lastly, Dr. Weirwille, et al. 
of VTTI performed a systematic characterization study of the 
device detecting Perclos in trucks. The study measured the 
sensitivity of the device to retinal pigmentation (the ability of 
the eye to reflect infrared light) and to the refraction of light 
through eyeglasses. Sensitivity was sufficient for nighttime 
operation with a test for retinal reflectance as a requisite for 
subject participation.          
 
 
EXPERIMENTAL DESIGN 
 
     Team experts articulated the experimental design, which 
was reduced to a written specification by Dr. Bruce Wilson 
and Dr. Steve Popkin of the Volpe Center, and Mr. Greg 
Maislin of Biomedical Statistical Consulting of Wynnewood, 
PA. The following is based on the written specification. 
     Alternative designs were evaluated with consideration for 
1) the maximum statistical power required for the safety 
benefits estimation; 2) accommodating data loss; and 3) 
maximizing the statistical power for the driver acceptance 
analysis. 
     The selected design is represented as follows: 
 
 
  Alert 
Disabled           Alert Enabled 
______    ____________________ 
A  A  A   B  B  B  B  B   B  B  B  B   Experimental Group 
                                                            26 drivers 
 
A  A  A  A  A   A  A  A  A  A  A  A   Control Group 
____________________________    8 drivers 
 
1   2   3   4   5   6   7   8   9 10 11 12 
                         Week 
 
 
     This design includes 26 experimental participants from 
each trucking operation. These participants begin the study in 
a 3-week baseline condition, and follow with a 9-week 
treatment condition. The initial period is to measure baseline 
behavior for estimating the main effects of sleepiness, 
performance and crash risk factors. This design also includes 
8 control participants from each trucking operation who will 
be monitored for the duration of the experiment, but who 
will not receive DDWS alerts. These 34 drivers from each 
trucking operation comprise the ‘core’ drivers of the 
experiment. Whereas, the minimum useful baseline period 
for the experimental group is three weeks, the corresponding 

maximum duration of the treatment period is 9 weeks. 
Therefore, this design maximizes the exposure of subjects to 
the device, while retaining proper experimental control of the 
variance for statistical analysis.  
 
 
ANALYSES 
 
SAFETY BENEFITS 
 
     DDWS Effect on Drowsiness. Analyzing the effect of the 
DDWS on drowsiness is a key safety benefits estimation 
objective. This objective addresses three research questions.:  
     1) What is the distribution of drowsy level Perclos, and do 
these differ with and without the DDWS?; 
     2) Does the distribution of drowsiness vary by driver 
“trait” characteristics (e.g., age, health); driver “state” 
characteristics (e.g., quality of previous night’s sleep, elapsed 
time on duty, “circadian phase”); road conditions (e.g., road 
type, urban/rural); and type of operation (overnight express 
v. long haul)?; and  
     3) Do differences in drowsiness between nighttime 
DDWS-On and DDWS-Off driving vary according to driver 
state characteristics, road conditions, and type of operation? 
     This framework of questions applies to the analysis of 
drowsiness, as well as further analyses where the DDWS 
safety benefit can be observed, i.e. driving performance, 
conflict driving, and near collision driving 
 
Drowsiness level with and without the DDWS 
 
     Drowsiness is measured using a 3-minute running average 
of slow eyelid closures, as assessed by the DDWS during 
nighttime driving (P3). The distributions of Perclos P3 are 
compared using condition-specific summaries, duty period-
specific summaries, and within-duty-period-stratified 
summaries as follows: 
      The experimental condition-specific summary is the 
primary summary measure for characterizing driver 
drowsiness within a specific condition. For example, in the 
comparison of conditions A3B9, median values will be 
determined for the 3-week baseline DDWS-Off period and 
the 9-week primary DDWS-On period. 
     Duty-period-specific summaries are computed over all 
nighttime epochs or measurement intervals (20 minutes) 
within each duty period. These statistics are used in mixed 
model analyses of variance that will always account for 
within-driver correlations across duty periods within driver 
and condition factors Duty period-specific mixed models 
admit “driver state” covariates such as prior sleep/wake 
history. 
     In further extensions of the analyses above, epochs within 
a duty cycle may be further stratified for groups of epochs 
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defined by characteristics that can vary within a duty period. 
Characteristics include those that reflect the homeostatic 
drive for sleep (reflected in elapsed time since the start of the 
duty period), those that reflect driving conditions such as 
rural/urban, road type, congestion, and other factors. For 
example, we will estimate the portion of the driving distance 
that drivers spend in each of four drowsy states: none, lo, 
medium, and high. 
    Other than analyses using Perclos P3, the DDWS provides 
a continuous record of the number of epochs the eyes were 
open (and closed). When the “number of epochs the eyes 
were closed” sample is divided by the total number of 
samples, a measure of the proportion of time that both eyes 
are closed can be obtained.  
     Since the variance of statistical estimates of proportions 
varies proportionally with its expected value, the arcsine 
variance stabilizing transformation will be employed in 
parametric analyses that assume variance homogeneity. 
These analyses would then be analogous to those performed 
on P3. 
 
Drowsiness varying by independent factors 
 
     Drowsiness levels recorded by the DDWS will be 
summarized by relevant independent variables (i.e. age, job 
tenure, type of freight operation, type of driving) over clock 
time, consecutive workday, etc. Statistical exploration 
techniques will provide an analysis of the inter-relations 
between the selected independent variables and their effect 
on drowsiness levels, as measured by the DDWS. These 
analyses (e.g. factor analysis, correlation matrices, 
variance/co-variance tables) will determine the selection of 
variables used in subsequent hypothesis testing. 
     The second research question regarding the DDWS effect 
on drowsiness is: Does the distribution of drowsiness vary by 
driver “trait” characteristics (e.g., age, health); driver “state” 
characteristics (e.g., quality of previous night’s sleep, elapsed 
time on duty, “circadian phase”); and road conditions (e.g., 
road type, urban/rural)? As above, this question will be 
answered by an analysis of the interrelations between each 
candidate control variable and drowsiness (P3), separately for 
observations made under DDWS-Off and DDWS-On 
conditions. Specifically, P3 values for each subject under 
each condition will be summarized for all nighttime epochs 
to assess, for example, the contribution of driver traits in the 
variability of P3.  
      
Differences in drowsiness by independent factors 
 
     Do differences in drowsiness between nighttime DDWS-
On and DDWS-Off driving vary according to driver state 
characteristics, road conditions, and trucking operation? The 
first question in this section examined drowsiness level 

distributions and differences between them with and without 
the DDWS. This is a “Big Picture” type of question and 
hypothesis. The second question examined variations in 
drowsiness with a number of independent factors, e.g. 
variation in drowsiness from the quality of the previous 
night’s sleep. The second question identifies factors that 
affect drowsiness and, therefore which could confound the 
observed differences between drowsiness with the DDWS on 
and off. In order to control these variables, this 3rd question 
uses information from question 2 and provides a finer 
(stratified) analysis of drowsiness distributions. The finer 
stratified analysis allows us to test the hypothesis: Is the 
difference in P3 scores between DDWS-On and DDWS-Off 
the same across different characteristics?  
 
     Driving Performance.  The questions and hypotheses of 
the next two sections are nearly identical to those of the 
drowsiness section, except that the topics change. In the next 
2 sections, drowsiness is ignored while examining only the 
effect of the DDWS (Off v. On) on driver performance, 
conflicts, and near collisions. 
     Whereas, the relationship between P3 and drowsiness has 
been validated, it is possible that there will be beneficial (or 
adverse) effects of the DDWS on driving performance and 
crash risk that are not necessarily detected by changes in P3 
for every driver. Thus, driving performance and crash risk 
need to be evaluated, in their own right, as potential 
outcomes that are affected by the DDWS. 
     In examining driver performance, the analyses focus on 
headway closing and lane keeping measures, since these 
crash categories largely characterize the drowsy driver crash 
statistics. The Measures of Performance (MOP’s) include 1) 
braking (number of events, peak deceleration distribution, 
duration of event); 2) closing (minimum range per event, 
minimum time to collision per event); 3) following (time gap 
v. vehicle speed); 4) lane changes (frequency, peak 
acceleration distribution, duration); 5) lane keeping (violation 
frequency, violation distance, boundary type, direction); and 
6) speed maintenance (vehicle speed v. posted speed). 
     By replacing the drowsiness questions and hypotheses of 
the previous section with MOP’s, the questions and 
hypotheses about driving performance, conflict driving, and 
near-collision driving are stated as follows: 
     1) What is the nature of the MOP’s distributions, and do 
these differ with and without the DDWS?;  
      2) Does the distribution of MOP’s vary by driver “trait” 
characteristics (e.g., age, health); driver “state” characteristics 
(e.g., quality of previous night’s sleep, elapsed time on duty, 
“circadian phase”); road conditions (e.g., road type, 
urban/rural); and type of operation (overnight express v. long 
haul)?; and 
     3) Do differences in MOP’s between nighttime DDWS-
On and DDWS-Off driving vary according to driver state 
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characteristics, road conditions, and type of operation? 
 
Performance measure distributions with and without the 
DDWS 
 
     Each MOP is similarly analyzed. MOP’s selected for 
analysis are identified through exploratory techniques 
including factor analysis, correlation, and covariance 
analyses.  As an example, for the number of lane boundary 
violations, this measure is the median number of lane 
violations normalized by vehicle miles traveled (VMT) for 
each driver. The related hypothesis is: “Driver’s median lane-
boundary-violation frequencies (violations/VMT) are lower 
when the device is active compared to when the device is 
inactive.” This analysis provides a separate understanding of 
the distribution of MOP’s, and for identifying the most 
significant measures that might explain the performance 
benefit of the DDWS. This analysis is performed in advance 
of a subsequent univariate step used to understand how a 
single performance measure is mediated by factors such as 
driver traits.    
   
Performance measures and independent factors 
 
     In the next step, each selected measure of performance 
will be summarized with respect to all independent variables 
(i.e. age, job, tenure, type of freight operation, type of 
driving), over clock time, consecutive workday, etc. This 
level of analysis separately addresses each MOP. Univariate 
statistics, including Analysis of Variance, and Multiple 
Correlation and Regression procedures will provide the 
analysis framework. These results will be used to understand 
the main and interaction effects of independent factors upon 
each MOP, in the presence v. absence of the DDWS. 
 
Differences in measures with independent factors 
 
     Multivariate Regression and Correlation (MRC) analysis 
will examine the importance and interaction of each trait in 
predicting single, combination, or interacting MOP’s. The 
framework will provide a comprehensive means to develop a 
well-specified model of driver performance, as well as 
identifying the most significant relationships that explain the 
performance benefits of the DDWS. Results of the previous 
2 steps will assist to identify independent variables that may 
serve as covariates in the MRC analysis in order to reduce the 
number of the most important factors in the model that 
explain the performance benefit of the DDWS. 
 
     Conflict Driving. Previous analyses do not distinguish 
between safe and risky driving. In this analysis, we begin 
with the crash statistics. Crash statistics provide the dominant 
drowsy driver pre-crash scenarios. The DAS supports the 

identification of these scenarios in the FOT data. Pre-crash 
scenarios are classified as combinations of vehicle movement 
and critical event pairs. For example, Going straight – 
Departed road; Going straight – Other vehicle slower; Going 
straight – Lost control; Negotiating a curve – Departed 
roadway; etc. Using crash statistics based on 1997-2001 GES 
data, drowsy crashes are classified and distributed among the 
scenarios.  
     Once itemized, our familiar framework of research 
questions is then applied, and then similarly analyzed as in 
the drowsiness and driver performance sections. For 
example, without restating the entire sequence, the first 
question is, “What is the nature of the conflict attributes and 
do these differ with and without the DDWS.” 
     Conflict attributes used to characterize a conflict include: 
1) Frequency – Expressed in conflicts per VMT. 
2) Initial conditions –Typically the closing speed, binned 
over several ranges. 
3) Response timing – Typically the time-to-collision for 
closing conflicts or time-to-departure for lateral conflicts. 
4) Response intensity – Typically the longitudinal and or 
lateral acceleration. 
 
Conflict Driving Analyses 
 
     Analyses of conflict driving follow the steps, as 
previously described for drowsiness and driver performance. 
The analysis framework includes the familiar progression, 
i.e. Conflicts with and without the DDWS, Conflict attributes 
and independent factors, and Differences in attributes with 
independent factors.”  
     An example analysis for “Conflicts with and without the 
DDWS” begins by measuring the conflict frequency for a 
going-straight-and-closing scenario. By computing the 
median number of conflicts normalized by VMT for each 
driver, the following hypothesis may be tested: “Drivers’ 
median going-straight-and-closing conflict frequency 
(conflicts/VMT) are lower when the DDWS is active 
compared to when the DDWS is inactive.” Other conflicts 
are similarly reduced, including near collision driving. 
     The next step in the analysis, “Conflict attributes and 
independent factors”, involves exploring each measured 
conflict attribute with respect to relevant independent 
variables, e.g. traits, driver state characteristics, road 
conditions. As before, this level of analysis involves 
univariate statistical procedures to understand how 
independent variables explain variability observed in each 
conflict attribute. The analysis is separately performed under 
DDWS-On and DDWS-Off conditions for each attribute. 
The outcome of this step, including the initial exploratory 
procedures (factor analysis, correlation, covariance, etc.), 
provides an understanding of each measure separately and is 
the basis for selecting factors used in the subsequent 
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multivariate analyses that address differences among 
attributes from independent factors. 
 
CAUSAL ANALYSES 
 
     The objective of the causal analysis is to determine if the 
observed data support the existence of a mediating factor that 
explains the relationship between independent variables and 
an outcome variable. Mediating variables explain why an 
antecedent variable (independent variable) affects a 
consequent variable (dependent variable). For example, 
sleepiness is proposed to reduce driving performance, which 
in turn increases the rate of driving conflicts. The 
introduction of the intervening variable (driving 
performance) transforms one proposition into 2 linked 
propositions; from: Sleepiness leads to increases in driving 
conflicts, to: Sleepiness leads to driving performance 
reductions – driving performance reductions lead to increases 
in driving conflicts. 
     The analysis of causes will include an exhaustive 
exploration of candidate relations that might suggest 
causality. For example, the analysis will examine whether the 
relationship between sleepiness and conflict is mediated by 
driving performance; and whether the relationship between 
DDWS and improved driving performance is mediated 
through sleepiness. Results of previous statistical analyses 
will help identify the most likely candidates to examine for 
causal relationships.  
     This phase of the analysis is an extension of previously 
described exploratory, univariate, and multivariate statistical 
methods. However, the extension of these models to 
understand causality includes an analysis of covariance. In 
these procedures, factors are entered separately as an 
extension of the model containing specific continuous 
variables. There are optional arrangements that include 
adding factors as a collective group, or even as a combined 
representation (such as the first un-rotated principal 
component of a factor analysis). In these statistical model 
structures, using covariate extensions, we can explicitly test 
for any co-linear effects of intervening variables.  
 
CRASH ESTIMATION 
 
     Crash estimation techniques depart from the analysis 
system previously discussed. Using crash estimation, DDWS 
safety benefits will be estimated using the measures of 1) the 
number of heavy-vehicle crashes prevented, and 2) the 
number of heavy-vehicle fatalities prevented. These numbers 
will then be expressed in economic terms (U.S. dollars saved 
due to crash and fatality reduction.) 
     The technique used will apply a “crash forecast” method 
by comparing forecasts of crashes with the DDWS deployed, 
by adjusting FOT data (conflicts and near collisions) with 

GES and CDS data (pre-crash scenarios and crashes without 
DDWS deployed).  
     Whereas, the latter estimation methods are based on crash 
conflicts, other possible approaches will include indirect 
methods. Indirect methods to estimate crash probabilities 
may include crash prevention boundary analysis, Extreme 
value theory, Monte Carlo simulation, and/or Severity index. 
     A comparative assessment of the various indirect 
techniques may be found elsewhere. However, the Monte 
Carlo method is perhaps the most suitable for the DDWS 
evaluation. In this method, there will be distributions formed 
from the FOT data before and after device activation. We 
will use these distributions to predict the conditional crash 
probabilities and crash frequencies. 
 
 
PROJECT STATUS 
 
      FOT conductor and independent evaluator activities of 
the project are performing at an outstanding level. Each team 
has been challenged by changes in fleet operation, including 
the loss of drivers and relocation of fleet operations.  
However, both activities are operating on-cost and on-
schedule, with completion expected in August 2005. 
 
 
FUTURE WORK 
 
     Depending on a favorable outcome of this FOT, 
operational concepts for fleet deployment will need to be 
defined. In working with the Federal Motor Carrier Safety 
Administration (FMCSA) throughout the development of this 
FOT, there have been discussions that have considered the 
use of this device in some capacity in parallel with hours of 
service rules. The combination would provide a means for 
performance based monitoring. There are numerous other 
concepts, ranging from its use as a stand-alone feedback 
system to a system that provides alertness data to a dispatcher 
for altering a delivery schedule as required.  
     Whereas, the DDWS of this study operates between dusk 
and dawn, there exist international efforts to improve the 
detection capability of the Perclos sensor. These new systems 
will enable studies for understanding daytime drowsiness, 
and fatigue that is suddenly experienced when transitioning 
between levels of activity.   
     Future work may also include a continuation of the FOT 
in order to better estimate both the safety benefits and 
DDWS usability when the technology is deployed. A period 
of continued testing will ensure that our crash estimation 
models receive an optimal exposure to crash events in order 
for these models to produce the most statistically reliable 
benefits estimates.  
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CONCLUSIONS  
      
     Through the experimental design and data analyses of this 
FOT, further understanding is expected about highway safety 
benefits, fleet acceptance, operational utility, and fatigue 
management practices. We believe that drowsy impaired 
driving can be successfully mediated by advanced 
technology. We expect that when combined as one 
component of a fleet’s fatigue management strategy, the 
public safety benefit will be greatly multiplied.  Finally, the 
learning accomplished by this research should assist the 
development of similar systems for passenger vehicle drivers, 
where we observe the largest prevalence of the fatigue crash 
problem. 
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ABSTRACT 
 
As for a Global Technical Regulation (GTR) legform 
impactor, which is discussed at the United Nations 
ECE/WP29/GRSP, a flexible pedestrian legform 
impactor (Flex-PLI) and a rigid legform impactor 
(TRL-LFI) is proposed.  However, as for the Flex-PLI, 
evaluation test for its repeatability and reproducibility 
has not been confirmed.  Besides, its advantage over 
the TRL-LFI must be demonstrated in full-scale vehicle 
tests. 
 
In this research, several kinds of loading tests were 
conducted to the Flex-PLI, and its favorable 
repeatability and reproducibility was confirmed. 
Besides, vehicle tests were  performed using the 
Flex-PLI and the TRL-LFI, and the Flex-PLI 
demonstrated its higher biofidelity and load 
measurability in full-scale vehicle tests . 
 
INTRODUCTION 
 
The Ministry of Land, Infrastructure and Transport of 
Japan (J-MLIT) has been studied for a domestic 
regulation aimed at moderating the injury severity of 
pedestrians in the event of a collision with a motor 
vehicle. As a result the Japanese Pedestrian Head 
Protection Regulation was issued in April 2004. This 
regulation requires vehicles to have a pedestrian head 
protective structure, and applicable to new-model 
vehicles which is  put on a sale in September 2005 
onwards. 
 
To further advance the pedestrian protection 
performance of vehicles, J-MLIT is participating in the 
activity to develop the Global Technical Regulation 
(GTR) on the pedestrian head and lower extremity 
protection in view of adopting it into Japanese 
legislation. That is currently in the drafting stage at the 
United Nations ECE/WP29/GRSP. However, as for the 
GTR for the lower extremity protection, two different 
legform impactors - a rigid legform impactor 
(TRL-LFI) [1] and a flexible pedestrian legform 
impactor (Flex-PLI ) [2] - have been proposed.  
Figure 1 shows the overall design of TRL-LFI. Because 

of the TRL-LFI employs rigid units in the place of 
human bones, this legform impactor cannot reproduce 
the bending responses of human bones under impacts. 
The knee of TRL-LFI also differs from the human knee 
in consisting of metallic bending plates and shear 
springs instead of the ligament restraint structure of the 
human knee. The TRL-LFI is therefore considered to 
exhibit a low biofidelity in both structure and 
deformation characteristics  [3][4]. 
 
Figure 2 shows the overall design of Flex-PLI. This 
legform impactor incorporates bendable units to 
simulate the human lower extremity bones bending, so 
that the biofidelity of Flex-PLI is considered as high [2]. 
In addition its knee structure was developed to equate 
the human ligament restraint structure and exhibits 
deformation characteristics equivalent with those of the 
human knee under impacts [2]. 
 
The measurement items of TRL-LFI are listed in 
Figure 3. This legform impactor has three measurement 
items around its knee, but no other items are present 
anywhere in the lower extremity structure.  
 
On the other hand, as shown in  Figure 4, the Flex-PLI 
has a total of 15 measurement items enabling load 
measurement in most of the lower extremity portions. 
 
From the above comparisons, it can be stated that the 
Flex-PLI is more suitable for the formulation of an 
appropriate pedestrian lower extremity protection 
regulation because of its higher biofidelity and more 
detailed measurability in extensive portions of the 
lower extremity. However, to utilize Flex-PLI in actual 
regulation enforcement, its repeatability and 
reproducibility must be verified. Besides, its advantage 
over the TRL-LFI must be demonstrated in full-scale 
vehicle tests. 
 
The present study was conduct ed sectional loading test 
and vehicle test using a Flex-PLI (ver.  2003) unit in 
order to verify its  repeatability and reproducibility. 
Additionally, a vehicle test employing a Flex-PLI and a 
TRL-LFI was carried out to verify the advantage of 
Flex-PLI over TRL-LFI.
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Figure 1.  Overall design of TRL-LFI. Figure 2.  Overall design of Flex-PLI. 

Figure 3.  Measurement items of TRL-LFI. Figure 4.  Measurement items of Flex-PLI . 
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METHODOLOGY 
 
Sectional Loading Test 
 
The methodologies of the sectional loading tests are 
summarized in Figures 5 to 7. The thighs (Products 
Nos. 1, 3, 4), legs (Products Nos. 2, 4, 6), and knees 
(Products Nos. 2, 4, 5) of Flex-PLI for the tests were 
randomly selected. 
 
Vehicle Test 
 
The setup of the vehicle test is shown in Figure 8. This 
vehicle test was conducted to utilize the subsystem test 
method [ 1] which is propelling the legform impactor to 
the vehicle. 

 
As shown in Figure 9, a sedan was used as the test 
vehicle. The impact point was located 200 mm to the 
left of the vehicle's center line as seen from the driver's 
seat. The test vehicle and the horizontal position of the 
impact point were selected randomly. 
 
The legform impactor propulsion system, compressed 
gas type, is shown in Figure 10. In this vehicle test, 
Flex-PLI and TRL-LFI were each collided into the test 
vehicle at an initial impact speed of 11.1 m/s using the 
propulsion system. 

Leg 

Load cell

Support end
(R=75mm)

Support length (L=320mm)

Loading face (R=25mm)

Ram (Mass: 67.8kg, Initial impact speed: 1.0m/s)

Knee Joint Load cell

Support end
(R=75mm)

Support length (L=550mm)

Loading face
(R=7mm)

Loading length 
(L=360mm)

Ram (Mass: 74.5kg, Initial impact speed: 1.4m/s)

Rubber

Figure 5.  Sectional loading test set up for thigh (Flex-PLI). Figure 6.  Sectional loading test set up for leg (Flex-PLI). 
 

Figure 7.  Sectional loading test set up for knee (Flex-PLI). 

Thigh

Load cell

Support end
(R=75mm)

Support length (L=360mm)

Loading face (R=25mm)

Ram (Mass: 67.8kg, Initial impact speed: 1.0 m/s)
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Figure 8.  Vehicle test set-up. (subsystem test). 

Figure 9.  Test vehicle and impact location. 
 

Figure 10.  Legform impactor propulsion system. 
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RESUTLS 
 
Sectional Loading Test 
 
The deflection characteristics of the thigh and leg of 
Flex-PLI against repeated loading are reported in 
Figures 11 and 12. Both the responses of the thigh and 
leg remained highly constant throughout more than 20 
times of loading. 
 
Results on the reproducibility of the thigh, leg and knee 
of the Flex-PLI are described in Figure 13 to 15. Each 
of these Flex-PLI sections exhibited highly uniform 
load responses among the three discrete units tested. 
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Figure 11. Repeatability test results for thigh 

(Flex-PLI). 
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Figure 12. Repeatability test results for leg (Flex-PLI). 
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Figure 13. Reproducibility test results for thigh 

(Flex-PLI). 
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Figure 14. Reproducibility test results for leg 

(Flex-PLI). 
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Figure 15. Reproducibility test results for knee 

(Flex-PLI). 
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Vehicle Test 
 
The behaviors of Flex-PLI and TRL-LFI observed in 
the vehicle test are illustrated in Figure 16. The 
time-sequence photos clearly show that all the sections 
of Flex-PLI bend in a collision with a vehicle, while 
the TRL-LFI bends only at its knee under an impact. 
 
The impact waveforms measured by Flex-PLI and 
TRL-LFI are given in Figures 17 and 18. The Flex-PLI 
allows measurement of load conditions in detail 

throughout the lower extremity, but the TRL-LFI  
measures load conditions only around the knee. 
 
The results of the vehicle test on the repeatability of 
Flex-PLI are reported in Figure 19. The Flex-PLI 
exhibited an excellent stability of responses to repeated 
collisions with the test vehicle. 

Flex-PLI

TRL-LFI

0ms 10ms 20ms 30ms

Figure 16. Vehicle test results (Kinematics). 
 



 

NOTSU 7 

0

5

10

15

E
lo

ng
at

io
n

(m
m

)

ACL PCL MCL

0
2
4
6
8

10

F
or

ce
(k

N
) Lateral condyle

-0.005
0

0.005
0.01

0.015
0.02

S
tr

ai
n Thigh-2

-0.005
0

0.005
0.01

0.015
0.02

S
tr

ai
n Thigh-1

-0.005
0

0.005
0.01

0.015
0.02

S
tra

in Leg-1

-0.005
0

0.005
0.01

0.015
0.02

0 10 20 30 40 50 60

Time (ms)

S
tra

in

Leg-5

-0.005
0

0.005
0.01

0.015
0.02

S
tra

in Thigh-3

-0.005
0

0.005
0.01

0.015
0.02

S
tra

in Thigh-4

-0.005
0

0.005
0.01

0.015
0.02

S
tra

in Leg-4

-0.005
0

0.005
0.01

0.015
0.02

S
tra

in Leg-3

-0.005
0

0.005
0.01

0.015
0.02

S
tra

in Leg-2

Lateral condyle
(force)

PCL (elongation)

MCL (elongation)

ACL (elongation)

Leg-1 (strain)

Leg-2 (strain)

Leg-3(strain)

Leg-4(strain)

Leg-5 (strain)

Thigh-1 (strain)

Thigh-2 (strain)

Thigh-3 (strain)

Thigh-4 (strain)

Figure 17. Vehicle test results (Flex-PLI waveforms). 
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Figure 19. Vehicle test results 
 (Repeatability test, maximum values). 

 

b). Knee ligament elongations 

a). Thigh and leg strains 
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DISCUSSION 
 
In the present study a sectional loading tests were first 
conducted on the thigh, leg and knee sections of the 
Flex-PLI. The results confirmed that all the lower 
extremity sections of Flex-PLI have favorable 
repeatability and reproducibility characteristics. 
 
The next , a vehicle test was performed to compare the 
Flex-PLI and the TRL-LFI in collisions with a vehicle. 
The results indicated: 1) the Flex- PLI responds with a 
higher biofidelity in a collision as compared to the 
TRL-LFI, 2) the Flex-PLI enables measurement in 
greater detail than does the TRL-LFI, and 3) the 
Flex-PLI demonstrates an excellent repeatability in 
vehicle tests. 
 
It is therefore hoped that laboratories in many countries 
will conduct verification tests on Flex-PLI so that a 
GTR for pedestrian lower extremity protection can be 
formulated assuming the use of Flex-PLI legform 
impactor. 
 
 
CONCLUSIONS 
 
• In the sectional test of the present study, it was 

confirmed that the thigh, leg and knee of Flex-PLI 
all exhibit a favorable repeatability and 
reproducibility. 

• In the vehicle test comparing the behavior of 
Flex-PLI and TRL-LFI, it was verified that the 
Flex-PLI has a higher biofidelity and enables 
measurement in greater detail. 

• In the vehicle test on Flex-PLI, an excellent 
stability of responses to repeated loading was 
confirmed. 

• It is hoped that laboratories in many countries will 
conduct verification tests on Flex-PLI so that a 
GTR pedestrian lower extremity protection can be 
formulated assuming the use of Flex-PLI legform 
impactor. 
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ABSTRACT 
 

Current and proposed pedestrian test procedures 
in Europe and Japan evaluate lower extremity injury 
risk by using a projectile legform to impact the 
bumper of a stationary vehicle.  Although there are 
no pedestrian regulations in North America, bumper 
design is affected in both the United States and 
Canada by regulations limiting damage in low-speed 
impact testing.  The main objectives of this study 
were to (1) evaluate differences in instrumentation 
capability and kinematic response of two pedestrian 
legforms (FlexPLI 2004, TRL), and (2) determine if 
and to what extent vehicles designed to conform to 
North American bumper regulations are more 
aggressive toward pedestrians than similar vehicles 
designed to conform to European bumper impact 
requirements.  The results indicated that none of the 
North American bumpers were able to achieve the 
level of pedestrian lower leg protection required by 
future European Union regulations.  It was also found 
that both legforms have limitations in testing the 
North American bumpers.  The bumpers damaged the 
FlexPLI legform in repeated tests and exceeded the 
measurement limits of the TRL legform. 

 
INTRODUCTION 
 

On average, 374 pedestrians and 55 cyclists are 
fatally injured in Canada every year, making up 
14.9% of fatalities among all road users (5-year 
average 1999-2003) [1].  In the United States, 4,749 
pedestrians and 622 cyclists were killed in 2003, 
comprising 12.6% of all motor vehicle-related 
fatalities [2].  Combined international statistics from 
the United States, Europe and Japan indicate that 
approximately 30% of moderate to catastrophic 
pedestrian injuries involve the lower extremities, with 
the front bumper identified as injury source for the 
majority of those injuries [3].  Transport Canada is 
investigating whether its bumper regulation is 
detrimental to the safety of pedestrians.  Because 
bumper designs for the Canadian market are largely 

similar or identical to those sold in the United States, 
this research has potential implications for all 
vehicles in the North American fleet.   
 
 The Canadian Motor Vehicle Safety Standard 
(CMVSS) 215 for bumpers is based on a series of 8 
km/h longitudinal impacts and 4 km/h corner impacts 
after which the safety systems of the vehicle have to 
function as intended [4]. The United States CFR 49 
Part 581 standard and the United Nations Economic 
Commission for Europe Regulation No. 42 (ECE 
R42) have lower impact speeds, with longitudinal 
impacts conducted at only 4 km/h.  Both regulations 
apply only to passenger cars.  The U.S. criteria are 
for no cosmetic or safety system damage, whereas the 
European requirements are for no damage to safety 
systems only.  Thus, Canada’s higher test speed and 
the broader U.S. damage limitations make the 
bumper damage criteria in both countries different 
from the European requirements.  Research and 
testing was deemed necessary to determine if 
bumpers designed to meet the North American 
bumper regulations are more aggressive toward 
pedestrian lower extremities than their European 
counterparts designed to meet UN ECE Regulation 
No. 42. 
 
 The European New Car Assessment Program 
(EuroNCAP) includes pedestrian testing to assess 
aggressiveness of vehicle frontal areas [5].  The 
procedure calls for a free-flight bumper impact at 40 
km/h with a legform developed by the Transport 
Research Laboratory (TRL Limited, Berkshire, UK).  
This legform is a simplified device that approximates 
human anthropometry while using frangible steel 
knee ligament surrogates designed to deform 
plastically during impact [6].  The legform’s 
instrumentation allows it to measure tibia 
acceleration, shear displacement, and bending angle 
at the knee.   
 
 European Union regulations specify tests relating 
to the protection of pedestrians and other vulnerable 
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road users in Directive 2003/102/EC [7].  The 
procedure includes tests for legform to bumper 
evaluation, as well as for head impact testing and leg 
to bonnet edge testing.  The lower legform to bumper 
test performed at 40-km/h limits maximum dynamic 
knee bending angle to 21 degrees, maximum 
dynamic knee shearing displacement to 6 mm and 
acceleration at the upper tibia to 200 g.  Although the 
TRL legform is not explicitly named in the directive, 
the required injury measures correspond exactly to 
the values that the TRL legform is equipped to 
measure.   
 

The FlexPLI 2004 has been more recently 
developed by the Japanese Automobile Research 
Institute (JARI).  This legform has been described to 
have improved biofidelity over the TRL legform as 
well as increased instrumentation capabilities [8].  
This device is more complex than the TRL legform, 
with 14 hollow cylindrical steel segments along its 
length that surround two surrogate bone cores 
representing the femur and the tibia.  These cores are 
made of glass reinforced plastic (GRP) and are 
equipped with strain gauges mounted at defined 
locations.  The FlexPLI is also equipped with four 
cabled surrogate ligaments at anthropometrically 
accurate locations within the knee structure.  It is 
designed to be completely non-frangible, and it is 
able to measure bending moments in the upper and 
lower segments as well as knee ligament 
displacements and individual segment accelerations.   

 
The objective of this study was to use the TRL 

and FlexPLI legforms to assess the pedestrian 
aggressiveness of a sample of North American model 
bumper systems and then compare those systems to 
their European counterparts.   
 
METHODS 
 

Pedestrian lower extremity testing was 
performed by impacting the front bumpers of five 
different passenger car models with projectile 
legforms.  All bumpers in the test series were tested 
using a TRL legform impactor.  Selected bumpers 
were also tested using the FlexPLI 2004. 
 

Legforms were launched in this test series by a 
carriage mounted to a hydraulic linear ram.  During 
acceleration, the legforms were suspended from a pin 
at the top of the carriage and supported horizontally 
by padded fixtures mounted on the carriage adjacent 
to the upper leg and the lower leg (Figure 1). 

 

 
Figure 1. Test setup. 

 
Legform acceleration to free-flight speed was 
achieved over a distance of approximately 24 cm for 
the TRL legform and 28 cm for the FlexPLI legform.  
Legform height at the time of impact with the bumper 
was such that the bottom of the legform was within 
±10 mm of ground reference level, which is defined 
as the horizontal plane that passes through the lowest 
points of contact for the tires of the vehicle in normal 
ride attitude.  As defined in the EuroNCAP 
procedure, the legform was vertical in the sagittal and 
coronal planes and aligned about the z-axis so that 
the lateral side of the legform contacted the bumper.   
 

Target impact speed was 11.1 ± 0.2 m/s (40 ± 0.7 
km/h) for all testing with the TRL legform.  Target 
impact speed for the FlexPLI legform was initially 
the same as for the TRL legform but reduced in 
subsequent tests to 8.3 ± 0.2 m/s (30 ± 0.7 km/h).  
Velocity was measured by integrating upper tibia 
acceleration data. 
 

The TRL legform was equipped with angular 
displacement transducers in the lower femur and 
upper tibia components that allowed calculation of 
shear displacement and bending angle in the knee [6].  
Tibia acceleration was measured by a 500 g uniaxial 
accelerometer mounted on the non-impact side of the 
upper tibia.  The FlexPLI’s instrumentation consisted 
of 3 pairs of strain gages mounted on the thigh bone 
core, 4 pairs of strain gages mounted on the lower leg 
bone core, and three linear potentiometers across the 
knee joint.  The strain gages were used to measure 
bending moments along the length of the femur and 
tibia, while the knee potentiometers measured stretch 
of the ACL, PCL, and MCL ligaments.  In addition to 
this standard instrumentation, a uniaxial 
accelerometer was mounted on the non-impact side 
of the FlexPLI’s upper tibia.  All data was sampled at 
20 kHz, pre-filtered at 3 kHz, then filtered using CFC 
180 (300 Hz).  Lateral and overhead high-speed 
video documented the tests at 1000 frames per 
second.   
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The five vehicles tested were the following 
North American models: 

  
• 2000 Volvo S40  
• 2001 Ford Focus  
• 1999 Volkswagen Beetle  
• 2001 Honda Civic  
• 2002 Mazda Miata  
 

All vehicles were purchased in the United States and 
selected because the corresponding European models 
of each one had been previously evaluated in 
EuroNCAP pedestrian testing.  These vehicles have 
similar bumper systems in Canada and in the U.S. 
 
 In total, 28 impact tests (23 with TRL, 5 with 
FlexPLI) were conducted in this study (Table 1). 

 

Table 1. 
Test matrix (impacts at full speed unless noted 

otherwise) 
Vehicles TRL FlexPLI 

 Center Lateral Center Lateral
Volkswagen 
Beetle 2 3 -- -- 

Mazda 
Miata 2 3 -- 1A 

 
Ford  
Focus 2 3 -- -- 

Volvo  
S40 2 2 1A

 
2A

 
Honda 
Civic 2 2 -- 1 
A Tests were done at 30 km/h 
 

Bumper impacts were targeted at the areas near 
the left and right side bumper supports and centrally 
at the bumper midline.  Figure 2 illustrates the impact 
points on each vehicle bumper.  The locations of the 
off-center (hereafter referred to as “lateral”) impacts 
on each vehicle were symmetrical about the vehicle 
centerline.  No impact points were within 65 mm of 
the bumper corner, as defined in the EuroNCAP 
procedure.  Tire pressure was set according to 
manufacturer’s instructions.  The emergency brake 
was engaged.  No additional ballast was added to the 
vehicle weight.  Tests were performed at all three 
locations before replacing the entire bumper system. 
 

 

Honda 
Civic 

 

 

Ford 
Focus 

 

 

Mazda 
Miata 

 

 

Volvo 
S40 

 

    

VW 
Beetle 

 
Figure 2. Impact points on each bumper system. 
 

External inspection of the bumper systems for 
damage was done immediately following each test, 
and internal inspection was performed after bumper 
replacement.  Post-test inspection of each legform 
was carried out according to manufacturer’s 
instructions. 
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RESULTS 
 
TRL Legform Impacts 
 

Kinematics during the first 20 milliseconds after 
impact are shown in Figure 3.  These video frames 
show the moment of initial contact between the 
lateral side of the legform and the bumper, followed 
by the legform’s position 10, 15, and 20 milliseconds 

after impact.  Initial interaction between the bumper 
and the legform is visible at 10 milliseconds when the 
legform tends to follow the contour of taller bumpers 
that are more rounded (such as the Ford Focus and 
Mazda Miata) while narrower or more angular 
bumpers (such as the Volkswagen Beetle or Volvo 
S40) tend to produce a more pronounced bend at the 
knee.  

      

                 

Honda 
Civic 

 

                             

Ford 
Focus 

 

                             

Mazda 
Miata 

 

                             

Volvo 
S40 

 

                          

VW 
Beetle 

              0 ms               10 ms                15 ms      20 ms 
Figure 3. Kinematics of TRL legform for five vehicles. 
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At 15 milliseconds, the effect of lower 
bumper shape on lower leg motion is visible.  By 
this time, the tibia component of the legform has 
reached its maximum forward angle against the 
inward slanted lower bumpers of the Ford Focus 
and the Honda Civic.  The more vertical front 
face of the Mazda Miata bumper has limited the 
bending of the knee even more than the Ford 
Focus or Honda Civic bumpers.  The legforms 
impacted into the Volvo S40 and Volkswagen 
Beetle bumpers have not yet impacted the lower 
bumper structures at 15 milliseconds and are still 
free to wrap under the bumper and increase knee 
bending angle.  The frame at 20 milliseconds 
represents the approximate time of maximum 
bending for each legform as the femur 
component reaches the grille or hood area.  The 
vehicles with more upright grille or hood 
structures appeared to limit forward femur 
movement the most, effectively limiting knee 
bending. 

 
Post-test inspection of the TRL legform 

revealed no major structural damage after any of 
the tests.  Instrumentation damage that required 
repair between tests was limited to a torn femur 
potentiometer wire and a displaced tibial 
potentiometer shaft that was press fit back in 
place.  Neither affected the usable portion of 
data.  Deformed frangible knee ligaments were 
replaced after each test. 
 

In most tests, the vehicle and bumper 
systems showed either no damage or damage 
limited to fine scuffing, scratching, or cracking 
of the paint related to contact with the legform or 
instrumentation.  No deformation was found to 
the internal bumper structures or energy 
absorbing elements. 
 

Impact speed measured in the TRL legform 
tests was 10.9 ± 0.2 m/s, which was slightly 
slower than the nominal target range of 11.1 ± 
0.2 m/s.  Orientation of the legform at impact 
was as specified according to review of lateral 
and overhead high-speed video. 

 
For each test, upper tibia acceleration, knee 

shear displacement, and knee bending angle were 
measured.  In all tests, peak values of these 
measures were recorded in the first 30 
milliseconds after bumper contact.  Time 
histories for acceleration, shear displacement, 
and bending angle are shown for typical impacts 
with each vehicle in Figures 4 through 6.   

 
 

 
Figure 4. Upper tibia acceleration. 

 

 
 

 

Figure 5. Knee shear displacement. 
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Figure 6. Knee bending angle. 

 
Although the bending angle measurements 

shown in Figure 6 indicate peak bending angles 
in excess of 30 degrees, the limit of bending 
angle accuracy for the TRL legform is 
considered to be 30 degrees because of contact 
between the tibial and femoral components at 
this angle [9].  Subsequent to that contact at a 
knee bending angle of approximately 30 degrees, 
resistance to bending is expected to increase.  
Although measurements above 30 degrees are 
expected to correspond to progressively worse 
actual bending angles, the exact value of any 
peaks above 30 degrees is uncertain.   
 

Two center-bumper impacts and two or 
three lateral-bumper impacts were performed for 
each vehicle.  No significant variation was found 
between left-sided and right-sided impacts or 
between impacts performed on an untested 
bumper versus impacts into a bumper tested 
previously in a different location.  Repeatability 
analysis of injury measures for testing on 
vehicles for which three lateral impacts were 
performed showed coefficients of variation 
ranging from 2% to 15%.  Because of this range 
of test result variation, comparisons between 
bumpers were made using averaged values of 
peak injury measurements for all center impacts 
to each vehicle (Table 2) and for all lateral 
impacts for each vehicle (Table 3).   

 

Table 2. 
Average peak injury measures for all center-

bumper impacts. 
Vehicle Average 

Peak 
Acceleration 

(g) 

Average 
Peak 

Bending 
Angle 

(degrees) 

Average 
Peak 
Shear 
Displ. 
(mm) 

Ford Focus 195.0 33.4 -4.9 
Honda Civic 221.4 31.0 4.7 
Mazda Miata 208.8 24.7 3.4 
VW Beetle 461.9 34.7 8.3 
Volvo S40 262.9 31.1 8.2 

 
 

Table 3. 
Average peak injury measures for all lateral-

bumper impacts. 
Vehicle Average 

Peak 
Acceleration 

(g) 

Average 
Peak 

Bending 
Angle 

(degrees) 

Average 
Peak 
Shear 
Displ. 
(mm) 

Ford Focus 209.3 32.3 -3.8 
Honda Civic 368.5 30.7 7.7 
Mazda Miata 264.3 25.1 7.4 
VW Beetle 464.2 29.1 8.2 
Volvo S40 246.0 30.2 6.2 
 
 

Figures 7 through 9 compare the averaged 
peak values for each vehicle and impact location 
to European Union requirements [7] and to the 
more stringent and less stringent performance 
limits used to rate vehicles in the EuroNCAP 
point system.  In the EuroNCAP system, injury 
measurements meeting the more stringent limit 
receive 2 points, measurements between the two 
limits receive an interpolated point value, and 
measurements exceeding the less stringent limit 
earn 0 points [5].  The total point value awarded 
for an individual test is equal to the lowest of the 
calculated acceleration, bending and shear point 
values.  The point values for three lower 
extremity tests are added to the point values 
earned in head impact and upper leg press tests 
to calculate the vehicle’s overall pedestrian star 
rating.   
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    European Union Limit (200 g) 
      EuroNCAP Less Stringent Limit (200g) 

     EuroNCAP More Stringent Limit (150 g) 

Figure 7. Peak upper tibia acceleration  

 

 
   European Union Limit (20 degrees) 

    EuroNCAP Less Stringent Limit (20 degrees) 
                     EuroNCAP More Stringent Limit (15 degrees) 

Figure 8. Peak knee bending angle averaged 
for all impacts at each location.  

 
 

   European Union Limit (6 mm) 
    EuroNCAP Less Stringent Limit (7 mm) 
                     EuroNCAP More Stringent Limit (6 mm) 

Figure 9. Peak knee shear displacement 
averaged for all impacts at each location. 

Since no impacts in the current series 
produced a bending angle lower than the less 
stringent limit of 20 degrees, the bending angle 
point value for all tests would be zero.  
Therefore, all impacts in this series would result 
in overall EuroNCAP lower extremity point 
values of 0.  In order to compare the 

performance of the tested vehicles in the current 
study to each other, rather than to vehicles 
previously tested under EuroNCAP procedures, a 
modified version of the EuroNCAP point system 
was used.  Under the modified point system, 
point values were interpolated between 2 and 1 
for injury measurements between the EuroNCAP 
less stringent and more stringent limits, and 
interpolated between 1 and 0 for injury 
measurements that exceeded the EuroNCAP less 
stringent limit but were less than double that 
limit.  For example, an injury measurement that 
exceeded the less stringent limit by 50% earns 
0.5 points while an injury measure that was two 
times that limit would earn 0 points.  Modified 
point values calculated for the averaged results at 
each vehicle location are listed in Table 4. Measurement limit of legform 

 
Table 4 shows that by the modified 

EuroNCAP point system the Mazda Miata 
bumper (0.76 center and 0.68 lateral) was least 
aggressive toward pedestrian legforms.  It was 
followed in order of increasing aggressivity by 
the Volvo S40 (0.49 lateral and 0.45 center), the 
Honda Civic center bumper (0.45), the Ford 
Focus (0.38 lateral bumper and 0.33 center 
bumper), the Honda Civic lateral bumper (0.16), 
and the Volkswagen Beetle (0.0 lateral and 
center). 
 

Table 4. 
Modified point values earned for each injury 

measurement, averaged for each 
vehicle/location (final overall modified score 

in italic bold) 
Vehicle Location Upper 

Tibia 
Accel. 

Bending 
Angle 

Shear 
Displ. 

Lateral 0.95 0.38 2 Ford 
Focus Center 1.90 0.33 2 

Lateral 0.16 0.46 0.9 Honda 
Civic Center 0.89 0.45 2 

Lateral 0.68 0.75 0.95 Mazda 
Miata Center 0.96 0.76 2 

Lateral 0 0.55 0.83 VW 
Beetle Center 0 0.27 0.82 

Lateral 0.77 0.49 1.12 Volvo 
S40 Center 0.69 0.45 0.83 

*Peaks were negative 

 
Of the three EuroNCAP injury criteria, shear 

displacement was the easiest for the vehicles to 
meet.  The Ford Focus (both lateral and center), 
Honda Civic (center), and Mazda Miata (center) 
all met the more stringent shear displacement 
requirement of 6 mm and no other impact 
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locations resulted in a modified score lower than 
0.82. 

 
Bending angle was the most difficult limit to 

meet, with no impact location achieving a 
modified score above 0.75.  The widest range of 
modified scores was in tibia acceleration, from a 
score of 0 by the Volkswagen Beetle in both the 
center and lateral locations to 1.90 by the Ford 
Focus at the center location. 

 
The impacts at each vehicle location were 

also evaluated against limits defined in the 
European Union directive 2003/102/EC.  The 
maximum acceleration limit of 200 g was 
exceeded for all impact locations except the 
center bumper of the Ford Focus, which 
produced upper tibial acceleration of 195 g.  The 
21-degree bending angle limit was exceeded for 
center and lateral impact locations for all 
vehicles tested.  The Ford Focus was the only 
vehicle tested to remain under the maximum 
shear displacement angle of 6 mm for both 
center and lateral impacts, while the Mazda 
Miata and Honda Civic were able to stay below 
that limit for the center bumper location only.  
The Volkswagen Beetle and Volvo S40 shear 
values were over the limit at both locations.   
 
FlexPLI Legform Impacts 
 

Five bumper impacts were performed with 
the FlexPLI legform: one impact to the Honda 
Civic at full speed (nominally 40 km/h or 11.1 
m/s as in the TRL tests), one to the Mazda Miata 
at a reduced nominal target speed of 8.3 m/s (30 
km/h) and three to the Volvo S40, also at a target 
speed of 8.3 m/s.  The legform sustained damage 
in the Honda Civic test, necessitating the 
reduction in speed.  It was also damaged in the 
Mazda Miata test and the third Volvo S40 test at 
the lower speed.   
 

Kinematics of the FlexPLI are shown for 
tests into the lateral bumper of the Honda Civic, 
Mazda Miata, and Volvo S40 in Figure 10.  The 
frames at 10 to 20 milliseconds show the knee 
end of the femur, and to a lesser extent the tibia, 
bending away from the bumper after contact in 
the knee area.  The resulting convex curvature of 
the thigh and leg away from the bumper is 

followed by concave curvature toward the 
vehicle by 20 to 30 milliseconds after contact.  
As the knee flexes around the front of the 
vehicle, the upper and lower leg segments also 
bend, essentially wrapping under the bumper and 
around the hood leading edge.  The lower leg 
bending appears greater for the Honda Civic and 
Volvo S40 bumpers where their recessed lower 
structures allow the lower leg to wrap under the 
bumper.  The more flat-faced Mazda Miata 
bumper restricts tibial bending below the bumper 
structures.  The upper leg bending appears most 
limited by the Volvo S40 bumper, which has a 
more upright grille area than the other vehicles. 

 
Post-test inspection of the FlexPLI legform 

showed major damage following three tests.  
After the impact into the right lateral bumper of 
the Honda Civic at 40 km/h, routine inspection 
of the tibial bone core showed an anterior-
posterior crack through the tibial bone core.  
Dismantling of the lower leg structures revealed 
that the linear crack started at the top of the tibia, 
but did not extend down to the bottom of the 
bone. 
 

A replacement FlexPLI legform underwent 
two subsequent tests into the lateral and center 
bumper of a Volvo S40 at a reduced speed of 30 
km/h without sustaining damage.  A third impact 
into the lateral bumper of the Volvo S40 
produced a small crack in the distal femoral bone 
core.  A final impact into the lateral bumper of 
the Mazda Miata, also at reduced speed, resulted 
in an additional fracture of the tibial bone core.   

 
Time histories of the moments measured at 

each level in the thigh and lower leg are shown 
for the first impact into the Volvo S40’s lateral 
bumper impact location at reduced speed 
(Figures 11 and 12).  Positive moment in the leg 
and thigh corresponds to moment that produces 
concave lateral bending, as when the femur 
wraps around the hood leading edge or the tibia 
wraps under the bumper.  Negative moment 
corresponds to moment that produces convex 
lateral bending, as when the knee is initially 
pushed medially.   
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igure 10.  Kinematics of FlexPLI legform for three vehicles. 

 
e 11. Thigh bending moments for right 
l impact into Volvo S40 bumper at reduced 
. 

 
Figure 12. Lower leg moments for right lateral 
impact into Volvo S40 bumper at reduced speed. 
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Figures 13 and 14 compare the peak magnitude 
of moments measured in all tests performed with the 
FlexPLI.  In all tests run with the FlexPLI, the peak 
positive moments were greater in magnitude than the 
peak negative moments in the leg and for the upper 
two moment sensors in the thigh.  In the lowest 
moment sensor in the thigh, positioned closest to the 
knee, negative moment was greater in magnitude 
than positive moment.  Peak bending moment in the 
thigh tended to be greatest for sensors further from 
the knee, while peak bending moment in the lower 
leg tended to be greatest for sensors closer to the 
knee.  Values are compared to preliminary proposed 
injury limits for the FlexPLI legform [10].  The full-
speed Honda Civic test and the reduced speed Volvo 
S40 tests all exceeded the moment limit at the upper 
thigh sensor, while the Mazda Miata was within 
moment injury limits in the thigh.  In the lower leg, 
the only measurement to exceed the injury limit was 
the bending moment adjacent to the knee in the final 
Volvo S40 test.   

 
Figure 13. Thigh moments for all impacts with 
FlexPLI legform (proposed injury limit of 350 
Nm). 

 
Figure 14. Lower leg moments for all impacts with 
FlexPLI legform (proposed injury limit of 350 
Nm). 

 
Displacements of the potentiometers 

representing knee ligament extension are shown for 
the example impact with the Volvo S40 bumper in 
Figure 15 and compared for all tests in Figure 16.  

The full-speed Honda Civic test exceeded the 
proposed injury limits for two of the three ligaments.  
Among the reduced speed tests, the Mazda Miata 
exceeded limits for the ACL, and the Volvo S40 
exceeded the ACL and MCL limits on all tests. 

 

 
Figure 15. Ligament extension for right lateral 
impact into Volvo S40 bumper at reduced speed. 

 
Figure 16. Ligament extensions for all impacts 
with FlexPLI legform (proposed injury limits of 
20 mm for MCL and 10 mm for ACL and PCL). 

 
Upper tibial acceleration is shown for the 

example impact with the Volvo S40 bumper in 
Figure 17, and compared for all tests in Figure 18.  
No injury limits have been proposed for acceleration 
of the FlexPLI legform.  
 

 
Figure 17. Upper tibia acceleration for right 
lateral impact into Volvo S40 bumper at reduced 
speed. 
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Figure 18. Upper tibia acceleration for all impacts 
with FlexPLI legform (no injury limit proposed). 

 
DISCUSSION 
 
Evaluation of TRL and FlexPLI Legforms 
 

Figures 3 and 10 show the marked difference 
between how the TRL and FlexPLI legforms interact 
with the vehicles.  The single-jointed TRL bent only 
at the knee while the FlexPLI’s flexible femur and 
tibial elements allowed it to wrap around the front of 
the vehicle.  This difference in how the legforms 
conform to the vehicle shape is likely to affect not 
only the magnitude of bending angle at the knee but 
all injury measures.  Variations in the shape of the 
bumper, grille, and hood leading-edge structures may 
have a different effect on injury measures recorded 
by one legform than they do on the other legform.   
 

The knee shear displacement and knee bending 
angle calculated using rotary potentiometers by the 
TRL legform relate directly to physiologic 
measurements for which known biofidelity corridors 
exist [11, 12].  These quantities, along with upper 
tibial acceleration, are the only measurements made 
by the TRL legform.  The simplicity of the 
instrumentation system contributes to its reliability 
and the lightness of its wiring umbilical helps to 
maintain the leg’s orientation during free flight.   

 
The instrumentation in the FlexPLI 2004 

includes moment measurements along the flexible 
femur and tibia components as well as injury 
measurements at the knee joint.  This additional 
information may allow better understanding of how 
specific structures on the upper or lower vehicle front 
interact with a pedestrian lower extremity and also 
offer insight into injury potential of the long-bones 
rather than just the knee.  Although the additional 
instrumentation in the FlexPLI increases the potential 
for damage to wiring and loss of data, the pairs of 
strain gauges mounted to the bone cores allow 
redundant data to be collected at each level, reducing 

the risk of lost data as a result of wiring damage.  
Unfortunately, this built-in redundancy further 
increases the number of wires in the legform’s 
umbilical and makes it difficult to maintain perfect 
orientation during free-flight.  An onboard data 
acquisition system may be a useful feature for any 
free-flight legform. 

 
Both legforms tested in this study were designed 

outside of North America and had limitations for 
testing vehicles from the North American market.  
The FlexPLI legform fractured when used with North 
American vehicles at 40 km/h or even at a reduced 
speed of 30 km/h.  The bone core elements fractured 
in three of five tests. The core fractured even before 
reaching the proposed injury limit for bending 
moment in two of those three tests that produced 
fracture.   

 
Although the TRL legform withstood the testing 

without structural damage, its bending limits were 
exceeded, restricting measurement of peak values.  
Peak values of all injury measures were likely 
affected since this mechanical bending limitation 
affected the motion of the legform rather than simply 
its ability to measure the motion.   

 
Comparison of North American and European 
Bumpers 

 
Comparison of North American and European 

versions of the specific vehicles tested is possible 
because the North American vehicles selected for this 
study corresponded to European vehicles previously 
tested under EuroNCAP procedures.  Although there 
were minor differences in the launch procedure for 
the current study from the EuroNCAP procedure, the 
tests are essentially comparable.  The slightly slower 
than targeted impact speed in the current study makes 
the comparison conservative in that the current tests 
were slightly less demanding than the comparison 
EuroNCAP tests.   

 
The bumpers tested in EuroNCAP procedures 

were subject to European bumper damage regulations 
while those tested in the current study were subject to 
North American bumper standards. However, 
EuroNCAP results for the European versions of the 
vehicles tested showed that lower leg pedestrian test 
performance was not consistently better for the 
European versions of these same five vehicles.  In 
fact, only the European Honda Civic and Volvo S40 
scored any EuroNCAP points in the legform to 
bumper tests.  Table 5 contains peak measurements 
made for EuroNCAP data for vehicles in the same 
model year range as the vehicles in this test study 
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[13].  These peaks are compared to the corresponding 
peak measurements in the currently reported tests on 
the North American models in Figures 19 to 21. 

   
Table 5. 

Peak Measurements in EuroNCAP testing of 
European models of test vehicles. 

 Test 
No. 

Upper 
Tibia 
Accel 

Bend 
Angle 

Shear 
Displ. 

Euro 
NCAP 
Points 

1 536.7 33.3 6.6 0 
2 483.7 34.2 8.0 0 

1999 
Ford 
Focus 3 542.7 33.6 5.8 0 

1 116.4 7.1 1.9 2 
2 97.7 7.0 2.3 2 

2001 
Honda 
Civic 3 189.6 20.7 2.1 1.01 

1*    0 
2 278.1 32.9 4.3 0 

2002 
Mazda 
MX-5 / 
Miata 

3 351.1 30.6 6.8 0 

1 416.0 31.4 7.0 0 
2 520.0 29.8 7.4 0 

1999 
VW 
Beetle 3 470.0 27.7 7.0 0 

1 231.0 33.7 7.4 0 
2 220.0 30.5 7.5 1 

1997 
Volvo 
S40 3 180.0 32.8 7.0 0 
* No Mazda impact was performed at site 1 because 
identical to site 3. 
 
 

The North American Ford Focus performed 
better than its European counterpart in terms of shear 
displacement and tibia acceleration, while the 
European and North American Ford Focus both 
exceeded the 30-degree bending angle limit of the 
TRL legform.  The North American Mazda Miata’s 
performance was better than the European model in 
both bending angle and upper tibial acceleration.  
Peak measurements made on the North American 
Volkswagen Beetle and Volvo S40 were comparable 
to those made in tests of their European models.  The 
European version of the Honda Civic performed 
dramatically better in lower leg testing than the North 
American model.  In fact, Honda peak injury 
measurements were lower in every test than in any of 
the other North American vehicles tested in this 
study. 

   

 
Figure 19. Peak average upper tibia acceleration 
for North American models compared to 
European models.  

 
Figure 20. Peak average knee bending angle for 
North American models compared to European 
models. 

 
Figure 21. Peak average knee shear displacement 
for North American models compared to 
European models. 

 
The similar performance of the Volkswagen and 

Volvo vehicles compared to European versions 
suggests that there may not have been significant 
differences in the international versions of their front 
bumper systems.  The better performance of the 
North American Ford Focus and Mazda Miata over 
their European counterparts and the European Honda 
Civic over its North American counterpart suggests 
that bumper design differences exist between the 
international versions of these vehicles.   
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The European models of the Volvo S40, 
Volkswagen Beetle, Ford Focus, and Mazda Miata 
did not appear to offer better pedestrian leg 
protection than the North American models of those 
vehicles in spite of the fact that the European vehicles 
were required to meet different bumper damage 
requirements than the North American versions.  In 
contrast, the European 2001 Honda Civic showed 
much improved pedestrian leg protection over the 
North American Honda Civic in the same year range.  
Given that the European vehicles tested were not yet 
required to meet the upcoming European Union 
pedestrian safety requirements, the better 
performance of the European 2001 Honda Civic may 
reflect a trend toward improvement to meet the 
upcoming pedestrian requirements.   
 
Damageability and Bumper Performance 
 

The relationship between bumper performance in 
pedestrian lower extremity impacts and bumper 
damageability was also considered.  Damageability 
testing has been reported for 3 vehicles that are in the 
same model and year range as the vehicles tested in 
the current study [14].  Low-speed flat barrier, angled 
barrier and pole impact tests were performed at 7.96 
± 0.24 km/h [15] on vehicles including the 2000-
2005 Ford Focus, 2001-2005 Honda Civic, and the 
1998-2005 Volkswagen Beetle.  By the IIHS 
qualitative rating scale, in which the vehicles that 
sustain the least damage in testing score highest, the 
Volkswagen Beetle scored Good, the Honda Civic 
Acceptable, and the Ford Focus Marginal.  It was 
reported that the North American Volkswagen Beetle 
model tested had indeed been one of the best cars 
ever tested for bumper performance in the low-speed 
damage tests and that it performed better in damage 
tests than the European version of the Volkswagen 
Beetle [16].   

 
In contrast, the North American Volkswagen 

Beetle was the worst performer in the current series 
of pedestrian lower extremity tests, using the 
modified EuroNCAP point calculation.  Next worse 
of the three vehicles was the Honda Civic lateral 
bumper tests, both Ford Focus tests, then the Honda 
Civic center bumper tests.  The contrary results of 
bumper damage tests and pedestrian lower extremity 
tests illustrate the incompatibility between bumper 
damage reduction and pedestrian lower extremity 
safety.   

 
The fact that the more damage-resistant bumpers 

tended to perform worse in these pedestrian safety 
tests suggests that structural stiffness of bumper 
components influences the severity of pedestrian 

lower extremity injury.  However, there were other 
design elements that appeared from video to have an 
effect on leg deformation, and therefore loading.  
These included the depth and angle of the bumper 
face and the shape of the grille and hood leading 
edge.  Bumpers with a tall, flat face like the Mazda 
Miata’s reduced bending at the knee and below by 
limiting wrapping of the tibia under the bumper.  
Similarly, vehicles like the Volvo S40 with upright 
hood structures above the bumper reduced bending of 
the knee and upper leg by reducing wraparound onto 
the hood in this free-flight test.   

 
CONCLUSIONS 
 

The single-jointed TRL legform and the flexible 
femur and tibia of the FlexPLI legform lead to 
marked differences in how the two legforms interact 
with vehicle front structures.  Variations in bumper 
design may have different effects on the injury 
measures recorded by the two legforms.   

 
Both legforms had limitations in testing North 

American vehicles in this test series.  The FlexPLI 
2004 fractured in three tests and the TRL legform 
was unable to produce reliable peak measurements 
when bending exceeded thirty degrees.   

 
The North American bumpers tested in this 

series would not have met European limits set for 
pedestrian leg loading and repeatedly fractured or 
exceeded the measurement capabilities of the 
legforms developed for use in international 
pedestrian testing.  Although four of the five 
European vehicles tested under comparable 
conditions also performed inadequately in similar 
tests, the European version of one vehicle tested 
showed dramatically improved pedestrian leg 
protection over its North American counterpart.  
Although these tests do not establish that the North 
American bumper standards are the reason for the 
aggressiveness of North American bumpers, IIHS 
testing suggests that bumpers that are more robust 
(i.e., those that score better in their bumper damage 
tests) may be more aggressive toward pedestrians.   
 

Although this study suggests that less 
damageable bumpers may be more aggressive toward 
pedestrians, it does not establish that vehicles 
meeting North American bumper standards cannot 
achieve improved pedestrian leg safety.  Further 
work should be done to determine if vehicle front 
design could be improved to better protect 
pedestrians while still conforming to current bumper 
regulations.  This work may include both bumper and 
pedestrian testing of more recent models of the 
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vehicles tested in this study to see how much each of 
them has changed with new pedestrian regulations on 
the horizon. 
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ABSTRACT 
 
The Crash Injury Research and Engineering Network 
(CIREN) is a multi-disciplinary collaboration of 
trauma physicians, engineers, epidemiologists, crash 
investigators and other social scientists researching 
the “cause and effect” of serious and/or disabling 
injuries sustained as a result of an automotive 
collision.  CIREN is a network of 10 level 1-trauma 
centers spanning the United States and investigating 
approximately 400 crashes per year that result in 
serious and/or disabling injuries.   
 
The CIREN utilizes several unique processes and 
tools to research automotive crashes.  One such tool 
utilized is the Medical Outcomes Study 36 – Item 
Short Form Survey (SF-36).  The SF-36 has become 
one of the most widely used scoring tools for 
measuring outcomes after multiple trauma events.  
The purpose of this study is to evaluate the SF-36 
scores for CIREN occupants, one year after their 
crash.  Over three hundred CIREN occupants have 
been followed and responded to the SF-36 on the 
one-year timeline.  These scores were analyzed in 
conjunction with crash dynamics and occupant 
factors in an attempt to determine which crash 
scenarios and injuries result in long-term physical 
and or mental consequences.   
 
This paper reviews the SF-36 scores for 346 CIREN 
occupants who were interviewed 12 months after 
their crash.  We attempt to isolate injuries or injury 
types that show significant long-term consequences 
and possibly serious injuries that show little long-
term issues.  Associated factors are analyzed such as 
crash type, vehicle parameters, age and others. 
 
INTRODUCTION 
 
The concept of outcomes is an immense one, on one 
end of the spectrum it may be a tangible count like 
lost wages or hospital costs and on the other end it 
might be represented by a much more difficult 
problem to capture as seen in a crash occupant’s 
undiagnosed depression, brought about by a mild 
concussion. 

 
In the United States the economic impact of 
automotive crashes is estimated at $231 billion per 
year, this is the equivalent of $820 for every living 
person in the country [1].   
 
With the ever-increasing safety technology available 
to occupants of vehicles (air bags, safety belts, etc.) 
more individuals are surviving crashes that were once 
nearly always fatal.  One of the main inclusion 
criteria for the Crash Injury Research and 
Engineering Network (CIREN) is the case occupant’s 
vehicle be no more than 8 model years old from the 
current model year available. Crashes resulting in 
serious and/or disabling injuries are another one of 
the main inclusion criteria for the CIREN program.   
This concentration allows CIREN to collect in-depth 
crash and injury data on the most costly crashes 
occurring on our roadways.  Crashes resulting in 
serious injuries account for approximately 12% of all 
crashes nationwide, however this 12% constitutes 
approximately 77% of the economic impact related to 
automotive crashes [2]. 
 
In many crash cases the significant portion of the 
costs are not incurred during the initial 
hospitalization phase, but in the days, months and 
years after the crash and initial hospitalization.  These 
costs are born in additional hospital admissions, 
surgical procedures, lost wages, out of pocket 
medical expenditures, and long-term mental and/or 
physical impairment just to name a few.   
 
Recent history studies have shown significant long-
term consequences associated with certain types of 
injuries [3,4].  Serious brain injuries resulting in 
anatomical lesions have long been known to have 
extremely long-term costs and consequences.  The 
SF-36 outcome tool (detailed below) has been shown 
to be less than ideal when testing for outcomes 
related to head trauma, especially in the areas of 
cognitive function.  MacKenzie et al. indicated the 
SF-36 required additional cognitive testing 
supplements to develop a more accurate outcome 
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indicator for individuals who sustain multiple trauma 
involving head injury [7].   
 
Most recently Read, et al. (2004) examined 65 
occupants from CIREN crashes utilizing SF-36 and 
other outcome tools such as testing for post-traumatic 
stress disorder (PTSD) as well as personal interviews 
and questionnaires.  Read, et al. showed 22% of the 
population that suffered an ankle/foot fracture who 
were employed prior to their crash stated they were 
unable to return to work at 1 year due to their injury, 
compared to 3% of the occupants that did not suffer 
an ankle/foot injury [5]. 
 
The majority of outcome studies related to blunt 
trauma are pursued retrospectively from state or 
system based trauma data registries.  The CIREN 
program prospectively follows the case occupant for 
the 12 months following the occupant’s crash 
collecting the SF-36 scores at baseline (while in the 
hospital) and again at 6 and 12 months post crash.  
Therefore, a detailed examination of the available 
SF-36 data and related crash and injury parameters 
was developed for this study. 
 
BACKGROUND ON THE SF-36 
 
The Short Form 36 (SF-36) was derived from the 
work of the Rand Corporation of Santa Monica 

during the 1970’s.  Rand’s Health Insurance 
Experiment compared the impact of alternative health 
insurance systems on health status and utilization.  
The outcome measures developed for the study have 
been widely used.  They were subsequently refined 
and used in Rand’s Medical Outcomes Study (MOS), 
which focused more narrowly on care for chronic 
medical and psychiatric conditions [8]. 
 
The SF-36 was designed for use in clinical practice 
and research, health policy evaluations, and general 
population surveys.  The form is used in identifying 
and tracking limitations in physical or social 
activities because of health problems relating to the 
traumatic event.  It is a generic measurement and 
does not target specific ages, sex, or disease.  The SF-
36 measures eight health concepts (see Table 1). 
 
Although the SF-36 can be self administered, CIREN 
uses trained interviewers to administer the 
questionnaire at the time of the traumatic event to 
develop a baseline to determine the physical and 
emotional health status of a person at that time 
compared to how they were prior to the event.   The 
same questions are asked at 6-months and 12-months 
post event.  These data are invaluable in determining 
overall medical outcomes. 

 
Table 1.    

 SF-36 Health Status Concepts 
 

Health Concept Description 
PF Physical Functioning The PF score indicates the amount health limits physical activities such 

as walking, lifting, bending, stair climbing and exercise.  
RP Role Physical The RP score indicates the level that physical health interferes with 

work or other daily activities 
BP Bodily Pain The BP score indicates the intensity of pain and its effect on normal 

work in and out of the home. 
GH General Health Perceptions The GH score evaluates health, current and future outlook as well as 

resistance to illness. 
V Vitality The V score indicates the extent of energy level. 
SF Social Functioning The SF score indicates a level to which physical or emotional problems 

interfere with daily social activities. 
RE Role Emotional The RE score indicates a level that emotional problems interfere with 

work or other daily activities. 
MH Mental Health The MH score identifies general mental health including depression, 

anxiety and behavior. 
* Physical Functioning, Role Physical, Bodily Pain and General Health scores are combined to obtain the Physical 
Component Summary. 
** Vitality, Social Functioning, Role-Emotional and Mental Health are combined to obtain the Mental Component 
Summary 
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Scales that load highest on the physical component 
are most responsive to treatments that change 
physical morbidity, whereas scales loading highest on 
the mental component respond most to drugs and 
therapies that target mental health [9 
 
 
METHODS 
 
The CIREN database was queried for years 1997-
2004 to extract all cases where a complete baseline 
and 12-month SF-36 data were available.  In 
conjunction with the available SF-36 data, crash 
reconstruction data, injury coding and complete 
clinical data were required to be complete and 
available in the database.  Several crash and injury 
variables were extracted for every case.  Including, 
but not limited to, demographics, restraint status, 
principal direction of force (PDOF), crush and 
intrusion measurements, Delta V, Injury Severity 
Score (ISS), Maximum Abbreviated Injury Scale 
(MAIS), and injury codes for analysis.   
 
The SF-36 scores are derived from the answers given 
by case occupants on 36 standardized questions.  The 
questions inquire about issues ranging from the their 
opinion of general health now and a year ago, ability 
to climb stairs, lift groceries, physical limitations at 
work or daily activities to feelings of depression, pain 
issues and energy levels.  The results are used in 
calculating scores for eight categories, four physical 
related and four mental related.  The final composite 
scores are based on a 100-point scale.  The lower the 
score in any given SF-36 category indicates a 
decreased ability in that category for the occupant. 
 
The medical data in CIREN is prospectively captured 
at each of the 10 CIREN trauma centers while the 
occupant is in the hospital.  All injuries captured in 
CIREN are coded using the Abbreviated Injury Scale 
(AIS) and the International Classification of Disease 
9th Edition (ICD-9).  Radiology images and clinical 
photographs are utilized to record and detail each 
applicable injury.  Every injury recorded is reviewed 
by the clinical CIREN team to validate and detail the 
injury coding.  In addition to these coding 
methodologies all upper and lower extremity 
fractures and joint dislocations are coded using the 
Orthopaedic Trauma Association (OTA) coding 
system.  The OTA system requires review of 
appropriate radiology images and clinical reports to 
achieve correct coding of injuries. 
 
The crash data in CIREN is captured by inspection of 
the crash scene and the vehicle(s) involved in the 
crash.  The crash investigations are conducted using 

the National Automotive Sampling System (NASS) 
protocol and standards [6].  This protocol is then 
enhanced with additional procedures utilized in 
CIREN.  The known anthropometric measurements 
(height, weight, seated height, etc…) of the occupant 
are available to the crash investigator.  Also, injury 
and fracture pattern data is available to the crash 
investigator prior to field investigation.  These 
procedures add greater reliability to the placement 
and position of the occupant in the vehicle and aid in 
the determination of occupant kinematics and 
possible contact points.  
 
The multidisciplinary CIREN teams at each site 
consist of at least a crash investigator, trauma 
physician, engineer and data coordinator. They 
review each injury in the case to determine a 
probable mechanism of injury causation.  Every 
injury mechanism is coded with a level of confidence 
(certain, probable, or possible) in conjunction with 
the evidence and data available. 
 
In conjunction with the injury and crash variables 
queried from the CIREN database a thorough case 
study was conducted via the CIREN graphical users 
interface in an attempt to establish for each case the 
AIS body region most significantly injured for each 
case. Data points beyond MAIS, ISS and AIS were 
reviewed to aid in determining the significance of an 
injury to a specific body region beyond that of “threat 
to life” measure provided by AIS.  Case review data 
included AIS/ICD-9/OTA codes, radiology images 
and reports, surgical codes and reports, comorbidity, 
complications, Glasgow Coma Scale (GCS) scores, 
ventilation requirements, disposition status and 
discharge summaries.  All injuries were reviewed to 
determine one key injury and/or injured body region 
for each case.  In cases where this objective could not 
clearly be determined the case was categorized as 
multiple injury.  In many cases it was quite evident 
by the amount of surgeries, complications and 
clinical indicators that one particular injury or injured 
body region was the most significant in the case.  In 
many cases this did not often correlate with the 
MAIS scores in each case.  Injuries that often had a 
higher threat to life score via MAIS were treated non-
operatively while lower scoring injuries resulted in 
multiple surgical interventions and a higher incidence 
of complications. 
 
RESULTS 
 
There were a total of 346 CIREN occupants that had 
completed case data including baseline and 12 month 
SF-36 scores at the time of analysis.  The general 
description of the study population is displayed in 
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Table 2.  Fifty three percent were female and the 
mean age was 40 years (range, 15-86).  Pre-morbid 
conditions were documented in 43% of the 
population.  The top 3 premorbid conditions were 
hypertension, asthma and diabetes. 
 
Table 2.  
 Demographic Data 
 
Number of occupants 346 
Gender - Female 182 (53%) 
Mean age - years 40  
Pre-morbid condition 147 (43%) 
 
Crash data and injury parameters are detailed in 
Table 3.  The role of the CIREN occupant in the 
population was typically as the driver (82%).  The 
dominant crash type for this population was frontal 
(70%).  Restraint use illustrated safety belt 
compliance at a level of 78%, and belted with an air 
bag deployment was 60%.  The mean delta V for this 
population (when calculable N=231) was 41 kph 
(25.6 mph) and the mean maximum crush 
measurement was 70 cms (27.6 in.). 
 
Injury severity was significant for this population as 
would be expected with the CIREN inclusion criteria.  
The mean Injury Severity Score (ISS) was 15 (range, 
4-50) and the mean Maximum AIS (MAIS) was 3 
indicating an injury severity level of serious.   
 

Table 3.  
Crash Data 
 
Role            
       Driver 285 (82%) 
Crash Type                       
      Frontal 241 (70%) 
      Nearside 67 (20%) 
      Farside 25 (7%) 
      Rear 5 (1%) 
      Roll 6 (2%) 
Restraint Status     
      Belted w/ deployed air bag 208 (60%) 
      Deployed air bag only 65 (19%) 
      Belted only 61 (18%) 
      Unrestrained 10 (3%) 
      Unknown 2 (<1%) 
Mean Delta V (N=231) 41 kph (25.6 mph) 
Mean maximum crush 70 cms (27.6 in) 
Mean ISS 15 
MAIS Distribution              
        2 85 (24%) 
        3 203 (59%) 
        4 41 (12%) 
        5 17 (5%) 
  
The mean change in SF-36 scores for the entire 
population is displayed in Figure 1.  All four physical 
and all four mental categories show a decrease from 
the occupant’s original baseline. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

       Figure 1.  Mean Change in SF-36 Scores From Baseline to 12 Months (N=346) 
 

0

20

40

60

80

100

PF RP BP GH V SF RE MH
SF-36 Category

S
F

-3
6 

S
co

re

BASE
12 MON



Scarboro 5 

The distribution of the study population Body Region 
Injury Categories (BRIC) is displayed in Figure 2.  It 
was determined through the individual case review 
that nearly 40% of the population sustained only a 

significant lower extremity injury.  In 26% of the 
cases reviewed significant injuries were sustained in 
two or more body regions.  Cases resulting in two or 
more BRIC’s were grouped together in the 
“Multiple” category.  
 
Due to the relatively low N values for BRIC’s face 
(N=5), abdomen (N=19), spine (N=13), and up ext 
(N=10) additional exploration was not pursued.  
Although substantially decreased scores were 
observed in upper extremity and spine cases, the 

minimal case counts for these BRIC’s and high 
standard deviations resulted in eliminating these 
categories from continued review. 
 

The mean differences in SF-36 scores for the 
established BRIC’s with N values over 30 are 
detailed in Table 4.  General Health and Role 
Emotional were statistically significant for occupants 
sustaining only significant injury to the head (P-
value<.01).  Occupants who sustained only 
significant chest injury indicated statistical 
significance in the mental health category.  Lower 
extremity and multiple category occupants were 
significant in all categories

. 
 
Table 4.  Mean SF-36 Changes From Baseline To 12 Months By BRIC 
 
Body 
Region 

Occupants 
(N) 

PF RP BP GH V SF RE MH 

Head 34 -8.1 -7.6 -0.3 -6.8* -6.5 -7.4 -19.8* -3.1 
Chest 37 -3.2 -7.4 -7.6 -4.0 -3.6 -6.3 -6.3 -6.5* 
Low Ext 137 -22.9* -33.6* -17.4* -7.8* -8.7* -12.9* -10.1* -3.9* 
Multiple 91 -20.6* -35.0* -18.1* -8.5* -9.6* -13.9* -11.0* -4.5* 
* - indicates statistical significance at <.01 level using SAS Proc Univariate 
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Figure 2. Distribution of BRIC’s (N=346) 
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The head injury group indicated significant decreases 
in their perceptions of their overall general health 12 
months after their crash.  The same group indicated 
significant limitations in their usual role activities 
because of emotional problems or issues.  The chest 
injury group indicated a significant decrease in the  

population’s mental health score resulting in possible 
psychosocial distress, anxiety and or depression.  The 
lower extremity and multiple group scores indicate a 
wide spectrum of problematic issues affecting these 
individuals 12 months after their crash.  The 
correlation between the lower extremity group and 
the group sustaining significant injury to two or more 
BRIC’s is quite close as seen in Figure 3.  The 

correlation is further justified by the BRIC 
distribution for the multiple group in Table 5. 
 
The multiple injury group (N=91) contained  
significant injury combinations involving all eight    
 

original body regions.  The distribution of the 
involved body regions for the multiple group is 
demonstrated in Table 5.  With the lower extremities 
having the highest amount of involvement within the 
multiple group, it is another indicator that the injuries 
sustained to this body region continue to be a major 
factor-affecting outcome even when other significant 
injuries are involved.  
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Table 5.   
Distribution of BRIC’s in Multiple Group 
 

BRIC Number of Occupants Percent of Multiple Group 
Head 22 24 
Face 6 7 
Neck 2 2 
Chest 47 52 
Abdomen 18 20 
Spine 9 10 
Upper Extremity 32 35 
Lower Extremity 63 69 

 

Figure 3. Mean SF-36 Changes From Baseline to 12 Months By BRIC 
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With the injury coding detail available in CIREN, an 
additional distribution breakdown within the three 
isolated BRIC’s could be achieved.  The head group 
was diagnosed with anatomical injuries 56% of the 
time, while 44% of the injuries were concussive in 
nature.  The chest group was diagnosed with 
significant bony injury (ribs) 54% of the time.  
Internal organ injury (lungs, etc…) accounted for 
43% of the significant chest cases and 3% were 
vascular type injury (aorta).  The lower extremity 
group was 97% bony injury and 3% 
muscle/tendon/ligament type injury. 
 

Demographic and crash details were explored for 
each of the BRIC’s with N values greater than 30 
(see Table 6).  All four groups were similar in 
demographic and crash configuration with a few 
notable differences.  The mean age for the groups had 
a range of 4-18 years between the groups.  The lower 
extremity and multiple groups, which had the worse 
SF-36 scores, were involved in a high percentage of 
frontal crashes.  These groups also had the highest 
percentages of air bag and safety belt use, 65% and 
61% respectively.  The highest mean delta V as 
expected was in the multiple group, however it only 

surpassed the lower extremity group by 1 kph.  The 
mean ISS and MAIS again as expected were highest 
in the multiple group.  However, it should be noted 
that the lower extremity group with outcomes as poor 
as the multiple group indicated less threatening 
injuries by it’s low mean ISS and MAIS scores.   
 
The OTA codes allow the lower extremity population 
to be detailed to an even finer level for evaluation of 
injury and outcome.  Utilizing the OTA codes 
available in CIREN the lower extremity group was 
farther divided into two new categories.  One 
subgroup included all significant lower extremity 

injuries involving an articular surface.  The second 
subgroup contained the remaining significant lower 
extremity injuries not involving an articular surface.    
Articular surfaces are found where two or more 
bones come together to form a joint such as the knee 
or elbow.  For the 137 cases sustaining only 
significant lower extremity injury, 67%(92) sustained 
articular injury and 33%(45) sustained non-articular 
injury.  Review of the mean changes in the SF-36 
scores for these two groups indicate a negative 
impact in outcomes when articular surfaces are 
involved (see Figure 4). 

Table 6.   
Demographic and Crash Data by Category 
 

BRIC HEAD CHEST LOW EXT MULTIPLE 
Number of occupants 34 37 137 91 
Gender - Female 18 (53%) 18 (49%) 71 (52%) 55 (60%) 
Mean age - years 34  51 38  42 
Pre-morbid condition 15 (44%) 17 (46%) 55 (40%)  34 (37%) 
Role               Driver 29 (85%) 32 (87%) 122 (89%) 69 (75%) 
Crash type                 Frontal 15 (44%) 21 (57%) 112 (82%) 66 (73%) 
                                  Nearside 9 (27%) 14 (38%) 17 (13%) 18 (20%) 
                                  Farside 7 (21%) 2 (5%) 6 (4%) 3 (3%) 
                                  Rear 3 (9%) 0 0 1 (1%) 
                                  Roll 0 0 1 (1%) 3 (3%) 
Restraint status 
          Belted w/ deployed air bag 

17 (50%) 18 (49%) 89 (65%) 56 (61%) 

          Deployed air bag only 4 (12%) 8 (22%) 33 (24%) 15 (17%) 
          Belted only 10 (29%) 8 (22%) 13 (10%) 16 (18%) 
          Unrestrained 3 (9%) 3 (8%) 1 (<1%) 3 (3%) 
          Unknown 0 0 1 (<1%) 1 (1%) 
Mean DeltaV - kph (mph) 31 (19.3) 34 (21.1) 43 (26.7) 44 (27.3) 
Mean maximum crush - cms (in) 55 (21.7) 59 (23.2) 75 (29.5) 82 (32.3) 
Mean ISS 15 17 11 22 
Mean MAIS  3.1  3.2 2.7 3.4 
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CONCLUSIONS 
 
Outcomes after motor vehicle crashes result in a wide 
spectrum of costs, consequences and other issues.  
On one end of the spectrum it might be as simple as 
an insurance settlement and vehicle repairs.  On the 
other end is the ultimate poor outcome, death.  In 
between those two points are possibilities beyond 
imagination.  The intention of this study was to look 
at one of the unique parts of the CIREN program, the 
SF-36 outcome data.  The basic concept was to 
review the data for individuals 12 months after their 
crash and to examine their outcomes.  In particular to 
examine if any unique injury could be associated 
with poorer outcomes 1 year after the crash event. 
 
After a case-by-case review of the 346 cases, 
significant BRICs were established.  With these 
categories established the outcome data showed 
significant decreases in SF-36 scores related to head, 
chest, lower extremity and multiple injury categories. 
 
Although the SF-36 has been shown not to be the 
best tool for measuring outcome after head trauma 
[7], our isolated head injury group did show 
statistically significant decreased scores in General 

Health and Role Emotional, which could lead to such 
psychosocial factors as depression and other quality 
of life issues.  Nearly half of the head injury group 
suffered non-anatomical injuries (concussion), 
although this type of injury is often referred to as a 
mild brain injury, the outcome data indicate relevant 
long-term issues.  Many of the more severe brain 
injury in CIREN do not receive SF-36 scores due to 
the occupant’s inability to answer the questions 
during the follow-up phase.  
 
The chest group had statistically significant 
decreased scores in Mental Health, which again could 
impact the occupant’s quality of life.  These small 
emotional and behavioral changes often take a long 
time to diagnose and treat, if they are properly 
diagnosed at all.  The impact on family and 
dependents over time can be substantial. 
 
By far the most dramatically impacted groups were 
the lower extremity and multiple groups.  Both of 
these groups were statistically significant in 
decreased SF-36 scores in all categories. The SF-36 
scores clearly show the lower extremity group suffers 
long-term consequences and decreased function at a 
level comparable to the multiple group.  The mental 
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Figure 4.  Changes In SF-36 From Baseline To 12 Months By Articular And Non-Articular Surfaces 
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category scores are statistically as significant as the 
physical category scores giving some indication that 
the effects of these lower extremity injuries have a 
global effect on the occupant’s quality of life.  
 
The multiple group cases are from the most severe 
crashes, resulting in significant injury in at least two 
body regions, in some cases as high as four.  The 
crashes for this group had the highest delta V and 
maximum crush average.  The ISS and MAIS 
average scores were higher for the group as well.  
Sixty-nine percent of the multiple group cases 
involved significant lower extremity injury, 
indicating that even with other body regions 
sustaining significant injury the lower extremity 
injury continues to impact the long-term scenario.   
 
The dramatic decreases in Physical Function and 
Role Physical for both groups indicate the possibility 
of considerable impact on the occupant’s ability to be 
mobile.  Deficits in these two categories greatly 
impact the basics of locomotion and daily living.  
Low scores in these categories can indicate issues 
ranging from job performance / retention to the some 
of the more basic activities of daily living, such as the 
ability to stand and walk. 
 
This study also utilized the unique OTA coding in 
CIREN to farther evaluate the injury details of the 
lower extremity group.  This comparison clearly 
demonstrates that certain lower extremity injuries 
have much more significant impacts on the SF-36 
scores, especially Physical Function and Role 
Physical.  The ability to capture injury detail to this 
level really allows the outcomes to be correctly 
associated with precise lower extremity injury.  Other 
more common coding systems such as AIS and ICD-
9 do not attain this level of detail for musculoskeletal 
trauma and therefore could not achieve this 
distinction in the lower extremity group. 
 
As more occupants survive crashes secondary to 
increased presence of air bags, safety belt use and 
other safety enhancements we may see more disabled 
occupants.  Head and thoracic injuries have been 
reduced with the evolution of restraint technology, 
yet lower extremity injuries are the most frequently 
injured body region.  To properly evaluate outcomes, 
data must be represented appropriately for the task.  
With the high frequency of lower extremity injuries 
occurring and many of them involving articular 
surfaces, this is an issue that warrants further 
consideration. 
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ABSTRACT 
 
This paper provides a statistical assessment of the 
effect of occupancy on the rollover propensity of 
passenger vehicles such as cars, SUVs, minivans, 
pickup trucks and 15-passenger vans.  A logistic 
regression model has been built to predict the 
probability of rollover as an outcome of a single 
vehicle crash, based on occupancy as well as various 
other vehicle, crash and driver-related factors.  The 
model uses all police-reported crash data from 
selected states over the period from 1994 to 2001 
from NHTSA’s State Data System (SDS).  The 
metric used to compare the relative risk of rollover 
among the vehicles is the probability of rollover 
conditional on a single vehicle crash having occurred.  
A binary logit model is estimated using the 
Maximum Likelihood (ML) approach.  The resulting 
parameter estimates and test-statistics are used to 
assess significance of the explanatory variables and 
to estimate the probability of rollover for plausible 
scenarios. The analysis has shown that occupancy, 
along with speed and road geometry, has significant 
effect on rollover propensity.  While the overall 
pattern points to an increasing risk of rollover with 
increasing occupancy in all passenger vehicle 
categories, the magnitude of increase varies 
significantly among the vehicle classes.  In fact, the 
increase in the modeled risk of rollover from nominal 
(driver only) occupancy to full occupancy is most 
pronounced for 15-passenger vans followed by 
Minivans, SUVs, Pickup Trucks and Cars.  Apart 
from the relative risks at nominal and full payloads, 
there is also a wide disparity in the predicted 
probabilities of rollover at various occupancies 
between the vehicles.  In fact, on high-speed roads at 
full occupancy, 15-passenger vans depict the highest 
risk of rollover, followed by SUVs, Pickup Trucks, 
Minivans and Passenger Cars, in that order.  Charts 
depicting predicted probabilities by occupancy for 
various hypothetical scenarios of crash factors are 
presented for each vehicle class. 
 

INTRODUCTION 
 
Prior research has shown that heavily loaded 
passenger vans are observed to have a higher rate of 
rollover as compared to lightly loaded vans [1].  
NHTSA’s consumer advisory of April 2001 on the 
rollover propensity of 15-passenger vans1 was based 
on this research.  This paper presents data analysis 
that seeks to extend the prior research on this topic by 
assessing the change in the risk of rollover with 
increasing occupancy for all passenger vehicles such 
as passenger cars, SUVs, pickup trucks, minivans and 
fifteen-passenger vans. 
 
Fifteen-passenger vans differ from most light-trucks 
in that they have a larger payload capacity and the 
occupants sit fairly high up in the vehicle.  Loading 
these vans to their Gross Vehicle Weight Rating 
(GVWR) has an adverse effect on the rollover 
propensity due to the increase in center-of-gravity 
height.  Loading the vans with passengers and cargo 
also moves the center of gravity rearward, increasing 
the vertical load on the rear tires.   
 
This paper provides a statistical assessment of the 
change in the risks of rollover, conditional on other 
factors remaining the same, when the passenger 
vehicles are loaded up to their designed seating 
capacity and are involved in a crash.  Of specific 
interest is to determine the disparity in the risks of 
rollover at nominal occupancies and full occupancies 
for each class of passenger vehicle.   
 
OBJECTIVE AND METHODOLOGY 
 
The objective is to statistically model the risk of 
rollover with increasing occupancy levels using crash 
data that is representative of crashes of all severity.  
The desired metric is the probability of rollover, 
conditional on a single-vehicle crash having 
occurred.  This conditional probability of rollover is 
chosen, as every single-vehicle crash is an 
opportunity for a rollover to occur and the vehicle 
characteristics that contribute to rollover are not 
obscured by the effect of the forces of collision.  The 
binary response model for rollovers states that the 
probability of rollover, conditional on a single-
vehicle crash having occurred, is a function of 
selected explanatory variables.  The logit model, a 
widely used binary-response model, for rollover is 

                                         

1 While these vehicles actually have seating positions 
for a driver plus fourteen passengers, they are 
typically called 15-passenger vans.  Also, these 
vehicles are actually classified as buses under 49 
CFR 571.3. 
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the analytical technique used in this analysis.  This 
paper introduces descriptive statistics on the rates of 
rollover for the various vehicle categories before 
presenting the results of the logit model. 
 
DATA 
 
Crash data from five states that are part of NHTSA’s 
State Data System (SDS) were used in this study 
[Table 1]. 
 

Table 1. States and Years of Crash Data chosen 
for Study 

States Years 
Florida 1994 to 2001 
Maryland 1994 to 2001 
North Carolina 1994 to 1999 
Pennsylvania 1994 to 2000 
Utah 1994 to 2001 

 
The data are a census of all police-reported crashes in 
that State comprising of serious crashes (those 
resulting in a fatality or injury) as well as those that 
only resulted in damage to property.  Consequently, 
the data are representative of the population of 
police-reported crashes in these States for those 
years.   
 
The risk of rollover, measured in terms of modeled 
probability of rollover for 15-passenger vans will be 
compared with other types of passenger vehicles at 
various occupancy levels [Table 2].  Fully loaded 
conditions for the various vehicles are shown in 
Table 2. 
 

Table 2. Occupancies assumed as fully loaded 
conditions by type of vehicle 

Vehicle Type Number of 
Occupants 

15-Passenger Van 15+ 
Passenger Cars 4+ 
SUVs 4+ 
Pickup Trucks 4+ 
Minivans 7+ 

 
Some of the vehicles may have a designed seating 
capacity that exceeds those shown in Table 2.  It is 
not possible to identify the seating configuration of 
passenger vehicles from NHTSA’s databases or 
VINs.  Also vehicles with much larger seating 
capacities than those mentioned in Table 2, especially 
SUVs, have been late entrants to the fleet.  The latest 
data year in this analysis was 2001 and it is 
reasonable to assume that the fleet was heavily 
weighted towards the seating capacities mentioned in 
Table 2. 

 
RESULTS 
 
Table 3 provides a description of the population of 
single-vehicle crashes and rollovers being studied for 
each vehicle category.   
 
Table 3. Single Vehicle Crashes and Rollovers by 

Vehicle Type 
Vehicle Type Crashes Rollovers % 
15-P Vans 1,441 315 22% 
Passenger Cars 423,760 66,318 16% 
SUVs 61,968 23,927 39% 
Pickup Trucks 98,282 26,187 27% 
Minivans 16,205 2,746 17% 
 
Overall, the incidence of rollover in single vehicle 
crashes for 15-passenger vans, expressed as a 
percentage of vehicles involved in such crashes, is 
comparable with those for other types of vehicles.  
SUVs had the highest incidence (39 percent) among 
all the vehicle categories while passenger cars had 
the lowest incidence rates (16 percent).  However, the 
issue at hand is to analyze the rate of rollover at 
various occupancies for the different vehicle types. 
 
Figure 1 compares the rates of rollover for various 
vehicle types by when they are loaded to or under 
half their seating capacity versus loaded to over half 
their seating capacity.  For the sake of this analysis, 
passenger cars, SUVs and pickup trucks with two 
occupants or less, minivans with three occupants or 
less and 15-passenger vans with seven occupants or 
less are defined as vehicles loaded to or under half 
their capacity. 
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Figure 1.  Rollover Rates in Single Vehicle 
Crashes by Vehicle Type and Occupancy. 
 
As seen in Figure 1, when the vehicles are loaded to 
more than half of their seating capacity, the rates of 
rollover are higher as compared to when they are 
loaded to or under half their seating capacity.  
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However, the relative difference in the rates of 
rollover under the two different loading scenarios is 
most pronounced for 15-passenger vans.  This 
relative difference is shown in Table 4 for other 
vehicle categories.  It is noted that a 15-passenger 
van that is loaded to half its designed seating capacity 
has as many occupants as any other type of passenger 
vehicle that is fully loaded.  The differences for all 
vehicle categories are statistically significant, as 
indicated by the p-values in Table 4. 
 
Table 4. Rollover Rates in Single Vehicle Crashes 

by Vehicle Type and Occupancy 
Vehicle Type ½ Seating 

Capacity 
or Under 

(a) 

Over ½ 
Seating 

Capacity 
(b) 

(b)/(a) 

15-P Vans 0.20 0.44 2.2 
Passenger Cars 0.15 0.19 1.3 
SUVs 0.37 0.50 1.4 
Pickup Trucks 0.26 0.34 1.3 
Minivans 0.16 0.26 1.7 
All Differences are Statistically Significant with p<0.001 
 
As shown in Table 4, occupancy seems to have a 
pronounced effect on the rates of rollover observed in 
single vehicle crashes.  However, there are factors 
other than occupancy that can have an adverse effect 
on a vehicle’s propensity to roll over.  These may 
include the speed of travel, surface and weather 
conditions, experience/training of the driver and 
impaired driving.  The speed of travel can be a 
significant factor in affecting rollover outcome 
because greater travel speed of the vehicle provides 
more energy to initiate rollover.  Figure 2 un-
confounds the effect of speed on the proportions 
shown in Table 4.  In the absence of reliable 
measures of travel speed, the posted speed limit at the 
scene of the crash is used as a proxy for the speed of 
travel.  Figure 2 shows, by vehicle type, the 
composition of the rollovers by occupancy and the 
speed limit of the road they were traveling at the time 
of the crash.  The numbers in each of the bars in 
Figure 2 indicate the proportion of the rollovers in 
that category that occurred on high-speed roads (50+ 
mph).  So, 62 percent of rollovers of 15-passenger 
vans that loaded to half or under half of their 
designed capacity were in high-speed roads.  In 
comparison, 91 percent of rollovers involving 15-
passenger vans that were loaded at or above half their 
designed seating capacity occurred on high-speed 
roads.  Figure 2 shows that heavily loaded 15-
passenger vans have a higher proportion of their 
rollovers on high-speed roads than do other light 
vehicles.  Under similar circumstances, SUVs have 
comparable risks of rollover too. 
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Figure 2.  Rollover Rates in Single Vehicle 
Crashes by Vehicle Type, Occupancy and 
proportion in High Speed Roads. 
 
Even though the rate of rollover under heavily loaded 
scenarios for 15-passenger vans is comparable with 
SUVs, it is much higher than the rate for other types 
of vehicles.  It will be noteworthy to examine the 
relative disparity in the rates of rollover between 
heavily loaded (½ seating capacity or over) and 
lightly loaded (under ½ seating capacity) scenarios 
on high-speed roads.  Table 5 depicts this relative 
risk ratio. 
 

Table 5. Rollover Rates by Occupancy and 
Vehicle Type in Single Vehicle Crashes in High-

Speed Roads (50+ mph) 
Vehicle Type ½ Seating 

Capacity 
or Under 

(a) 

Over ½ 
Seating 

Capacity 
(b) 

Rel. 
Diff. 

(Ratio) 

15-P Vans 0.30% 0.62% 2.1 
Passenger Cars 0.22% 0.26% 1.2 
SUVs 0.49% 0.61% 1.2 
Pickup Trucks 0.36% 0.43% 1.2 
Minivans 0.26% 0.34% 1.3 
All Differences are Statistically Significant with p<0.001 
 
The disparity in the rates of rollover between light 
and heavy loading conditions on high-speed roads is 
the largest for 15-passenger vans.  However, one can 
assess the true effect of occupancy on rollover 
propensity by taking into account the effect of 
various other factors that can affect rollover outcome.   
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Logistic Regression Modeling 
 
Statistically, a logistic regression model is very 
suitable to predict rollover as a dichotomous outcome 
(yes or no), based on explanatory variables [2].  
Logistic regression permits the joint estimation of the 
effect or significance of a variable in affecting 
rollover.  If Y denotes the dependent variable in a 
binary-response model for rollovers, Y is equal to 1 if 
there is a rollover and 0 otherwise.  The goal is to 
statistically estimate the probability that Y=1, 
considered as a function of explanatory variables.  
The logit model, a widely used binary-response 
model, for rollover is: 
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=== X      (1). 

This model can be rewritten, after taking the natural 
logarithm of both sides as: 
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(              (2). 

 

where α is the intercept, β is the vector of 
coefficients and x is a vector of explanatory 
variables.   
 
The explanatory variables used to model rollover as 
an outcome are shown in Table 6.  The model uses 
metrics to represent various crash and driver-related 
characteristics and more importantly, the number of 
occupants in the vehicle.  That is, for each vehicle 
type 
 

Logit (Pr(Rollover)) = OCCUPANCY DARK 
STORM FAST HILL CURVE BADSURF MALE 
YOUNG OLD DRINK DUMMYMD DUMMYNC 
DUMMYPA DUMMYUT. 

 

The factors used in the model mirror those used in 
NHTSA’s New Car Assessment Program (NCAP) 
studies [3] with the exception of the Static Stability 
Factors and dynamic test results.  This study is 
intended to provide insight into rollover propensity 
for broad vehicle categories and not specific models, 
which would have required the inclusion of such 
metrics. 
 
Also included in the regression model were four 
variables DummyMD, DummyNC, DummyPA and 
DummyUT.  The variables DUMMY<State> 
represent the change in Logit(Pr(Rollover)) due to the 
crash’s taking place in that State as compared to an 
otherwise similar crash in Florida. They are included 
to control for differences in traffic patterns and 

reporting practices that effect rollover rates between 
the States.   

 
Table 6. Rollover Rates by Occupancy and 

Vehicle Type in Single Vehicle Crashes in High-
Speed Roads (50+ mph) 

Variable Description Levels 
Occ Number of 

Occupants 
1 to 15+ 

Dark Light Condition 1 if dark; 0 if not 
dark 

Storm Stormy Weather 1 if stormy; 0 if 
not 

Fast Speed (Speed Limit 
as Proxy) 

1 if 50+ mph else 
0 

Hill Hilly Gradient 1 if yes else 0 
Curve Road Curves 1 if yes else 0 

Badsurf Adverse Roadway 
Surface Conditions 

1 if yes else 0 

Male Male Driver 1 if yes else 0 
Young Young Driver 

(Under 25) 
1 if yes else 0 

Drink Driver Impairment 1 if yes else 0 
 
The roadway function class, i.e., if the site of the 
crash was a rural or urban area, was not used in the 
regression due to the unavailability of data.  
However, it may be assumed that speed limit, curve 
and roadway surface conditions may account for 
many of the differences reflected in the rural/urban 
dichotomy.  The regression was done within each 
vehicle type in order to assess the effect of the 
various covariates on rollover outcome.  The results 
of logistic regression model are presented in Table 7. 
The test statistics indicate the goodness of fit of 
model for each vehicle category. 
 
Table 7. Results of Logistic Regression Model by 

Vehicle Category 
Vehicle Degrees of 

Freedom (DF) 
p > χ2 

15-P Vans 15 < 0.0001 
Passenger Cars 15 < 0.0001 
SUVs 15 < 0.0001 
Pickup Trucks 15 < 0.0001 
Minivans 15 < 0.0001 

 
The joint estimation using the logistic regression 
model reveals that the variables with the most 
significant impact on rollover outcome among all 
vehicle categories are: 
 
� Fast (high-speed road, 50+ mph) 
� Occupancy (Number of vehicle occupants) 
� Curve (curved geometry at site) 
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Table 8 depicts the estimates of coefficients for the 
significant variables by vehicle category.  As seen in 
Table 8, occupancy, speed and curve are significant 
factors in predicting rollover outcome for all vehicle 
categories as indicated by their low p-values. 
 

Table 8. Parameter estimates for Occupancy, 
Speed and Road Curvature by Vehicle Type 

Vehicle Estimate 
(Standard Error) 

p > χ2 

Occupancy 
15-P Vans 0.1135 (0.0229) < 0.0001 
Passenger Cars 0.0593 (0.0059) < 0.0001 
SUVs 0.1911 (0.0120) < 0.0001 
Pickup Trucks 0.1257 (0.0126) < 0.0001 
Minivans 0.1163 (0.0176) < 0.0001 

Speed 
15-P Vans 1.6138 (0.1756) < 0.0001 
Passenger Cars 0.8977 (0.0106) < 0.0001 
SUVs 0.9654 (0.0258) < 0.0001 
Pickup Trucks 0.9816 (0.0184) < 0.0001 
Minivans 1.1672 (0.0553) < 0.0001 

Curved Geometry 
15-P Vans 0.6874 (0.1802) < 0.0001 
Passenger Cars 0.6362 (0.0105) < 0.0001 
SUVs 0.4732 (0.0230) < 0.0001 
Pickup Trucks 0.6027 (0.0183) < 0.0001 
Minivans 0.5089 (0.0573) < 0.0001 

 
The coefficient vector β from the logistic regression 
model yields predicted probability of rollover as 
shown in Figure 3.  Figure 3 represents the 
probabilities of rollover, conditional on a single 
vehicle crash, for a “favorable” scenario in terms of 
factors that affect rollover as an outcome.  The 
“favorable” scenario is a combination of favorable 
driving conditions and factors for the terms included 
in the logistic regression model.  This includes good 
light and weather conditions, low-speed road (under 
50 mph), flat terrain, straight and good road 
conditions and no driver impairment. 
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Figure 3.  Conditional (single vehicle crash) 
probability of Rollover with Occupancy under 
normal scenarios. 

As seen in Figure 3, the probability of rollover at 
nominal loads (driver only) shows a wide disparity 
among the vehicle types.  SUVs have the highest 
probability of rollover under these circumstances 
followed by pickup trucks, 15-passenger vans, 
minivans and passenger cars.  Under fully loaded 
conditions, SUVs and pickup trucks have comparable 
probabilities of rollover and were the highest among 
all vehicle categories.  Pickup trucks, minivans and 
passenger cars exhibit probabilities that are lower 
than that of SUVs and 15-passenger vans under the 
same circumstances.   
 
Figure 4 depicts the distribution of the probability of 
rollover for what can be considered as an “adverse” 
scenario to affect rollover.  The adverse scenario 
includes statistically significant variables, fast and 
curve.  The probabilities depicted in Figure 4 are for 
crashes occurring on curved areas on high-speed 
roads and other factors remaining normal. 
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Figure 4.  Conditional (single vehicle 
crash)_probability of Rollover with Occupancy 
under adverse scenarios. 
 
Fifteen-passenger vans exhibit the highest probability 
of rollover under adverse scenarios at fully loaded 
conditions.  Minivans, SUVs, pickup trucks and 
passenger cars have a lower probability of rollover 
under fully loaded scenarios under adverse driving 
scenarios. 
 
As seen in Figures 3 and 4, the probability of rollover 
as indicated by the logistic regression model indicates 
a progressively worsening risk of rollover with 
increasing occupancy for all vehicle types including 
15-passenger vans.  The probability of rollover with 
just the driver in the vehicle ranges from 0.12 in 
favorable conditions to above 0.57 in adverse 
conditions.  However, when the van is loaded to or 
above its designed seating capacity, the 
corresponding probabilities increase to an estimated 
0.39 and 0.87, respectively. This trend, while 
observed for all types of vehicles, is most pronounced 
for 15-passenger vans because of the sheer 
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multiplicative effect of the larger seating capacity for 
15-passenger vans.  In order to put the conditional 
probabilities into perspective, Tables 7 and 8 present 
the disparity in the risks of rollover between nominal 
and fully loaded scenarios under normal and adverse 
driving conditions, respectively. 
 

Table 9. Probability of Rollover under Nominal 
and Fully Loaded Conditions in Single Vehicle 

Crashes under Normal Scenarios 
Vehicle Type Driver 

Only 
(Nominal) 

Fully 
Loaded  

Rel. 
Diff. 

(Ratio) 
15-P Vans 0.119 0.398 3.34 
Passenger Cars 0.091 0.096 1.05 
SUVs 0.326 0.462 1.42 
Pickup Trucks 0.176 0.237 1.35 
Minivans 0.110 0.149 1.35 

 
Table 10. Probability of Rollover under Nominal 
and Fully Loaded Conditions in Single Vehicle 

Crashes under Adverse Scenarios 
Vehicle Type Driver 

Only 
(Nominal) 

Fully 
Loaded  

Rel. 
Diff. 

(Ratio) 
15-P Vans 0.574 0.868 1.50 
Passenger Cars 0.317 0.329 1.03 
SUVs 0.671 0.783 1.17 
Pickup Trucks 0.510 0.602 1.18 
Minivans 0.656 0.793 1.21 
 
As seen in Tables 9 and 10, among passenger 
vehicles, 15-passenger vans seem to exhibit the 
greatest disparity in the risks of rollover between 
nominal and fully loaded conditions for both normal 
and adverse driving scenarios.  While SUVs show 
comparable probabilities of rollover under both 
scenarios, the disparity between the risks is less than 
that for 15-passenger vans. 
 
In a comparison of extremes, there is a seven-fold 
increase in the risk of rollover between lightly loaded 
15-passenger vans under normal scenarios as 
compared to fully loaded ones under adverse 
scenarios [0.119 versus 0.868].   
 
CONCLUSIONS 
 
While the increment in the risk of rollover with every 
unit increase in occupancy for 15-passenger vans was 
comparable to other passenger vehicles, 15-passenger 
vans exhibited a much higher risk of rollover when 
they were loaded at or above their designed seating 
capacity under both normal and adverse scenarios.  
Speed and geometry of the road were other factors 

that significantly affect the risk of rollover for all 
types of passenger vehicles. 
 
The disparity in the risk of rollover between nominal 
and fully loaded conditions is the greatest for 15-
passenger vans.  This is of significant interest for 
drivers of vanpools and other organizations that use 
these vehicles.  Drivers of these vehicles should be 
educated to this disparity in the risk of rollover when 
they are driving by themselves as compared to when 
they are transporting a vanload of people. 
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ABSTRACT: 
 
  In support of the Intelligent Vehicle Initiative 

(IVI), the U. S. Department of Transportation 
(USDOT) initiated a field operational test (FOT) 
program of advanced technology in passenger cars 
designed to help drivers avoid road-departure crashes 
caused by drift off-road and/or by traveling too fast 
for an upcoming curve. A partnership between 
USDOT and the University of Michigan 
Transportation Institute (UMTRI), Visteon, and 
AssistWare Technology, was formed to conduct the 
"Road Departure Field Operational Test" program. 

 
The goal of the program was to field test a 

technology designed to prevent or mitigate road-
departure crashes and fatalities, which are defined as 
any single vehicle crash where the first harmful event 
occurs off the roadway. Statistical reviews of the 
General Estimates Systems (GES) and the Fatality 
Analysis Reporting System (FARS) databases, shows 
that road-departure crashes are the most serious of 
crash types within the US vehicle crash population. 
These crashes account for over 20% of all police-
reported crashes (1.2 million/year), and over 41% of 
all in-vehicle fatalities, about (15,000/year). 

 
The FOT vehicle fleet was constructed based on 

a Nissan Altima platform and consisted of 11 test 
vehicles, each equipped with the road-departure crash 
warning system designed and perfected during this 
program. There were 78 FOT drivers, each driving 
for a one (1) week baseline, with the system activated 
but unavailable to the driver, and three (3) weeks 

with the road-departure crash warning system 
activated, and available to the driver. During the 
above (1) week baseline period, all test data was 
being recorded by the crash warning system, but the 
system did not provide warnings to the driver. The 
system did provide warnings to the driver during the 
(3) week test period. The Field Test required a 10-
month time period to conclude the required amount 
of vehicle driving by the 78 drivers. 

 
The road-departure crash warning system FOT 

generated a large amount of test data representing the 
driver performance, driver reactions, and the FOT 
system performance, during the variety of driving 
environments encountered by the drivers during the 
FOT. In addition to the data analysis performed by 
the contractors, an independent evaluator was also 
used to study and analyze the resulting FOT test data 
to determine such things as driver acceptance and 
safety benefits of the FOT system. The following 
paper will present a discussion of the magnitude of 
the road departure safety problem, a brief outline of 
how the road departure FOT system works, and the 
FOT results and conclusions to date. 

 
BACKGROUND: 

 
The goal of this project was to field test a 

technology designed to prevent or mitigate road 
departure crashes, injuries, and fatalities by warning 
the driver of an impending road departure. This effort 
does not include any attempt to use driver active 
controls in the crash warning system. Road departure 
crashes are defined as any single vehicle crash where 
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the first harmful event occurs off the roadway, except 
for backing and pedestrian related crashes. Road 
departure crashes may also be referred to as “run-off-
road crashes”, or “lane departure crashes” 
 

The effort to define and quantify the safety 
benefits of run-off-road crash avoidance systems 
began over ten years ago and refinements continue to 
this day. A statistical review of the 1992 General 
Estimates System (GES) and the Fatality Analysis 
Reporting System (FARS) databases, as part of a 
previous NHTSA contract entitled “Run-Off-Road 
Collision Avoidance Using IVHS Countermeasures”, 
(Report number DOT HS 809 170), indicated that 
run-off-road crashes are the most serious of the major 
crash types within the US vehicle crash population. 
The run-off-road crashes accounted for over 20% of 
all police-reported vehicle crashes (1.2million/year), 
and over 41% of all in-vehicle fatalities, about 
(15,000/year). A recent review of GES 2001 and 
FARS 2001 data for run-off-road crashes by the 
NHTSA authors, Figure 1, shows that out of 
1,095,000 run-off-road crashes in 2001, the in-
vehicle fatalities were 15,436. Thus a run-off-road 
crash avoidance system could potentially reduce the 
severity of, or eliminate, about 17.3% of the yearly 
crashes, and 41% of the yearly fatalities occurring on 
the nation’s highways. 
 

Some of the more important characteristics of 
road departure crashes found in the 1992 study are 
listed in Table 1.  
 
Table 1: Important Sources of Road-Departure 
Crashes (GES 1992) 
 
• Occur Often on Straight Roads (76%) 
• Occur on Dry Roads (62%) in Good Weather 

(73%) 
• Occur on Rural or Suburban Roads (75%) 
• Occur Almost Evenly Split Between Day and 

Night 
 

It was also found that run-off-road crashes are 
caused by a wide variety of factors. Detailed analysis 
of 200 National Automotive Sampling System 
(NASS) 1992 crash reports during the previous study, 
indicated that run-off-road crashes are primarily 
caused by the following six factors (in decreasing 
order of frequency) listed in Table 2. 
 
Table 2: Major Causes of Road-Departure 
Crashes (CDS 1992) 
 
• Excessive Speed (32.0%)  
• Driver Incapacitation (20.1%) 

• Lost Directional Control (16.0%) 
• Evasive Maneuvers (15.7%) 
• Driver Inattention (12.7%) 
• Vehicle Failure (3.6%) 

FARS 1992

15,000

21,585

Run-Off-Road Crash Fatality

Other Crashes
 

FARS 2001

22,359

15,436

Run-Off-Road Crash Fatality

Other Crashes
 

GES 2001
1,095,000

5,229,000

Run-Off-Road Crashes

Other Crashes
 

Figure 1:  Run-Off-Road Crashes (FARS 1992 
and 2001, GES 2001) 
 

Vehicle rollover crashes are known to be 
particularly severe. The NHTSA 2001 
Crashworthiness Data System (CDS) was examined 
by the NHTSA authors to determine the magnitude of 
the run-off-road vehicle rollover problem. 
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The results in Figure 2 show that, out of 217,879 
rollover crashes occurring in 2001, 197,788 rollovers, 
about 91 %, occurred off the roadway. On-roadway 
rollover crashes accounted for a mere 19,039 
rollovers. Thus a run-off-road crash avoidance 
system could potentially reduce the severity of, or 
eliminate, about 90% of the off-the-road rollover 
crashes.   
 

1,052

197,788

19,039

On Roadway Crashes

Off Roadway Crashes

Other / Unknown
 

 
Figure 2: Vehicle Rollover Problem (CDS 2001) 
 

Rollover crashes result in a high percentage of 
fatalities when compared with other types of crashes. 
The FARS 2001 database was searched, by the 
NHTSA authors, to determine the magnitude of the 
rollover fatality problem. The results are shown in 
Figure 3. 
 

9,689

23,117

Rollover Other

 
Figure 3: Fatality Problem (FARS 2001) 

The results show that out of 32,806 in-vehicle 
fatalities occurring in 2001, 9,689 of these fatalities 
resulted from rollover crashes. In addition, the FARS 
2001 data base system was examined by the NHTSA 
authors to determine the percentage of vehicle 
rollover fatalities resulting from single vehicle off-
roadway crashes. The results are shown in Figure 4 
 

2,528

7,161

Single Vehicle Off Roadway

On Roadway / Other

 
Figure 4: Rollover Fatalities (FARS 2001) 
 

It was found that out of the 9,689 vehicle 
rollover fatalities occurring in 2001, 7,161 fatalities 
occurred in single vehicle off-roadway rollover 
crashes. Thus a run-off-road crash avoidance system 
has the potential to reduce the severity of, or 
eliminate, 7,161 single vehicle rollover fatalities or 
about 22% of the yearly in-vehicle fatalities.       
 
Design Goals of the Run-Off-Road Crash 
Avoidance System FOT 
 

The run-off-road crash avoidance system field 
operational test program is being conducted by a 
partnership between the Federal Highway 
Administration, the University of Michigan 
Transportation Institute (UMTRI), AssistWare 
Technology Corporation, and Visteon Corporation. 
The run-off-road crash avoidance system developed 
by the above partners for the field operational test 
effort is composed of two distinct functionalities, 
which are Lane Drift Warning (LDW) and Curve 
Speed Warning (CSW). The LDW function is 
designed to warn the driver when the vehicle begins 
to unintentionally drift from the roadway. It uses data 
about the dynamic state of the vehicle in combination 
with information about the geometry of the road 
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ahead to determine if the vehicle’s current position 
and orientation may lead to an unintentional road 
departure. If the likelihood of a roadway departure 
exceeds a predetermined threshold, vehicle-driver 
interface functions are triggered to alert the driver of 
the danger. It is believed that a countermeasure which 
implements the LDW function has the potential to 
prevent run-off-road crashes caused primarily by 
driver inattention, and incapacitation, which together 
account for approximately 33% (Table 2) of roadway 
departure crashes. 
 
The second functional goal of the developed run-off-
road crash warning system was to develop a curve 
speed warning capability. The CSW function is 
designed to warn the driver when the vehicle is 
traveling too fast for the upcoming curve. It utilizes 
vehicle dynamic state and performance data in 
combination with information about the current 
pavement conditions and upcoming road geometry, 
derived in real time from an electronic map and 
Global Positioning System signals, to determine the 
maximum safe speed for the vehicle through the 
upcoming curve. If the vehicle’s current velocity 
exceeds the above safe speed for the curve, which is 
derived as explained above, a sequence of vehicle-
driver interface functions is triggered to alert the 
driver of the danger and avoid a run-off-curve crash. 
A countermeasure algorithm, which implements the 
CSW function, has the potential to prevent those run-
off-road crashes caused by loss of directional control, 
due to excessive speed, while negotiating a curve. It 
is believed that approximately 16% (Table 2) of road 
departure crashes result from directional control loss 
while negotiating a curve above a safe speed.  
 
Together, it is estimated that the LDW and CSW 
functions of the FOT run-off-road crash avoidance 
warning system, have the potential to prevent or 
mitigate approximately 50% of all road departure 
crashes and fatalities.        
 
Components of the Run-Off-Road Crash 
Avoidance System FOT 
 
Situational Awareness Module 
 

The heart of the system is the Situational 
Awareness Module, Figure 5, which serves as the 
information clearinghouse for the countermeasure. 
This module is where the diverse sensor data 
regarding the vehicle state and characteristics of the 
local road environment are merged into a unified 
representation for use by the other modules. A 
conceptual representation of the information that is 

encoded in the Situational Awareness Module is 
shown in Figure 5. 

 
                                                                                    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                       

Forward 
Radar(s) 

Side 
Radars 

Situation Awareness Module 
• Upcoming road geometry 
• Vehicle state info 
• Static object locations 
• Weather info 

Lane Tracking / Drift 
Detection Sensor and 

Processor 

GPS – Map / 
Curve Speed 

Processor 

Data 
Acquisition 

System 

Warning Arbiter / 
Driver Interface 

Figure 5:  Conceptual Representation of 
Situational Awareness Module    
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                             

Local Environment State: 
• Upcoming road curvature 
• Lane width 
• Paved shoulder width 
• Boundary marker types 
• Number of travel lanes 
• Dynamic objects:         

 (size, distance, offset) 
• Static road side objects:

 (size, distance, offset) 
• Weather Info  

Subject Vehicle State: 
• Lateral off set 
• Yaw angel 
• Velocity 
• Lat/Long acceleration 
• Brake/Acc pedal 

position 
• Turn indicator state 
• Wiper state 
• Headlamp state 

Guardrail 

Guardrail 

Parked 
Vehicle 

Paved 
Shoulder 

Bridge 
Abutments 

Adjacent 
Vehicle 

Figure 6:  Examples of Situational Awareness 
Module Input Data 
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Examples of data merged by the Situational 
Awareness Module shown in Figure 6 are upcoming 
road curvature information from the GPS/map 
module, the Lane Tracking module, and potentially 
the Forward Radar Module (based on the lead 
vehicles and/or geometry of continuous roadside 
features like guard rails). A graphic depiction of the 
run-off-road crash avoidance system is shown in 
Figure 7. 

The Situational Awareness Module also 
estimates the maneuvering room available on each 
side of the travel lane based on estimates of paved 
shoulder width from the Lane Tracker Module, as 
well as the locations of objects on the roadside or in 
the adjacent lane from the forward and side radars. 
 

A very important part of the Situation 
Awareness Module is the representation for 
"dynamic" and "static" objects ahead of, and 
adjacent to, the subject vehicle. In this case, 
dynamic objects refer to objects not detected on 
earlier traversals of this stretch of road. These may 
be temporary objects, like parked vehicles, 
or permanent objects like bridge abutments, which 
have not yet been observed enough times to warrant a 

"static" designation. Static objects refer to objects 
like guard rails, bridge abutments or road side trees, 
which have been observed repeatedly on previous 
traversals of this stretch of road, and have thus earned 
a permanent annotation in the map. The Situation 
Awareness Module maintains a "look-aside” file to 
the NAVTECH® digital map, to encode the, 
location and size of -these static objects. Information 
encoded in the Situation Awareness Module, 

including available maneuvering room and 
upcoming road curvature, is used to modulate the 
behavior and decision thresholds of the lane drift and 
curve speed warning modules. 
 
Forward Radar(s) 
 

This module merges upcoming object 
information provided by one or more forward 
looking radars. These radars provide information to 
the Situation Awareness Module about the size, 
distance ahead, and offset from the lane, of forward 
objects like parked vehicles, roadside trees, and 
bridge abutments. It is expected that a detection 
range of 30m to approximately 60m will provide 
adequate coverage and sufficient forward preview 

 
 
Figure 7:  Graphic Depiction of FOT System 
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of upcoming roadside objects for the required 
purpose of estimating roadside maneuvering room. 
Seeing both the left and right roadside 30-60m ahead 
requires more than one forward radar sensor. The 
RDCW system uses an adapted version of the Visteon 
77GHz radar developed primarily for adaptive 
cruise control and forward crash warning 
applications. The FOT vehicles employ a pair of 
Visteon forward radars to gain sufficient azimuthal 
coverage of both sides of the road. 
 
Side Radars 
 
This module senses the lateral proximity of the 
subject vehicle in order to detect the offset from 
topographical features on the roadside, including 
parked vehicles or guardrails. This information is 
used by the Situation Awareness module to 
estimate available maneuvering room to each side 
of the travel lane, as well as to refine the position 
and offset of objects detected by the forward 
radar(s) for subsequent designation as a "static" 
object. Visteon's commercial side-looking radar is 
used to see, beside and ahead of, the vehicle to a 
distance of approximately 10 m, complementing the 
forward radars' detection zone. 
 
Lane Tracking / Drift Detection Camera and 
Processor 
 

This module serves a dual role in the 
countermeasure system. It serves as a sensor, for the 
detection of the vehicle's state relative to the 
lane (i.e. lateral offset and yaw angle), and for the 
detection of certain road characteristics (lane width, 
paved shoulder width, limited curvature preview). It 
communicates this sensor data to the Situational 
Awareness module, along with its confidence in 
its estimates, where the data is merged with other 
information to build a representation of the local 
environment. 

 
At the same time, this module serves as the lane 

drift detection processor. This function involves 
assessing the danger of a road departure event, based 
on the vehicle's position in the lane, the vehicle's 
trajectory, and importantly, the available 
maneuvering room adjacent to the travel lane. 
Figure 8 presents a visual depiction of the LDW 
crash warning system in action. The last piece of 
information, provided by the local map, provided 
by the Situation Awareness Module, will be used to 
modulate the drift warning algorithm's sensitivity. 
In other words, a lane drift event will be signaled 
earlier, if limited maneuvering-room is available for 
recovery, perhaps due to a narrow shoulder or the 

presence of a roadside object. It is important to note 
that the maneuvering-room data will serve a 
modulatory role in the drift warning algorithm. The 
drift warning system will continue to operate (with 
reduced accuracy) in the absence of reliable 
maneuvering room information, however. This is 
important for purposes of commercial deployment, 
since it is likely that the first commercial lane drift 
warning products will not have a sophisticated 
method for estimating roadside maneuvering room. 
An AssistWare Technolology SafeTRACTM  lane 
and drift detection algorithm was built in order to 
implement the Lane Tracking / Drift Detection 
Processor. Prior versions of SafeTRACTM were tested 
successfully as part of the     Off-road specification 
program. 

 

Figure 8:  The Lateral Drift Crash Warning 
Countermeasure 
 
Functional Scenario – Lateral Drift Warning 
 
− Vehicle Drifting Laterally 
 
− Without signaling, then results in 
 
− Driver alert timed, scaled to threat of off road 

crash 

5555
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The Lateral Drift Countermeasure Will Identify 
 
− Lane Boundary Positions and Types 
 
− Vehicle position in lane 
 
− Shoulder width 
 
− Crash obstacles, left and right 
 
− Projected path relative to obstacle locations 

 
GPS-Map / Curve Speed Processor 
 

This module plays the same roles for the 
curve-speed warning function as the Lane 
Tracking / Drift Detection Processor plays for 
the lane-drift warning function. In particular, 
it serves as a sensor, estimating upcoming 
road geometry based on vehicle position and 
heading from a GPS system, combined with 
road information from the digital map database. 
Figure 9 presents a visual display of the CSW 
crash warning system in action. This road 
geometry information is communicated to the 
Situational Awareness Module, where it is 
combined with other sensory data, to build a 
representation of the local environment. 

Figure 9:  The Curve Over speed 
Countermeasure 

Functional Scenario: Curve Speed Warning 
 

− Vehicle Traveling Too Fast For Upcoming 
Curve  

 
− Driver alert calls for speed reduction 
 
− Will Identify: 
 
− Curve site geometry and conditions 
 
− Current vehicle path, deceleration, and speed 
 
− Aggregate threat based on the above 

 

Based on information about the upcoming road 
geometry, and the current vehicle speed provided by 
the Situational Awareness Module, the GPS-Map 
/ Curve Speed Processor  estimates the danger of a 
speed-induced road departure on the upcoming 
curve. The GPS-Map / Curve Speed Processor was 
implemented on the commercially available Visteon  
NavMate GPS navigation platform. Embedded on 
this platform is the latest, most accurate 
NAVTECH® map database called ADAS  

Product 1.0. Also running on the NavMate® 
platform is a modified version of the curve speed 
warning algorithm developed by AssistWare. A 
prior version of this algorithm was tested successfully 
as part of the NHTSA Run-Off-Road specification 
program. CSW algorithms estimate a maximum 
safe speed for upcoming curves based on GPS 
digital maps, with support from the LDW camera and 
the Situational Awareness Module, and make use of 
available information on pavement condition 
(wetness, temperature). Drivers are warned to slow 
down if the approach speed is perceived as unsafe. 

 
Warning Arbiter / Driver Interface 
 
This module provides the driver with a unified, 

consistent interface to the roadway departure 
countermeasure. Its first role is to arbitrate between 
lane drift warning signals and curve speed warning 
signals based on the severity of each threat, to avoid 
driver overload/confusion. It also supports the 
driver-vehicle interface (DVI), which may include 
status information during times of low road 
departure danger, as well as, urgent warnings of an 
imminent road departure. The details for the status 
and warnings were determined early in the program 
based on an extensive set of human factors and 
proof-tests, and  include combinations of visual, 
auditory, and/or haptic feedback signals. Finally, 
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a form of limited driver adjustment, of the system 
sensitivity of the warning algorithm, was provided to 
achieve a higher level of driver acceptance. 
Accordingly, this module implements the driver 
controls for the system sensitivity tuning, the 
results of which, are communicated to the 
respective warning processors. 
The Warning Arbiter / Driver Inteface functions 
were implemented on the commercially available 
Visteon NavMate® system, which is equipped with a 
high quality display, ideal for showing visual 
icons/messages. NavMate® also provides a 
sophisticated sound output capability for generating 
auditory tones and/or voice feedback. The driver 
interface for the countermeasure system was 
developed and implemented by UMTRI and Visteon 
human factors engineers. It  has the “look and feel” 
of an integrated, production system. 
 

Data Acquisition System 
 

The data acquisition system (DAS), designed 
and implemented by UMTRI, is designed to 

acquire and store the data collected onboard each 
of the field test vehicles. The architecture of the 
RDCW DAS system affords convenient DAS access 
to almost all desired data variables through the 
Situational Awareness Module.  
 

Field Operational Test (FOT) Preliminary 
Results 
 

The FOT was conducted over a time period of 
10-months and utilized 78 (Picked to be 
representative of the driver population) drivers and 
an 11-vehicle fleet built for the FOT and equipped 
with the run-off-road crash warning FOT system. 
Each driver was able to drive a FOT test vehicle for 
one-week as a baseline with the FOT system 
operational but unavailable to the driver. The test 
driver was then allowed to drive the FOT test vehicle 
with the run-off-road crash warning system 
operational and available to the driver. Figure 10 is a 
graphic depiction of a portion of the trips made by 
test drivers for 3 weeks.  

Each test driver was interviewed at the 

65,000 miles
1860 hours

 
Figure 10: FOT Travel (First 56 Drivers) 
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conclusion of the 4-week test drive to determine how 
the driver evaluated the over all performance of the 
FOT system.  

 
Figure 11 shows the increase in turn signal 

usage, as a function of time and direction, when 
performing a lane change maneuver. Use of the FOT 
run-off-road crash warning system, resulted in an 
11% increase in turn signal usage when turning left 
and a 14% increase when turning right. It is 

presently believed that the system trained the driver 
to always use the turn signal when making a lane 
change. 

 
Preliminary results in Figure 12 show a 

significant reduction in lane departures and near-
departures, compared to baseline, during the three 
week driving period the FOT system was turned on 
for the test drivers. Quantitative results and 
definitions will be available in the final report 
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Figure 11:  Preliminary Data-Driver Turn Signal Usage 
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Figure 12:  Preliminary Data- Rate of Lane Departures and Near Departures 
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Preliminary results in Figure 13 show the 
majority of test drivers believed they received the 
LDW warning an appropriate number of times. 
Quantitative results and definitions will be available 
in the final report  

Figure 14 shows that the majority of test drivers 
believed the operation of the FOT system enhanced 
the driver’s awareness of the vehicle position on the 
roadway 
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Figure 13:  Preliminary Subjective Data- Lane Departure Warnings 

…..Overall, I received LDW Warnings….. 
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Figure 14:  Preliminary Subjective Data- Vehicle Position Awareness 

Driving with the LDW system made me more aware of the position of my car on the road. 
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Figure 15 shows that the majority of test drivers 
believed they received CSW warnings an appropriate 
number of times. 

Figure 16 shows that the majority of test drivers 
believed the CSW system enhanced their awareness 
of the upcoming curves. 
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Figure 15:  Preliminary Data- CSW Driver Acceptance 

…..Overall, I received LDW Warnings….. 
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Figure 16:  Preliminary Subjective Data- CSW Driver Awareness 

Driving with the CSW system made me more aware of upcoming curves….. 
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Figure 17 shows that the FOT driver/vehicle 
interface warning system device of a vibrating seat 
was easy to recognize by the majority of test drivers. 

Figure 18 shows that the majority of test drivers 
believed the presence of a run-off-road crash 
warning system will increase driving safety. 
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Figure 17:  Preliminary Subjective Data- Recognition of Haptic Warnings 

It was easy to recognize what warning condition the FOT system was attempting to 
convey from the seat vibration warnings 

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

1 2 3 4 5 6 7

P
er

ce
n

ta
g

e 
o

f R
es

p
o

n
d

en
ts

S tro ng ly  
D isag ree

S tro n gly  
Ag ree

M ean 5.74
Std . Dev. 1.37

 
Figure 18:  Preliminary Subjective Data- Driver Belief in FOT System Providing Increased Safety 

I think the Run-Off-Road Crash Warning System is doing to increase driving safety 
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CONCLUSIONS AND BENEFITS 
 
The FOT preliminary test results shown in this 

paper indicate positive benefits for highway safety. 
Analysis of final FOT test results will be performed 
by the project partners and an independent 
government evaluator. Estimations of possible safety 
benefits, including crashes prevented and lives 
saved, provided by run-off-road crash warning 
systems will be derived and made available at the 
conclusion of the contract. The final report for the 
project is scheduled to be completed by July 31, 
2005.  
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ABSTRACT 

This paper introduces a research plan by the 
National Highway Traffic Safety Administration 
(NHTSA) of the U.S. Department of Transportation 
to be used for developing objective test procedures 
and estimating safety benefits of pre-crash sensing 
countermeasures.  The main objective of pre-crash 
sensing applications is to sense a collision earlier 
than the current accelerometer-based approaches with 
anticipatory and more descriptive sensors, 
communicate this information to the vehicle and its 
occupant protection systems, and take appropriate 
actions to reduce the severity of crash injury. In 
addition, this paper provides preliminary results from 
a preparatory analysis to review state-of-the-art pre-
crash sensing technology and applications, proposes a 
methodology to estimate their safety benefits, and 
defines relevant crash problems. The technology 
review is based on literature available in the public 
domain. The benefits estimation methodology is 
founded on the reduction of total harm by 
comparative assessment of crash injury with and 
without the assistance of pre-crash sensing systems. 
The crash problem is defined using the 
Crashworthiness Data System to identify relevant 
crashworthiness scenarios and their respective harm. 

INTRODUCTION 

Quicker crash sensing times and more robust 
information are required to upgrade vehicle safety 
involving deployment of occupant protection 
components. The main objective of pre-crash sensing 
applications is to sense a collision earlier than the 
current accelerometer-based approaches with 
anticipatory and more descriptive sensors, 
communicate this information to the vehicle and its 
occupant protection systems, and take appropriate 
actions to reduce the severity of crash injury. This 
type of crash countermeasure is aimed at reducing 
injuries once the crash is deemed unavoidable; as 
opposed to crash warning systems that help drivers 
avoid the crash.  

Pre-crash sensing countermeasures fall under 
two categories. The first category encompasses 
reversible features that are activated just before a 
potential crash, but usually with the capability of 
being reset in case the crash does not occur. 
Examples include air bag pre-arming, non-
pyrotechnic seat belt pre-tensioning, bumper 
extension or lowering, and emergency brake assist. 
The second category consists of non-reversible 
features that are initiated just before a crash, but 
usually with the drawback of not being re-settable, 
such as pyrotechnic seat belt pretensioning. System 
reliability is paramount for pre-crash sensing 
countermeasures, as is fast decision-making time, 
given the short time available to deploy such 
countermeasures. The potential benefits of pre-crash 
sensing applications span a number of vehicle-to-
vehicle and vehicle-to-obstacle crash types. 

This paper introduces a research plan by the 
NHTSA to be used for developing objective test 
procedures and projecting safety benefits for pre-
crash sensing occupant protection technologies.   
NHTSA’s goal is to use pre-crash sensing technology 
to automatically mitigate occupant injury severity 
once a crash has been determined inevitable. 
Preparatory analyses are currently underway to assess 
the state-of-the-art technology of pre-crash sensing 
countermeasures, define relevant crash problems, and 
devise a methodology to estimate their potential 
safety benefits.   

The assessment of pre-crash countermeasure 
technologies is based on a literature review of widely 
available information from technical conferences and 
manufacturer’s product development publications, 
both online and in print. A preliminary methodology 
is proposed to estimate the safety benefits of pre-
crash countermeasures, which correlates pre-crash 
scenarios of vehicle movements and driver actions 
prior to the crash to crashworthiness scenarios based 
on vehicle damage area, vehicle type, driver type, air 
bag deployment, seat belt use, and driver seat track 
position. This methodology estimates total harm 
reduction by comparing crash injury severity between 
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non-equipped vehicles and vehicles equipped with 
pre-crash sensing countermeasures. Relevant crash 
problems are defined using NHTSA’s 
Crashworthiness Data System (CDS) crash databases 
from 1999 through 2003. This paper describes the 
CDS variables that were selected to identify the 
crashworthiness scenarios. 

Next, this paper introduces NHTSA’s research 
plan to address pre-crash sensing countermeasures. 
Preliminary results from a technology review of 
current pre-crash sensing systems follow. This paper 
then presents a methodology that estimates potential 
safety benefits of these countermeasures including 
the introduction of the term “harm units” for 
crashworthiness scenarios. This is followed by 
preliminary results from CDS crash analysis. Finally, 
this paper concludes with a discussion of preliminary 
analysis results and future research steps. 

RESEARCH PLAN 

The primary goal of NHTSA’s research plan is 
to develop objective test procedures and estimate 
safety benefits for the most promising pre-crash 
sensing occupant protection technologies. The 
approach consists of the following steps: 

• Define relevant crash problems.  
• Determine performance specifications of pre-

crash sensing countermeasures addressing the 
crash problems. 

• Estimate preliminary safety benefits of 
potential countermeasures. 

• Select safety-effective countermeasures for 
advanced development. 

• Develop objective test procedures for selected 
countermeasures. 

• Estimate fleet benefits. 
 

The program plan proposed here allows for the 
motor vehicle industry to be involved from the 
beginning of the research. This early involvement 
aids in the research and development of pre-crash 
sensing systems while formulating objective test 
procedures to validate these systems. 

The potential benefits of pre-crash sensing 
applications span a number of vehicle-to-vehicle and 
vehicle-to-obstacle crash types. The main safety 
objective of these systems is to minimize head and 
chest decelerations, upper neck forces and moments, 
and chest deflection. It should be noted, however, 
that research is needed to translate earlier deployment 
of occupant protection systems into significant 
improvements in injury mitigation. Studies are 
required to correlate the improvement in time-to-
deploy and occupant protection for specific crash 

types, vehicle structures, and occupant 
characteristics. Such research must be founded on a 
better understanding of the crash problem and 
resulting injuries, countermeasure functional 
requirements, and capability of potential system 
technologies. 

NHTSA is currently managing a cooperative 
research agreement with four consortia of 
automakers, known as the Crash Avoidance Metrics 
Partnership (CAMP), funded through the Federal 
Highway Administration (FHWA) Intelligent 
Transportation Systems (ITS) Program (#DTFH61-
01-X-00014).  This agreement is funded 65% by the 
U.S. government and 35% by the auto industry. This 
agreement includes collaborative work on 
performance metrics and objective tests for forward 
crash warning, performance requirements for 
enhanced digital maps for safety, performance 
requirements for vehicle safety communications, and 
identifying and analyzing driver workload metrics.  
The nature of this cooperative research provides a 
paradigm for the type of dialogue sought for pre-
crash system development. 

NHTSA’s research path for pre-crash sensing 
countermeasures will involve the development of the 
necessary scientific basis in terms of test procedures 
through the CAMP cooperative agreement, with 
emphasis on reaching industry consensus on the test 
conditions and procedures for objectively evaluating 
pre-crash sensing systems. Figure 1 shows a 
proposed Gantt chart of this research plan that was 
initiated in 2004 with preparatory analyses to review 
technology and estimate preliminary safety benefits. 
A 3-year cooperative project between NHTSA and 
the automakers will develop objective test 
procedures, based on the results of the preparatory 
analyses. A parallel analytical effort will be 
undertaken to develop analytical results in support of 
NHTSA’s inputs to the cooperative research as it 
proceeds.  At the end of this research program, an 
understanding of the technology available and 
estimated safety benefits through objective testing 
will be available to NHTSA.  This preparation will 
support NHTSA’s adoption of a research path on pre-
crash sensing technology. 

 

 

Figure 1 Major Tasks of NHTSA’s Research Plan 
for Pre-Crash Sensing Countermeasures 
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TECHNOLOGY REVIEW 

The technology review of pre-crash sensing 
countermeasures covered systems that are in any of 
the following developmental stages: concept, test-
bed, prototype, or in production. This literature 
review was based on published information collected 
from technical conference proceedings, 
manufacturer’s product or development Internet 
websites, and several other sources [1-13]. 
Preliminary results from the technology review are 
presented below, including a summary of R&D 
efforts among international manufacturers and 
research organizations. Moreover, the technology 
review describes the applications of pre-crash sensing 
technologies, their components, functionalities, 
available test results, and reported system 
effectiveness. In addition, the technology review 
helped to identify relevant crash scenarios for the 
crash problem definition, and to obtain technical data 
for modeling, such as pre-tensioning belt forces. 

Worldwide R&D 

The applications of pre-crash sensing 
technologies are classified into the following four 
groups: 

• Seat belt pre-tensioning 

• Emergency brake assist 

• Seat adjustment 

• Pedestrian protection 

Table 1 summarizes international efforts in these 
applications by automakers and first tier suppliers. It 
should be mentioned that this tabular list was based 
on a limited literature review thus it may not be all-
inclusive and might include redundant information 
between automakers and suppliers. While some 
applications have received greater attention (e.g., seat 
belt pre-tensioning), other applications have been 
studied less (e.g., seat adjustment). The following 
discusses details of the individual applications found 
so far. 

Applications 

A pre-crash sensing system is generally 
composed of sensors, decision-making units, 
actuators, and driver interfaces. The sensors may 
include both remote sensors and in-vehicle sensors.  
Computers or electronic control units (ECU’s) serve 
as the decision-making units. These units process the 
signals received from the sensors and determine if a 
crash is unavoidable. Once a crash is determined to 
be imminent, the actuators deploy the safety systems 
automatically or upon receiving a signal from the 
driver interface, such as a pressure pulse on the brake 
pedal. The specifications of individual systems 
according to the applications are described next. 

Seat Belt Pre-Tensioning and Emergency Brake 
Assist 

Figure 2 illustrates the configuration of Toyota’s 
Pre-Crash Safety (PCS) system with seat belt pre-
tensioning and emergency brake assist applications 

Table 1 Preliminary Summary of Worldwide R&D in Pre-Crash Sensing Applications 

 
Seat belt pre-

tensioning       
[1-4, 7-8, 12-13] 

Emergency 
brake assist  

[1-2, 5, 7, 13] 

Seat 
adjustment 
[3-4, 12-13] 

Pedestrian 
protection       

[6, 9, 10-11, 13] 

Toyota, Japan √ √   

DaimlerChrysler AG, 
Germany √  √  

Ford, USA  √   

TRL Ltd., UK √  √ √ 

Honda, Japan √ √   

Nissan, Japan √   √ 

BMW AG, Germany √  √  

Autoliv, Sweden    √ 

Continental Teves √ √ √ √ 
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[1-2].  The system utilizes millimeter-wave radar as 
its remote sensor to detect obstacles and oncoming 
vehicle conditions.  The PCS’ ECU is shared with the 
adaptive cruise control (ACC) unit. The remote 
sensor signals, combined with vehicle sensor signals 
indicating vehicle yaw rates and steering angles, are 
sent to the pre-crash seat belt (PSB) and pre-crash 
brake assist (PBA) ECU’s. If the ECU’s detect an 
imminent crash or emergency braking, an electric 
motor automatically pre-tensions the seat belts. 
Tension is removed from the seat belt once the threat 
has passed and the seat belt returns to its original 
state. The PBA ECU analyzes inputs from vehicle 
wheel speed sensors and a brake pedal sensor, and 
will not deploy the brake assist until the driver has 
already stepped on the brake pedal. 

Honda’s Collision Mitigation Brake System 
(CMS) and E-Pretensioner also apply both the brake 
assist and seat belt pre-tensioning technologies [7].  
However, Honda’s CMS does not require that the 
driver brake to activate the brake assist – it will 
activate automatically once the system determines a 
collision is imminent. Automatic braking, as well as 
seat belt retraction, intensifies as the driver fails to 
respond to system warnings. 
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Figure 2. Configuration of Toyota’s Pre-crash 
Safety System [1,2] 

Seat Adjustment 
DaimlerChrysler, BMW, and TRL studied a 

moving seat concept that involves moving an 
occupied seat from far forward to rearward positions 
just prior to a crash [3-4, 12]. While DaimlerChrysler 
and BMW provided only conceptual or descriptive 
information, TRL conducted a series of sled tests and 
described the results. These sled tests were conducted 
on 5th and 50th percentile dummies only, in 
conjunction with the use of pretensioners and 
variable air bag sizes/vent areas. A large occupant 
(such as a 95th percentile dummy) is assumed to sit 

already fairly rearward so moving the seat will not 
help as much as in the small and medium occupant 
cases.  The tests did show additional protection 
provided by moving the seats rearward, in terms of 
reduced neck loads, chest accelerations and/or pelvic 
accelerations. 

TRL did not describe any tests or results with out 
of position (OOP) occupants but was confident the 
moving seat concept can benefit this group of 
occupants as well.  Presumably, the benefits will 
come from the potential of moving an OOP occupant 
out of the “danger zone”. 

DaimlerChrysler also explored the idea of seat 
back correction – a front passenger’s seat back that is 
inclined far back can be moved into an upright 
position, in which the seat belts are expected to 
function more effectively. 

Pedestrian Protection  
This system uses sensors to detect an obstacle in 

front of a car. The sensors include frequency-
modulated continuous-wave (FMCW) radar, laser, 
infrared imaging, contact sensor, accelerometers, etc.  
An algorithm is usually employed to discriminate a 
human from a non-human object. If a computer or an 
ECU determines that a collision with a pedestrian is 
impending, a number of technologies have been 
studied and can be deployed. These include a rear-
lifting hood, air bags fitted to various parts of the 
vehicle front, and A-pillar air bag inflation [6, 9, 10-
11, 13]. 

System Effectiveness 

Evaluating system effectiveness is an important 
first step toward estimating the safety benefits 
introduced by pre-crash sensing countermeasures. 
Different types of technologies may contribute to 
different aspects of safety improvements. For 
example, the brake assist can reduce impact 
velocities; seat belt pre-tensioning can reduce 
occupant forward displacements and chest 
decelerations; pedestrian protection is aimed at 
reducing head impact velocities, head injuries, chest 
decelerations and lower extremity injuries; and 
moving seats can reduce injuries sustained by small 
or OOP occupants. 

Based on the information gained from reviewing 
pre-crash sensing countermeasure technologies, this 
paper will next discuss estimation of their safety 
benefits. Estimated effectiveness values of pre-crash 
sensing systems in reducing relative speed or severity 
of impact due to seat belt tensioning, seat position 
movement or other measures found from the 
technology review will be factored into the analysis 
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of system benefits and ultimately harm reduction. 
Additionally, sensor robustness and false alarm rates 
impact system benefits, and factor into how often a 
system responds correctly to a crash situation or 
incorrectly to a non-crash condition. 

BENEFITS ESTIMATION METHODOLOGY 

Figure 3 illustrates a general approach to 
estimate the safety benefits of pre-crash sensing 
countermeasures based on a concept of harm unit 
measurements. For a particular pre-crash sensing 
technology, target pre-crash scenarios addressed by 
the countermeasure as well as related driver response 
are examined. For scenarios resulting in an impact, 
detailed crashworthiness scenarios are analyzed to 
calculate harm units. Crashworthiness scenarios are 
based on factors that influence the crash 
characteristics such as change of speed at impact 
(∆V), seat belt use, air bag deployment, seat track 
position, etc. Detailed description of variables used to 
define the crashworthiness scenarios is discussed in 
the sample data section of this paper. The CDS crash 
database is the source for the identification and harm 
computation for the crashworthiness scenarios. 
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Figure 3. Benefits Estimation Approach 

The CDS is a database that houses a collection of 
police reported crashes from the United States.  
Information is collected by twenty-four teams of 
crash researchers situated throughout the country, 
each investigating an appropriate probability sample 
of crashes involving passenger cars, light trucks, and 
vans, which were towed from the scene due to 
damage. The crash must involve a harmful event 
defined as resulting in either property damage or 
personal injury and the injury must be a result of the 
crash.  Additionally, at least one vehicle involved in 
the crash must be in transport on a traffic-way. This 
excludes crashes that occur in private driveways and 
parking lots. Because the CDS only collects 
information for crashes where the vehicle is towed 
from the scene, damage must be significant enough to 
require assistance. It is difficult to speculate on the 

effect this may have on the comprehensiveness of the 
analysis of injury severity or crash magnitude, but it 
does affect the composition of the dataset explored 
by this preliminary crash analysis. 

Harm Units Concept 

Injury severity is the key measure to estimate the 
safety benefits of pre-crash sensing countermeasures. 
Equation (1) presents the calculation of harm units, 
which provides a cost (direct economic cost or 
functional years lost) for a particular combination of 
pre-crash scenario and crashworthiness scenario 
based on the distribution of injury severity. An 
example of this formula’s application is given in the 
sample data section. Injury severity is measured on 
the Maximum Abbreviated Injury Scale (MAIS), 
whose values are shown in Table 2. Also shown in 
Table 2 are the direct economic costs, w(i), 
associated with a particular MAIS level based on 
2000 U.S. dollar amount [14]. The values of I(i) are 
found from the CDS database query for injuries 
sustained by the driver (vehicle occupants). The 
parameter No represents the total number of drivers 
(occupants) involved. At this level of preliminary 
crash analysis and benefits estimation, only the driver 
injury was examined to keep cost comparisons 
between crashes of different pre-crash and 
crashworthiness scenarios the same regardless of 
varying factors such as the number of occupants. 
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Once harm units are known for a particular 
combination of scenarios, the next step is to 
determine how much injury reduction, therefore harm 
reduction, results from the implementation of a pre-
crash sensing system. Harm reduction, HR, is 
calculated by subtracting total harm with the system, 
Hw, from total harm without the system, Hwo, as 
shown in Equation (2): 

HR = Hwo - Hw                      (2)  

Table 2. MAIS Injury Description and Cost 
(Based on 2000 $ Amount) 

M AIS Cost

Uninjured 1,962$        
M inor 10,562$      
M oderate 66,820$      
Serious 186,097$    
Severe 348,133$    
Critical 1,096,161$ 
Fatal 977,208$     

Note: The costs shown in Table 2 reflect the dollar 
amount of economic costs.  These include lost 
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productivity, medical costs, legal and court costs, 
emergency service costs, insurance administration 
costs, travel delay, property damage, and 
workplace losses.  

The calculation of total harm without the system 
can be achieved with data from the CDS. On the 
other hand, calculating harm with a pre-crash sensing 
system will be based on information found in either 
the technology review or vehicle crash modeling in 
the first stages of benefits analyses, or through real-
world testing in later stages. Modeling can be used to 
investigate how affecting seat position, movement, 
vehicle speed, or other factors prior to a crash may 
influence injury severity experienced by the driver. 
For example, a pre-crash brake system may identify 
that the host vehicle is rapidly approaching an object 
and a collision is imminent. If the system responded 
by applying the brakes to reduce speed, thus 
lessening ∆V, the injury severity of the driver would 
decrease. By reducing driver injury severity for any 
collision sensed by the pre-crash brake system, the 
distribution of injury severity levels should shift 
towards less severe injuries, decreasing overall harm. 

Safety Benefits Calculation 

H = N ∑n Cn × ∑m Rm (Cn) × ∑i Si (Cn,Rm) × ∑j P(∆Vj|Si) ×H(∆Vj|Si) 

N = Number of drivers involved in the crash

C = Relative frequency of certain crash type

R = Relative frequency of certain driver attempted avoidance maneuver

S = Relative frequency of certain scenario

P = Probability of certain scenario for ∆Vi given Si

H = Harm unit, average harm per driver for ∆Vi given Si

= Parameters to change with pre-crash technology

(3)H = N ∑n Cn × ∑m Rm (Cn) × ∑i Si (Cn,Rm) × ∑j P(∆Vj|Si) ×H(∆Vj|Si) 

N = Number of drivers involved in the crash

C = Relative frequency of certain crash type

R = Relative frequency of certain driver attempted avoidance maneuver

S = Relative frequency of certain scenario

P = Probability of certain scenario for ∆Vi given Si

H = Harm unit, average harm per driver for ∆Vi given Si

= Parameters to change with pre-crash technology

H = N ∑n Cn × ∑m Rm (Cn) × ∑i Si (Cn,Rm) × ∑j P(∆Vj|Si) ×H(∆Vj|Si) 

N = Number of drivers involved in the crash

C = Relative frequency of certain crash type

R = Relative frequency of certain driver attempted avoidance maneuver

S = Relative frequency of certain scenario

P = Probability of certain scenario for ∆Vi given Si

H = Harm unit, average harm per driver for ∆Vi given Si

= Parameters to change with pre-crash technology

(3)

 

      Equation (3) breaks down the computation of 
total harm by a number of components that might be 
affected by various pre-crash sensing applications. 
The calculation of safety benefits in terms of total 
harm reduction is then based on computing Hwo and 
Hw according to Equation (3). The computation of 
Hwo requires two separate queries into the CDS. The 
first query examines pre-crash scenarios and driver 
response prior to the crash. The second query 
explores crash conditions such as location of damage, 
driver characteristics, restraint systems, and ∆V. 

The first three factors of Equation (3) depend on 
information pertaining to pre-crash data, whereas the 
remaining factors rely on crashworthiness data. The 
harm units are represented by )|( ii SvH ∆ . For the 
above example of a pre-crash brake system, only the 
∆V factor is affected by the system, resulting in a 
different P(∆vi|Si) with the system than without. This 
will affect the last summation of Equation (3). The 
third factor connects crashworthiness scenarios, Si, 
with pre-crash scenarios Cn. For a pre-crash brake 
system, Cn values might include stationary objects or 

vehicles, and vehicles accelerating, decelerating, or 
traveling at constant speed. The equation specifies 
pre-crash scenarios by vehicle movements prior to 
the crash because some systems have sensing 
limitations that affect the number of scenarios they 
address. Also included is driver response to the pre-
crash scenario because this will also limit the number 
of crashes a system may address. As discussed 
previously in the technology review, some pre-crash 
brake systems respond to potential collision 
situations automatically; others require driver braking 
before activation. 

FRONTAL DAMAGE SCENARIO 
DESCRIPTION AND SAMPLE DATA 

The CDS database contains crash files of all 
types and severities [15]. Some crashes result in 
multiple impact events. The preliminary crash 
analysis concentrated on crashes with frontal damage 
only as the first event, and filtered out crashes with 
multiple impact events since other factors might have 
influenced the injury severity sustained by the driver. 
In addition, the crash vehicle population was divided 
into four categories: automobile, light truck, sport 
utility vehicle (SUV), and van. This split was 
necessary due to different body structures and crash 
performance characteristics. Table 3 lists CDS 
variables that the preliminary crash analysis 
addressed to describe frontal damage crashes. 

Table 3. CDS Variables Used  
in Frontal Damage Analysis 

Pre-Crash Scenario Variables
Accident type
Attempted avoidance maneuver

Crashworthiness Scenario Variables
∆ V
Offset
Air bag deployment
Seat belt use
Seat track position
Driver weight  

 
Pre-crash scenarios of interest can be identified 

from the Accident Type and the five pre-crash 
variables in the CDS. However, this preliminary 
crash analysis focused on the Accident Type variable 
and the Attempted Avoidance Maneuver pre-crash 
variable. The applicability of pre-crash sensing 
countermeasures depends on the dynamic 
characteristics of pre-crash scenarios. Most rear-end 
collisions incur damage to the front of the striking 
vehicle; however, some striking vehicles may end up 
with a damage area other than the front part of the 
vehicle due to driver evasive maneuver. For example, 
a driver may try to avoid hitting a vehicle stopped at 
an intersection by braking and steering. This 
maneuver may result in the vehicle skidding 
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sideways and striking the vehicle at the intersection 
with the side of their vehicle. Other potential 
maneuvers include braking only, steering only, and 
no response. 

Crashworthiness scenarios are built with 
variables that have bearing on crash characteristics 
and therefore driver injury severity. The most 
important factor is ∆V, which identifies the change in 
velocity experienced by the vehicle and its driver. 
Crash offset measures the location of the crash 
relative to the center of the vehicle, determining over 
what area the crash energy is absorbed. It is 
calculated taking into account several CDS factors 
including direction of force, general area of vehicle 
damage, vehicle deformation location, and horizontal 
location of vehicle damage. By combining all these 
factors into the offset variable, many details about 
crash specifics were found through one variable. The 
CDS codes of air bag deployment and seat belt use 
were consolidated into either yes, no, or unknown 
conditions. To operate as intended, pre-crash 
countermeasures utilizing seat belt pretensioning 
require seat belt use information. Driver seat track 
position was also considered. This variable measures 
longitudinal location, which may change if a pre-
crash sensing application moves the seat back when 
an impending crash is detected. Finally, driver weight 
was selected to represent the driver factor, which 
cannot be influenced by any system but it may affect 
how a system modulates seat belt pre-tension or seat 
track location. 

Next, sample results from the preliminary crash 
analysis based on the 1999-2003 CDS are presented 
to illustrate the definition of crashworthiness 
scenarios and the computation of concomitant harm 
units. Table 4 provides crash statistics in terms of the 
number of drivers and relative frequency, in a 
descending order, for crashworthiness scenarios of 
automobiles involved in frontal damage crashes. In 
addition to variations of crash offset, seat track 
position, and driver weight, these scenarios include 
air bag deployed and seat belt used conditions.  
Combinations of crash offset, driver seat track 
position, and driver weight amount to a total of 60 
potential crashworthiness scenarios, Si in Equation 
(3). Table 4 only lists the scenarios with individual 
relative frequency of 1% and higher, comprising 
approximately 91% of total drivers for these scenario 
combinations. “Full Frontal” crash offset indicates 
minimal or no frontal offset, and crashes not fitting 
any other offset category are classified as “Frontal 
Other”. Light drivers weigh less than 150 pounds, 
medium-weight drivers are greater than or equal to 
150 but less than 190 pounds, and heavy driver weigh 
190 pounds or more. 

Table 4. Crashworthiness Scenario Frequency for 
Automobile, Frontal Damage, Belted Driver, and 
Air bag Deployed Crashes (Based on 1999-2003 

CDS) 
Crash Offset Seat Track Position Driver Weight # of Vehicles Relative Frequency
Right Middle Medium 42,090 7%
Left Middle-Rear Light 35,501 6%
Left Forward Light 33,938 6%
Full Frontal Rear Light 32,574 6%
Right Rear Medium 29,159 5%
Full Frontal Rear Heavy 29,134 5%
Left Rear Heavy 24,990 4%
Right Forward Light 19,113 3%
Full Frontal Middle Light 19,098 3%
Right Middle Light 18,082 3%
Front Other Middle-Rear Medium 17,808 3%
Right Middle-Rear Medium 17,666 3%
Left Rear Medium 17,457 3%
Full Frontal Middle Medium 16,812 3%
Full Frontal Rear Medium 16,487 3%
Left Forward Medium 16,247 3%
Left Middle Medium 16,141 3%
Right Forward Medium 15,581 3%
Left Middle Heavy 14,659 2%
Left Middle Light 14,503 2%
Right Rear Heavy 14,459 2%
Left Middle-Rear Medium 12,499 2%
Right Rear Light 11,393 2%
Full Frontal Middle-Rear Light 10,747 2%
Left Rear Light 10,369 2%
Full Frontal Middle-Rear Heavy 9,495 2%
Full Frontal Forward Medium 8,670 1%
Full Frontal Middle-Rear Medium 7,624 1%

532,297 91%TOTAL  

Further statistics on the most frequent scenario in 
Table 4 are provided to demonstrate harm 
calculations. Table 5 lists a breakdown of crash 
relative frequency for this scenario by ∆V, including 
both recalculated and estimated ∆V values from the 
CDS. These values are represented by the parameter 
P in Equation (3). 

Average harm unit value, found using Equation 
(1), requires a distribution of crash injury severity 
from the MAIS, number of drivers, No, and cost of 
the injury w(i) from Table 2. Using the two most 
frequent known ∆V values as an example, this paper 
now demonstrates how harm units are calculated.  

Table 5. ∆V Distribution for Offset Right, Middle 
Seat Track, and Middle Weight Scenario 

∆ V (kmph) % of Total
∆ V<10 0%
10<∆ V<25 41%
25<∆ V<40 14%
40<∆ V<55 2%
55<∆ V 0%
Minor 0%
Moderate 1%
Severe 0%
Unknown 43%

TOTAL 100%  

Table 6 shows the number of drivers by MAIS 
severity for the selected scenario and two ∆V ranges.  
Injury levels are likely on the lower end of the scale 
due to relatively low ∆V values, generally lower 
harm crash type and crashworthiness conditions of air 
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bag deployed and seat belt used. The cost of crashes 
is calculated in the last two columns by multiplying 
harm cost with the number of drivers for each MAIS 
severity. To arrive at average harm per driver, total 
cost of crashes for each column is divided by the total 
number of drivers for that ∆V. This results in an 
average cost per driver for a specific scenario-∆V 
combination, which completes the last term of 
Equation (3). These values illustrate that if a pre-
crash sensing countermeasure reduced ∆V for a 
forward collision type, shifting the distribution of 
∆V’s to lower value ranges, the system would 
decrease average harm per driver. Thus, according to 
Equation (2), this would translate to a harm reduction 
due to system use. 

Table 6. Injury Severity and Average Cost for 
Selected ∆V for Offset Right, Middle Seat Track, 

and Middle Weight Scenario 

10<∆ V<25 25<∆ V<40 10<∆ V<25 25<∆ V<40

Uninjured 406               1,245            1,962$         796,380$         2,442,872$     
Minor 16,563          4,409            10,562$       174,940,687$  46,567,668$   
Moderate 15                 321               66,820$       1,009,984$      21,442,204$   
Serious -                36                 186,097$     -$                6,759,974$     
Severe -                -                348,133$     -$                -$                
Critical -                -                1,096,161$  -$                -$                
Fatal -                -                977,208$     -$                -$                
TOTAL 16,984          6,011            176,747,051$  77,212,718$   

10,407$           12,845$          

MAIS Harm Cost
Cost of Crashes

Average Harm per Driver

Number of Crashes

 

DISCUSSION 

The following discusses issues related to a better 
understanding of the crash problems and 
crashworthiness scenarios that pre-crash sensing 
countermeasures address, and the use of computer 
modeling to determine system effectiveness in 
reducing the severity of crash injury. 

Crash Analysis 

As demonstrated by preliminary crash data in 
this paper, there are several limitations of the CDS 
database. After aggregating 5 years of data, several 
injury severity cells were empty for the most 
common crashworthiness scenarios. There are two 
potential solutions to this weakness. First, more years 
of CDS data could be used to increase the sample 
size; however, complexities might arise in data query 
if CDS variables and codes have changed over the 
years. CDS databases could be used dating back to 
1992 when pre-crash variables were introduced into 
the CDS. A second approach to dealing with the lack 
of adequate cases in the CDS is to not have such 
finely defined crashworthiness scenarios. For 
example, a rear-end pre-crash sensing 
countermeasure may reduce ∆V and therefore injury 
severity and not have any interaction and effect on 
seat belt use, seat position etc. With less 
crashworthiness factors, each scenario would be 

represented by more cases, but this assumption will 
not work for countermeasures that affect multiple 
factors either directly or indirectly. 

A second weakness of the CDS is the relatively 
high frequency of variables coded as “unknown”. As 
seen in Table 5, certain scenarios resulted in high-
unknown values, although typically unknown values 
are much lower. One way to compensate is to 
redistribute them proportionally based on relative 
frequency among known values. 

Modeling 

The harm units without pre-crash sensing 
countermeasures can be calculated from the injury 
probability data obtained from analyses of the CDS 
database. In some cases, database analyses can also 
yield an estimation of the harm units with the 
countermeasures. For example, such analyses readily 
yield the system effectiveness of emergency brake 
assists (in terms of reduced ∆V), or that of seat tracks 
positioned more rearward. In other cases, however, 
pre-crash sensing countermeasures need to be 
implemented in physical testing or mathematical 
simulations to give a direct evaluation of the system 
effectiveness. Between these two methods, 
mathematical modeling is often more cost-effective. 

With a modeling approach, first the analysis 
methods will be determined and vehicle-occupant 
models will be identified. While either finite element 
or rigid body dynamics (RBD) models can be 
utilized, the large size of prospective simulations will 
most likely lead to RBD as the method of choice 
owing to its much lesser demand on computational 
resources. There is a family of occupant models 
available, but some vehicle models in RBD, 
especially those with major load bearing structures, 
may not actually exist. An occupant compartment 
model can be used instead, but a crash pulse to the 
occupant is needed in such cases. 

The inputs to a model will be generated based on 
the information from the CDS database analyses. A 
crash pulse can be reconstructed from such 
information as crash type, general area of damage, 
∆V, direction of force and offset. However, it should 
be noted that the available crash information is 
limited and a reconstructed crash pulse will not be 
unique. Driver weight data can be used to determine 
the type of occupant models. Pre-crash sensing 
countermeasures are realized in the simulations via 
proper setups of air bag deployment, seat belt forces, 
etc. 

To satisfy the common requirement of validating 
a model (or models) before applying it in application 
simulations and gaining insights from its outputs, it is 
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proposed that for each simulation with one type of 
countermeasure applied, a corresponding case 
without the countermeasure is also simulated and the 
outputs compared with the results from the database 
analyses. This practice can help to gain a level of 
confidence in the modeling approach. However, it 
can also double the total number of simulations to be 
conducted. 

The outputs from the simulations include injury 
criteria in different body regions. Injury risk 
functions, available for head, neck, thorax and lower 
extremities, can translate these injury criteria into 
injury probabilities that are comparable to CDS 
MAIS data. However, simulated injury probabilities 
are available in four of the above mentioned body 
regions, and it remains to be determined whether the 
injury probabilities in one selected body region, or a 
certain combination of the four, are to be used in the 
harm unit calculations. 

CONCLUSIONS 

This paper introduced a research plan to be used 
by NHTSA to understand the preliminary safety 
benefits of pre-crash sensing countermeasures and 
develop objective test procedures for most promising 
systems. As part of this research effort, preliminary 
analyses have been conducted to review the 
technology and applications of current pre-crash 
sensing systems, define their crash problems, and 
devise a methodology to estimate their safety 
benefits.   Preliminary results of technology review, 
high-level benefits estimation methodology, and 
crash analysis were presented. 

The technology review identified 4 major pre-
crash sensing countermeasure technologies: seat belt 
pretensioning, emergency brake assist, seat 
adjustment and pedestrian protection. A preliminary 
estimation of the benefits from an emergency brake 
assist countermeasure was conducted using the 1999-
2003 CDS.  For a certain combination of 
crashworthiness variables, reducing ∆V from the [25, 
40) range to the [10,25) range resulted in an average 
harm reduction per driver of $2,438 (from $12,845 to 
$10,407).   
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ABSTRACT 
 
In a rollover, the lap part of the 3-point belt 
certainly restrains the occupant from being fully 
ejected out of the vehicle, however the upper torso 
of the far side occupant may slip out of the 
shoulder belt. In this study the combination of 
reversed 3-point belt geometry (seat integrated), 
inboard torso side-support and buckle pretensioner 
were evaluated regarding the ability to better 
restrain the upper torso to the seat to prevent head-
to-interior impacts.  
 
The method of evaluation, proposed and used in 
this paper, was a new sled test method simulating 
full-scale tripped rollovers along the longitudinal 
axis during the initial phase of tripping, the 
airborne phase and the first ground impact. The 
roof was assumed in the tests to be able to 
withstand the ground impact. Since car occupants 
normally are seated with a certain kyfosis and may 
straighten and elongate their spine, standard HIII 
ATDs were modified with 3D-flexible lumbar 
spines and used in both front seat positions.  
 
As a result, the rollover sled test method worked 
properly with good repeatability. While the head of 
the non-leading side (far-side) dummy impacted 
the inner roof in the standard 3-point belt 
configuration, the seat integrated 3-point belt with 
reversed geometry and buckle pretensioner showed 
ability to restrain the torso from moving inboard 
and towards the roof during the rollover tests. 
 
INTRODUCTION 
 
Hassan and Mackay (1995) studied the NASS-
CDS in-depth database for the years 1991-1993 
and found that most rollovers of Sport Utility 
Vehicles occur due to a trip over. Moreover, they 
found almost all (97%) rollovers (of the SUVs) to 
have rolled one turn or less. According to 
Parenteau and Shah (2000) who evaluated NASS-
CDS data for years 1992 to 1996, the most 
frequent injurious rollover event for a belted 

occupant is a tripped rollover (along the 
longitudinal axis) with a far side occupant (on the 
non-leading side). With the same set of crash data, 
Viano and Parentau (2004) found that wearing seat 
belt reduces the risk of serious injury to the head 
with 50% and to the chest with 40%, head and 
chest injuries being the most harmful injuries in 
rollovers according to Fay et al (2003). Otto et al 
found the MAIS3+ risk reduction wearing a 
seatbelt to be 80% evaluating GIDAS-data for the 
years 1994-2000.  
 
Although rollover crashes involve more complex 
occupant motion than other crash modes (Digges 
1991), a shortcoming of the standard 3- point belt 
in rollovers is the possibility of the far side 
occupant to slide out of the shoulder belt 
(Oberfegell et al l986, Kallieris and Schmidt 1990, 
Bostrom and Haland 2005). According to NHTSA 
(2003), who are investigating countermeasures to 
keep occupants better secured to the seat, it is not 
generally clear if reinforcing the roofs alone 
prevents injurious head-to-inner roof contacts. 
 
In the absence of an accepted rollover dummy, the 
HIII frontal crash test dummy is often used to 
evaluate occupant kinematics in mechanical 
simulations of rollovers. However, the biofidelity 
is in question (Viano and Parentau 2004). For 
example, Moffat et al (1997) found the HIII head 
vertical excursion during dynamic and static 
rollover tests to be in the magnitude of 60 mm less 
compared to Post Mortem Human Subjects 
(PMHS).  
 
Previously, the benefits of adding an extra seat-
integrated 2-point belt to the standard 3-point belt 
were investigated by Bostrom and Haland (2005) 
by means of mechanical simulations of frontal, far 
side and rollover crashes. They found a 
considerable reduction of chest deflection in 
frontal crash tests, head horizontal motion in far 
side tests and head upward motion in the rollover 
tests. In order to reduce the risk of injurious belt-
to-neck load caused by the 2-point belt, an 
inflatable side support was also used in 
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combination with the extra belt. The rollover test 
set-up in this evaluation consisted of a steel 
construction, a platform simulating the 
compartment of a car able to translate laterally and 
rotate with a fixed rotation axis. This rotation axis, 
see Figure 1, was a compromise of the true rotation 
axis, which in a soil tripped rollover in the 
simplified case moves from a location around the 
tires of the leading side in the tripping phase to the 
centre of mass in the airborne phase. The ATD 
used was a BioSID with a modified lumbar spine 
(allowing an extension of the spine of 70 mm), 
seated in a non-leading position. The buck was 
accelerated with a low g-level (peak 3g), and at a 
speed of 36 km/h the buck was decelerated and 
rotated until reaching a stop at 160 degrees, which 
simulated a car-to-ground impact phase. 
 
Kallieries and Schmidt (1990) evaluated the 
concept of a 3-point belt with reversed geometry, 

noting the potential beneficial effect of restraining 
the occupant laterally. It is tempting to believe, the 
beneficial features of an extra 2-point belt and an 
inboard side support airbag for far side occupants 
in rollover (Bostrom and Haland 2005) are also 
applicable for a seat integrated 3-p belt system 
with reversed belt geometry and an inboard side 
support airbag, see Figure 2.  
 
The aim of this paper was threefold. Firstly, a new 
cost efficient tripped rollover sled test method (one 
ground impact) was proposed and evaluated. 
Secondly, 3D-flexible lumbar spring spines for 
HIII ATDs was proposed. Thirdly, the method and 
the modified dummies were used to evaluate the 
far-side occupant benefit of an inboard side 
support airbag and reversed seat integrated belt 
system with buckle pretensioning. 
 
METHOD 
 
The sled test method used in this paper was 
designed to evaluate occupant protection in tripped 
rollover until first ground impact in a robust and 
repeatable way for most common passenger 
vehicle types, vehicle speeds, and tripping-
accelerations. The majority of rollovers occur off-
road (Viano and Parenatu 2004) and the variety of 
the surrounding road environments is vast. 
Therefore the real-life ground impact 
circumstances vary considerably and an occupant 
injury risk evaluation may be restricted to an 
analysis of the occupant restraint situation just 
before first ground impact, such as whether the 
shoulder belt has slipped off or not. Also, the ATD 
head excursion during the first ground impact may 
be evaluated in conjunction with a possible roof 
crush. 
 

                                       
a) b) 
 

Figure 2.  Occupant a) restrained by a 3+2 point belt and a side support airbag (as previosly 
described and evaluated) and b) restrained by a seat integrated belt with reversed geometry 
and a side support airbag. 

Center of
rotation

Platform Z acc

Vehicle leading side

 
 
Figure 1.  In a previously used sled test  
rollover method, the centre of rotation was 
fixed during the tests according to the 
picture. 
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General description 
 
In a tripped rollover the rotational acceleration of 
the car equals the 
 
Tripping torque on the car / Moment of inertia    
(1). 
 
Consider a car with mass m, track width T, height 
of centre of mass from tripping axis H and a roll 
moment of inertia around centre of mass I. If the 
sliding or tripping acceleration of the car is a, the 
tripping torque is the force of the ground 
transmitted by the leading side wheels times the 
moment arm, maH initially, opposed by the torque 
of gravity, mgT/2 initially. This means a vehicle 
starts to roll if the sliding acceleration exceeds 
T/(2H). That is the total mass of the car is 
irrelevant. This also means, if the mass-normalized 
moment of inertia around the tripping axis  
 
(I + (T/2)^2+H^2)/m            (2). 
 
and the tripping acceleration (acceleration at the 
axis of tripping) are replicated in a mechanical 
simulation, the rotation and translation are 
replicated. Once airborne, the vehicle follows a 
trajectory dictated by the tripping history of 
rotation and translation and remains with the same 
rotation velocity given at the time of becoming 
airborne. This is the general idea behind the 
present rollover sled test method. The idea was 
first applied by Torstensson and Klasson (2003). 
The sled test rig consists of the following 
components: 
 

1. A buck with a certain track width, T, height of 
centre of mass from tripping axis H and mass-
normalized moment of inertia around tripping 
axis = (I + (T/2)^2+H^2)/m. 

2. A pair of guiding steel pivoting arms on each 
sides of the buck to restrain the buck within 
the sled area without considerably influencing 
the tripping and airborne phase. 

3. A buck on a wheeled carrier is fastened on the 
sled. As the carrier is decelerated, the buck is 
tripped, causing it to freely rotate. It 
subsequently lands on the forward area of the 
carrier, which has been covered by car tires. 

4. A sled, which is decelerated by means of a set 
of brakes (see next). 

5. A set of pneumatically controlled brakes, 
previously described by Rossey (2001) but 
upgraded with a mechanically controlled 
release function after an arbitrary distance of 
braking. 

 
See Figure 3 for views from the three phases of 
tripping, airborne and first ground impact. If the 
sled is still moving at the start of the airborne 
phase, higher sled speeds do not alter the 
simulation outcome as the deceleration of the sled 
is not dependent on the pre-roll sled speed (in 
contrast to some real-life situations). That is, with 
the possibility of releasing the brakes (see 
description 5. above), the pre-roll speed of the sled 
is less relevant. See Figure 4 for 45 km/h pre-roll 
speed rollover simulations with two deceleration 
levels, with and without release of the brakes 
during the tripping phase, giving different rotation 
accelerations and rotation speeds. In the following 
sub-sections the buck, pulse, ATDs, restraint 
systems, and evaluation parameters for the present 
test series are described. 
 

                                
                           

                     
                             a)   b)   c) 

                      Figure 3.  The sled test rig in the a) tripping phase, b) airborne phase and c) first ground impact phase. 



Bostrom 4 

 
Buck 
 
The buck used was a frame of a SUV type of 
vehicle. The buck was reinforced externally, 
keeping the normalized moment of inertia 
(Equation 2), the track width and the height of the 
COG above an assumed tripping axis, same as the 
original vehicle. See Table 1 for values of these 
entities for the buck with and without two front 

seat HIII 50th% occupants firmly attached to the 
seats with belts. 
 
Pulse 
 
The pulse chosen in the present evaluation, 45 
km/h impact speed and a tripping acceleration of 
3g, was replicated from in house full-scale soil-
tripped rollovers resulting in one roof impact.  
 
Dummies 
 
Two HIII 50th% ATDs were positioned in the front 
seats, and positioned according to OEM 
specifications. The upper arms of the dummies 
were removed to prevent obstruction of the film 
view of the head. The ATDs, were modified with 
3D-flexible lumbar spines, see Figure 5. The 
modification was performed by replacing the 
rubber interface between the lumbar spine end 
plates by a steel spring-coil with shearing and 

Table 1. 
           Rig details. 

 
 W/o 

dummies 
With 
dummies 

Track width [m] 1.71 1.71 
Mass [kg] 790 946 
Moment of inertia around COG [kgm2] 342 398 
Normalized moment of inertia [m2] 0.43 0.42 
Height of dummy hip point (to tripping axis) [m] - 0.60 

Height of COG (to tripping axis) [m] 0.64 0.64 
 
 

 
 

     
 
Figure 5.  The original and the modified HIII 
lumbar spine. The rubber was replaced with a 
spring coil and the four wires limits the 
elongation to 60 mm. 
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Figure 4.  Four examples of tripping pulses and the 
resulting rotational speeds. Two pulses of 3g and 
two of 4g were and were not released during the 
tripping phase. The pre-roll speed was 45 km/h. 
 



Bostrom 5 

elongating features of 10 N/mm. The elongation 
was restricted to 60 mm by four wires. The 
elongation characteristics were chosen based on 
simple estimations. First, straightening of the 
lumbar lordosis and thoracic kyfosis of a normally 
seated occupant was estimated to be associated to 
30 mm of elongation without much force. 
Secondly, according to Brown et al (2002) the 
lumbar joints may each elongate about 6 mm 
within the physiological range with an elasticity of 
about 20 N/mm. Therefore the modified lumbar 
spine, simulating both the possibilities of lumbar 
elongation as well the overall spine straightening, 
within the physiological range, was designed to 
elongate 60 mm with 10 N/mm. This is in 
accordance with the observed spine elongation of 
up to 3 inches of astronauts in gravity-free space 
(NASA 2005) and the observed elongation 
differences between HIII and PMHS subjected for 
both static and dynamic rollover tests (Moffat et al 
1997). Also, the shearing and elongation 
characteristics implemented in a modified lumbar 
spring spine of the BioSID have been shown to 
enable replication of PMHS kinematics in a far 
side crash simulation (Fildes et al 2005).  
 
Restraint system 
 
According to the aim of this paper, tests were 
performed both with standard geometry 3-point 
belts as well as reversed geometry seat-integrated 
3-point belts. In the reference tests, front seat seat 
belts with retractor pretensioners were used. In the 
reversed case no retractor was used. Instead, the 
belts were statically secured and buckle 
pretensioners were triggered, see Table 2 for the 
complete test matrix. In order to prevent harmful 
belt-to-neck interactions in the case of reversed 
belt geometry, the upper belt guides were oriented 
vertically and an inboard side support airbag, SSA, 
was installed in the non-leading (far-side) seat. The 
SSA consisted of a non-ventilated 3 litre bag, a 
production gas generator (for a near (outboard) 
side airbag) and a bracket mounted at the inboard 
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Figure 6 – The sled deceleration, buck rotational 
speed and rotation for the three reference tests 
versus time for the first 800 ms. In Test 1, the data 
was captured only the first 500 ms. 

 
Table 2. 

         Test matrix. 
 
Test Belt Retractor pretensioner Buckle pretensioner SSA* IC** 
1 Standard Yes - - Yes 
2 Standard Yes - - Yes 
3 Standard Yes - - Yes 
4 Reversed - Yes Yes Yes 
5 Reversed - Yes Yes Yes 
6 Reversed - Yes Yes Yes 
 
*only for non-leading side occupant   **only for leading side occupant 
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Figure 7 - The first 850 ms motion in the y-z plane 
of the head upper marker for the three reference 
tests. The head first moved inboard and 
downwards and thereafter outboard and upward. 

side of the seat frame, see Figure 2. The seats were 
reinforced standard seats. In all tests, standard 
inflatable head curtain airbags (IC) were installed 
on the leading side. The triggering time for all 
pretensioners, side support airbags and curtains 
was 140 ms corresponding to a roll angle and roll 
angle speed of 7 degrees and 100 deg/sec 
respectively. 
 
Evaluation parameters 
 
Throughout this paper, all coordinate systems and 
filter classifications used are according to 
SAEJ211 standard. Two high-speed cameras were 
mounted on the buck in front of each ATD. Two 
film analysis markers were placed 130 mm apart 
on the dummy faces. The markers were tracked 
using TEMA software, giving the motion in the 
buck y-z plane of these two markers. With a Faro-
arm device, the interior and head of the dummy 
surfaces were pre-measured in the dummy motion 
plane.  
 
Head acceleration and upper neck load were 
measured in both dummies. The lower neck load 
was measured in the non-leading side dummy in 
order to evaluate the belt-to-neck interaction in the 
reversed geometry test. 
 
RESULTS 
 
The sled x-acceleration and buck y-acceleration 
and the buck rotational speed time histories for the 
three reference tests are shown in Figure 6. In 
Figure 7, the y-z plane trajectory of the head upper 
marker in the three reference tests is shown. 
According to the buck and dummy head motion 
visualized in Figure 6 and 7, the repeatability of 
the method was good. 

 
In all reference tests the non-leading side dummy’s 
upper torso slipped out of the shoulder belt in the 
tripping phase after about 170 ms corresponding to 
a buck rotation of 13 degrees. The belt 
pretensioner, triggered after 140 ms, acted on the 
ATD, which at that time, already had moved in the 
in-board direction. Thereafter, at about 350 ms 
after the start of the roll, the ATD moved in the 
out-board direction. At ground impact the dummy 
was only restrained by the lap part of the belt. In 
addition, a considerable belt slack was introduced 
when the dummy initially moved inboards, a slack 
which was not reduced by the pretensioner due to 
too the late deployment time. In all the three 
reference tests (Tests 1-3), the ATD head hit the 
inner roof at the event of ground impact. The 
maximum upper neck loads occurred in Test 2 
where the Nij value was 1.1 (Table 3), mainly due 
to 6.6 kN of compression force when the head and 
neck was compressed between a moving torso and 
a grounded roof. On the other hand, in all reversed 
belt geometry tests, the shoulder belt did not slip 
off the shoulder and therefore restrained the 
dummy from moving too far towards the roof in 
the ground impact phase. See Figure 8 for inboard 
and outboard views for both belt geometries at 
120, 200, 500 and 1000 ms. Furthermore, for the 
reversed geometry, the shoulder belt interacted 
with the dummy neck with the flat side. Although 
there exists no established tolerance levels, the 
lower neck loads (Fy) was considered to be low 
(<1 kN) indicating a harmless belt-to-neck 
interaction. See Table 3 for all Nij and HIC values. 
 

 
 
 

Table 3 . 
Nij and HIC values for all tests (except 
Test 1 where the data were captured 

only the first 500 ms). 
 

Test HIC36 Nij 
1 Data loss Data loss 
2 415 1.13 (NCF) 
3 572 0.45 (NCF) 
4 65 0.22 (NTE) 
5 32 0.24 (NTE) 
6 29 0.20 (NTE) 
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  Buck    Standard geometry      Reversed geometry  
 

140 ms          
 
 

200 ms        
 

500 ms        
 

700 ms      
 
Figure 7.  Outboard and inboard non-leading occupant views for standard and reversed belt geometry at 140, 
200, 500 and 700 ms .  
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DISCUSSION 
 
The method used in this paper was designed to 
simulate tripped rollover until the first ground 
impact. As the speed and tripping acceleration may 
be varied, the method includes the possibilities of 
simulation of most types of soil and curb type of 
tripped rollovers and therefore most types of real-
life rollovers. The present benefit analysis was 
limited to an analysis of the observation of the belt 
staying on the shoulder or not and the consequent 
head excursion towards a roof that did not intrude. 
Also, a limitation was the chosen pulse, 45 km/h 
and 3g, a replication of what is believed to be a 
typical tripped rollover with one roof impact. 
According to Digges and Eigen (2003) the number 
of roof impacts is an appropriate severity indicator 
for belted occupants, two or more impacts 
covering the majority of rollovers causing AIS3+ 
injuries. Therefore, according to Digges and Eigen 
the present pulse may be considered representing a 
rollover with a rather low severity (although their 
study involved all types of cars). Therefore, the 
shortcomings of the standard belt found in this 
paper would probably not improve while the 
benefits of the evaluated countermeasures do not 
necessarily apply to cars with extensive roof crush. 
This needs to be further evaluated. 
 
The spring lumbar spine modification to the HIII 
ATD improved both the lateral and upward motion 
of the ATD during the rollover simulations. It is 
the authors’ belief that the modification had a great 
impact on the results and conclusions of this paper, 
and that this was an important step towards more 
human-like rollover simulations of occupant 
motion. 
 

To obtain a low belt-to-neck load an inboard side 
support airbag was included in the reversed belt 
configuration in order to off-load the belt for 
occupant inboard movement. Also, the upper belt 
guide was aligning the belt vertically in order to 
promote a flat belt alignment to the neck.  
Regarding the offload effect, the torso side support 
airbag has in previous far side impact tests 
(Bostrom and Haland 2005) shown its ability to 
keep the occupant (driver) within the seat with 
standard geometry belts, for a lateral acceleration 
of 10g, both in 90 degree (3 a’clock) as well as 60 
degree (2 a ‘clock) tests. While there are accepted 
limits on the loads and moments applied to the 
neck for evaluating vertebral bone and ligament 
injuries, there are no currently accepted load limits 
for evaluating direct interaction of a torso belt with 
the soft tissues of the neck. Nevertheless, the direct 
belt loading to the neck caused by the reversed belt 
measured by the lower neck load cell was 
considered by the authors to be low (<1 kN).  
 
Introducing a torso side support airbag on the 
inboard side of the seat, and reversing the belt 
geometry, may have implications in out-of-
positions and crash circumstances not evaluated in 
this paper. The side support airbag may need to be 
tuned for these out-of-positions. Further tests need 
also to be performed to evaluate the impact of 
reversing the belt in frontal and near side crashes. 
Nevertheless, the deployment time of this small 
bag with relatively high pressure (2 bar) can be as 
long as 30–40 ms, which is a good prerequisite for 
a benign out-of-position performance. 
 
Regarding the leading side occupant, the inflatable 
curtain successfully protected the head for both 
belt configurations; see Figure 9 for inboard views 

 
 
 

                            
 
Figure 9 - Inboard views at the event of ground impact for the leading side occupant for both belt geometries. 
No side window was present. 
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at the event of ground impact 
 
Although the aim of this paper was to evaluate the 
benefits in rollover, far side tests were performed 
with reversed belt geometry and the side support 
airbag. Not so surprisingly, the results resembled 
the results for an extra 2-point belt evaluated by 
Bostrom and Haland (2005). The inboard belt 
restrained the occupant from moving inboard and 
the side support airbag off-loaded the belt-to-neck 
loading, thus indicating also a benefit in far side 
crashes. 
 
The proposed countermeasure evaluated in this 
paper may be optimized to provide even better 
protection for the far-side occupant in rollover 
crashes. For example, a decreased triggering time 
of the SSA and the buckle pretensioner would 
reduce the initial lateral motion of the occupant 
and thereby reduce the remaining belt slack after 
the belt pretensioning. A reduced belt slack would 
decrease the occupant upward motion even further. 
 
SUMMARY 
 
A series of tests with spine modified HIII dummies 
and a new sled test method for tripped rollover 
(along the longitudinal axis) until first ground 
impact was performed. The benefit of a seat 
integrated, buckle pretensioned, 3-point belt with 
reversed geometry and an inflatable inboard torso 
side support was evaluated. The repeatability of 
the method in terms of the buck and ATD motion 
(kinematics) was concluded to be good. The spine 
modifications did withstand the test series and 
enabled an elongation of the ATD’s back during 
vertical tension. Reversing the geometry of a 3-
point seat belt showed improvement of the 
shoulder belts ability to restrain the torso of a non-
leading side occupant in a tripped rollover without 
causing harmful belt-to-neck loading.  
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ABSTRACT 

The National Highway Traffic Safety 
Administration (NHTSA) is conducting research 
programs to develop test procedures to reduce death 
and injury, in particular debilitating lower extremity 
injuries in frontal offset collisions.  This paper 
presents updated results of Offset Deformable Barrier 
(ODB) crash tests conducted for the NHTSA.  The 
ODB crash tests were conducted with 50th percentile 
male and 5th percentile female Hybrid III dummies 
fitted with advanced lower legs, Thor-Lx/HIIIr and 
Thor-FLx/HIIIr, to assess the potential for 
debilitating and costly lower limb injuries.  This 
paper also investigates the implications that the ODB 
test procedure may have on fleet compatibility by 
evaluating the results from vehicle-to-vehicle crash 
tests. 

INTRODUCTION 

In the United States, driver and right front 
passenger air bags are required in all passenger cars 
and light trucks under Federal Motor Vehicle Safety 
Standard (FMVSS) No. 208, “Occupant crash 
protection.”  However, NHTSA estimates that over 
8,000 fatalities and 120,000 Abbreviated Injury Scale 
(AIS) 2+ injuries will continue to occur in frontal 
crashes even after all passenger cars and light trucks 
have frontal air bags.  Therefore, NHTSA has 
focused on the development of performance tests not 
currently addressed by FMVSS No. 208, particularly 
high severity frontal offset crashes.  These tests are 
planned to result in high decelerations to evaluate 
restraints and large occupant compartment intrusion 
that could compromise occupant survival space and 
thus increase the potential for lower leg injury.   

Since the European Union directive 96/79 for 
frontal crash protection became effective in 1998, 
other countries and consumer rating programs have 
adopted the use of a fixed ODB crash test procedure. 
The Australian and European regulations require the 
ODB crash test at 56 km/h while the consumer rating 

programs, Euro NCAP (European New Car 
Assessment Program), Australian NCAP and IIHS 
(Insurance Institute for Highway Safety) conduct the 
ODB crash test at 64 km/h. 

Research into the design of an improved ODB 
test procedure for the U.S. needs to evaluate the 
various test speeds to determine the best options.  
Saunders, et. al, [1] showed that a high speed ODB 
test procedure (combining 56, 60, or 64 km/h tests) 
appeared to correctly predict the risk and proportion 
of below-the-knee injuries in severe real world offset 
crashes, but under estimated the risk of thoracic and 
knee-thigh-hip injuries.  Saunders also reported on 
three pairs of vehicle-to-vehicle crash tests in which 
the redesigned vehicle in each pair obtained a better 
rating in the IIHS ODB tests than its respective older 
model (the other vehicle in the pair). The redesigned 
vehicle models were found to be more aggressive in 
these crash tests than their older counterparts as 
demonstrated by the injury measures of the dummies 
in the target vehicle.  However, Saunders could not 
establish a relationship between the increase in 
aggressivity of the redesigned vehicles and the 
corresponding increase in front end stiffness in the 
redesigned vehicle due to the confounding effects of 
vehicle mass and vehicle front end geometry of the 
redesigned vehicle.  This paper begins with 
presentation and discussion of data to more fully 
examine the effect of speed and dummy size on a 
rigid barrier ODB crash test.  The next part of the 
paper investigates the effect that the high speed rigid 
offset deformable barrier test procedure may have 
had on the fleet compatibility.   

RIGID OFFSET DEFORMABLE BARRIER 
CRASH TESTS 

This section summarizes results from ODB test 
series run for NHTSA  that were conducted using the 
procedure defined in FMVSS No. 208, Occupant 
Crash Protection (S18).  In all tests the driver and 
front seat passenger were two Hybrid III 50th 
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percentile males (HIII 50M) with the Thor-Lx/HIII 
retrofit lower leg, or two Hybrid III 5th percentile 
females (HIII 5F) with the Thor-FLx/HIII retrofit 
lower leg.   The HIII 50M and HIII 5F dummy 
positioning was done in accordance with FMVSS No. 
208.  The purpose of these tests was to study the 
effect of speed and dummy. 

Injury Assessment Reference Values 

The Injury Assessment Reference Values 
(IARV) for  the HIII 50M and HIII 5F dummies that 
were developed for the FMVSS No. 208 Advanced 
Air Bag Final Rule were used.  The IARV for the 
lower leg was conducted according to Kuppa et al., 
[2, 3].  The IARVs used to assess injuries below the 
knee are presented in Table 1.   

Table 1 

IARVs for injuries below the knee 

Injury Criteria IARV for HIII 50M IARV for HIII 5F 
knee shear 15 mm 13 mm 
Upper tibia axial 
force 

5600 N 4000 N 

Lower tibia axial 
force 

5200 N 3750 N 

Upper tibia index 
* 

F/12000+M/240<0.91 F/8640+M/146<0.91 

Lower tibia index 
* 

F/12000+M/240<0.91 F/8640+M/146<0.91 

Dorsiflexion 35 deg 35 deg 
Inversion/eversion 35 deg 35 deg 

* F= axial force in N, M is resultant moment in Nm. 
  
ODB Crash Tests Results 

Table 2 shows the percentage of tests that exceed 
the IARVs for the HIII 50M and HIII 5F at both 56 
kmph and 60 kmph.  The general trend is that the 56 
kmph tests had lower proportions of below the knee 
injuries as compared to the 60 kmph tests.  

Table 2 

ODB Crash Tests 

56 kmph 60 kmph  
5th 50th 5th 50th 

Number of tests 6 5 7 5 
 Percentage That Exceeded 

IARV 
Chest g’s 0.0 0.0 0.0 0.0 
Chest 
Displacement 

0.0 0.0 0.0 0.0 

HIC 15 16.71 40.02 0.0 0.0 
Nij ver. 10 16.71 0.0 57.1 0.0 
Neck Tension 16.71 0.0 0.0 0.0 
Neck 
Compression 

0.0 0.0 0.0 0.0 

Femur Load 0.0 0.0 0.0 0.0 

Knee Shear 0.0 0.0 0.0 0.0 
Upper Tibia Index 16.7 0.0 0.0 40.0 
Lower Tibia Index 16.7 20.0 42.9 40.0 
Upper Tibia Axial 
Force 

0.0 0 0.0 20.0 

Lower Tibia Axial 
Force 

16.7 20.0 28.6 40.0 

Dorsiflexion 16.7 40.0 57.1 60.0 
Inversion/Eversion 0.0 0.0 14.3 0.0 
1 Due to delayed deployment of the air bag 
2 Due to the air bag did not deploy during the test 
 
Comparison of 50th and 5th lower leg Injury 
Assessment Values (IAVs) 

This section compares paired ODB crash tests of 
the same vehicle model and closing speed with both a 
HIII 50M and HIII 5F in the driver’s position.  
Figures 1 and 2 show that in four out of the five 
paired vehicle tests the HIII 50M had a higher 
percent IARV for the femur load and knee shear, 
respectively, than the HIII 5F.  The percent of IARV 
for upper and lower tibia index for the HIII 5F was 
higher for all paired vehicles tested compared to the 
HIII 50M, except the upper tibia index of the Quest.  
The HIII 50M upper tibia index was 2.23, whereas 
the HIII 5F was only 0.79 (Figures 3 and 4).  The 
percent of IARV for the upper and lower tibia axial 
force was higher in four out of the five paired tests 
for the HIII 5F when compared to the HIII 50M 
(Figures 5 and 6).  In four out of the five paired tests 
the percent IARV for  dorsiflexion angle of the HIII 
5F was higher than the HIII 50M (Figure 7).  The 
inversion/eversion angle was higher for the HIII 50M 
compared to the HIII 5F in all the paired tests (Figure 
8).    
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Figure 1.  Comparison of femur percent IARV. 
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Figure 2.  Comparison of knee shear percent 
IARV. 
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Figure 3.  Comparison of upper tibia index 
percent IARV. 
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Figure 4.  Comparison of lower tibia index percent 
IARV. 
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Figure 5.  Comparison of upper tibia axial force 
percent IARV. 
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Figure 6.  Comparison of lower tibia axial force. 
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Figure 7.  Comparison of dorsiflexion percent 
IARV. 
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Figure 8.  Comparison of inversion/eversion 
percent IARV. 

VEHICLE-TO-VEHICLE CRASH TESTS 

Vehicle Test Matrix 

In order to build an improved understanding of 
the before-and-after fleet response to offset fixed 
barrier testing and redesign, an additional three pairs 
of vehicles were added to the three pairs of vehicle-
to-vehicle tests reported in Saunders, et. al, [1]. The 
paired vehicles added to the test matrix were two 
mid-size vehicles (Avalon and Seville) and a van 
(Sienna,), thus creating the test matrix of Table 3.  
The paired bullet vehicles were to be crashed into a 
moving 1996 Honda Accord target, as was done in 
previous testing.  The approach was to select the 
same vehicle make and model with one being an 
older model and rated “poor” or “marginal” in the 
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IIHS ODB test while the other was a newer 
redesigned model and rated “marginal” or “good” in 
the IIHS ODB test.  The frontal oblique vehicle-to-
vehicle crash test series was conducted using a test 
procedure developed under NHTSA’s Advanced 
Frontal Offset Research Program (Stucki, et al., [4]). 

Table 3 

Striking vehicle-to-Accord test matrix 

Original After Re-design 

1997 Chevrolet Blazer 
IIHS Rating = Poor 
Test weight = 2130 kg (4686 lb) 
NHTSA Test # = 4363 

2002 Chevrolet 
TrailBlazer 

IIHS Rating = Marginal 
Test weight = 2355 kg (5181 lb) 
NHTSA Test # = 4364 

1999 Mitsubishi Montero 
Sport 

IIHS Rating = Poor 
Test weight = 2112 kg (4646 lb) 
NHTSA Test # = 4474 

2001 Mitsubishi 
Montero Sport 

IIHS Rating = Good 
Test weight = 2143 kg (4715 lb) 
NHTSA Test # = 4438 

2001 Dodge Ram 1500 
IIHS Rating = Poor 
Test weight = 2531 kg (5568 lb)  
NHTSA Test # = 4581 

2002 Dodge Ram 1500 
IIHS Rating = Good  
Test weight = 2572 kg (5658 lb) 
NHTSA Test # = 4617 

1996 Toyota Avalon 
IIHS Rating = Marginal 
Test weight = 1702 kg (3744 lb)  
NHTSA Test # = 4660 

2000 Avalon 
IIHS Rating = Good  
Test weight = 1728 kg (3802 lb) 
NHTSA Test # = 4667 

1997 Cadillac Seville 
IIHS Rating = Poor  
Test weight = 2012 kg (4426 lb) 
NHTSA Test # = 4937 

2000 Cadillac Seville 
IIHS Rating = Good  
Test weight = 2007 kg (4415 lb) 
NHTSA Test # = 4955 

1996 Toyota Previa 
IIHS Rating = Poor  
Test weight = 1953 kg (4297 lb) 
NHTSA Test # = 4924 

1998 Toyota Sienna 
IIHS Rating = Good  
Test weight = 2024 kg (4453 lb) 
NHTSA Test # = 4925 

 

To better understand the agressivity 
characteristics of the vehicles in the test matrix, we 
decided to evaluate their initial crash stiffness. 
NHTSA’s New Car Assessment Program (NCAP) 
measures the total force applied to the rigid wall in a 
full frontal rigid barrier crash test.  Figures 9 through 
11 show the force-deflection profiles obtained from 
the NCAP tests of the original and redesigned RAM 
1500, Blazer/TrailBlazer  and the Avalon.  Similar 
force-deflection profiles are not available for the 
other paired vehicles.  The general trend of the force-
deflection profiles is that the redesigned RAM 1500 
and Trailblazer have a higher onset rate of force.  
They also have a peak force that is higher and occurs 
earlier in the event as compared to the original 
vehicles.  In addition, the deflection of the redesigned 
RAM 1500 and Trailblazer was lower than the 
corresponding original vehicles.  The redesigned and 
original Avalon had similar force-deflection profiles.   

The initial stiffness of the vehicles was 
computed according to the method outlined by 
Swanson, et al., [5] and presented in Table 4.  The 
initial stiffness is higher for the redesigned vehicles 
than for the original vehicles, except for the Avalon, 
which decreased slightly according to the method.   

Table 4 

Initial Stiffness of the Ram 1500, the Trailblazer 
and the Avalon. 

Vehicle Model Pre-
redesigned 

Redesigned 

Ram 1500 1985 N/mm 2732 N/mm 
Blazer/Trailblazer 1528 N/mm 2479 N/mm 
Avalon 1334 N/mm 1266 N/mm 
 

Ram1500 Force-Displacement
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Figure 9.  RAM 1500 Force deflection profile from 
NCAP test. 

Blazer-Trailblazer Force-Deflection
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Figure 10.  Blazer/Trailblazer Force deflection 
profile from NCAP test. 
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Avalon Force-Displacement
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Figure 11.  Avalon Force deflection profile from 
NCAP test. 

Oblique Frontal Vehicle-to-Vehicle Crash Tests 

In order to better understand the real world 
effects of redesigning a vehicle to meet the rigid 
offset deformable barrier tests, the vehicle test matrix 
was implemented in oblique frontal crash testing. The 
tests were conducted in the configuration of Figure 
12. 

 

Figure 12. Oblique Offset Test Configuration. 

Figures 13 through 16 present the injury 
measures for the HIII 50M driver of the Accord, 
along with the IARVs specified in the FMVSS No. 
208 Advanced Air Bag Final Rule. 

The HIC IARV for the driver of the Accord was 
exceeded in both the original and redesigned 
Trailblazer and the redesigned Montero (Figure 13).  
Four of the redesigned vehicles had higher HIC 
values, for the driver of the Accord, than the original 
vehicles.  The high HIC for the driver in the Accord 
in the crash test with the redesigned 2002 TrailBlazer 
was due to head contact with the hood of the 
TrailBlazer.  There was also head contact for the 
driver in the Accord with the hood of the 

corresponding older model (Blazer), but it was not as 
severe. 

The Chest g’s IARV were exceeded for the 
driver of the Accord in the redesigned Blazer, 
Montero and RAM 1500 (Figure 14).  Four out of the 
six redesigned vehicles had higher Chest g’s than the 
original vehicles for the driver of the Accord.  At 
least one of the IARVs for the driver in the Accord 
were higher in the crash test with the redesigned 
vehicle than in the crash test with the corresponding 
older model.  It should be noted that the original 
RAM 1500 overrode the Accord and eventually 
rolled over in the test.  Though the rollover event 
occurred after the occurrence of peak injury 
measures, the overriding of the Accord by the 
original RAM 1500 may have occurred earlier. 

Only the redesigned Trailblazer exceeded the 
IARV for chest displacement of the driver of the 
Accord (Figure 15).  Three of the six redesigned 
vehicles had an increase in chest displacement for the 
driver of the Accord.   

The redesigned Trailblazer and Montero and the 
original Blazer and Previa exceeded the IARV for the 
femur for the driver of the Accord (Figure 16).  Five 
out of the six redesigned vehicles had a higher femur 
loads for the driver of the Accord. 
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Figure 13.  HIC 15 for the HIII 50M driver in the 
Accord. 
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Figure 14.  Chest Gs for the HIII 50M driver in 
the Accord. 
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Figure 15.  Chest displacement the HIII 50M 
driver in the Accord. 
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Figure 16.  Maximum femur load for the HIII 
50M driver in the Accord. 

DISCUSSION 

Rigid Offset Deformable Barrier Tests 

In 2004, Saunders, et. al, [1] combined the ODB 
test results at 56 kmph, 60 kmph and 64 kmph and 
predicted the proportion of below the knee injuries 
when compared to real world data.  However, in the 
present work, when the ODB tests are separated by 
test speed, we found that the 56 kmph tests do not 
predict the same proportion of below-the-knee 
injuries as the tests at 60 kmph, for this sample of 
vehicles tested, thus showing an important effect of 
test speed.  This outcome needs to be further 
developed with additional testing. 

Oblique Vehicle-to-Vehicle Crash Tests 

The paired, redesigned vehicle-to-Accord crash 
test series generally showed an increased potential for 
head, chest, and femur injuries in the driver of the 
Accord as compared to the corresponding older 
models.  This suggests that the redesigned vehicles 
were more aggressive than their corresponding older 
models.  The redesigned vehicles generally showed 
an increase in all the injury values, compared to the 
original vehicles (Figures 13 through 16).  However, 
only the redesigned SUVs and Pickup tested 
exceeded at least one of the FMVSS No. 208 IARVs 
for the driver of the Accord.  As reported in 
Saunders, et al., [1] among the paired vehicle-to-

vehicle crash tests, only the RAM 1500 demonstrated 
the most direct association of increased front-end 
stiffness of the redesigned vehicle to its increased 
aggressivity.  For the other vehicles tested, the effect 
of stiffness on aggressivity was confounded by 
geometry and/or vehicle mass.        

CONCLUSIONS 

The ODB test procedure at 56 kmph predicts a 
lower proportion of below-the-knee injuries than the 
60 kmph, for this set of vehicles tested.  Also, there 
was no general trend in IAVs when comparing the 
lower leg IAVs of the HIII 50M and the HIII 5F 
driver.  These data suggest that further testing is 
needed to clarify the effects of speed and dummy size 
on the results.  These tests are currently being 
designed for implementation this calendar year. 

In addition, the redesigned vehicles used in this 
study that obtained a better rating in the IIHS ODB 
tests than their respective older models were found to 
be more aggressive in vehicle-to-vehicle crash tests 
than their older counterparts.  The front-end initial 
stiffness of the redesigned SUVs and pickup was 
considerably higher than that of their corresponding 
older models.  However, the initial stiffness of the 
redesigned Toyota Avalon was not that different from 
the older counterpart.  Though the injury measures on 
the dummies in the target vehicle were generally 
higher in oblique crash tests with the redesigned 
passenger cars than the older counterparts, none of 
them exceeded their prescribed limits.  However, the 
crash tests with the larger vehicles (SUVs and 
pickups) resulted in at least one injury measure of the 
driver in the target vehicle exceeding its prescribed 
limit. We are exploring this finding in our current 
program. 
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Table A 1 

IAVs for the HIII 50M 

   

Closing 
Speed 
(kmph) 

Test # Chest G 
Chest Disp 
(mm) HIC 15 

Nij ver. 
10 

Neck 
Ten 

Neck 
Comp 

Max 
Femur 

Max 
Knee 
Shear 

Max Up 
TI 

Max 
Low TI 

Max 
Upper 
Tibia 
Axial 
Force 

Max 
Lower 
Tibia 
Axial 
Force 

Max 
Dorsi-
flexion 
Angle 

Max  
Inversion / 
Eversion 
Angle  

    IARV 60 63 700 1 4170 4000 9040 15 0.91 0.91 5600 5200 35 35 

NISSAN QUEST 2002 56.0 4439 27.6 26.2 148.8 0.21 602 134 2894 3.27 0.51 1.11 3242 5555 42.2 20.5 

LINCOLN NAVIGATOR* 2003 56.0 4441 31.7 20.1 731.5 0.35 1758 234 3608 2.62 0.25 0.44 931 2192 27.4 16.2 

DODGE NEON 2002 56.1 4428 40.0 26.5 610.5 0.40 1499 51 5351 5.33 0.88 0.86 3418 4803 39.7 26.8 

CHEVROLET TRAILBLAZER* 2003 56.7 4873 41.0 31.1 731.1 0.74 2040 565 6112 0.37 0.35 0.54 1842 3265 33.2 ND 

CADILLAC SEVILLE 2003 56.5 4874 25.1 23.8 46.9 0.61 804 187 1524 0.96 0.43 0.42 1666 2596 24.9 29.0 

TOYOTA CAMRY 1996 60.7 3459 30.7 24.5 245.6 ND 944 693 2893 2.56 0.38 0.39 1206 2344 30.4 31.0 

DODGE NEON 1998 60.8 3466 38.6 28.9 271.4 ND 1708 442 4611 4.32 0.71 0.96 3916 6099 38.4 33.4 

NISSAN QUEST 2000 59.5 3857 28.1 23.3 304.8 0.31 1724 207 3491 2.64 2.23 0.81 2778 3920 38.4 31.3 

CHEVROLET TAHOE 2000 60.4 3855 46.5 21.2 180.5 0.29 1565 171 6304 7.50 1.13 0.94 7649 9404 28.4 26.6 

NISSAN ALTIMA 2002 60.2 4461 36.1 24.6 132.6 0.24 705 402 2810 4.06 0.40 0.62 1857 3506 39.2 32.0 

* Air bag did not deploy during tests 
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Table A 2 

IAVs for the HIII 5F 

   

Closing 
Speed 
(kmph) 

Test # Chest G 
Chest Disp 
(mm) HIC 15 

Nij ver. 
10 

Neck 
Ten 

Neck 
Comp 

Max 
Femur 

Max 
Knee 
Shear 

Max Up 
TI 

Max 
Low TI 

Max 
Upper 
Tibia 
Axial 
Force 

Max 
Lower 
Tibia 
Axial 
Force 

Max 
Dorsi-
flexion 
Angle 

Max  
Inversion / 
Eversion 
Angle  

    IARV 60 52 700 1 2620 2520 6510 13 0.91 0.91 4000 3750 35 35 

DODGE NEON 2002 56.0 4377 44.133 35.294 1202 1.511 3533 183.4 3550.08 4.06 1.022 1.172 2468.72 4005.33 45.96 18.47 

NISSAN ALTIMA 2002 56.1 4431 37.094 22.001 39.35 0.583 1009 307.7 1911.57 0.545 0.292 0.385 1230.63 1986.04 30.45 17.81 

DODGE RAM1500* 2003 56.5 4869 28.884 23.412 160.3 0.295 772.8 398.9 1792.06 4.036 0.594 0.242 572.13 692.32 3.32 15.36 

TOYOTA AVALON 2003 56.7 4870 30.901 23.22 116.7 0.629 1219 177.1 2228.51 1.569 0.386 0.415 750.8 1007.59 4.63 ND 

MITSUBISHI MONTERO SPORT 2003 56.3 4875 48.393 24.842 61.96 0.783 1267 108.8 2062.15 5.212 0.589 0.618 2380.39 2954.75 21.04 ND 

TOYOTA SIENNA 2003 56.0 4669 28.476 25.355 303.6 0.787 1919 49.03 1556.82 0.897 0.523 0.523 566.63 715.42 3.06 10.35 

TOYOTA CAMRY 1996 59.9 3664 31.778 32.894 141.7 1.24 1601 158.8 3050.82 1.068 0.42 0.48 995.39 2213.49 39.12 22.43 

SUBARU LEGACY 2000 59.9 3665 36.385 26.192 146 1.068 1702 77.45 2935.58 1.55 0.38 0.58 1545.85 3006.35 34.74 34.74 

NISSAN ALTIMA 2000 60.0 3666 33.541 22.567 110.9 1.28 1630 349.7 4582.93 3.776 0.82 1.55 2930.04 5519.34 41.71 37.11 

DODGE NEON 1998 60.4 3667 45.399 28.071 611 0.557 2081 842.9 3152.16 3.476 0.825 0.96 2425.64 4086.57 44 28.45 

NISSAN QUEST 2000 60.0 3856 28.774 15.552 96.72 0.49 1081 119.6 3291.03 3.541 0.792 0.826 2555.15 3628.3 39.65 27.56 

FORD EXPLORER 2000 59.85 3850 31.788 30.956 111.3 1.317 1742 444.9 3700.77 0.559 0.383 0.423 1519.39 1908.33 22.4 18.72 

NISSAN ALTIMA 2002 59.8 4440 32.226 26.578 76.83 0.429 907.9 337.3 2019.3 0.576 0.605 0.936 2058.94 3585.99 26.55 29.33 

* Air bag did not deploy during test 
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ABSTRACT 
 

This paper presents a preliminary exploration of 
approaches to using experimental data for estimating 
the safety impact of advanced technology systems.  
The Crash Prevention Boundary (CPB) methodology 
is the basis for these new approaches.  The CPB is an 
analytical technique to distinguish between driver 
performance that prevents a crash and performance 
that results in a crash.   In this paper the CPB concept 
is used to describe the performance of an Adaptive 
Cruise Control (ACC) systems.  Data from the 
Automotive Collision Avoidance System (ACAS) 
field operational test of an ACC system is used. This 
study explores a method to rate safety performance of 
ACC systems in two situations; where the host 
vehicle is overtaking a slower moving vehicle and 
where the host is following a lead-vehicle that is 
decelerating. 

The paper presents an empirically based 
discussion of new computational procedures that can 
lead to improved estimates of the safety impact of 
driver assistance systems.  The purpose of this paper 
is not to do a complete analysis of results from this 
test; but rather, to use a convenience-sample as a 
means of exploring new approaches to analyzing the 
data.  The paper compares existing descriptions of 
safety boundaries with new approaches that are based 
on the CPB concept.  Based on the ACC, it appears 
that these new approaches have the potential of 
improving the utility of such data for estimation of 
the safety impact of driver assistance systems. 
 
INTRODUCTION 
 

As advanced technology systems have an impact 
on crash prevention, it will be necessary to develop 
new analysis tools to help assess the safety impact of 
the systems.  The crash prevention boundary (CPB) 
methodology is one such technique.  This paper uses 
adaptive cruise control (ACC) system as an example 
of how the CPB methodology can be used. 

The underlying principle behind the CPB 
concept is that drivers make choices each time they 
are presented with a situation that may lead to a 
crash; e.g. catching up to a slower moving vehicle.  
This choice includes when to take action and how 
aggressive the action should be; e.g. when to brake 
and how hard to brake.  The consequence of these 
choices is that in each case the driver either does or 
does not avoid a crash. 

The CPB methodology provides a means of 
describing the minimum performance that will avoid 
a crash in each specific situation. The CPB 
methodology also provides a quantitative means of 
describing the closeness to a crash that results from a 
specific performance choice.  This closeness, called 
the Estimated Closest Approach (ECA) can be used 
to describe an individual driver’s performance, or it 
can be used in the aggregate to describe changes in 
driver performance, that results from introduction of 
a driver assistance system, or other type of system 
that interacts with the driver. 

 This paper uses a convenience-sample of driving 
performance from a recently completed field 
operational test (FOT).  The FOT used vehicles that 
were equipped with a rear-end crash warning system 
in combination with an adaptive cruise control (ACC) 
system.  The purpose of this paper is not to do a 
complete analysis of results from this test; but rather, 
to use this convenience-sample as a means of 
exploring new approaches to analyzing the data.  A 
complete analysis will be performed by the Volpe 
National Transportation Systems Center; and results 
will be published later this year. 

This paper is divided into four additional 
sections.  The first section briefly discusses the 
background, including the concept of the CPB and its 
role in understanding driver performance in situations 
that have the potential of evolving into a crash, the 
computational procedures for reducing experimental 
data, and a short description of adaptive cruise 
control systems and the data used in this study.  The 
second section discusses analysis of data; for a subset 
of data where a following-vehicle overtakes a slower 
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moving lead-vehicle and for a subset of data 
involving decelerating lead-vehicles.  The third 
section presents several safety contexts for the 
analysis, including new techniques that are part of the 
CPB methodology and application of the results to 
assessment of safety benefits.  A fourth, and final, 
section summarizes the material in the paper. 

 
BACKGROUND 

 
Crash Prevention Boundary  

The Crash Prevention Boundary (CPB) 
methodology is an analytical technique to distinguish 
between driver performance that prevents a crash and 
driver performance that does not prevent a crash. The 
foundation of the method – first introduced by 
Burgett and Miller [3] – is the premise that, for the 
purpose of understanding driver crash prevention 
performance, vehicle braking may be described by a 
constant deceleration profile.  

A CPB is an analytical means of describing 
driver performance in situations that might result in a 
crash.  Figures 1 and 2 are examples, respectively,  of 
CPB curves for situations where the lead-vehicle is 
traveling at a constant velocity and the lead-vehicle is 
decelerating.   In Figure 1, the driver’s performance 
is described by the time-to-collision (TTC) when 
effective braking begins and the level of braking.  
The CPB curve range rate separates this two-
dimensional description of driver performance into 
regions that prevent crashes (to the right of the curve) 
and regions where driver performance does not 
prevent a crash (to the left of the curve).   
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Figure 1. Example Of A Crash Prevention 
Boundary, Lead-vehicle At Constant Velocity. 

 
In the example shown in Figure 2, the CPB curve 

corresponds to a situation with initial conditions of :  
both vehicles traveling at 29m/s, with a distance 
between them (range) of  55.4 m and  the lead-

vehicle decelerating at 0.4g. The crash prevention 
performance of the following-vehicle is described by 
the two parameters; the time at which effective 
following-vehicle braking begins and the level of 
braking that the driver chooses.  As is described in 
more detail later in this paper, this parametric 
description of driver performance is obtained by 
calculating a “best-fit” approximation of the braking 
profile of the following driver during the event.   
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Figure 2. Example Of A Crash Prevention 
Boundary, Lead-vehicle Decelerating. 

 
An extension of the CPB methodology is to 

estimate how close a driver might have come to a 
collision during the event.  It can be shown that the 
value of closest approach of the two vehicles that 
would have occurred if the driver had applied the 
“best-fit” level of deceleration throughout the event 
called the estimated closest approach (ECA) is 
directly related to the closeness of the values of this 
pair of parameters to the CPB curve. 
 
Computation Of Empirical Data 

Characterization of an ACC braking event is 
based on the principle of minimization of an measure 
of error between experimental response data and 
approximations based on assumed descriptions of the 
response [2, 4].  The assumed description consists of 
the starting time for deceleration of both the lead-
vehicle and the following-vehicle as well as the level 
of deceleration for each.  Both decelerations are 
assumed to be constant for the duration that they are 
applied by the driver.  The error measure consists of 
the following summation of differences between 
experimental and approximations of speed of both 
vehicles and range between them.   
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Resulting velocities and displacement that result from 
the deceleration profiles that minimize this error 
measure are used for the analysis described in this 
paper.   

Figure 3 is an example showing the deceleration 
trajectories of an Intelligent Cruise Control (ICC) [7] 
decelerating event. Deceleration in ICC was achieved 
by down shifting rather than braking. In this example 
the lead-vehicle is traveling at a constant velocity. 

test
Fd  and test

Ld  denote actual test deceleration 
trajectories for the following and the lead-vehicle 
respectively.  Also seen in the plot are the respective 
best-fit decelerations, which minimize the error 
measure. 
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Figure 3.  Deceleration Of Lead And Following 
Vehicle, Experiment And Best-Fit. 
 

A comparison of the trajectory of range vs. 
range-rate of the experimental and its corresponding 
approximate trajectory is shown in Figure 4.  This 
figure also introduces the concept of estimated 
closest approach (ECA).  This is the closest distance 
the following vehicle would approach the lead-
vehicle, based on the best-fit deceleration profiles. 

 
Description Of ACC System And Data 

The ACC subsystem is a complete control 
system that uses on board radar to detect objects in 
front of the vehicle, and provide throttle and brake 
control to maintain a safe distance to the vehicle 
ahead. When active, the ACC has two modes, 
maintain the set speed and maintain the selected 
headway. In maintaining headway, the system is 
capable of slowing the vehicle to the speed of 
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Figure 4. Experimental And Approximate 
trajectories in Range/Range-rate coordinates. 
 
lead-vehicle that is traveling slower than the set 
speed  

The Field Operation Test (FOT) of the 
Automotive Collision Avoidance System (ACAS) 
had the following features [1]. 
• Ten ACC equipped 2002 Buick LeSabres. 
• Participants use vehicles as personal vehicle for 

4 weeks unsupervised and unrestricted. 
• 96 total participants. 
• Participants grouped in 20-30, 40-50,and 60-70 

age groups and split by gender. 
• Over 500 data channels were recorded. 
• 137,000 miles driven by the subjects during the 

FOT. 
 
Operational description of ACAS ACC system; 
• Headway, range from 1 to 2 second with 0.2-

second increment. 
• Maximum deceleration level of 0.3g. 
• ACC does not react to stationary objects  
 

In order to understand the ACC brake process, a 
2 second span of ACC brake action is essential.  
Hence only data sets with 2 seconds or more of ACC 
braking are considered.  Data one second before and 
after ACC braking was examined to understand the 
dynamics that lead to ACC braking.  
 
Convenience sample 

Driving data from the 10 drivers in the 
convenience sample included ACC initiated brake 
control in 670 events. The ACC brake control event 
time span range varied from a few tenths of a second 
to six or seven seconds.  Of these, only 130 events 
were used in the analysis. The rest either had a short 
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time span of ACC brake (less than 2 seconds), were 
involved a cut-in situation, or were involved in a 
lead-vehicle acceleration situation. 

 
ANALYSIS OF DATA 
 
Overtaking at Constant Speed Subset 

This section discusses analysis of the data for 
cases where the subject vehicle, i.e. the host vehicle 
of the ACC system, is catching up to a slower 
moving vehicle.  At some point the ACC system 
recognizes the disparity in speed and chooses to 
decelerate the host vehicle to the speed of the lead-
vehicle.  This idealized process is described 
graphically in Figure 5.  The diagram shows the path, 
in range/range-rate coordinates, of motion between 
the two vehicles as the following vehicle overtakes 
the lead-vehicle.  At some point (denoted by the letter 
A) the ACC system in the following (host) vehicle 
chooses to reduce speed to match that of the lead-
vehicle.  The host vehicle then decelerates to a zero 
range-rate and begins to follow the lead-vehicle at a 
fixed distance.  The headway setting that the driver of 
the host vehicle has selected and the speed of the 
lead-vehicle determine the value of the fixed-
distance.  
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Figure 5. Range / Range-rate Plot Of An Ideal 

ACC Braking When Lead-vehicle Is Traveling At 
Constant Speed. 

 
In practice, the ACC system performs as a 

closed-loop control system.  The control algorithm, 
as shown in Figure 6 [7], initiates deceleration or 
acceleration as a function of the values of range and 
range-rate relative to an idealized path shown by the 
diagonal line through the final value of range.  The 
slope of this line and the allowable smallest value of 
range are design parameters of the control system.  In 

practice, the path of motion in the range/range-rate 
coordinates is a spiral as shown in Figure 6.  

0

100

200

-15 -10 -5 0 5
Range Rate (m/s)

R
an

g
e 

(m
)

Dynamics line for

headway contro l

Desired headway
(for a given velocity)

Rh

T

 
Figure 6. ACC Overtaking A Slower Vehicle 
 

A well-designed ACC system should be able to 
manage most situations where one vehicle overtakes 
a slower moving vehicle.  Thus, it is expected that the 
data from this FOT would reflect a safe and 
comfortable reaction to these situations.  This 
intuitive expectation is confirmed by the following 
discussion of ACC response in overtaking situations. 

There are many studies in the literature of how to 
describe various levels of safety.  In this paper, two 
recent approaches are used and discussed, keeping in 
mind that the purpose of this paper is to develop 
procedures more than it is to do a thorough analysis 
of safety impact.  One approach describes regions of 
the range/range-rate space by the level of safety that 
those regions represent [5].  
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Figure 7. Braking Response At Constant Speed 
Scenarios. 
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Figure 7 shows curves that describe the 
estimated level of risk.  An event with initial braking 
conditions that are above the top curve is considered 
to be a “non-conflict”, an event with initial braking 
conditions between the two curves is considered to be 
a “conflict”, and an event with initial braking 
conditions below the bottom curve is considered to 
be near-crashes.  Data for the conditions when the 
following vehicle ACC begins to brake (tFb Figure-3) 
are overlaid on these curves.  As expected, most of 
the ACC braking scenarios are in the “non-conflict” 
region, with a few in the “conflict” region.  None of 
them are in the “near-crash” region.    

The second approach uses driver attributes to 
subdivide the normalized (lead vehicle speed) 
range/range-rate space into safety-relevant subsets 
[7]. This classification scheme quantifies driving 
styles at highway speeds. One of these driving styles 
is “fast and close”. An event with initial braking 
conditions in the highlighted area reflect a close 
and/or fast driving style.  An overlay of the ACC data 
shows that the performance of the ACC does not 
coincide with driver performance that would be 
considered close and fast.   

These two approaches have a common feature 
that they characterize the safety of response by the 
conditions that exist at the beginning of the action to 
resolve an impending conflict.  
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Figure 8. Driving Style Boundaries, ACC Data 
 

The two approaches in the discussion above are 
complemented by two approaches that make use of 
the Crash Prevention Boundary (CPB) concept.  The 
advantage of the CPB approach is that it is tied 
directly to the response to a pending conflict rather 
than being limited to the conditions that exist at the 
beginning of the response.  The first of these CPB 
approaches uses the distribution of Estimated Closest 
Approach as the means of assessing the level of 

safety .  The frequency and cumulative distribution 
for the ACC data is shown in Figure 9.  These 
distributions can be compared with baseline driving 
to provide a measure of the level safety of the ACC 
system.  Baseline data have not yet been analyzed 
and the ACC data is only a convenience sample. 
Therefore the comparison of distributions cannot be 
made at this time.  
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Figure 9. Distribution of Estimated Closest 
Approach (ECA). 
 

The second approach combines ECA and 
estimated level of braking (dF) as the means of 
assessing the level of safety. the values of these two 
parameters for the ACC data are presented in Figure 
10.  The logic behind this approach is that either a 
high level of deceleration or a close approach to the 
lead vehicle is indicative of a less safe condition than 
if both of them were smaller. This hypothesis has not 
been studied, so no threshold values exist at this time, 
although ECA=10 m and dF =0.3g are shown for 
demonstration of the approach only. 
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Figure 10. Estimated Closest Approach Vs Level 

Of Deceleration By The Following Vehicle. 



 6

Decelerating Lead-vehicle Subset  
This section analyzes the data for cases where 

the subject vehicle, i.e. the host vehicle of the ACC 
system, is initially following another vehicle when 
the lead-vehicle begins to brake.  When the ACC 
system recognizes the lead-vehicle deceleration it 
commands an appropriate deceleration by the host 
vehicle.  A graphical depiction of an idealized 
example is shown in Figure 11. 
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Figure 11. Range / Range-rate Plot Of Ideal ACC 
Braking When Lead-vehicle Is Braking. 
 

The diagram shows the path, in range/range-rate 
coordinates, of motion between the two vehicles as 
the lead-vehicle begins to decelerate which causes a 
negative range-rate and consequent reduction in 
range.  As the host vehicle begins to decelerate, the 
range-rate becomes less negative and the two 
vehicles eventually resume travel at the equal speeds.  
In practice, the closed-loop control of the ACC 
system performs similarly to its performance in 
overtaking a slower vehicle, as described above.   

One feature of ACC system design is that there 
is limited deceleration authority.  Thus, if the lead-
vehicle deceleration is larger than that authority, it 
will not be possible for the ACC system to 
completely manage the situation and the driver will 
have to intervene.   Drivers may also intervene if they 
are not comfortable with the levels of range and 
range-rate created by the ACC.  Thus, it is expected 
that the data from this FOT would reflect a safe and 
comfortable reaction to most lead-vehicle situations 
and that there would be driver intervention in a 
limited number of cases.  This intuitive expectation is 
confirmed by the following analysis of ACC response 
in the lead-vehicle deceleration situations 
experienced in this convenience sample of the FOT. 

The two approaches to characterizing the level of 
safety that were discussed in the preceding section 
are also applicable to lead-vehicle deceleration 
situations. Figure 12 describes regions of the 
range/range-rate space by the level of safety that 
those regions represent [6]. An event with initial 
braking conditions that are above the top curve is 
considered to be a “non-conflict”, an event with 
initial braking conditions between the two curves is 
considered to be a “conflict”, and an event with 
initial braking conditions below the bottom curve is 
considered to be near-crashes.  Data for the 
conditions when the following vehicle ACC begins to 
brake (tFb Figure-3) are overlaid on these curves.  As 
expected, most of the ACC braking scenarios are in 
the “non-conflict” region, with a few in the “conflict” 
region.  None of them are in the “near-crash” region 
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Figure 12. Braking Response In Decelerating 
Lead-vehicle 
 

The second approach shown in Figure 13 uses 
driver attributes to subdivide the normalized (lead 
vehicle speed) range/range-rate space into safety-
relevant subsets [7]. This classification scheme 
quantifies driving styles at highway speeds. One of 
these driving styles is “ close”. A event with initial 
barking conditions in the highlighted reflect a close 
fast driving style.  An overlay of the ACC data shows 
that the performance of the ACC in most of the cases 
does not coincide with driver performance that would 
be considered close.  On thorough examination of the 
ACC cases that were in the close region reviled 
revealed that they were either a cut in or a lane 
change, which resulted in required deceleration levels 
greater than the ACC threshold of 0.3g. 
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Figure 13. Driving Style Boundaries, ACC Data 

 
Similarly, the two methods of analyzing data 

using the CPB methods are discussed, the first uses 
the distribution of Estimated Closest Approach as the 
means of assessing the level of safety and the second 
approach considers both the Estimated Closest 
Approach and the level of braking as the means of 
assessing the level of safety, these are shown in 
Figures 14 and 15. 
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Figure 14. Distribution Of Estimated Closest 
Approach (ECA). 
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Figure15 Estimated Closest Approach Vs Level Of 

Deceleration Of The Following Vehicle. 
 

 
A comparison of Figures 14 and 15 with 
corresponding figures for the overtaking situations 
shows that the ACC system allows smaller values of 
ECA and uses higher levels of deceleration than it did 
for the overtaking cases.  However, there is no 
indication that performance of the ACC system is not 
adequate or is unsafe for the levels of lead-vehicle 
decelerations that were experienced in this set of 
data. 

 
APPLICATIONS AND ASSESSMENT OF 
BENEFITS  

This section pulls together the data analysis and 
safety concepts from the preceding sections.  The 
underlying purpose for analyses such as those 
discussed in this paper is the assessment of the safety 
impact of driver assistance systems.  Many of these 
same approaches can also be used to address the 
safety impact of technologies that produce distraction 
or excessive driver inattention.  A standard 
expression that incorporates all of the elements for 
producing a quantitative assessment of safety impact 
is the following equation [8] 
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In this expression, the subscript i corresponds to 

unique situations and the ratio of Pw (C|Si) to 
Pwo(C|Si) is termed the prevention ratio.  It describes 
the relative likelihood of a crash in a specific 
situation with and without the driver assistance 
system.  Thus, estimation of this ratio is a key step in 
making an assessment of safety.   The following 
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discussion proposes one approach to obtaining an 
estimate of this ratio. 

It was seen in the preceding sections that the 
distribution of Estimated Closest Approach provides 
a quantitative description of the safety performance 
of  a system.  In this paper the system is the ACC that 
was used in the FOT.  In the preceding sections, the 
performance was subdivided into two conditions, 
overtaking at constant speed and reacting to 
deceleration of a lead-vehicle.  The cumulative 
distributions of ECA for both types of event are 
shown in Figure 16. 
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Figure 16. Comparison Of Cumulative 
Distribution Of ECA For Two Types Of Events. 

 
One way to characterize the relative position of 

the two distributions is to use the value of ECA for a 
specific percentile for the distribution.  For example, 
if 25 percentile is used, the corresponding values of 
ECA are 9 m and 14 m, respectively for the 
decelerating lead-vehicle and overtaking conditions.  
These values of ECA can then be used as surrogates 
in the calculation of prevention ratios.  It should be 
noted that the corresponding distributions for driver 
performance without the assistance of the ACC are 
not available, so calculation of prevention ratios is 
not possible at this time.  It should also be noted that 
this use of values of ECA is hypothetical and has not 
been tested or verified. 
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Figure 17. Summary Of ECA And df Data. 
 
A variation on this approach is the recognition 

that if short values are combined with high levels of 
host vehicle deceleration, it is a good indication that 
the situation resulted in a near-crash.  This 
recognition can be quantified by separating system 
response data into the four quadrants shown in Figure 
17.  If appropriate values are assigned to the edges of 
the quadrants, e.g. 0.3 g and 10 meters, the 
percentage of responses that fall in the lower right 
quadrant is an indication of the level of safety of the 
driving experience.  In this case, the values in the 
lower right quadrant for baseline and assisted 
conditions would be used to compute the prevention 
ratio. 

 
SUMMARY 
 

This paper has presented an empirically based 
discussion of new computational procedures that can 
lead to improved estimates of the safety impact of 
driver assistance systems.  An Adaptive Cruise 
Control system that was tested in a field operational 
test is the basis for the discussion.  The purpose of 
this paper is not to do a complete analysis of results 
from this test; but rather, to use a convenience-
sample as a means of exploring new approaches to 
analyzing the data.  The paper compares existing 
descriptions of safety boundaries with new 
approaches that are based on the Crash Prevention 
Boundary concept.  Based on the data from use of 
adaptive control system it appears that these new 
approaches have the potential of improving the utility 
of such data for estimation of the safety impact of 
driver assistance systems. 
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ABSTRACT 
 

NHTSA recently published the final rule that 
upgrades the FMVSS No. 202 head restraint standard 
(69 FR 74848).  The rule provides requirements that 
would make head restraints higher and closer to the 
head so as to engage the head early in the event of a 
rear impact.  The rule also has provisions for a rear 
impact sled test option with a Hybrid III dummy that 
is intended in particular for active head restraints that 
do not meet the head restraint position requirements.   

This paper presents a whiplash injury criterion for 
use with the Hybrid III dummy in rear impacts and its 
application in rear impact tests.  The injury risk 
curve, based on the head-to-torso rotation of the 
Hybrid III dummy, was developed using insurance 
claims data, and rear impact sled tests with the 
Hybrid III dummy.  The feasibility of the application 
of this injury criterion in rear impact vehicle crash 
tests and sled tests has also been presented.  The sled 
test data indicates that the developed whiplash injury 
criterion correctly predicts improved performance of 
head restraint and seat systems in the field.      
 
INTRODUCTION 
 

NHTSA estimates that between 1988 and 1996, 
there were annually, 805,851 occupants in outboard 
seating positions of passenger cars, light trucks and 
vans who sustained whiplash injuries. The annual 
cost of these whiplash injuries was approximately 
$8.0 billion (Final Regulatory Impact Analysis for 
FMVSS No. 202 Head Restraints, NHTSA-2004 
19807, No. 1 at http://dms.dot.gov).  When insurance 
claims are considered, whiplash injuries account for 
70 percent of all bodily injury claims, 43 percent of 
medical costs, and overall cost approaching 9 billion 
dollars (Viano, 2003).   

NHTSA recently published the final rule that 
upgrades the FMVSS No. 202 head restraint standard 
(69 FR 74848).  The rule provides requirements that 
would make head restraints higher and closer to the 
head so as to engage the head early in the event of a 
rear impact.  The rule also has provisions for a rear 
impact sled test option with a Hybrid III dummy that 
is intended in particular for active head restraints that 
do not meet the static head restraint position 

requirements such as head restraint height and 
backset. 

Though some studies suggest that the BioRID II 
and RID 2 are more biofidelic than the Hybrid III 
dummy in low speed rear crashes, they are still 
undergoing change and have not attained universal 
acceptance in the biomechanical community (Prasad, 
et al., 1997, Kim, et al., 2001, 2003).  The Hybrid III 
dummy was found to successfully rank OEM seats 
according to their associated frequency of whiplash 
injury claims (Heitplatz et al., 2003).  It was also 
found to be a good tool for the design of effective 
head restraints (Viano, 2001, 2003).  Therefore, 
NHTSA decided on the use of the Hybrid III dummy 
for whiplash injury assessment in the optional 
dynamic sled test of the FMVSS No. 202 upgrade.  
 
INJURY CRITERION TO ASSESS WHIPLASH 
INJURY IN FMVSS NO. 202 DYNAMIC TEST 
OPTION  
 

The symptoms associated with whiplash injury 
include pain in the neck, shoulders, or upper back, 
vision disorder, dizziness, headaches, 
unconsciousness, and neurological symptoms in the 
upper extremities.  These symptoms may be short 
term or long term. The term “whiplash” to describe 
these injuries is derived from the neck kinematics 
during a rear impact.  Initially, the unsupported head 
lags behind the torso due to inertia (retraction) and 
then rotates backward, forcing the neck into 
extension.   

Yang et al. (1996) hypothesized that the relative 
motion of the head with respect to the torso results in 
shearing action causing relative motion between 
adjacent vertebrae that may be pronounced in the 
lower cervical vertebrae where the facet angle is less 
steep.  This may cause stretching of lower cervical 
vertebrae facet capsules beyond the normal 
physiological range, resulting in injury and pain. Lee 
et al. (2004) demonstrated a relationship between 
facet joint distraction and capsular ligament strain 
resulting from whiplash kinematics, and pain using 
an in vivo animal model.  

The various symptoms resulting from whiplash 
injury lead to various hypotheses of the mechanisms 
of injury and as a consequence different injury 
criteria.  A description of the various proposed 
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whiplash injury mechanisms and criteria has been 
presented in a technical report (Kuppa, 2004) in 
support of the FMVSS No. 202 Final Rule. 

Some studies have demonstrated that the neck 
forces and moments along with head and T1 
accelerations of the Hybrid III dummy in low speed 
rear impacts may not exhibit very good biofidelity. 
Therefore, whiplash injury assessment using NIC 
(Bostrom et al., 1996, Svensson et al., 2000), Nij 
(FMVSS No. 208, 2000), or Nkm (Muser et al., 2000, 
Schmitt et al., 2001) with the Hybrid III dummy 
responses may not be adequate.   

While there remains a lack of consensus on the 
underlying whiplash injury mechanism, many agree 
that limiting the relative head-to-torso motion may 
reduce the incidence of whiplash injuries (Viano, 
2002, Yoganandan, 2000, Langweider, 2000). 
Sunderarajan et al. (2004) examined the effect of the 
head restraint position with respect to the head/neck 
on cervical facet stretch during low speed rear 
impacts with human post-mortem subjects.  The 
study demonstrated that the maximum facet stretch 
was greater when the head-to-head restraint distance 
increased, suggesting an increase in whiplash injury 
potential.   

Viano (2003a), using the Hybrid III dummy in 
rear impact sled tests, demonstrated that an increase 
in head-to-head restraint distance results in an 
increase in head-to-torso rotations of the Hybrid III 
dummy in rear impact sled tests.  Therefore, head-to-
torso rotation measurements on the Hybrid III 
dummy may be able to distinguish poor head restraint 
designs from the good designs.  Tencer et al. (2003) 
found that a displacement based injury criterion was 
best suited to predict intervertebral displacements 
associated with whiplash injury.  This further 
suggests that injury criteria based on relative head-to-
torso motion of the Hybrid III dummy may be 
adequate in assessing whiplash injury risk. 

Viano, et al. (2002) proposed the Neck 
Displacement Criteria (NDC) that rates seat and head 
restraint systems on the basis of the relative motion 
of the Hybrid III head with respect to its torso in rear 
impact tests.  However, he did not associate the 
relative head motion with the risk of whiplash injury.  
One method of estimating whiplash injury risk as a 
function of Hybrid IIII dummy head/neck kinematics, 
is to relate whiplash injury risk for specific OEM seat 
systems in rear impact crashes in the field to Hybrid 
III neck kinematics in rear impact sled tests at 
different speeds with the same OEM seats.   

Kuppa (2004) used whiplash injury claims data of 
the Saab 900 and Saab 9-3 along with corresponding 
rear impact sled tests with the Hybrid III dummy to 
develop a whiplash injury risk curve based on head-
to-torso rotation of the Hybrid III dummy (Figure 1 

and Equation 1).  Though NDC developed by Viano 
(2002a) considers the head-to-torso rotation as well 
as the head-to-torso translation, Kuppa found the 
head-to-torso translation was highly correlated to the 
head-to-torso rotation (R2=0.98) and so did not add 
any new information for evaluating whiplash 
potential of seat systems.   
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Figure 1.  Risk of whiplash injury as a function of 
head-to-torso rotation of the 50th percentile adult 
male Hybrid III dummy in 16 km/h rear impact sled 
tests.  
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INSTRUMENTATION FOR MEASUREMENT 
OF HEAD-TO-TORSO ROTATION 
 

The instrumentation used in rear impact tests to 
obtain head-to-torso rotation needs to be durable, 
allow unrestricted motion of the head and torso, and 
be lightweight and small so as not to change the 
dummy mass and inertial properties.  NHTSA 
examined different instrumentation (accelerometers, 
electrogoniometers, gyro and magneto-hydrodynamic 
angular rate sensors) for obtaining head-to-torso 
rotations.  In various research programs sponsored by 
NHTSA, magnetohydrodyanmic (MHD) angular rate 
sensors (ARS) were successfully employed for 
determining joint rotations.  The MHD ARS are 
based on the principle that relative motion between a 
magnetic field and a conductive fluid produces an 
electropotential that is measured by the sensor 
(Laughlin, 1992).   

MHD ARS were previously used to determine 
human foot position relative to the tibia during a 
plantar foot impact, position of the forearm relative to 
the upper arm during side air bag loading, and to 
determine neck extension angle during out-of-
position airbag loading (Hall et al. 1997).  The three 
dimensional position of a body segment with respect 
to another was determined by transforming the three-
dimensional angular rates and linear accelerations 
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into Eulerian space.  The accuracy of the computed 
position and relative rotation was verified by 
demonstrating that the ARS results agreed to within 2 
percent of ankle potentiometer data from an 
anthropomorphic crash test dummy (Hall et al., 
1996).  Tests on the spine and neck demonstrated that 
ARS was more accurate than photographic methods.  
Based on this prior experience for measuring joint 
motion, the dummy’s head and torso was 
instrumented with Applied Technology Associates 
(ATA) magnetohydrodynamic (MHD) angular rate 
sensors (ARS).  

Typical ATA ARS have low cross axis and linear 
acceleration sensitivity and have a bandwidth in the 
range of 1 Hz to 1000 Hz.  The extremely broad 
frequency bandwidth capability enables the MHD 
rate sensors to measure high frequency and transient 
angular motions reasonably well.   

The low frequency of the MHD angular rate 
sensors can be extended well below 0.1 Hz by use of 
digital filtering of the post processing of the 
measurement data.  The compensation filter 
(Laughlin, 1998) is supplied by ATA (ATA- Sensors) 
and is specific to the MHD ARS used.  Voo et al. 
(2003) employed ATA MHD ARS in rear impact 
sled tests and demonstrated that the head rotation 
obtained from the uncompensated angular rate signal 
underestimated the extension neck rotation and 
overestimated the flexion rotation in rear impact tests 
while the compensated signal matched that from 
video analysis reasonably well.   

Voo et al. (2003) evaluated three different 
measurement methods for angular rotation of a 
dummy head and torso in a rear impact crash 
environment and found the compensated signals from 
the ATA MHD angular rate sensors yielded rotation 
data closely matching the results from high-speed 
video images to within 3 degrees with a total 
displacement range up to 110 degrees.  Linear 
acceleration data generally yielded less accurate 
angular displacement results.   
 
APPLICATION OF ANGULAR RATE SENSORS IN 
REAR IMPACT TESTS 
 
 Voo et al. (2003, 2004) and Kleinberger et al. 
(2003) conducted rear impact sled tests with the 50th 
percentile Hybrid III dummy in seats with different 
head restraint heights and seatback strength.  The 
dummy, positioned in a seat in accordance to FMVSS 
No. 202, was restrained with the available 

lap/shoulder belts.  The seatback was inclined to 25o 
from the vertical and the dummy was positioned so 
that its H-point was aligned with the H-point of the 
seat (Figure 2).     

The dummy was instrumented with tri-axial 
angular rate sensors at the center of gravity (CG) of 
the head and the dummy thorax.  The ARS mounting 
cube could accommodate the linear accelerometers at 
the CG and was about the same mass as the existing 
accelerometer cube in the Hybrid III head.  There 
was negligible change of the head mass and the head 
moment of inertia by replacing the existing mounting 
cube with the ARS cube at the CG of the head.  
Another ARS cube was attached to the spine box 
such that it had no effect on the dummy interaction 
with the seat back.  

Figure 2.  Instrumented Hybrid III dummy seated in 
a modified production seat. 
 

Due to the symmetry of the dummy and the test 
condition, the head and torso rotated mainly in the 
sagittal plane.  Therefore, rotational velocity data 
about the y-axis of the dummy provided reasonably 
good estimates of the rotation of the head and torso.  
The compensated angular rate signals along the y-
axis at the head CG and the spine box were integrated 
(trapezoid integration) to obtain angular displacement 
of the head and the torso in degrees.  The angular 
torso displacement was then subtracted from that of 
the head to obtain relative angular displacement 
(degrees) of the head with respect to the torso. 
 Sled tests were conducted using a sinusoidal sled 
pulse that fit within the FMVSS No. 202 dynamic 
test corridor with a nominal peak of 9 gs and duration 
of 90 milliseconds (Figure 3). 
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Figure 3.  Sled pulse for rear impact tests complying 
with the FMVSS No. 202 specified sled pulse 
corridor. 
 

Voo et al. (2003, 2004) and Kleinberger et al. 
(2003) found that the peak head-to-torso rotation of 
the dummy not only depended on the head restraint 
position (height and backset) but also on the rigidity 
of the head restraint, recliner stiffness and seat 
cushion stiffness.  Seats with low recliner stiffness 
resulted in greater seat back rotation, later contact 
time of the head with the head restraint, and greater 
head and torso rotation.  Sled tests with different 
types of head restraints suggested that a more rigid 
head restraint might have a protective advantage over 
a more flexible one in rear impacts. Kleinberger et al. 
(2003) also reported repeatable head and torso 
rotation values obtained from the ATA MHD angular 
rate signals. 

NHTSA conducted 3 repeat FMVSS No. 301 type 
rear impact crash tests of a 2004 Jeep Liberty.  The 
crash involved a flat barrier impacting a stationary 
vehicle in the rear at 30 mph.  The average change in 
velocity of the Jeep Liberty was 26.4 km/h.  The head 
restraint height from the H-point along the torso line 
was 836 mm and the backset was 85 mm (according 
to the measurement procedure in FMVSS No. 202 
upgrade).  While the head restraint height met the 
head restraint height requirement specified, it did not 
meet the backset requirement of 55 mm as per 
FMVSS No. 202 final rule.   

The seat back was inclined to 25 degrees from 
vertical and along with the standard instrumentation 
on the Hybrid III 50th percentile male dummy, it was 
also instrumented with ATA MHD ARS-06 angular 
rate sensors at the CG of the dummy head and at the 
spine to obtain head-to-torso rotation.  

The HIC15 values of the driver and passenger in 
the three tests were less than 100 and the coefficient 
of variance was 1.3 percent (Figure 4).  The mean 
head-to-torso rotation in the three tests for the driver 
was 45 degrees while that for the rear passenger was 

30 degrees. The coefficient of variation of head-to-
torso rotation for the driver and rear passenger was 
less than 10 percent (Figure 4).   
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The sled test data from Kleinberger et al. (2003) 
and the vehicle crash tests suggest that the head-to-
torso rotation obtained from MHD ARS are 
repeatable in sled and vehicle crash test environment. 
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Figure 4.  Coefficient of variation of injury measures 
from three repeat FMVSS 301 type rear impact tests 
with the Jeep Liberty. 
 
VALIDATION OF HEAD-TO-TORSO ROTATION 
MEASUREMENT FOR WHIPLASH INJURY 
ASSESSMENT 
 
 Farmer et al. (2002) examined the effects of head 
restraint and seat redesign on neck injury risk in rear 
end crashes by examining automobile insurance 
claims.  The results indicated that the improved 
geometric fit of head restraints observed in many 
newer vehicle models reduced the risk of whiplash 
injury.  In particular, Farmer examined the improved 
geometry of the 2000-2001 Ford Taurus head 
restraints over that of the 1999 Ford Taurus.  The 
1999 Ford Taurus head restraint received a “poor” 
rating based on the IIHS evaluation procedure (IIHS, 
2004) while the 2001 Ford Taurus received an 
“acceptable” rating.  After controlling for the effect 
of crash severity, Farmer estimated an 18 percent 
effectiveness of the 2000-2001 Ford Taurus over that 
of the 1999 Ford Taurus in mitigating whiplash 
injuries. 
 Mallory and Stammen (2005) conducted low 
speed rear impact tests with the 50th percentile male 
Hybrid III dummy in 1999 and 2001 Ford Taurus 
seats.  The objective of these tests was to investigate 
the ability of head-to-torso rotation and other 
whiplash injury criteria to distinguish the 
performance of the 1999 and 2001 Model year Ford 
Taurus in rear impacts in comparison to the relative 
effectiveness reported by Farmer et al. (2002).   

Rear impact sled tests using sled pulses that were 
within the FMVSS 202 specified corridor were 
conducted with 1999 and 2001 Ford Taurus seats.  
The Hybrid III dummy was instrumented to measure 
head and T1 accelerations, as well as upper and lower 
neck loads.  In addition, ATA MHD ARS-06 angular 
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rate sensors were attached at the head CG and the 
dummy spine to measure head and torso angular 
rates.  Head-to-head restraint contact time was 
determined using a contact switch on the head 
restraint and confirmed using high-speed video. 

The neck injury measures Nij, Nkm, and NIC 
were computed as reported by Kleinberger et al. 
(2003).  Nij, head-to-torso rotation, and corrected 
lower neck moments (moment at the base of the neck 
as per Prasad (1997)) were lower in the 2001 Taurus 
than the 1999 Taurus suggesting that all three injury 
measures correctly predict the improved effectiveness 
of the 2001 Taurus head restraint over that of the 
1999 Taurus (Table 1).  However, NIC and Nkm 
were higher for the 2001 Taurus than the 1999 
Taurus suggesting a reverse trend from field 
observations.   

Since the head-to-torso rotation injury measure 
has an associated whiplash injury risk curve, the 
relative effectiveness of the 2001 Taurus over the 
1999 Taurus model can be developed using head-to-
torso rotations obtained in tests with these two seats. 

 
Table 1.  Injury measures of the Hybrid III dummy in 
1999 and 2001 Ford Taurus in FMVSS No. 202 type 
rear impact sled tests. 
Injury Measure 1999 Taurus 2001 Taurus 
HIC15 30.7 28.5 
NIC (m2/s2) 19.5 23.9 
Nij 0.21 0.08 
Nkm 0.35 0.36 
Head-to-torso 
rotation (deg) 

38.1 29.5 

Corr. Lower neck 
moment (Nm) 

69.3 54.6 

T1 accel. (gs) 10.8 12.1 
Head to head rest. 
contact time (ms) 

120.5 111.7 

Upper neck shear 
force Fx (N) 

302.2 264.7 

Upper neck tension 
force Fz (N) 

1038 489 

   
The risk of whiplash injury estimated by head-to-

torso rotation for the 1999 Taurus is 29 percent while 
that for the 2001 Taurus is 19.5 percent (obtained 
using Equation 1).  The whiplash injury risk is 9.5 
percent lower in the 2001 Taurus resulting in 33 
percent improved effectiveness over the 1999 Taurus.  
The improved effectiveness of the 2001 Taurus seat 
over that of the 1999 Taurus seat estimated from the 
sled test data (Table 1) is higher than the 18 percent 
reported by Farmer (2004).  This higher effectiveness 
in the sled tests may be related to the fact that the 
sled tests were conducted with the head restraints in 

the highest position while in the real world, 
adjustable head restrained are not always optimally 
positioned and many times left unadjusted in their 
lowest position (Lubin and Sehmer (1993)).    

Figures 5 and 6 present the timing of the peaks of 
various measures along the head-to-torso rotation 
time-history.  Peak chest acceleration and NIC occur 
early in the impact event, about the time of head-to-
head restraint contact, while the peaks of Nij, upper 
and lower neck extension moment, Nkm occur closer 
to the time of peak head-to-torso rotation.  Kuppa 
(2004) found that peak corrected lower neck 
extension moment of the Hybrid III dummy was 
correlated (R2=0.96) to its head-to-torso rotation in 
rear impact sled tests.  Figures 5 and 6 indicate that 
lower neck moment peaks a little earlier than peak 
head-to-torso rotation.   

 

Figure 5.  Relative timing of injury measures overlaid on 
the head-to-torso rotation time history curve in the rear 
impact test with the 1999 Ford Taurus 

 
Figure 6.  Relative timing of injury measures overlaid on 
the head-to-torso rotation time history curve in the rear 
impact test with the 2001 Ford Taurus 
 
DISCUSSION 
 
 The head-to-torso rotation of the Hybrid III 
dummy, obtained from ATA MHD angular rate 
sensors, in rear impact sled tests and vehicle crash 
tests was found to be reasonably accurate and 
repeatable.  This demonstrates the feasibility of head-
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to-torso rotation as a whiplash injury measure to 
evaluate head restraint/seat systems in the FMVSS 
No. 202 optional dynamic test.   
 Linder et al. (2004) conducted sled test 
reconstructions of real world rear impacts and 
correlated whiplash injury risk observed in the field 
to dummy measurements and various injury criteria.  
From the test data of 25 real world reconstructions 
using the BioRID II dummy, the researchers found 
NIC, Nkm, T1 acceleration, upper neck shear force 
(Fx) and axial force (Fz), and head-to-head restraint 
contact time to correlate well with whiplash injury 
risk.  Linder proposed injury threshold levels for NIC 
of 16.7, Nkm of 0.37, T1 acceleration of 9.6 gs upper 
neck shear force (Fx) of 178 N and upper neck axial 
force (Fz) of 659 N that correspond to less than 10 
percent of whiplash injury persisting for more than 
one month.   

The Insurance Institute for Highway Safety (IIHS, 
2004) recently released the International Insurance 
Whiplash Prevention Group (IIWPG) procedure for 
rating of seats and head restraints for neck injury 
prevention that is somewhat based on the Linder 
(2004) study.  Seat systems that obtain a “good” or 
“acceptable” rating according to the IIHS geometric 
evaluation of their head restraints, are put through a 
dynamic rear impact sled test with the BioRID II 
dummy simulating a rear crash with a velocity 
change of 16 km/h.  The evaluation is based on seat 
design parameters and test dummy response 
parameters.  The seat design parameters are time to 
head restraint contact and maximum forward T1 
acceleration that are classified into “pass” and “fail” 
categories.  The test dummy response parameter is 
based on a vector sum of maximum upper neck 
tension and upper neck rearward shear force and is 
classified into “low”, “moderate”, and “high” neck 
force categories. The vector sum of neck tension and 
shear has no biomechanical interpretation but is 
merely a statistical interpretation of data obtained 
from dynamic sled tests of 102 seats with good static 
geometric ratings. The seat design and neck force 
classifications are combined, resulting in a dynamic 
rating of the seat ranging from “good” to “poor”.  
 The sled pulse corridor specified in FMVSS No. 
202 is similar to the IIWPG 16 km/h sled pulse.  
While FMVSS No. 202 employs head-to-torso 
rotation of the Hybrid III dummy to assess whiplash 
injury potential, the IIWPG uses head-to-head 
restraint contact time, maximum T1 acceleration, and 
a vector sum of upper neck tension and shear forces 
of the BioRID II to evaluate head restraint/seat 
systems.   

The 2001 and the 1999 Taurus seats used in the 
Mallory et al. study (2005) did not meet the head 
restraint position requirements (at least 800 mm head 

restraint height along torso line above H-point and a 
backset no greater than 55 mm) of the FMVSS No. 
202 Final Rule in 69 FR 74848 (Table 2). IIHS 
geometric head restraint rating for the 1999 and 2001 
Taurus models was “poor” and “acceptable”, 
respectively.  
 
Table 2. Head restraint geometric position 
measurement according to that specified in FMVSS 
No. 202.  
Vehicle Horizontal (mm) Vertical (mm) 
HR position Down Up Down Up 
1999 Taurus 125 85 695 714 
2001 Taurus 65 70 747 794 

 
 In the tests with the 1999 and 2001 model Ford 

Taurus, the head-to-torso rotations of 38.1 and 29.5 
degrees (Table 1), respectively, were higher than the 
12 degree limit specified in FMVSS No. 202.   

The head-to-head restraint contact time of the 
1999 and 2001 Taurus were greater than 70 msec and 
the peak T1 accelerations exceeded 9.5 gs (Table 1) 
resulting in the two Taurus models receiving a “fail” 
rating of the seat design criteria proposed by IIWPG.  
The maximum upper neck tensile force of 1038N and 
489 N and the upper neck shear of 302 N and 265 N 
for the 1999 Taurus and the 2001 Taurus, 
respectively, give the two Taurus models a IIWPG 
neck force classification of “high”.  Though the 
IIWPG ratings are based on the BioRID II dummy 
measurements, the Hybrid III measurements applied 
to the IIWPG rating would give the 1999 and 2001 
Ford Taurus an overall “poor” rating.   

Mallory and Stammen (2005) also conduced low 
speed rear impact sled tests using the BioRID II 
dummy in 1999 and 2001 model year Ford Taurus 
seats.  The sled pulses were identical to those used in 
the tests with the Hybrid III dummy in the Ford 
Taurus seats presented earlier in this paper. The 
injury measures in the tests with the BioRID II are 
presented in Table 3.  In both the tests with the Ford 
Taurus seats, the T1 accelerations of the BioRID II 
exceeded 9.5 gs and the time to head restraint contact 
exceeded 70 ms. The measured upper neck shear and 
tensile force of the BioRID II are in the high force 
range of the IIWPG neck force classification.  This 
results in an IIWPG rating of the 1999 and 2001 Ford 
Taurus of  “poor”.   

The IIWPG procedure for rating seats and head 
restraints rated the 1999 and the 2001 Ford Taurus 
seats as “poor” when applied to the rear impact sled 
test data with the BioRID II as well as with the 
Hybrid III dummy.      
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Table 3.  Injury measures of the BioRID II dummy in 
1999 and 2001 Ford Taurus in FMVSS No. 202 type 
rear impact sled tests. 
Injury Measure 1999 Taurus 2001 Taurus 
HIC15 35.1 47.9 
NIC (m2/s2) 36.9 40.1 
Nij 0.39 0.13 
Nkm 0.93 0.72 
Head-to-torso 
rotation (deg) 

18.4 2.6 

Lower neck 
moment (Nm) 

17.1 41.5 

T1 accel. (gs) 12.3 14.4 
Head to head rest. 
contact time (ms) 

155.2 104 

Upper neck shear 
force Fx (N) 

609.8 364.8 

Upper neck 
tension (N) 

1090 716.7 

 
This poor rating, along with the failure of both 

Taurus seats to meet the updated FMVSS No. 202 
requirements suggest that though the 2001 Taurus 
demonstrated improved performance over the 1999 
Taurus in mitigating whiplash injury, substantial 
improvements are still needed. IIHS also suggested 
the need for further improvement by giving the  
2004-05 Ford Taurus head restraint and seat a 
“marginal” rating according to the IIWPG evaluation 
procedure.  
 
CONCLUSIONS 
 
 This paper presents a kinematically based injury 
measure (head-to-torso rotation) to evaluate whiplash 
injury potential in rear impact tests using the Hybrid 
III 50th percentile male dummy.  Head-to-torso 
rotation obtained from magnetohydrodynamic 
angular rate sensors in rear impact tests were found to 
be reasonably accurate and repeatable.  Peak head-to-
torso rotation of the HIII dummy in FMVSS No. 202 
dynamic option sled tests was able to correctly rank 
the effectiveness of head restraint/seat systems 
according to their observed field effectiveness.   
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ABSTRACT 
 

Though a significant body of literature exists on 
the safety performance and effectiveness of various 
types of front seat occupant restraint systems, there is 
a paucity of data on the performance of rear seat 
occupant restraint systems.  A research program was 
initiated to better understand rear seat restraint 
performance.  Research included examining real 
world data using National Automotive Sampling 
System/Crashworthiness Data System (NASS/CDS) 
and Fatality Analysis Reporting System (FARS) as 
well as conducting full frontal vehicle crashes into 
rigid barriers with dummies restrained in rear seats. 
Child dummies (Hybrid III 6 year-old) and adult 
dummies (Hybrid III 5th percentile female and 50th 
percentile male) were used for this purpose.  The 
dummies were placed in rear outboard seats with 
lap/shoulder belts as well as in the center seating 
position where the lap/shoulder belts were integrated 
to the seat.   

A double-paired comparison study using FARS 
data files suggested that while occupants younger 
than 50 years of age benefit from sitting in rear seats 
in frontal crashes, restrained adult occupants older 
than 50 years are significantly better off in the front 
seats than the rear seats.  The most injured body 
region for restrained children in rear seats is the head 
while that for restrained adults is the thorax.  The 
major injury source for restrained occupants, not in 
child safety seats, is the seat belts while that for 
unrestrained occupants is the front seat back.  The 
injury measures of restrained adult dummies in rear 
seats in frontal crash tests were generally higher than 
those of dummies of the same size in the driver and 
front passenger seat. The seat backs of integrated rear 
seats experienced excessive forward rotation in 
frontal crash tests, thereby causing the dummy’s head 
to hit the console or front seatback, resulting in high 
head and neck injury measures.  The field and vehicle 
crash test data indicate that rear seat restraints could 
be further optimized to mitigate injury in frontal 
crashes for older rear seat occupants.  
 
INTRODUCTION 
 
 While the dynamic performance of front seat 
lap/shoulder belts is evaluated in dynamic crash tests 
in FMVSS No. 208 - Occupant Crash Protection, the 

performance of rear seat belts and seats are only 
evaluated in static tests as per FMVSS No. 209 - Seat 
Belt Assemblies, and FMVSS No. 210 - Seat Belt 
Anchorages.  Prior to 1989, only lap belts were 
required in rear outboard seating positions.  Rear seat 
outboard lap/shoulder belts were first required in 
passenger cars after December, 1989 and in 
convertible passenger cars, light trucks, vans and 
sport utility vehicles after September, 1991.  Pursuant 
to Anton’s Law passed by Congress in 2002, NHTSA 
published a final rule in December 2004, requiring 
lap and shoulder belt assembly for each designated 
rear seating position in a passenger motor vehicle 
with a gross vehicle weight rating of 10,000 pounds 
or less. 

Evans (1987) conducted a double-paired 
comparison analysis of the FARS data files and 
estimated an 18±9 percent effectiveness of rear seat 
lap belts and 41±4 percent effectiveness of front 
passenger seat lap/shoulder belts in mitigating 
fatalities.  Dalmotas (1987) examined the Canadian 
accident database, TRIAD, and found similar 
effectiveness of lap and lap/shoulder belts in rear 
seating positions as Evans (1987) using the FARS 
databases.  Padmanaban (1992) examined the FARS 
database and state accident data and found no 
appreciative difference between the safety 
performance of lap belt and lap/shoulder belts in the 
rear seats. 

Morgan (1999) found that the change from lap to 
lap/shoulder belts has significantly enhanced rear seat 
occupant protection in frontal crashes with rear seat 
lap/shoulder belts being 25 percent more effective 
than lap belts alone in reducing fatalities. Morgan 
also noted that rear outboard seat belt use rate is 
significantly lower than front outboard seat belt use, 
and the use rate is 7-10 percentage points higher with 
laps/shoulder belts than with lap belts alone.   
 More recently, Paranteau and Viano (2003) 
examined field data of rear seat adult occupant 
injuries and found that for lap-shoulder belted rear 
seat occupants in frontal crashes, thoracic injuries 
from the seatbelt are by far the dominant injury type.  
For unbelted rear seat occupants, the extremities and 
head are injured by the B-pillar, seatback and other 
interior surfaces.  The authors found the risk of 
serious injury for rear seat occupants in lap belts to 
be the same as those in lap/shoulder belts.  Paranteau 
noted that possible improvements in rear seat 
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occupant protection include load limiting belts, 
pretensioners, improved belt geometry, and energy 
absorption padding to the front seat back. 

Smith and Cummings (2004) examined NASS-
CDS data files for the years 1993-2000 and estimated 
that the rear seat passenger position may reduce the 
risk of death in a motor vehicle crash by about 39% 
and reduce the risk of death or serious injury in a 
crash by 33%, compared to the front seat passenger 
position.  

While research has been conducted on comparing 
the effectiveness of lap/shoulder belts and lap belts in 
rear seats as well as comparing the risk of injury and 
death for occupants in front and rear seats, there is a 
paucity of data on the effectiveness of rear seat 
lap/shoulder belt restraints with respect to front seats 
restraints in frontal crashes. This paper examines the 
NASS-CDS and FARS databases to examine the 
effectiveness of rear seats in mitigating fatality and 
injury in frontal crashes compared to that of the front 
seats for different age occupants.  The real world data 
was compared to the observations from vehicle crash 
tests.   
 
REAL WORLD DATA 
 
ANALYSIS OF FARS DATABASES 
 
 The Fatality Analysis Reporting System (FARS) 
data files for the years 1993-2003 were analyzed.  
Only frontal crashes (no rollovers) of passenger cars 
and LTVs of model years later than 1991 were 
considered.   

A double-paired comparison study was conducted 
according to the procedure developed by Evans 
(1987) to determine the risk of death of outboard rear 
seat occupants relative to that of the front seat 
passenger.  The driver in these crashes was 
considered the control group.  This method of double 
paired comparison uses two groups of fatal crashes.  
The first group consists of fatal crashes where a 
driver and front outboard seat passenger are present 
and at least one of them was killed.  The second 
group consists of fatal crashes where a driver and a 
rear outboard seat passenger are present and at least 
one of them was killed.  Each of these groups is 
further subdivided into different age categories of the 
passenger and the restraint status of the driver and 
passenger: restrained driver and passenger, 
unrestrained driver and passenger.  Effectiveness was 
estimated separately for the presence and absence of 
passenger side air bag. 

Children younger than 5 years old who are 
properly restrained in child safety seats or booster 
seats are considered restrained.  Unrestrained 
children include those with misuse of child restraint 

systems and belt systems.  All other restrained 
occupants in front and rear seats are with 
lap/shoulder belts.   

As an example of the double-paired comparison 
procedure, consider the category of restrained driver 
and passenger.  For a given age category of the 
passenger, if F1 is the number of driver fatalities and 
F2 is the number of front passenger fatalities in the 
first group, and F3 is the number of driver fatalities 
and F4 is the number of rear passenger fatalities in the 
second group, then the effectiveness of rear seat 
restraints compared to those of the front seat for that 
age category of the passenger is given by Equation 1. 
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Significance testing (at 95 percent confidence level) 
of the effectiveness estimates was conducted using 
the chi-square test.  The error ranges in the estimates 
was computed according to Evans (1987) as shown in 
Equations 2 and 3. 
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Appendix C presents the FARS data used in the 

double-paired comparison study. Figures 1 and 2 
present the effectiveness of rear outboard seats 
relative to the front outboard passenger seats with 
and without frontal air bag for restrained and 
unrestrained occupants. When the error bars in the 
effectiveness estimates (also presented in Figures 1 
and 2) do not pass through zero, it implies that the 
effectiveness estimate is significant. 
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Figure 1. Effectiveness of outboard rear seats 
compared to front outboard passenger seats with and 
without front passenger air bag in mitigating fatalities 
for restrained occupants.  
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Figure 2. Effectiveness of outboard rear seats 
compared to front outboard passenger seats with and 
without front passenger air bag in mitigating fatalities 
for unrestrained occupants. 
 

The FARS double-paired comparison study 
suggests that while the rear seats are significantly 
effective in mitigating fatalities for occupants 
younger than 50 years old (restrained and 
unrestrained), they demonstrate significantly reduced 
effectiveness (130 % reduction in effectiveness) 
compared to front seats for restrained occupants older 
than 50 years of age.  In general, rear seats are 
significantly effective compared to front seats in 
frontal crashes for unrestrained occupants of all ages.  

Rear seat effectiveness is increased by the 
presence of front passenger air bag for children 5 
years old and younger restrained in child safety seats.  
However, the effectiveness of rear seats is reduced by 
the presence of passenger air bag for restrained 
occupants older than 8 years of age.  The presence of 
passenger air bag reduces the effectiveness of rear 
seats for restrained occupants older than 50 years.  
This suggests the added benefits of air bags to older 
occupants. 

The presence of front passenger air bag increases 
the effectiveness of rear seats in mitigating fatalities 
for unrestrained children 12 years old and younger 
suggesting the harmful effects of air bag deployment 
for unrestrained children.  For unrestrained occupants 
older than 12 years of age, the presence of front 
passenger air bag reduces the effectiveness of the rear 
seat suggesting the benefits of air bag for 
unrestrained occupants in this age group.   
 
ANALYSIS OF NASS-CDS DATABASES 
 
 The NASS-CDS data files were examined to get a 
better understanding of the injuries sustained by rear 
seat occupants.  The NASS-CDS data files for the 
years 1993 to 2003 were analyzed.  Only frontal 
crashes of passenger cars and LTVs of model years 
later than 1991 with no rollovers were examined. The 
data presented in this section are weighted by 

weighting factors in NASS/CDS to represent national 
estimates of towaway crashes.  

The risk of AIS 2+ or AIS 3+ injury for a restraint 
condition is estimated as the ratio of the number of 
AIS 2+ or AIS 3+ injured occupants in the specified 
restraint condition to the total number of occupants in 
that restraint condition.  The risk of injury to rear seat 
occupants and the distribution and source of injury 
was examined as a function of age, and restraint 
status.  
 Ninety percent of rear seat occupants are in the 
second row seat with 78 percent in outboard seats and 
18 percent in center seats.  Sixty-four percent of 
outboard rear seat occupants involved in frontal 
crashes are belted and among these restrained rear 
seat occupants, 64 percent are 12 years old and 
younger and 78 percent weigh less than 160 lbs.   

Among children 0-3 years, 75 percent are in child 
safety seats, 4 percent are in belts, and 21 percent 
unrestrained.  Among children 4-8 years in age, 7 
percent are in child safety seats, 43 percent are in 
belts, and 50 percent are unrestrained.   

The risk of injury and the distribution of injury 
was estimated only for outboard front and rear seat 
passengers.  Children 5 years of age and younger 
were considered restrained if they were properly 
restrained in child safety seats.  Occupants older than 
5 years of age were considered restrained if they were 
restrained by lab shoulder belts. 

While the risk of moderate to fatal injuries among 
restrained front seat occupants in frontal crashes is 
5.2 percent, the risk for restrained rear seat occupants 
is only 1.6 percent.  Though children 12 years and 
younger constitute 64 percent of rear seat occupants, 
they only represent 32 percent of the MAIS 2+ 
injured rear seat occupants and 26 percent of the 
fatally injured rear seat occupants.    
 Figures 3 and 4 present the risk of AIS 2+ and 
AIS 3+ injuries as a function of occupant age, for 
restrained and unrestrained passengers in rear 
outboard seating positions.   
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Figure 3. Risk of AIS 2+ injury for belted and 
unbelted passengers in rear outboard seats 
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 The source of MAIS 2+ injury to restrained and 
unrestrained children (in child safety restraints) and 
restrained adults was examined.  The data suggests 
that impact with the front seatback is the major 
source of head injury among unrestrained children in 
rear seats while the seat belt is the major source of 
thoracic and abdominal injury to restrained adult rear 
seat occupants. For children in child safety seats, the 
major sources of injury are the left and right interior 
vehicle surfaces and exterior surface. 

With this understanding of the real world data, 
vehicle crash test data with occupants in the rear seats 
was examined.  The injury measures of the dummies 
in the rear seats were compared to those in the front 
seats and the relative injury potential was compared 
to that observed in the real world. 

Figure 4. Risk of AIS 3+ injury for belted and 
unbelted passengers in rear outboard seats. 
 
While the average risk of AIS 2+ and AIS 3+ injury 
is relatively low for restrained rear seat occupants, 
the risk of injury is higher for older occupants than 
younger ones.  

 
VEHICLE CRASH TESTS  
 

Figures 5 and 6 present the distribution of AIS 2+ 
and AIS 3+ injuries to different body regions for 
restrained passengers in rear outboard seats as a 
function of occupant age.  While the head is the 
dominant AIS 2+ and AIS 3+ injured body region 
among restrained children, the thorax is the dominant 
injured body region among adults. 

Full frontal rigid barrier vehicle crash tests were 
conducted at 48, and 56 km/h with adult Hybrid III 
dummies (Hybrid III 50th percentile male dummy - 
HIII 50M and Hybrid III 5th percentile adult female 
dummy - HIII 5F) in the front outboard seats and 
child (Hybrid III 6 year-old child dummy-HIII 6C) 
and adult Hybrid III dummies in rear outboard seats.  
Adult HIII and child dummies were also positioned 
in rear center seats of some vehicles where 
lap/shoulder belts were integrated to the seat (rear 
center integrated seats).  The FMVSS No. 208 
specified seating procedure was used to seat the 
dummies in the driver and front passenger seats.  All 
vehicles were equipped with driver and front 
passenger air bags and the dummies in the front and 
rear seats were restrained by lap/shoulder belts.  The 
HIII 6C dummies in the rear seats were in booster 
seats and used the available lap/shoulder belts.   
Appendix A presents a list of vehicle crash tests and 
the dummies used in the front and rear seats.   
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Figure 5.  Distribution of AIS 2+ injuries to different 
body regions for restrained rear seat occupants as a 
function of their age. The computation of injury measures and the 

corresponding threshold values are in accordance 
with that specified in the FMVSS No. 208 Advanced 
Air Bag rule (65 FR 30680).  The Nij intercepts and 
independent axial force limits for the adult dummies 
correspond to those specified for “in position” 
condition (Table 1). The neck tension and 
compression limits for the HIII 6C dummy are the “in 
position” limits specified by Mertz and Irwin (2003). 
In order to compare the injury potential indicated by 
various dummies used in these crash tests, the injury 
measures for each dummy were normalized by their 
respective injury threshold levels in Table 1. 
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Figure 6.  Distribution of AIS 3+ injuries to different 
body regions for restrained rear seat occupants as a 
function of their age. 
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Table 1. Injury threshold levels used to normalize 
dummy injury measures. 
Injury Criteria HIII 

50 M 
HIII 
5F 

HIII 
6C 

HIC15 700 700 700 
Nij 1 1 1 
Neck tension 4170 2620 1890 
Neck Compression 4000 2520 1820 
Chest Accel. 60 60 60 
Chest Defl. (mm) 63 52 40 

Table 2.  Percentage of dummies in the driver, front 
passenger, and rear outboard seating positions with 
injury measures in excess of the threshold levels.  
Injury 
criteria driver

front 
pass

rear 
outboard

rear 
integrated

HIC15 0% 0% 23% 50%
Neck Ten 0% 0% 35% 25%
Nij 12% 0% 27% 0%
chest Ax 8% 4% 4% 0%
Chest Defl 8% 0% 19% 25%

HIC15 0% 4% 36% 50%
Neck Ten 0% 0% 100% 50%
Nij 5% 0% 71% 50%
chest Ax 5% 4% 21% 25%
Chest Defl 0% 0% 7% 0%

56 km/h

48 km/h

 

 
Figure 7 presents the normalized average HIC15 

values for front and rear seat dummies in 48 and 56 
km/h full frontal rigid barrier crash tests.  In 48 km/h 
crashes, the average normalized HIC15 of the driver 
is 0.27±0.13 and that of the front seat passenger is 
0.32±0.15 while the average normalized HIC15 of 
rear seat outboard passengers is 0.78±0.3 and that for 
occupants in center rear integrated seats is 0.84±0.29.  
The normalized HIC15 values for dummies in rear 
outboard seats as well as in rear integrated seats are 
significantly higher than those of the driver and the 
front seat passenger (95% confidence) in 48 ad 56 
km/h crash tests.   

 
The average neck tension for dummies in rear 

outboard seats was also significantly higher than that 
of dummies in front seats (Figure 8) in 48 and 56 
km/h frontal crashes.  The neck tension exceeded the 
allowable limit for all the dummies in rear outboard 
seats and 50 percent of the dummies in rear 
integrated seats in the 56 km/h crash tests.  The 
average Nij values for dummies in rear outboard 
seats and rear integrated seats were also higher than 
the average Nij of dummies in front seats however, 
this difference was not significant.  
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Figure 7.  Average normalized HIC15 values of 
dummies in the front and rear seats in 48 and 56 km/h 
full frontal rigid barrier crash tests. 
 
 Table 2 presents the percentage of dummies in the 
driver, front passenger, and rear outboard seating 
positions in 48 km/h and 56 km/h full frontal rigid 
barrier crashes that exceeded the injury threshold 
levels of the various injury criteria in Table 1. The 
HIC15 values were in excess of the threshold limits 
for 23% of the rear seat dummies in 48 km/h crash 
tests and 36% of the rear seat occupants in 56 km/h 
crash tests while all the drivers and front seat 
passengers in 48 and 56 km/h tests had HIC15 values 
within the threshold level of 700. 

Figure 8.  Average normalized neck tension values 
of dummies in front and rear seats in 48 and 56 km/h 
full frontal rigid barrier crash tests. 
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Figure 9.  Average normalized chest acceleration of 
dummies in front and rear seats in 48 and 56 km/h 
full frontal rigid barrier crash tests. 

 
While chest acceleration, and chest deflection 

were slightly higher for rear seat occupants than for 
front seat occupants, the difference was not 
significant (Figures 9-10). Chest acceleration and 
chest deflection measures for rear seat occupants 
exceeded the allowable values less frequently than 
the head and neck injury measures. 
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Figure 10.  Average normalized chest deflection of 
dummies in front and rear seats in 48 and 56 km/h 
full frontal rigid barrier crash tests. 
 

In most of these vehicle crash tests, adult 
dummies were used in the front seats while HIII 6C 
dummies were used in the rear seats.  The higher 
normalized injury measures of the dummies in rear 
seats compared to those in front seats in these crash 
tests may be related to the different dummies used in 
the rear and front seats as well as the differences in 

the injury assessment values used to normalize the 
injury measures.   

In order to compare the performance of rear seats 
and front seats in frontal crashes without the 
confounding effect of differences in dummies, only 
those tests were considered where the same size 
dummies were in the front and rear seats.  Appendix 
B presents the test data of 5 full frontal rigid barrier 
56 km/h crash tests with restrained HIII 5F dummies 
in the driver, front passenger, and rear outboard 
seating positions and 5 full frontal rigid barrier 48 
km/h crash tests with unrestrained HIII 50M 
dummies in the driver and front passenger seats and 
restrained HIII 50M dummy in rear outboard seat. 

Figure 11 presents HIC15 for the HIII 5F 
dummies in the driver, front passenger, and rear 
outboard seating positions in the 5 fontal crashes 
(Appendix B). The HIC15 values of the rear outboard 
HIII 5F dummy are higher than those of the HIII 5F 
driver and front seat passenger in all the five crashes 
and are higher than the allowable limit of 700 in two 
out of five 56 km/h frontal crash tests. 

Figure 12 presents the HIC15 values for the 
unrestrained HIII 50M dummies in the driver and 
front passenger seats, and the restrained HIII 50M in 
rear outboard seat in 48 km/h frontal crashes 
(Appendix B).  The restrained HIII 50M in the rear 
seat has higher HIC 15 measures than the 
unrestrained HIII 50M in the driver and front 
passenger seats in all the crash tests except that with 
the Liberty.  The HIC15 of the HIII 50M dummy in 
the rear seat is lower than the allowable limit in all 
the five crash tests at 48 km/h.  
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Figure 11.  HIC15 for the HIII 5F dummy in the 
driver, right front passenger, and rear outboard seats 
in full frontal rigid barrier vehicle crash tests with 
2004 model year vehicles at 56 km/h.   
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The chest acceleration injury measures are not 
significantly different for the rear and front seat 
occupants (driver and front passenger) in tests with 
the HIII 5F as well as the HIII 50M dummy.  While 
the chest deflection of the rear seat passenger and 
driver are not significantly different, the chest 
deflection of the rear seat passenger is significantly 
greater (at a 95 percent confidence) than that of the 
front seat passenger in tests with the HIII 50M and 
the HIII 5F dummies.  
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Figure 12.  HIC15 for the HIII 50M dummy in the 
driver, right front passenger, and rear outboard seats 
in full frontal rigid barrier vehicle crash tests with 
2004 model year vehicles at 48 km/h.   
 

The neck tension of the HIII 5F in the rear seat 
exceeded the allowable limit of 2620 N in the crash 
test of the Honda Accord and the Honda Odyssey.  
The Nij of the HIII 5F in the rear seat also exceeded 
1.0 in the crash test of the Odyssey and Avalanche.  
The chest injury measures of the HIII 5F dummy in 
the rear seat were within the allowable limits in all 
the tests. All the injury measures of the HIII 50M rear 
seat passenger were within the prescribed injury 
limits in the five crash tests. All the injury measures 
of the HIII 50M and HIII 5F in the driver and front 
seat positions in all the crash tests were within 
allowable limits.   

Figure 13.  Average ratio of injury measures of 
restrained HIII 5F dummy in the rear seat to that of 
the restrained HIII 5F driver and front seat passenger 
in five 56 km/h full frontal rigid barrier crash tests. The average ratio of HIC15, chest acceleration, 

chest deflection, neck tension, and Nij of the HIII 5F 
dummy in the rear outboard seat with respect to that 
of the HIII 5F driver and that of the HIII 5F front seat 
passenger in full frontal 56 km/h rigid barrier crashes 
of five 2004 vehicles is presented in Figure 13.  The 
average ratio of the injury measures of the restrained 
HIII 50M dummy in rear outboard seats with respect 
to that of the unrestrained HIII 50M driver and front 
seat passenger in full frontal 48 km/h rigid barrier 
crashes of five 2004 vehicles is presented in Figure 
14.   
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The ratio of head and neck injury measures are 
greater than 1.0 in tests with the HIII 5F and the HIII 
50M dummies. The head and neck injury measures 
for rear seat occupants are significantly greater (95 
percent confidence) than those of the driver and front 
passenger in tests with the HIII 50M and the HIII 5F 
dummies. This suggests an increased injury potential 
to the head and neck for an average restrained adult 
and small female in rear seats compared to that of an 
average unrestrained adult and a restrained small 
female in the front seats, respectively.  Since the risk 
of injury to front seat occupants in frontal crashes is 
greater for the unrestrained condition than the 
restrained, the test data suggests that the injury 
potential for the average restrained adult in the front 
seat is also likely to be lower than that in rear seats.  

Figure 14.  Average ratio of injury measures of 
restrained HIII 50M dummy in the rear seat to that of 
the unrestrained HIII 50M driver and front seat 
passenger in five 48 km/h full frontal rigid barrier 
crash tests. 
 
CENTER REAR INTEGRATED SEAT 
PERFORMANCE 
 
 Integrated seats are seats where the seat belt 
assemblies are attached to the seat.  Such seats have 
the potential of providing better belt fit to their 
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The risk of AIS 2+ and AIS 3+ injury to 
restrained and unrestrained rear outboard seat 
occupants increases with occupant age.  In addition, 
while the most injured body region for children is the 
head, the thorax is the most injured body region 
among adults and is significantly more prominent 
among older occupants.  A major source of AIS 3+ 
chest and abdomen injuries for restrained rear seat 
occupants is the seat belt. These findings suggest that 
restraint systems of rear seats could be further 
optimized to afford better protection to the older 
population.   

occupants and the potential of preventing full or 
partial ejection in rollover and rear crashes.  While 
integrated front seats are subjected to a dynamic 
crash test, rear integrated seats have to only meet the 
static test requirements specified in FMVSS No. 210 
and 207.  Ten 48 and 56 km/h frontal rigid barrier 
crash tests with HIII 50M, HIII 5F, and HIII 6C 
dummies in rear integrated center seats demonstrated 
that the seat back of integrated seats experiences 
excessive forward rotation due to inertial loading of 
the occupant resulting in the dummy head contacting 
the front seat back, the front console or its own 
knees.  This generally results in high head and neck 
injury measures as is indicated in Figures 7 and 8.  
The forward rotation of the seatback results in less 
belt loading on the thorax, which results in lower 
chest acceleration and deflection (Figures 9 and 10).   

The head and neck injury measures of restrained 
adult dummies in the rear seat of 2004 model year 
vehicles tested were significantly higher than those of 
restrained and unrestrained adult dummies in the 
front seats.  This suggests that the advanced restraint 
systems of the front seats in these newer vehicle 
models make the front seat position more effective 
than the rear seating position for adult occupants in 
reducing serious to fatal injuries. 

 
DISCUSSION 
 
 A comparison of fatality rates among front and 
rear seat passengers suggests that although rear seat 
belts are effective in reducing death and serious 
injury (Morgan, 1999), their effectiveness compared 
to that of the front seat restraints in mitigating 
fatalities and serious injury depends on the age of the 
occupant. The data suggests that restrained occupants 
younger than 50 years benefit from sitting in rear 
seats in frontal crashes.  However, restrained 
occupants older than 50 years of age have 
significantly improved protection in frontal crashes 
when seated in the front seat than in the rear outboard 
seats.  Unrestrained occupants of all ages benefit 
from sitting in rear seats than front seats in frontal 
crashes. 

The significantly higher chest deflection of the 
HIII 5F and HIII 50M dummies in rear seats 
compared to that of the corresponding dummy in the 
front passenger seat may be related to the fact that 
since there is more space available in the front 
passenger seat position, the air bag alone and the 
combination of air bag and belt restraints can be 
optimally designed to allow the occupant to take 
advantage of the ride down.   

While field data indicates chest injuries to be the 
dominant injured body region among adult rear seat 
occupants in frontal crashes, the crash test data 
suggests a greater risk of head and neck injuries than 
chest injuries among restrained adult rear seat 
occupants.  The differences in crash test data from 
real world data may be related to the prescribed 
injury threshold levels and differences in interaction 
of the dummy with the restraint system compared to 
human adults in rear seats.   

 The presence of a frontal air bag reduces the 
protection level of front seats for children 5 years old 
and younger who are restrained in child safety seats 
and for unrestrained children 12 years old and 
younger.  This highlights the importance of having 
children 12 years old and younger sit in rear seats, as 
per NHTSA’s recommendation. The presence of a 
frontal air bag improves the protection level of front 
seats for occupants older than 12 years of age.   

Full frontal rigid barrier crash tests at 48 and 56 
km/h with adult occupants in center rear integrated 
seats resulted in excessive rotation of the seatback 
thereby causing the dummy head to contact the front 
seatback, console, or its own knees, resulting in high 
head and neck injury measures. Neither rear nor 
center seat positions are required to be tested 
dynamically in FMVSS No. 208.  The integrated 
restraints are evaluated statically in FMVSS Nos. 207 
and 210.  These crash test results, though very 
limited, suggest that the static test requirements of 
FMVSS Nos. 207 and 210 may not be sufficient to 
optimize the protection to occupants in these seating 
positions in severe frontal crashes.  However, much 
more work is necessary to understand how the 
regulatory requirements might be altered.  

 Smith and Cummings (2004) demonstrated that in 
frontal crashes, the risk of injury to rear seat 
occupants is lower than that of front seat occupants.  
However, Smith did not examine this relative injury 
risk as a function of age.  Though 64 percent of 
restrained rear seat occupants are younger than 12 
years of age, they only represent 32 percent of the 
MAIS 2+ injured and 26 percent of the fatally injured 
rear seat occupants.  This suggests that the overall 
reduced risk of injury and fatality to rear seat 
occupants may be related to the large representation 
of young occupants in rear seats.  
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Research efforts have been made in improving 
rear seat restraint systems.  Haberi et al. (1987) 
presented the development of an ergonomic rear 
safety belt system used in the European BMW 7 
series models that ensured improvements in use rate 
as well as in occupant protection.  The restraint 
system is characterized by reversed shoulder belt 
geometry – the upper mounting points are inboard 
and the diagonal shoulder belt angle across the torso 
is in the opposite direction of what is customary.  
Haberi conducted full frontal vehicle crash tests to 
demonstrate that the forward location of the outboard 
buckle improves the belt fit and reduces the 
likelihood of submarining, making the pelvic restraint 
more effective in head-on collisions. 

Zellmer et al. (1998) examined the feasibility and 
the protective effect of belt pretensioners and load 
limiters in the rear seats using MADYMO 
simulations and sled testing.  The study showed that 
optimized belt systems significantly reduce thoracic 
loading on the rear seat occupant.  More recently, 
Kawaguchi (2003) proposed the concept of optimal 
belt load control system to afford protection to all 
size occupants through MADYMO simulations.   

The field data as well as the frontal crash test data 
indicate a need for improvement in frontal crash 
protection for older rear seat occupants.  Advanced 
restraint systems in rear seats have the potential of 
improving frontal crash protection for rear seat 
occupants of all ages, and in particular for the elderly.  
 
CONCLUSIONS 
 
 This paper presents the analysis of real world 
crash databases and crash test data to compare the 
effectiveness of rear seat restraints to those of the 
front seats.  The findings from this study are as 
follows: 
1. While occupants younger than 50 years of age 

benefit from sitting in rear seats in frontal 
crashes, the front seats offer significantly 
improved protection compared to rear seats in 
frontal crashes to restrained adults 50 years and 
older.  

2. The most injured body region for restrained 
children in rear seats is the head while that for 
adults is the chest. 

3. The main source of chest and abdominal injuries 
for restrained adult occupants in rear seats is 
their interaction with the seat belts.  The major 
source of injury among unrestrained occupants is 
contact with the front seat back. 

4. Protection of occupants in rear integrated seats 
may be optimized further by designing seat 
backs such that they do not experience forward 
rotation in a moderate to severe frontal crash 

sufficient to allow injurious contact with the 
vehicle interior.  

5. Rear seat restraints may offer improved 
protection to occupants of all ages, and in 
particular, to the elderly, if they are optimized to 
dynamic crash conditions.  

 
FUTURE RESEARCH 
 

NHTSA is continuing its research program to 
better understand rear seat and rear integrated seat 
performance.  The NHTSA Special Crash 
Investigations and CIREN programs will be 
conducting detailed examination of select crashes 
involving rear seat occupants with serious to fatal 
injuries.  Different size dummies in rear seats will be 
added in frontal crash tests to continue evaluation of 
the dynamic performance of rear seats and rear 
integrated seats.  Numerical simulations will be 
conducted to determine the feasibility of advanced 
restraint systems and improved restraint geometry in 
rear seats to improve rear seat occupant protection.   
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APPENDIX A    
 

Table A-1.  Full Frontal Rigid Barrier Crash Test – Driver and Front Outboard Passenger 
 

TSTNO

Test 
Speed 
(km/h) Make Model

Model 
Year

HIII adult 
dummy 

size
15 ms 
HIC

Neck 
Tension 

(N) Max Nij
Chest Ax 

(gs)

Chest 
Defl 
(mm)

HIII adult 
dummy size

15 ms 
HIC

Neck 
Tension 

(N)
Max 
Nij

Chest Ax 
(gs)

Chest 
Defl 
(mm)

3783 48 DODGE GRAND CARAV 2001 5 190.2 1850.7 1.83 67.1 57.5 5 486.2 725.9 0.82 61.5 16.8
3784 48 FORD ESCAPE 2001 5 134.3 1441.7 1.23 50.3 58.7 5 120.2 511.3 0.68 37.9 10.8
3796 48 FORD F150 PICKUP 2001 5 136.8 645.9 0.29 34.8 29.0 5 111.1 443.3 0.31 41.7 10.3
4237 56 NISSAN FRONTIER 2002 50 414.8 1965.0 0.31 45.5 37.7 50 329.3 802.9 0.24 41.8 29.3
4252 56 DODGE DAKOTA 2002 50 653.9 3135.7 0.56 58.7 48.3 50 256.0 2040.7 0.65 41.0 26.2
4416 56 CHEVROLET TRAILBLAZER 2002 5 617.2 1638.7 0.55 73.8 44.2 5 793.0 1955.8 0.75 67.4 36.7
4417 56 JEEP LIBERTY 2002 5 244.8 1742.0 0.60 47.5 29.0 5 192.0 1470.7 0.85 41.7 23.2
4463 57 HONDA ODYSSEY 2003 50 204.4 1273.2 0.19 41.4 32.4 50 237.1 836.2 0.18 37.1 27.1
4472 56 CHEVROLET SILVERADO 2003 50 523.0 1957.2 0.33 44.8 50 629.0 2305.4 0.52 49.0
4483 57 MERCEDES E320 2003 50 288.2 1006.1 0.23 48.7 34.9 50 216.2 719.2 0.34 48.5 36.1
4486 57 TOYOTA AVALON 2003 50 383.1 1196.4 0.27 43.0 26.2 50 340.6 1002.2 0.40 39.6 32.8
4487 56 SATURN ION 2003 50 238.5 813.9 0.26 42.3 50 152.5 1078.3 0.20 35.9
4493 56 VOLVO XC 90 2003 50 419.1 1669.5 0.47 49.7 31.7 50 231.7 1676.9 0.38 58.0 35.7
4512 48 CHEVROLET TRAILBLAZER 2002 5 144.9 1768.8 0.55 64.7 40.9 5 366.4 1682.2 0.70 58.9 38.4
4546 56 TOYOTA 4RUNNER 2003 50 466.8 1494.5 0.28 46.5 50 315.2 1121.3 0.23 45.3
4549 56 CHEVROLET TAHOE 2003 50 0.0 1751.0 0.35 52.6 28.6 50 433.3 2171.9 0.46 52.0 34.4
4671 48 BUICK RENDEZVOUS 2003 50 327.2 1326.6 0.27 47.3 32.4 50 307.0 629.7 0.35 42.0 30.5
4672 48 DODGE CARAVAN 2003 5 347.8 1352.8 0.48 42.2 24.2 5 292.4 520.9 0.44 41.6 23.7
4673 48 BUICK RENDEZVOUS 2003 5 357.8 1875.9 0.79 39.9 23.2 5 325.2 756.1 0.44 40.4 25.8
4674 48 HONDA CRV 2003 50 93.5 1002.0 0.26 36.3 26.2 50 101.8 876.3 0.18 35.1 22.8
4675 48 CHEVROLET TRAILBLAZER 2003 50 237.1 1767.8 0.36 49.2 39.8 50 291.4 1807.3 0.52 46.2 34.8
4676 48 VOLKSWAGEN PASSAT 2003 50 179.3 1296.8 0.25 36.3 32.5 50 157.1 1053.2 0.19 33.0 27.3
4681 56 NISSAN MAXIMA 2002 5 344.3 1968.1 1.23 38.6 29.1 5 409.7 898.7 0.50 40.0 24.1
4682 56 HONDA CIVIC 2002 5 108.0 1348.0 0.76 41.4 28.1 5 180.5 742.4 0.53 40.1 25.1
4683 56 HONDA ACCORD 2002 5 69.7 1217.7 0.73 49.8 40.9 5 361.0 670.2 0.60 43.4 20.9
4686 48 HONDA ACCORD 2003 5 159.1 1908.5 0.92 33.3 22.1 5 224.8 400.4 0.25 35.5 21.0
4687 48 VOLVO V70 2003 5 120.8 1144.3 0.49 41.9 32.6 5 199.3 535.8 0.43 44.1 28.4
4689 48 ACURA 1.7 EL 2003 5 123.2 1612.9 0.95 37.5 25.4 5 133.7 467.8 0.45 33.2 20.8
4690 48 FORD EXPLORER 2003 5 396.1 1965.3 1.14 53.7 35.6 5 387.4 714.2 0.53 44.2 29.1
4698 48 TOYOTA MATRIX 2003 50 110.5 779.9 0.15 32.5 21.6 50 59.3 601.6 0.25 30.9 19.9
4701 56 VOLVO XC 90 2004 50 288.1 1413.2 0.39 41.7 40.1 50 169.9 1702.1 0.25 48.3
4776 57 FORD TAURUS 2004 50 316.6 1284.6 0.30 43.0 27.7 50 146.9 1253.4 0.28 41.9 22.0
4780 48 DODGE CARAVAN 2003 50 289.4 875.7 0.34 49.8 46.5 50 348.9 818.0 0.22 8.1 31.0
5092 56 VOLVO S40 2004 50 185.0 1278.8 0.38 47.2 38.7 50 143.4 1070.8 0.21 43.5 31.0
5117 57 SUBARU OUTBACK 2005 50 238.7 1067.7 0.23 38.9 28.6 50 178.6 911.9 0.17 44.0 29.7
5143 56 FORD TAURUS 2004 5 166.0 1433.8 0.44 37.5 29.1 5 289.9 409.7 0.28 42.0 19.1
5144 56 HONDA ODYSSEY 2004 5 56.8 917.6 0.43 32.4 24.4 5 233.2 918.9 0.49 38.1 14.5
5145 57 HONDA ACCORD 2004 5 279.9 914.9 0.30 32.1 26.0 5 181.5 738.0 0.22 38.3 28.8
5164 48 MITSUBISHI GALANT 2004 50 149.7 1240.7 0.29 39.7 50 182.0 1256.0 0.26 33.7
5166 48 SUZUKI SWIFT 2004 50 128.4 1228.8 0.26 36.6 50 185.4 1534.2 0.29 32.2
5167 48 NISSAN MAXIMA 2004 50 113.8 999.2 0.22 39.0 50 276.3 852.9 0.24 35.0
5168 48 HONDA ELEMENT 2004 50 110.8 1302.2 0.29 34.0 50 215.0 1344.6 0.31 35.1
5173 48 MERCEDES C230 2004 50 186.2 1085.6 0.24 46.3 50 214.5 808.3 0.21 40.7
5174 48 HYUNDAI TIBURON 2004 50 96.4 671.8 0.17 33.4 50 107.0 963.0 0.24 44.0
5182 48 CHRYSLER CONCORDE 2004 50 316.6 1295.5 0.33 43.4 50 128.5 1029.7 0.20 35.2
5191 48 CHEVROLET MALIBU 2004 50 172.8 1205.1 0.29 33.0 50 135.9 1113.6 0.32 34.6
5203 47 TOYOTA SIENNA 2004 5 126.7 1201.5 0.44 34.5 50 230.7 666.1 0.38 29.7

Driver Passenger

 
 

Note: HIII Dummy Size: 50: Hybrid III 50th percentile male dummy; 5: HIII 5th percentile female dummy, 
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Table A-2. Full Frontal Rigid Barrier Crash Test Data – Rear Seat Occupant 
 

TSTNO

Test 
Speed 
(km/h) Make Model

Model 
Year

occ. seat 
positon

HIII 
dummy 

size 15 ms HIC
Neck 

Tension (N) Max Nij
Chest Ax 

(gs)
Chest Defl 

(mm)

3783 48 DODGE GRAND CARAVAN 2001 3 6C 759.3 376.3 0.30 52.7 29.0
3784 48 FORD ESCAPE 2001 3 6C 762.7 608.4 0.24 69.3 39.7
3796 48 FORD F150 PICKUP 2001 4 6C 425.2 530.2 0.20 40.8 26.0
4252 56 DODGE DAKOTA 2002 3 6C 476.8 2031.4 1.15 55.9 0.0
4463 57 HONDA ODYSSEY 2003 4 6C 593.9 2230.0 0.89 39.0 0.0
4472 56 CHEVROLET SILVERADO 2003 4 6C 0.0 2680.5 1.36 0.0 0.0
4483 57 MERCEDES E320 2003 4 6C 724.2 2626.4 1.16 57.7 1.3
4486 57 TOYOTA AVALON 2003 4 6C 887.4 2911.7 0.98 54.4 23.6
4487 56 SATURN ION 2003 4 6C 0.0 2760.4 1.01 0.0 0.0
4493 56 VOLVO XC 90 2003 4 6C 0.0 2954.1 1.27 53.7 38.1
4546 56 TOYOTA 4RUNNER 2003 4 6C 0.0 3504.3 1.42 0.0 0.0
4549 56 CHEVROLET TAHOE 2003 4 6C 0.0 2487.0 1.03 36.8 25.5
4671 48 BUICK RENDEZVOUS 2003 4 6C 730.0 3335.1 1.41 0.0 34.7
4672 48 DODGE CARAVAN 2003 3 6C 481.8 2176.7 0.95 0.0 19.7
4682 56 HONDA CIVIC 2002 4 6C 607.1 2339.2 0.85 0.0 40.8
4686 48 HONDA ACCORD 2003 3 6C 416.3 1420.6 0.68 0.0 22.8
4687 48 VOLVO V70 2003 3 6C 465.3 1500.7 0.56 0.0 40.8
4687 48 VOLVO V70 2003 4 6C 319.4 1817.7 0.63 0.0 43.9
4689 48 ACURA 1.7 EL 2003 3 6C 684.0 2247.0 0.91 0.0 38.3
4689 48 ACURA 1.7 EL 2003 4 6C 665.3 2308.2 1.04 0.0 34.1
4690 48 FORD EXPLORER 2003 4 6C 527.4 3413.8 1.43 0.0 43.8
4698 48 TOYOTA MATRIX 2003 4 6C 545.8 2150.8 0.75 0.0 34.1
4701 56 VOLVO XC 90 2004 4 6C 824.5 2628.1 0.99 88.3 36.2
4776 57 FORD TAURUS 2004 4 6C 1020.7 2799.6 1.13 57.6 18.6
4780 48 DODGE CARAVAN 2003 3 6C 1051.9 2741.3 1.32 0.0 42.9
5092 56 VOLVO S40 2004 4 6C 0.0 3084.0 1.80 60.3 0.0
5117 57 SUBARU OUTBACK 2005 4 6C 1477.8 3527.0 1.41 73.6 32.8
5143 56 FORD TAURUS 2004 3 5 536.0 2378.3 0.89 42.0 32.8
5144 56 HONDA ODYSSEY 2004 3 5 1057.0 3354.0 1.17 52.8 37.2
5145 56 HONDA ACCORD 2004 3 5 783.0 2774.0 0.94 48.6 47.1
5164 48 MITSUBISHI GALANT 2004 4 5 515.0 0.96 45.6 32.8
5167 48 NISSAN MAXIMA 2004 4 5 270.0 0.70 47.4 35.9
5168 48 HONDA ELEMENT 2004 3 5 642.0 0.96 41.3 33.7
5173 48 MERCEDES C-230 2004 4 5 663.0 0.98 48.9 36.0
5174 48 HYUNDAI TIBURON 2004 4 5 483.0 0.76 43.5 34.0
5182 48 CHRYSLER CONCORDE 2004 3 5 373.0 0.87 46.3 38.0
5191 48 CHEVROLET MALIBU 2004 3 5 343.0 0.72 51.7 34.6
5203 48 TOYOTA SIENNA 2004 4 5 396.0 0.71 36.8 28.8

4416 56 CHEVROLET TRAILBLAZER 2002 6 50 552.6 3170.5 0.65 41.4 44.6
4417 56 JEEP LIBERTY 2002 6 50 684.0 3221.6 0.62 47.2 36.4
4493 56 VOLVO XC 90 2003 6 6C 1411.9 3371.2 1.32 65.2 27.9
4512 48 CHEVROLET TRAILBLAZER 2002 6 50 354.4 3688.4 0.70 32.8 65.8
4690 48 FORD EXPLORER 2003 6 6C 795.0 2491.8 0.97 0.0 28.0
4701 56 VOLVO XC 90 2004 6 6C 1324.5 3128.3 1.27 56.7 37.5
5166 48 SUSUKI SWIFT 2004 5 480.0 0.84 38.6 32.1
5203 48 TOYOTA SIENNA 2004 3 5 725.0 0.44 36.6 28.7

Seatbelts Integrated to Seat

Rear Outboard Seats

 
Note: Occupant Seat Position:  Position 3: Right rear seat; Position 4: Left rear seat; Position 6: Rear center seat.

HIII Dummy Size: 50: Hybrid III 50th percentile male dummy; 5: HIII 5th percentile female dummy, 6C: HIII                              
6 year-old child dummy.  
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APPENDIX B 
Full frontal rigid barrier crash tests with the same size dummy in the front and rear seats 
 
Table B-1.  Full frontal rigid barrier crash test at 56 km/h with restrained HIII 5F dummies in the driver and front 
outboard seats and restrained HIII 5F dummy in the rear outboard seat. 
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front outboard seats and restrained HIII 50M dummy in the rear outboard seat. 
Table B-2.  Full frontal rigid barrier crash test at 48 km/h with unrestrained HIII 50M dummies in the driver and 

 



APPENDIX C 
 
FARS data (1993-2003) of frontal crashes (excluding rollovers) involving passenger cars or LTVs of model years 
later than 1991 that were used in the double-paired comparison study. 
 

Restrained Occupants 

age 
group

Driver     
F1

RF Pass 
F2

Driver     
F1

RF Pass 
F2

Driver     
F3

rear Pass 
F4

  
0-5 95 93 25 41 428 230
6-8 90 82 44 40 219 120
9-12 91 72 81 41 200 83
13-15 145 94 96 52 140 50
16-24 625 572 506 403 257 111
25-49 697 852 569 478 190 121
50-74 644 997 623 635 139 205
75+ 308 723 290 545 37 162

Belted and no air bag Belt+ Air Bag Belted
Rear Seat OccupantsFront Passenger Seat Occupants

 
 

Unrestrained Occupants 

age 
group

Driver     
F1

RF Pass 
F2

Driver     
F1

RF Pass 
F2

Driver     
F3

rear Pass 
F4

  
0-5 48 65 11 46 72 54
6-8 59 49 17 40 113 50
9-12 71 35 19 18 117 48
13-15 123 101 58 46 160 93
16-24 823 926 523 490 622 413
25-49 753 903 368 394 287 236
50-74 239 354 111 144 50 65
75+ 92 211 54 109 24 38

Front Passenger Seat Occupants Rear Seat Occupants
No Belt and no air bag No Belt+ Air Bag No Belt
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ENHANCED CHILD RESTRAINT DATA COLLECTION IN NASS CDS 
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ABSTRACT 
 
The National Highway Traffic Safety 
Administration’s (NHTSA), National Automotive 
Sampling System (NASS), has conducted detailed 
field crash investigations through its Crashworthiness 
Data System (CDS) since 1988.  Each year CDS 
collects detailed information on a nationally 
representative, random sample of minor, serious and 
fatal, police-reported, tow-away traffic crashes 
involving passenger cars, light trucks and vans. CDS 
data supports research into the crashworthiness of 
passenger vehicles and the biomechanics of trauma, 
development of test equipment procedures and 
criteria, and the development and support of motor 
vehicle safety standards for occupant protection and 
consumer information programs.  
 
Data collection into these real-world crashes 
involving child occupants provides a unique data set 
useful to the agency as well as the whole child 
occupant protection community. 

 
In 2002, new and updated data collection 
methodologies related to child occupant restraints 
were incorporated into the NASS, CDS, Electronic 
Data Collection System. This paper presents a 
summary of these improved data collection 
methodologies.            
 
BACKGROUND 

 
The primary impetus behind the CDS was a need for 
more detailed information on how a vehicle and 
occupant respond in a crash, and how the interior 
components of the vehicle injure and/or protect 
occupants.  In 1988, the CDS was initiated with 36 
trained field research teams across the country which 
studied about 7,000 crashes each year.  In 2004, the 
CDS had 27 field research teams and 76 field 
researchers collecting data from about 5,500 crashes. 
The CDS currently collects and codes crash 
information involving over 600 data elements 
obtained during on-site crash scene inspection and 
exterior and interior vehicle inspections, interviews 
with crash victims, along with pertinent medical 
information.    Interviews with crash victims may be 

done in person or over the telephone entailing 
questions dealing with pre and post-crash events 
involving all occupants of the vehicle.  Details 
regarding the occupant, e.g., seating position, 
restraint type available, restraint use, along with any 
available medical/injury information, are collected 
and coded into each case. 
 
Dating back to 1999, NHTSA has collected about 
200 occupied child restraint cases per year involving 
approximately 250 child restraints each year, 
(allowing for more than one child restraint per crash).  
Overall cases involving child restraints make up 
about 5% of the total number of cases coded in CDS 
since 1999.  The yearly totals dating back to 1999 are 
listed in Table 1 and shown graphically in Figure 1. 
 

Table 1.  Number of CDS Child Seat Cases and 
Number of Child Seats Coded Between 1999-2004 

 
 

YEAR 

TOTAL # 
OF CDS 
CASES 

CHILD 
SEAT 

CASES 

# OF 
CHILD 
SEATS 
CODED 

1999 4,274 182 230 
2000 4,307 210 248 
2001 4,090 188 220 
2002 4,589 225 279 
2003 4,754 219 276 

Source:  NASS CDS, 1999-2003 
 
Motor vehicle crashes remain a leading cause of 
death for children of all ages, and according to the 
Agency’s Fatality Analysis Reporting System 
(FARS), there have been 2,519 passenger vehicle 
occupant fatalities among children under 5 years of 
age between 1999 and 2003.  Of these 2,519 
fatalities, an estimated 1,636 (65 percent) were 
restrained by either a child seat or a vehicle safety 
belt system. The FARS data file contains limited 
information, police accident report (PAR) only, and 
other official State records, documenting details from 
all fatal traffic crashes within the 50 states, DC and 
Puerto Rico.  It is in part, due to this lack of detailed 
information, that the Agency is using its resources 
within other program areas to acquire and document 
restraint use data by children in all types of crashes. 
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Figure 1. Child Seats Coded within CDS by Year      
 
NHTSA is committed to understanding how child 
restraint systems perform in real-world crashes. This, 
coupled with the requirements initiated in the 
implementation of the Transportation Recall 
Enhancement, Accountability, and Documentation 
(TREAD) Act, Section 14, created the need for 
improved and updated real-world crash data and 
collection methods related to child occupants.  As a 
result of TREAD, in 2002 the Agency developed 
enhanced child restraint data collection variables and 
attributes in an effort to improve data collection 
regarding the specific types of restraints used by 
child occupants.  Therefore, this paper highlights the 
efforts to enhance data collection in NASS CDS on 
child restraints. 
 
INTRODUCTION 
 
Prior to 2002 
  
The Agency’s collection of child restraint 
information prior to 2002 lacked certain 
detail/specificity necessary to identify the various 
types of child restraints involved in crashes.  The 
majority of the child restraint “Types” were being 
coded as “Unknown/Other” due in part to lack of 
information in the field (e.g., the child restraint had 
been destroyed and was no longer available for 
inspection coupled with the fact that the parent/care 
giver was unfamiliar with the restraint and unable to 
provide many identifying details).   

Only a limited number of variables regarding child 
seat characteristics and usage were coded prior to 
2002, some of which were outdated and no longer 
reflective of current child restraint types and designs.  
For example, the attributes for Seat Type were Infant, 
Toddler, Convertible, Booster, Integral, Other and 
Unknown.   
 
The predominant means of obtaining child safety seat 
information was through an interview consisting of 
seven questions, which could be conducted by 
telephone or in person.  The interview form is shown 
in Figure 2.   
 

 Figure 2. Pre-2002 Child Restraint Interview 
Form 
 
Information regarding the child restraint could be 
obtained by conducting interviews, both over the 
phone and in person, as well as from inspecting the 
child restraint, when available, during vehicle 
inspections.   From these two sources the following 
information could be coded:  Make, Model, Type, 
Orientation, Harness, Shield and Tether availability.  
Prior to 2002, a sample of this information is shown 
in Figure 3 of the “Child Seat Tab” from the NASS 
data entry program, NASSMain.    
 
Child restraint Proper Use/Misuse information was 
coded using seat belt variables.  There has never been 
a single variable or attribute, which gave the overall 
proper/improper use of the child restraint.   
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Figure 3.  Occupant Form, Child Seat Tab Detail 
 
The Proper Use/Misuse variables were defined as: 
Proper Use of Manual Belt (used properly with child 
safety seat – indicated when the manual belt was 
installed so as to comply with the manufacturers 
directions); and Proper Use of Automatic Belt (used 
properly with child safety seats – indicated when the 
automatic belt was installed so as to comply with the 
manufacturers directions).  Proper/improper child 
seat installation is difficult to ascertain even when the 
child seat is available for inspection in the crash 
vehicle, while still installed with the vehicle safety 
belt system.  It proves even more difficult to 
determine proper/improper use through information 
obtained by an in-person or over-the-telephone 
interview only.  In addition proper/improper use 
information was not coded regarding the child seat’s 
use, design type for child occupant, etc.  So often 
times the proper/improper use information was 
misinterpreted.  It was in part because of these 
“misinterpretations” that the proper use/misuse 
attribute was removed from the 2003 CDS file.   
 
METHODOLOGY 
 
Improved Data Collection Methodologies 
Incorporated in 2002 
 
Improvements in the data collection and coding 
began with revamping methodologies, one of the first 
of which entailed developing a new, comprehensive 
Child Seat Interview Form.  The new interview form 
consists of numerous questions pertaining to various 
child restraint types, (e.g., infant only, convertible, 
forward facing only, and belt-positioning booster 
seat) the parent/caregiver’s knowledge of and 
familiarity with the child restraint, and its use and 

installation. There are also questions regarding 
information sources the parent/caregiver has used, 
(e.g., child seat checkpoints/clinics attended, vehicle 
and child restraint owner’s manuals,) which aided 
them in the child restraint’s use and installation.   A 
reference sheet with various child restraint graphics is 
also part of the interview.  It provides a visual of 
various seat types, which serves to help identify the 
type of child seat involved in the crash when the seat 
is no longer available and in-person interviews are 
conducted. Field researchers have always been 
encouraged to conduct in-person interviews rather 
than telephone interviews. 
 
For those cases where the child seat is no longer 
available for inspection and/or an in-person interview 
is not possible, questions can be asked over the 
phone.  Answers to several of these over-the-
telephone interview only questions may still be able 
to help data analysts ascertain child seat type, harness 
system, orientation, proper/improper use, etc.  
Sample questions from the 2002 Child Restraint 
Interview Form are shown in Figures 4 and 5.  
 
Another enhancement made in the CDS entailed 
updating the child seat make/model and type 
selection/pick list which now includes child restraints 
dating back to about 1985.  Prior to 2002 this child 
seat “pick-list” was comprised of about 30 different 
makes of child seats covering about 120 different 
models, and five child seat types.   Field researchers 
reference this list for selection of the respective child 
seat involved in a crash.  The pick-list was expanded 
to include several older and newer models, and has 
been updated every year since 2002.  This listing also 
includes the harness design for each model seat type 
along with the appropriate height and weight use 
recommendations according to each respective 
manufacturer.  

 
The current list (up through 2004) identifies about 80 
different makes, covering approximately 470 models, 
with 10 child seat types from which to choose.   The 
current child restraint types are classified as:  Infant 
Seat (ISS), Convertible Seat (CSS), Forward Facing 
Only (FSS), Booster Seat (BSS), Booster/Forward 
Facing Seat (BSS/FSS), Booster/Convertible Safety 
Seat (BSS/CSS), Integrated Seat (INT), Harness 
(HSS), Vest (VSS), and Special Needs (SNSS).   

 
This listing also provides information regarding a 
restraint’s harness system type and placement  
according to the occupant’s weight and height in 
addition to providing a restraint’s 
attachment/hardware system, e.g., Lower Anchorages 
and Tethers for Children (LATCH)  features. 
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Figure 4.  Sample of 2002 Child Restraint 
Interview 
 

Figure 5.  Sample of 2002 Child Seat Interview 
Questions 

   
Additional updating and restructuring was also made 
to the child seat and safety belt data collection 
variables and attributes.  The attributes capture 
design features of the seat, e.g., harness/shield 
design, not designed with harness/shield, 3-pt 
harness, 5-pt harness, T-shield, Tray-shield, Shield 
and unknown.  In addition, the improved attributes 
reflect how the features are used, e.g., harness used, 
harness in top, highest, middle or bottom slot, harness 
used, slots used unknown, shield used, etc.  This has 
allowed for new information to be coded regarding a 
seat’s harness/shield design and use, the LATCH 
features availability and use, and installation of the 
child seat in the vehicle by indicating the vehicle’s 
belt routing and use.  
  
Information regarding the child’s position within the 
restraint is also collected.  Through the interview 
process, the child’s posture is noted as sitting upright, 
reclined, supine, slumped forward to the side, etc.   
 
Specific information on the child restraint’s design, 
installation features, (e.g., LATCH equipped, vehicle 
safety belt lock-offs, etc.), restraint use, harness 
strap(s) location, and LATCH features, are collected 
and documented for each child occupant.  There are 
also questions, which may help determine the type of 
vehicle safety belt system used to install the child 
restraint and/or the child in instances where a vehicle 
inspection may have not been completed.  For 
example safety belt types like lap/shoulder 
combination, lap belt only; locking features, latch 
plates, retractor types, (e.g., sliding, lightweight 
locking/cinching, locking, emergency and automatic 
locking, switchable retractor, etc.) and how the 
vehicle safety belt was used/locked to secure the 
child restraint.  
 
Information is also collected pertaining to the 
use/installation of vehicle safety belt adaptations/add-
ons, as well as use of aftermarket belt-positioning 
devices.  All pertinent information regarding the 
child occupant, (e.g., interview, photos of crash 
scene, vehicles and child restraint) are collected and 
coded into the automated CDS file enabling 
researchers to reconstruct the pre and post crash 
environment of the child occupant.  A sample of the 
Occupant Form, Child Seat Tab used for coding child 
seat information beginning in 2002 is shown in 
Figure 6.    
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Figure 6.  Sample of Child Seat Tab beginning 
with 2002 
 
Once a child restraint make and model have been 
entered into the Child Seat Tab, the type of restraint 
along with certain other design features automatically 
pre-fill certain of the blanks extrapolating from 
previously entered data regarding each respective 
child restraint from the pick-list.   The left-hand side 
of the Child Seat Tab, which specifies Design Feature 
Used defines how the child restraint is 
designed/equipped beginning with the type of harness 
system.  A drop down list of harness options 
available for the particular seat allows selections such 
as 3-pt, 5-pt, T-shield, Tray-shield, and Shield.  It can 
also be noted, via the drop down list, whether the 
child restraint was equipped with a harness retainer 
clip, top tether or lower anchorages.  The How 
Feature Used side of the tab describes how the 
restraints features were used beginning with the 
orientation of the seat, orientation, e.g., rear, forward, 
supine; if harness was used which slots were used, 
e.g., harness straps in top/highest slot, harness straps 
in middle/bottom slot, slots used unknown; tether 
used or not used, LATCH used or not used, belt 
routing indicating which slots/channels on the child 
restraint were used for vehicle belt installation, and 
whether or not a locking clip was used on the vehicle 
belt system.      
 
Updated photography requirements for child 
restraints were also incorporated into the 2002 CDS 
data collection year.  In particular, field researchers 
were required to take photos of both the front and 
back of the child restraint, which could help clearly 
identify the type of seat, it’s harness system and the 
harness system’s position/location as it was likely 

used with the child.  The new guidelines also request 
that all labels identifying the seat be photographed, 
especially the label which indicates the manufacturer 
make/model number and date of manufacture, which 
can help identify the seat’s specific manufacturer and 
model.  
  
Another very important data collection enhancement 
incorporated into the CDS has been providing 
additional child restraint and vehicle safety belt 
training for field researchers.  An 8-hour child seat 
and vehicle safety belt update training was provided 
to all field researchers during NASS year-end 
training in November 2001, and field researchers 
have been provided with child occupant restraint 
update information at every year-end training since 
implementation of the new variables.   Several of the 
field researchers have become certified Child 
Passenger Safety (CPS) Technicians through the 
Standardized Child Passenger Safety course, and it is 
planned to have at least 1 field researcher certified as 
a Technician at each of the 27 field research teams.   

 
PROCEDURES 
 
In-depth information relating to the case child 
occupant’s environment, both pre- and post- crash, is 
gathered (e.g., restraint type used, how used, its 
installation, harness strap location, seating location, 
vehicle safety belt type utilized to anchor the child 
restraint, top tether and lower anchorage 
systems/LATCH, etc.).  This information is collected 
from many sources, including a hands-on 
examination of the vehicle, and the child restraint, 
when available.  When applicable, medical 
information regarding the child occupant is also 
sought.  Once the information is obtained it is entered 
into the CDS using the Abbreviated Injury Scale, 
AIS-90 coding protocols.      
 
Details regarding the child restraint crashes selected 
for CDS are collected and subsequently coded into 
each case by field researchers.  The information 
coded is then reviewed and checked for accuracy by 
quality control staff, built-in edit check software, as 
well as receiving a second review by NHTSA 
headquarters staff prior to final data file release for 
child restraint cases coded since 2002.         
 
DATA SUMMARIZATION  
 
Data Parameters 
 
Pursuant to the changes enjoyed by the Oracle NASS 
CDS files, the SAS data sets will be updated to an 
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approximately 30-file data set, known internally as 
the oracle look-a-like file.  This will occur 
retroactively to 2002, the year for which the child 
passenger safety modifications were made to the 
NASS CDS.  Currently, the SAS data set available on 
the World Wide Web contains the traditional 11-file 
data set. 
 

Years 
NASS CDS was consulted for tow away crashes 
occurring in 2002 through 2003.  These are the two 
most recent years available for the NASS System.  
These also mark the first two years of enhanced child 
seat collection. 
 

Age Selection 
Based upon a query reviewing all child seat cases in 
the NASS CDS for the years 1999 through 2003, it 
was determined that children through 9 years old 
were observed to be restrained by some child 
restraint system.  This was not to say that some form 
of child safety seat and/or vehicle-equipped safety 
belt restrained all children from ages 0 through 9 
years.  Instead, there was incidence of some child 
safety seat usage among children up to 9 years of age. 
 

Restraint Usage Aggregations 
The restraint usage was categorized as:  vehicle 
installed restraint, child restraint system secured with 
a vehicle installed restraint, none, or other.  If the 
child was restrained with a lap, shoulder, lap 
and/shoulder belt, or an unknown type of manual 
restraint, the child was considered secured by a 
vehicle-installed restraint.  If the manual restraint 
usage indicated that it secured a child safety seat and 
that a child safety seat was present in the seating 
position, then the child restraint system was secured 
with a vehicle installed restraint.  Using the old 
definitions owing to their current availability in SAS, 
child seat was considered:  infant seat, toddler seat, 
convertible, booster seat with shield, booster seat 
without shield, other seat, or unknown seat.  In the 
case of an absent or inoperative manual restraint in a 
seating position, then a child was considered 
unrestrained.  If the restraint usage did not fit the 
previous definitions, it was classified as other.  These 
would include any child safety seat that was secured 
with one of the manual restraint usage options or the 
presence of an integrated seat.  Until the advent of the 
new child safety seat variables, integrated seats were 
denoted through the child seat make variable as an 
aggregate of any make or model. 
 

Seating Position 
The seating positions were disaggregated in two 
ways.  The first method of analysis contemplated any 

seating positions.  The second method of analysis 
only considered child safety seat compatible seating 
positions. 
 
First, any front seat, left, middle, right, on/in lap, or 
other, were aggregated.  The second seat was 
comprised of any other seating position rear of the 
front seat but excluding other seats or unenclosed 
areas.   
 
The second method only considered seating position 
in which a child seat could be installed.  The front 
seat only considered the right front seating positions.  
Although, many vehicles are equipped with center 
seating positions, these generally avail themselves of 
a lap belt.  It is not a comparable attribute amongst all 
vehicles.  Further, the lap belt is not appropriate for 
use with belt positioning boosters.  Since the present 
examination reports on an aggregate of child seat 
types, ages, and vehicle types, the front middle 
seating position was eliminated from consideration 
within the front row.  The rear seats were any left, 
middle, or right seating position behind the front seat. 
 

Child Seat Type 
The child seat types were better defined, as of 2002.  
Using the SAS data set, the analyst was limited to the 
older formats. Upon the introduction of the Oracle 
look-a-like data set, SAS data users will have the 
enhanced child seat data.  It should be noted that 
many of the child seat terms have been outdated and 
will be more completely defined with regard to 
orientation.  The current formatting may have 
required the analyst to consult child seat orientation 
in concert with the child seat type. 
 

Restraint Usage in Conjunction with Child Seat 
Type 

When examining children transported in child safety 
seats, the manual restraint usage must also be 
considered.  The safety of a child can be optimized 
only with the child secured in the child safety seat 
and the child safety seat secured to the vehicle/ 
vehicle seat.  Although misuse of manual restraints 
and/or child safety seats was not directly 
contemplated, it may be considered a gross misuse to 
omit securing the child safety seat to the 
vehicle/vehicle seat. 
 
As shown in Table 1, the frequency of child safety 
seats in a seating position occupied by a child was 
reported.  Over the two-year period, 2002 through 
2003, 555 children were reported.  These 555 
children need not have been secured to the child 
safety seat by virtue of harness or adult safety belt, 
nor would they have necessarily had the child seat 
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secured to the vehicle.  A more refined search 
considered whether the child seat was secured to the 
vehicle.  The presence of the child seat, secured to 
the vehicle, did not indicate whether the harness, for 
pre-booster seat child, was fastened.  It could, 
however, be surmised owing to the prevalence of low 
severity injuries among children transported in child 
safety seats that the children were fastened in the 
seat.  The 30-file data was designed to reflect the 
child safety seat enhancement and provide complete 
information with regard to the child seat placement 
and the harness and/or safety belt usage of the child. 
 
When studying those cases for which manual 
restraint usage indicated the presence of a child 
safety seat and that seat was present in an occupied 
seating position, the value from Table 1, 279 child 
seats for 2002 and 276 child seats for 2003, exceeded 
the number of child seats secured to the vehicle, 236 
child seats for 2002 and 245 child seats for 2003.  A 
difference of 74 cases was attributable to a 
combination of adult omissions in securing children 
in the safety seat or securing the harness, child 
behaviors, and early child safety data collection 
methods employed by CDS, as reflected in the 11-file 
SAS formats.  For these two years, however, the new 
data set has been designed to allow the users to map 
from the older to the newer versions of the data set.  
With regard to this study, 19 cases were examined 
more carefully owing to a seemingly elevated number 
of child safety seats that were not secured to the 
vehicle. 
 
The number of children transported in child safety 
seats differed when compared to children transported 
in a child safety seat that was secured to the vehicle, 
per Table 2.  Nineteen cases were studied 
individually where the manual restraint usage was 
omitted and a child safety seat was reported.   These 
cases were reviewed in their entirety using the CDS 
Electronic Case Access available on the NHTSA 
website.  Five cases were found to be legitimately 
unrestrained occupants.  Eight cases involved 
integrated seats; understandably, these were coded as 
unrestrained owing to a lack of evidence that must 
have accompanied the use of the vehicle belt system.  
Integrated seats do not require the manual restraint 
system for installation in the vehicle.  One case 
indicated that the belt was routed unconventionally, 
as verified on the Electronic Case Access and to be 
resolved when using the forthcoming 30-file format.  
One LATCH installed child safety seat was 
identified, which would not have availed itself of the 
vehicle installed restraint system.  A convertible seat 
was identified as secured by an automatic belt in the 
front passenger seat.  This could not have been 

detected using the SAS data set owing to the 
formatting present for the automatic belt usage.  Only 
the manual restraint use provided indication of the 
child seat presence.  In practice, the automatic 
restraint was an uncommon way of securing the child 
safety seat.  The unrestrained classification was made 
based upon the manual restraint use.  Two other cases 
were determined to be restrained owing to more 
ample information contained in the forthcoming 30-
file data set.  
 

Table 2:  Discrepancies to be Resolved with the 
Introduction of the Oracle look-a-like, 

30-file Data Set 
Restraint Use Status Frequency 

Unrestrained 5 
Automatic Belt Use 1 

Integrated Belt-positioning booster 
seat 

8 

Integrated Convertible Seat 1 
Restrained, belt routed 

unconventionally 
1 

LATCH 1 
Restrained 2 

SAS-reported Unrestrained 
Occupants 19 

Source:  NASS CDS, 2002-2003 and NASS CDS 
Electronic Case Access 

 
A more complicated query would have been needed 
when using the 11-file format to capture additional 
restraint use cases.  Further, the integrated seat has 
been subsumed into the child safety seat types.  In the 
previous query, the child safety seat, child safety 
orientation, and child safety seat make would have 
been queried to assess the child safety seat. 
 

Injury Severity 
Injury severity was determined using The 
Abbreviated Injury Scale (AIS) as devised by the 
Association for the Advancement of Automotive 
Medicine.  Injuries are ranked with regard to risk of 
mortality from 0 through 7, as defined in Table 3.  
The highest injury severity, AIS score, sustained by 
an occupant became the Maximum AIS (MAIS) 
reported in CDS. 

 
Data Composition 
 
NASS CDS is a weighted sample estimating the 
yearly incidence of police-reported tow away crashes 
in the United States occurring on public roadways.  
Weighted estimates were based upon a sample of 
21,020 occupants transported in vehicles that were 
towed.  Of these occupants, 1,333 were children less 
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than ten years old.  Fifty-three percent of these 
children were involved in crashes in 2002 and 47 
percent in 2003.  The weights must be incorporated 
into any meaningful analysis.  Without these weights, 
the cases become an interesting series of anecdotal 
accounts. 
 

 
Nearly ten million occupants were involved in tow 
away crashes during 2002 through 2003.  Of these 
occupants, approximately 620,000 occupants were 
children under the age of ten years, with 55 percent 
occurring in 2002 and 45 percent occurring in 2003.  
This decrease is not statistically significant since 
CDS should not be used for yearly changes, instead it 
must be over several years to establish trends useful 
for analysis. 
 
Since two years may not be used for a meaningful 
data analysis, owing to the small sample size, both 
weighted and raw numbers have been prepared.  The 
raw numbers are illustrative and should not be used 
to interpret the data set. 
 
Data Interpretation 
 
Based upon the data parameters set forth, several 
questions were addressed.  This section cannot be 
deemed an analysis owing to the small data set.  
Instead, it was meant to introduce the data set and 
describe its population while looking toward the 30-
file data set.  Issues considered included:  the manner 
in which children were restrained, occupant seating 
location within the vehicle, types of child seats used, 
and injury severity. 
 

How are children restrained? 
Approximately 620,000 children were involved in 
tow away passenger vehicle crashes over the years 
2002 through 2003, per Table 4a.  Of these, 34 
percent were transported in child restraint systems 
secured by a vehicle-installed restraint.  Half the 
children were restrained by the vehicle installed 

restraint system.  Less than 10 percent of these 
children were unrestrained. 
 

 
 

 
 
 

Table 3:  Abbreviated Injury Scale Values 
MAIS Value Description 

7 Unknown 
0 Uninjured 
1 Minor 
2 Moderate 
3 Serious 
4 Severe 
5 Critical 
6 Maximum 

Source:  Injury Coding Manual, 2000 

Table 4a:  Restraint Usage for Children from 
Birth through Nine Years Old, by Age, 

Weighted Data 

Age 

Vehicle 
Installed 
Restraint 

CRS 
Secured 
with a 

Vehicle 
Installed 
Restraint None Other 

0 475 29,160 4,001 2,646 

1 2,781 67,141 3,044 6,157 

2 4,626 39,852 4,739 6,747 

3 6,536 32,619 1,668 1,032 

4 15,135 20,575 10,699 2,299 

5 28,720 12,551 9,899 6,022 

6 67,293 6,546 3,082 1,427 

7 41,071 3,647 8,753 8,253 

8 92,272 14 3,825 2,756 

9 48,253 1,552 6,388 5,323 

Source:  NASS CDS, 2002 - 2003 

Table 4b:  Restraint Usage for Children 
from Birth through Nine Years Old, by Age, 

Raw Data 

Age 

Vehicle 
Installed 
Restraint 

CRS 
Secured 
with a 

Vehicle 
Installed 
Restraint None Other 

0 2 96 15 10 

1 6 106 12 24 

2 15 99 19 19 

3 24 80 16 16 

4 45 47 21 11 

5 53 32 25 14 

6 93 13 18 13 

7 81 6 27 18 

8 95 1 19 17 

9 89 1 22 13 

Source:  NASS CDS, 2002 - 2003 
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Where were these children seated? 
Eighty-five percent of the children less than 10 years 
old were transported in the rear seating positions, per 
Table 5a.  When limiting the seating positions to only 
those compatible with child restraint systems, a 
nearly identical percentage were transported in the 
rear seat, per Table 6a.  This was understandable 
owing to child restraint system usage being 
predicated upon a seating position with vehicle-
installed manual restraints.  Those children using a 
child restraint system in conjunction with a vehicle-
installed restraint in the front seat comprised 36 
percent and an equivalent percentage in the rear 
seating equipped positions.  These differences in 
restraint usage and seating position may be 
attributable to safety messages, dating to the mid-
1990’s, advocating rear seating positions for children 
12 years old and under. 
 

 

 
What were the various types of child safety seats 
used? 
 Although 61 percent of children 0 through 9 years 
old used no child restraint system, the value was 
partially comprised of graduates to the vehicle-
installed restraints, as well as unrestrained occupants, 

Table 6a:  Restraint Usage for Children from Birth 
through Nine Years Old, by CRS Compatible 

Seating Position, Weighted Data 
CRS 

Compatible 
Seating 
Position 

Vehicle 
Installed 
Restraint 

CRS 
Secured 
with a 

Vehicle 
Installed 
Restraint 

None Other 

Right Front 
Passenger Seat 28,546 26,647 12,878 5,478 
Left, Right, and 

Middle Rear 
Rows 276,153 187,012 23,305 31,450 
Other 2,462 0 19,916 5,733 

Source:  NASS CDS, 2002 – 2003 
  

 
per Table 7a.  From Table 8a, it should be recognized 
that children 0 through four years old comprise only 
8 percent of the child safety seat omissions; 53 
percent are 5 through 9 years old.  As noted above, 
the majority of children were restrained, whether in 
age-appropriate child safety seats or, early 
graduations, by the vehicle installed restraint system.  
Of special concern were the five percent of children 
classified as booster-seat-with-shield users.  As 
defined previously, these were formatting errors 
inherent to the SAS data set and will be corrected in 
the Oracle look-a-like file.  When using the data, it 
should be noted that the reporting standards are 
appropriate and quality control has been performed to 
verify that these seats have been correctly classified.  
Each data user should label the SAS format booster 
seat with shield as aggregate booster seat.  Table 7a 
was created using the format file provided with 
NASS CDS SAS data set for 2002 through 2003, 

Table 5a:  Restraint Usage for Children from Birth 
through Nine Years Old, by Seating Position, 

Weighted Data 

Seating 
Position 

Vehicle 
Installed 
Restraint 

CRS 
Secured 
with a 

Vehicle 
Installed 
Restraint None Other 

Front Row 29,205 26,647 24,559 9,415 
Rear Rows 277,653 187,012 31,313 31,909 

Other 303 0 226 1,336 
Source:  NASS CDS, 2002 - 2003 

Table 5b:  Restraint Usage for Children from Birth 
through Nine Years Old, by Seating Position, Raw 

Data 

Seating 
Position 

Vehicle 
Installed 
Restraint 

CRS 
Secured 
with a 

Vehicle 
Installed 
Restraint None Other 

Front Row 92 20 47 25 
Rear Rows 410 461 146 118 

Other 1 0 1 12 
Source:  NASS CDS, 2002 - 2003 

Table 6b:  Restraint Usage for Children from Birth 
through Nine Years Old, by CRS Compatible 

Seating Position, Raw Data 
CRS 

Compatible 
Seating 
Position 

Vehicle 
Installed 
Restraint 

CRS 
Secured 
with a 

Vehicle 
Installed 
Restraint 

None Other 

Right Front 
Passenger Seat 82 20 27 23 
Left, Right, and 

Middle Rear 
Rows 403 461 115 114 
Other 18 0 52 18 

Source:  NASS CDS, 2002 – 2003 
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which aggregated booster seats with and without 
shields under the booster-seat-with-shield attribute. 
 

 

 
As mentioned previously, the child seat type variable 
accounted for only those children transported in child 
safety seats, per Table 8a.  The “none” category, 
comprising 61 percent of all occupants less than ten 
years of age, was not meant to be synonymous with 
unrestrained.  Instead, it was the aggregate of not 
using a child safety seat.  This group subsumed all 

vehicle installed safety belt users, as well as 
unrestrained occupants.  Of the children using some 
form of child safety seat, the majority, 36 percent, 
were transported in a convertible seat and ranged in 
age from birth through 6 years of age. Without 
exposure numbers, with regard to vehicle, child age, 
and child seat type used for transporting children less 
than 10 years old, it was only possible to assess the 
restraint usage behavior of children involved in tow 
away crashes, not the generalized child restraint 
usage for children in this age group. 
 

 

 
How severe are the injuries sustained by children 

0 through 9 years old? 
Of the uninjured children, MAIS 0, 41 percent were 
transported in a child restraint system secured by a 
vehicle-installed manual restraint, per Table 9a.  
Another 50 percent were secured by the vehicle-
installed manual restraint.  As the injury severity 

Table 7a:  Restraint Usage for Children from Birth 
through Nine Years Old, by Child Safety Seat Type, 

Weighted Data 
Child Safety 

Seat 
Vehicle 
Installed 
Restraint 

CRS 
Secured 
with a 

Vehicle 
Installed 
Restraint 

None Other 

None 307,161 0 48,527 25,244 
Infant Seat 0 14,153 1,449 130 

Toddler Seat 0 51,218 476 130 
Convertible 0 83,033 3,862 0 
Booster Seat 
with Shield* 0 29,465 429 0 
Other Seat 0 218 0 0 
Unknown 

Type 0 35,570 1,357 17,156 
Source:  NASS CDS, 2002 - 2003 
*NOTE:  Mislabeled Aggregation of booster seats. 

Table 7b:  Restraint Usage for Children from Birth 
through Nine Years Old, by Child Safety Seat Type, 

Raw Data 
Child Safety 

Seat 
Vehicle 
Installed 
Restraint 

CRS 
Secured 
with a 

Vehicle 
Installed 
Restraint 

None Other 

None 503 0 175 108 

Infant Seat 0 55 5 1 
Toddler Seat 0 81 1 1 
Convertible 0 155 3 0 
Booster Seat 
with Shield* 0 56 8 0 
Other Seat 0 3 0 0 
Unknown 

Type 0 131 2 45 
Source:  NASS CDS, 2002 - 2003 
*NOTE:  Mislabeled Aggregation of booster seats. 

Table 8a:  Child Safety Seat Usage for Children from 
Birth through Nine Years Old, by Age, Weighted Data 

Age None IS TS CS BSS 
Oth 
Unk 

0 1,873 15,711 672 9,318 0 8,709 
1 6,496 22 20,666 31,934 1,450 18,555 
2 10,740 0 3,821 24,201 1,465 15,738 
3 8,246 0 7,699 15,375 7,112 3,422 
4 23,901 0 7,294 4,918 10,857 1,739 
5 41,109 0 8,687 1,122 2,287 3,987 
6 71,688 0 148 28 4,487 1,997 
7 58,077 0 2,837 0 684 126 
8 98,839 0 0 0 0 27 
9 59,965 0 0 0 1,552 0 

Source:  NASS CDS, 2002 - 2003   
Key:  None = no child safety seat present, IS = infant seat, toddler 
seat, TS = toddler seat, CS = convertible seat, BSS = booster seat with 
shield, and Oth Unk = other or unknown child restraint system 
present. 

Table 8b:  Child Safety Seat Usage for Children from 
Birth through Nine Years Old, by Age, Raw Data 

Age None IS TS CS BSS Oth Unk 
0 15 58 1 15 0 34 
1 22 3 15 61 3 44 
2 42 0 19 40 3 48 
3 47 0 25 24 14 26 
4 70 0 11 12 16 15 
5 89 0 8 5 16 6 
6 121 0 2 1 9 4 
7 126 0 2 0 2 2 
8 130 0 0 0 0 2 
9 124 0 0 0 1 0 

Source:  NASS CDS, 2002 - 2003   
Key:  None = no child safety seat present, IS = infant seat, toddler 
seat, TS = toddler seat, CS = convertible seat, BSS = booster seat with 
shield, and Oth Unk = other or unknown child restraint system 
present. 
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declined, an increase in the restraint usage was noted.  
It must be noted that this cannot be asserted with any 
statistical confidence owing to the small sample size, 
however, an indication exists that must be tested over 
the coming years. 
 

Table 9a:  Restraint Usage for Children from 
Birth through Nine Years Old, by Maximum 

Abbreviated Injury Score, Weighted Data 

MAIS 

Vehicle 
Installed 
Restraint 

CRS Secured 
to a Vehicle 

Installed 
Restraint None Other 

0 210,987 173,301 22,422 17,180 
1 92,031 35,788 23,501 9,852 
2 1,806 1,587 4,694 459 
3 578 266 3,882 5 
4 260 549 526 10 
5 94 260 169 52 
6 71 133 28 15 
7 848 385 665 6,982 

Source:  NASS CDS, 2000 – 2003 
 

 

Summary 
 
Data shown in this section were meant to highlight 
changes to the NASS CDS data collection.  Data 
analysis cannot be performed on two years of data, 
the period since the modifications were instituted.  
Approximately, five years of data must be compiled 
to perform meaningful analyses. In the case of child 
seat cases, more years may be needed owing to the 
low frequency of children reported in crashes each 
year. 
 
CASE AVAILABILITY 
 

Electronic case files may be accessed via the 
NHTSA website, Electronic Case Access Screen.  
The hyperlink is as follows: 
http://www-nrd.nhtsa.dot.gov/departments/nrd-
30/ncsa 
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Table 9b:  Restraint Usage for Children from 
Birth through Nine Years Old, by Maximum 

Abbreviated Injury Score, Raw Data 

MAIS 

Vehicle 
Installed 
Restraint 

CRS Secured 
to a Vehicle 

Installed 
Restraint None Other 

0 236 293 54 69 
1 208 143 69 41 
2 17 14 20 7 
3 15 6 12 1 
4 4 3 7 1 
5 3 6 6 2 
6 2 2 1 1 
7 16 9 22 29 

Source:  NASS CDS, 2000 - 2003 
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ABSTRACT 

In the last 30 years, our nation has achieved 
significant gains in child passenger safety.  Child 
restraint systems (child safety seats and booster seats) 
have saved thousands of children.  Even though child 
restraint systems have proven to be an excellent 
concept for injury mitigation, Congress directed the 
Secretary of Transportation to initiate a rulemaking 
for the purpose of improving the safety of child 
restraints.  The National Highway Traffic Safety 
Administration (NHTSA) was able to conduct 
extensive research within the mandated timeframe.  
Many consumer information programs were 
developed, and some improved upon, to provide 
better consumer information on child safety 
restraints, usage, etc.  Federal Motor Vehicle Safety 
Standards were upgraded and are currently being 
upgraded to continue improvements in child safety.  
This paper provides a status on recent analyses and 
proposed child safety research efforts.   

 

INTRODUCTION 

Motor vehicle crashes are the leading cause of 
death for children of every age from two to 14 years 
old.  During 2003, 8,089 passenger vehicle occupants 
under 15 years of age were involved in fatal crashes.  
For those children, where restraint use was known, 
30 percent were unrestrained; among those who were 
fatally injured, 53 percent were unrestrained.  In 
2003, 471 children under the age of five died as 
occupants in light passenger vehicle crashes.  Of 
those 471 fatalities, an estimated 167 (35 percent) 
were totally unrestrained.  Research shows that child 
restraint systems (CRS), when used correctly, can 
reduce fatalities among infants (children less than one 
year old) by 71 percent in passenger cars and among 
toddlers (one to four years old) by 54 percent.[1] 
That makes child safety seats one of the most 
effective safety innovations ever developed.  Use of 
CRS is now required in all 50 states and the District 
of Columbia.  Data indicate that the increased use of 

these restraints, as a result of mandatory usage laws, 
have significantly reduced the risk of child fatality in 
motor vehicle crashes. 

In 2003, an estimated 446 children under age 
five were saved as a result of CRS use.  That 2003 
figure would have been 550 children saved if all 
motor vehicle occupants under 5 years old were 
protected by CRS.  During that year, there were 185 
fatalities among children in CRS.  About 28 percent 
(52 fatalities) were in frontal non-rollover crashes, 28 
percent (51 fatalities) were in non-rollover side 
impacts, and 26 percent (48 fatalities) were in 
rollover crashes. 

The data show that the national injury problem 
remains an issue for children and requires further 
definition.  Given the many crash types, crash 
severity levels, child occupant ages and child 
restraint categories, the child safety research area is 
very complex.  Organization of the child safety 
research base is a major task itself, as is finding a 
vehicle-based countermeasure focus for maximum 
benefit across ages.  Maximum benefits may not be 
realized by only focusing on the child restraint 
system improvements, but by possibly developing 
vehicle improvements.  Further benefits may be 
realized through crash mitigation with advanced 
technologies. 

 

BACKGROUND 

Transportation Recall  Enhancement, 
Accountability, and Documentation  (TREAD) 
Act 

On November 1, 2000, Congress enacted the 
Transportation Recall Enhancement, Accountability, 
and Documentation (TREAD) Act (Pub. L. 106-414, 
114 Stat. 1800) which, in part, requires the Secretary 
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of Transportation to initiate a rulemaking for the 
purpose of improving the safety of child restraints.1   

Section 14(a) of the TREAD Act mandated that 
the agency ‘‘initiate a rulemaking for the purpose of 
improving the safety of child restraints, including 
minimizing head injuries from side impact 
collisions.’’ Section 14(b) of the Act identified 
specific elements that the agency must consider in its 
rulemaking. The Act gave the agency substantial 
discretion over the decision whether to issue a final 
rule on the specific elements. Section 14(c) specified 
that if the agency does not incorporate any element 
described in 14(b) in a final rule, the agency shall 
explain in a report to Congress the reasons for not 
incorporating the element in a final rule.[2]  Various 
Sections of the Act addressed consumer information 
improvements such as labeling, availability of 
compliance test data and CRS ratings.  In response to 
Section 14, the agency examined possible ways of 
improving consumer information on child safety 
restraints, revising and updating its child restraint 
standard.  

NHTSA published a final rule on June 24, 2003 
(68 FR 37620), to address Section 14(b) of the 
TREAD Act.  The rule incorporated five elements 
into FMVSS No. 213: (a) an amendment to make 
labels and instructions clearer and simpler; (b) an 
updated bench seat used to dynamically test add-on 
child restraint systems; (c) a sled pulse that provides 
a wider test corridor; (d) improved child test 
dummies; and (e) expanded applicability to child 
restraint systems recommended for use by children 
weighing up to 65 pounds.  Child restraints will be 
tested using the most advanced test dummies 
available today and tested to conditions representing 
current model vehicles.[3]  Although changes were 
made to the child safety standard, Congress further 
directed the Secretary of Transportation to make 
additional improvements to the Standard to address 
larger children. 

  

Anton’s Law 

On December 4, 2002, the President signed 
“Anton’s Law” (Public Law 107-318, 116 Stat. 2772) 
which in part calls for improvement of the safety of 

                                                           
1 This followed an agency announcement 
in its November 2000 Draft Child Restraint Systems 
Safety Plan (Docket NHTSA–7938) that the agency 
would be undertaking rulemaking on these and other 
elements of Standard No. 213 (65 FR 70687; 
November 27, 2000). 
 

child restraints in passenger motor vehicles for larger, 
older children.  Anton’s Law mandated the Secretary 
of Transportation to 1) initiate a rulemaking 
proceeding to establish performance requirements for 
child restraints, including booster seats, for the 
restraint of children weighing more than 50 pounds; 
2) develop and evaluate an anthropomorphic test 
device that simulates a 10-year old child for use in 
testing child restraints used in passenger motor 
vehicles; 3) require a lap and shoulder belt assembly 
for each rear designated seating position in a 
passenger motor vehicle with a gross vehicle weight 
rating of 10,000 pounds or less; and 4) initiate an 
evaluation of integrated or built-in child restraints 
and booster seats. 

In response to Anton’s Law, NHTSA published a 
report to Congress on built-in child safety restraints.  
The study found no additional benefits with built-in 
child restraints when compared to add-on child safety 
seats.  More detailed results of the study can be found 
in the Report to Congress: Anton’s Law Section 6 – 
Evaluation of Integrated Child Safety Systems.[4]  In 
response to Anton’s Law, on December 8, 2004, a 
final Rule was published requiring lap and shoulder 
belt assemblies for each rear designated seating 
position.[5]  This rulemaking was instituted, in part, 
to offer comparable safety protection for larger, older 
rear center seated child occupants.  The agency is 
continuing research efforts with the 10 year-old 
anthropometric test device which would be required 
in order to upgrade the child safety standard to 
evaluate restraint systems developed for use by 
children weighing more than 60 pounds. 

 

RESEARCH APPROACH 

During the last four years, extensive research 
efforts have been undertaken to revise Federal Motor 
Vehicle Safety Standard (FMVSS) No. 213, “Child 
Restraint Systems” (49 CFR §571.213) and improve 
consumer information on child safety restraints.  
Timely program, resource and funding decisions 
were required in order to address the mandates.  In 
order to better focus the agency’s resources and 
funding for research, a research approach needed to 
incorporate the concept of preliminary estimations of 
benefits based on engineering judgment.  Preliminary 
estimate of benefits is used to help direct the agency 
on immediate and future activities in a more efficient 
manner. A 9-step research approach has been 
undertaken for the child safety research program. 

 

 



McCray 3 

The approach includes the following steps: 

1. Select and define a crash problem 

2. Set countermeasure functionality 

3. Survey technology for functions 

4. Create countermeasure concepts 

5. Estimate preliminary costs and benefits 

6. Select the most promising concept(s) 

7. Develop and conduct objective tests 

8. Refine costs and benefits 

9. Agency decision on next steps   

Step 9 is an agency decision-making step.  In this 
phase of the process, the research results, along with 
cost and benefits, are then assessed by the agency to 
determine the next action to be undertaken.  While 
research efforts are conducted within the framework 
of steps 1 – 8, agency involvement occurs throughout 
the entire process. 

While the agency finalizes meeting the child 
safety Congressional mandates, a reassessment of the 
child safety data must be undertaken.  As public 
knowledge has increased regarding child safety due 
to public programming, new state laws and joint 
partnerships, real-world requirements have 
changed/improved for children.  For example, more 
children of appropriate ages and size are using 
booster seats and younger children are being 
appropriately restrained in child safety restraint 
systems.   

 

Problem Definition 

During the last four years, extensive data 
analyses have been conducted by the agency.  To 
date, no compilations or summaries of these analyses 
have been completed.  The intent of current analyses 
is to build, or expand, on previous analyses and to 
potentially develop new analytical approaches. 

Multi-Dimensional Crash Assessment  
The child safety problem has numerous relevant 

dimensions.  The effects in an individual case can be 
measured by injury severity data (such as Maximum 
Abbreviated Injury Scale (MAIS) values as used in 
the Crashworthiness Data System (CDS) or fatality 
from the Fatality Analysis Reporting System 
(FARS)). The inputs that yield these results include 
crash type (e.g., front, rear, side, rollover), crash sub-
type (e.g., offset frontal, far side impact), closing 
velocity, seating position, occupant age, restraint 

type, restraint appropriateness (e.g., premature 
graduation to seatbelts) and vehicle characteristics of 
all vehicles in the crash.   

As no two crashes are the same and detailed 
analysis of large numbers of case studies is beyond 
the scope of this study, inferences must be made from 
large groups of similar crashes. Only after significant 
subgroups of crash parameters are identified can 
attempts be made to “drill down” to discover those 
for which countermeasures can provide effective 
benefits. 

A case can be made for examining every 
recorded parameter, but the authors chose to limit the 
initial analysis to four major dimensions: crash type, 
occupant age, general restraint level 
(restrained/unrestrained/unknown), and injury 
severity. The years 1995-2003 (except 1997) were 
used. It should be noted that CDS provides data from 
tow-away crashes that can then be “weighted” to 
account for the overall prevalence of those crash 
conditions.   

The total weighted or unweighted counts 
(normalized by year) provide useful insight into 
“hotspots” of child injury.  An alternative is to 
estimate “fatality equivalents” associated with each 
age, crash type, and restraint level.  A fatality 
equivalent factor is assigned to each Abbreviated 
Injury Scale (AIS) severity level.  While the 
definition of fatality equivalents for children is 
beyond the scope of this study, the relative weight for 
each level can be approximated using the [injury-
based] weightings in the Blincoe report.[6]  When 
estimating fatality equivalents, it was decided to use 
FARS data for fatalities and to eliminate non-
survivors from CDS data.  That is, those data points 
that indicated an MAIS level of less than 6 but a 
finite survival period were removed from the CDS 
counts to avoid double counting.  This technique has 
been used to analyze injury patterns on various crash 
types and sub-types. 

Child Safety Research Inventory  
A key aspect of the Child Safety Research 

Program is coordination and collaboration with other 
researchers.  A specific effort has been made to avoid 
duplication of effort. The purpose of the newly 
created database is to provide a cross-reference for 
identified “hot spots” found in the initial data 
analysis. This allows analytical resources to be more 
efficiently allocated. Relevant research studies five 
years old or less have been entered into a relational 
database.  Important characteristics of each study 
(e.g., the age groupings and crash types considered) 
were entered, as well as a summary of results. The 
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database contains information regarding which child 
safety issues the study address (e.g., which specific 
age groups were considered, if any at all).  A typical 
study is shown in Figures 1 and 2. The database will 
facilitate the identification of “holes” in the child 
safety problem that have been under-analyzed as well 
as current research and schools of thought for those 
that are being examined. 

The prototype database includes recent  
governmental studies.  Data regarding external 
studies will be added at a later date. 

 

Figure 1 Screen Capture A of Inventory Database  

Status of Injury to Children in Motor Vehicle 
Crashes - Exposure 
Understanding the effectiveness of child safety 
initiatives requires data on both the number of child 
injuries as well as the number of opportunities or 
“exposure.”  One measure of exposure is the number 
of passenger miles traveled (PMT).  Estimating 
exposure for children is difficult.  An approximate 

method is proposed that relies on potentially 
questionable assumptions that injury rates and 
patterns of both drivers and occupants are 
independent of the age and total number of vehicle 
occupants.  Nonetheless, it is hoped that the trends 
developed using this method can yield some insight 
into injury rates for important age groups. 

It is tempting to estimate the relevant exposure 
of a certain age group by comparing the total count of 
injured and uninjured passengers (the sum of 
Maximum AIS value of 0 to 6) of an age group in a 

 

Figure 2 Screen Capture B of Inventory Database 

large database (e.g., CDS of the National Automotive 
Sampling System [NASS]) to the total number of 
injured and uninjured drivers.  Assuming the 
database contains information on every driver and 
passenger in every crash considered, the ratio of child 
occupants in the database to drivers in the database 
should be the ratio of passenger (child occupant) 
miles traveled to vehicle (driver) miles traveled.  For 
the purposes of this paper, a “load factor” for a 
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particular age group is defined as this ratio of 
passenger miles traveled (PMT) to vehicle miles 
traveled (VMT).  The inherent assumption with this 
definition is that drivers’ propensity for being 
involved in a crash is independent of the presence or 
the number and age of passengers. 

A similar approach which yields some insight 
into the relative injury profiles of children and drivers 
involves determining the relative number of injuries 
of each severity level (e.g., the police injury severity 
rating where injury is classified from killed [K] to 
uninjured [O]) for crashes in the NASS General 
Estimates System (GES)) in which there is one driver 
and exactly one child passenger.  For each severity 
level, there is a particular ratio of total children to 
total drivers.  It is unlikely that this ratio will be exact 
unity.  When there are more children than drivers at 
lower injury levels, one might infer that children are 
safer than drivers.  At any given injury level, one can 
use this ratio and the ratio of total driver injuries to 
total child injuries to estimate a load factor. A sample 
calculation is given below: 

In the years 1994-2003, GES estimates that there 
were 179,000 crash vehicles involving only a driver 
and a single infant (child occupant less than one year 
old). In those crashes, 154,100 children and 133,600 
drivers were uninjured (severity level O). The ratio of 
these tow numbers is 1.15.  Thus, infants were 15% 
more likely to be uninjured (i.e., have a severity level 
of O) than drivers.  For these same years, the 
estimated total number of uninjured drivers in all 
crashes was 88,063,000 and the estimated total 
number of uninjured infants was 570,000.  Since 
infants are 15% more likely to appear in this injury 
category, the estimated load factor is given by: 

LF ≅  (570,000/1.15)/88,063,000 = 0.56% 

This load factor analysis requires the assumption 
that injury distribution for children and for drivers in 
NASS crashes are completely independent of the 
presence of other occupants.  This is unlikely to be 
the case. At the very least, seating location will be a 
function of the number of adult and child occupants.  
Hence, for infants, it is not surprising to find that the 
calculated load factors range from 0.52% to 0.91%, 
depending on the injury severity used.  When all 
involved infants (levels K, A, B, C, and O combined) 
were considered, the computed load factor was 
0.61%. The load factors calculated for level K 
(killed) varied most widely, given the relatively few 
occurrences compared with other injury levels.  
When the geometric mean was computed for levels 
A, B, C, and O, it was found to be 0.67%.  Although 
no rigorous estimate of confidence level was made, it 
is likely that the actual load factor for infants is 

between 0.6% and 0.7%. That is, for every 100 
vehicle miles traveled, there are approximately 0.6 to 
0.7 passenger miles traveled for infants. While some 
uncertainty exists for each estimate, a consistent 
calculation method can be used to expose certain 
trends. 

Figure 3 shows the calculated load factors for 
important age groups and subgroups using all the 
GES data.  Some interesting patterns do emerge. 
First, infants have a relatively low load factor. One 
might presume that mothers of newborns avoid 
taking them on routine errands for several months.  
Second, load factors drop off as children enter 
school. Finally, load factors rise again as children 
enter their early teens. 

1994-2003

0.0%

0.2%

0.4%

0.6%

0.8%

1.0%

1.2%

0 2 4 6 8 10 12 14 16  
Figure 3 Load Factor vs. Age 

These estimated load factors can be used to 
calculate estimated injury rates relative to PMT. The 
injury count for the years in question was estimated 
from MAIS data in CDS.  The PMT for each age 
group was estimated by multiplying the load factor 
by the VMT reported by the Bureau of 
Transportation Statistics.  Once again, the statistical 
sensitivity to low incident counts was higher for the 
more extreme injury levels.  The estimated incidence 
rate is shown for various age groups in Figure 4. 

This figure also shows some interesting trends. 
First, children over 8 years old seem to be far more 
vulnerable to injuries at all severity levels. This might 
be a result of diminished parental insistence on 
proper restraint at these ages.  Second, infants and 
one-year-olds show lower injury rates at the middle 
severities.  The implication is that young children are 
either well protected in a particular crash or 
susceptible to severe injury.  How well this 
susceptibility correlates with proper restraint use is a 
subject for further research.  Finally, the trends 
identified at the MAIS 6 level should be verified by 
applying FARS fatality data. 



McCray 6 

 

1994-2003

0.0001

0.001

0.01

0.1

1

10

0 1 2 3 4 5 6
MAIS

C
ou

nt
/m

ill
io

n 
PM

T

0-12

0-3

4-8

9-12

13-15

 

Figure 4 Incidence of MAIS level per Million 
Passenger Miles Traveled (by age group) 

 

Next Steps 

  Once the data have been completely reviewed 
and analyzed, an assessment of countermeasures will 
be made.  Countermeasure candidates will possibly 
be considered by age and restraint type.  Based on 
each restraint type for the various child age 
populations, some countermeasure candidates may be 
vehicle-based.  The countermeasure selection 
approach will then be determined by the applicable 
parameters.  The estimated cost benefits approach 
will be based on the countermeasure(s) selection.  
Once the estimated benefits are determined, objective 
tests will be developed and conducted. These efforts 
will be undertaken within the framework of steps 1 - 
8. 

SUMMARY 

This paper sought to describe the status of child 
safety in light passenger vehicles.  Child safety in 
light vehicles is a complex problem area.  The data 
show that child restraint systems are very effective 
when used.  However, continued efforts are 
warranted to get the unrestrained children into the 
appropriate restraint systems.  Although child 
restraint systems generally are performing well in 
real-world crashes, children are still sustaining 
injuries.  Considerations may need to be given to 
improving the vehicle for occupant protection for 
children.  Benefits may be realized not just for 
smaller children but older children as well.  
Nonetheless, further research is warranted.  The 
authors will continue their work to identify 
opportunities for increased safety. 
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ABSTRACT 
 
Current testing mandated by regulations relies on 
well-designed dummies.  These dummies must be 
able to detect highly injurious situations as identified 
in real world crashes.  The current study seeks to rank 
the severity of specific types of injuries – denoted by 
body region and skeletal/non-skeletal – in terms of 
threat to life and costs. 
 
The data approach attempted to explore the 
questions:  What types of injuries should The 
National Highway Traffic Safety Administration 
(NHTSA) strive to prevent; what measurements are 
required of a crash dummy to ascertain whether such 
injuries are sustainable in a crash test; and how many 
lives are likely to be saved under a given 
performance requirement to prevent such injuries?  A 
comprehensive data set has been formed to address 
these issues including crash, vehicle, occupant, and 
injury parameters.  The data set allows for 
identification of the most severe injuries based upon 
a variety of identifiers.  Identification of the crash 
type, vehicle type, and Delta V, etc. was made for 
each case.  It can be disseminated amongst 
researchers in a spreadsheet or database software file. 

 
This current work provides an update of the data 
analysis component of the dummy development 
effort within NHTSA.  Further, it will serve to 
introduce a new data set specifically tailored to the 
needs of the dummy developers, as well as 
researchers in the field. 
 
INTRODUCTION 

 
The National Highway Traffic Safety Administration 
(NHTSA), of the United States Department of 
Transportation, has taken a lead in biomechanical 
research.  For this reason, the development of 
dummies to test for injury conditions occurring in 
real world crashes has been of paramount 
importance.  Dummy development has been reliant 
upon the feedback provided by the epidemiological 
databases, such as those compiled at NHTSA. 

 
 

 
OBJECTIVES 
 
The Crashworthiness Data System (CDS), a dataset 
compiled under the aegis of The National 
Automotive Sampling System (NASS), is a 
nationally representative sample of police-reported 
tow away crashes occurring on public roadways 
compiled since 1988, in its current form.  This data 
was used to form a data set of crashes and their 
associated vehicle occupant injuries.  Its high level of 
detail allowed for a description of the occupant 
injuries.  These injuries could then be associated with 
the work of Zaloshnja (2004) to obtain a cost 
estimate. 
 
The goal of this paper is, not only to aid in the 
NHTSA initiative to enhance dummy development 
but also to provide a tool for researcher to use in the 
form of a real world injury data set by crash mode.  
The final form of this data set would contemplate a 
ranking of injuries from the standpoint of mortality.  
It also could serve to provide live and cost saving 
estimates to calculate the benefit and cost associated 
with the introduction of a new countermeasure. 
 
Advanced Dummy Development 
 
A new generation of air bags and further occupant 
safety advances required improvements in dummy 
development and a broader range of crash test 
dummies to accurately measure various crash forces 
imparted to a range of occupant sizes in different 
crash situations.  As occupant protection 
requirements for men, women and children of 
varying sizes, are expanded, appropriately sized and 
instrumented dummies will be needed to provide 
estimates of the severity and extent of injury.  
 
Advanced dummies require considerable research 
and development prior to incorporation into Part 572 
of the Code of Federal Regulations or any safety 
standard.  Most NHTSA work on particular crash 
dummies focuses on a particular type of crash – e.g., 
frontal, side, rollover, and rear.  
 
The aim of the advanced dummies is to provide a 
measurement instrument that can discriminate 
between effective and ineffective safety systems.  Its 
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ability to do so depends largely on the fidelity of the 
measuring instrument – the dummy – and the 
faithfulness of the performance yardstick – the injury 
criteria.  In the THOR dummy, a more biofidelic 
instrument is sought to assure that vehicle safety 
systems are tailored to humans.  
 
It should be noted that a critical preliminary subtask 
for several dummy rulemaking projects is a 
determination of the performance and injury criteria 
for the dummies. 
 
Data Driven Research  
 
NHTSA is responsible for reducing deaths, injuries, 
and economic losses resulting from motor vehicle 
crashes. This is accomplished in part by setting and 
enforcing safety performance standards for motor 
vehicles.  The performance of a vehicle in mitigating 
injuries is assessed through the Federal Motor 
Vehicle Safety Standard (FMVSS) 200 series, which 
make use of a dummy exposed to collision forces.  In 
searching for appropriate dummy metrics, NHTSA 
takes a data driven approach to assure that its use in a 
federal regulation will lead to a reduction in injuries.  
Within NHTSA’s biomechanics division, real-world 
data are used to answer three basic questions that 
guide the search for injury metrics:   
 
1. What types of injuries should NHTSA strive to 
prevent? 
2. What measurements are required of a crash 
dummy to ascertain whether such injuries are 
sustainable in a crash test? 
3. How many lives may be saved under a given 
performance requirement to prevent such injuries? 
 
Generally, there must be enough existing data to 
show that a proposed countermeasure (such as 
implementing an additional or new head injury 
metric) will reduce the risk of injuries.  To aid such 
assessments, NHTSA maintains epidemiological data 
on the nature, causes, and injury outcomes of crashes.  
While CDS outcomes are fatal/nonfatal, cost-per-
injury figures have been applied, as described in 
subsequent sections to evaluate cost-based outcomes. 
 
This document will provide an outline of the work to 
be completed during the course of the data analysis in 
support of NHTSA.  Further, it will propose the 
questions that will be answered at the close of the 
data analysis and provide insight into the methods 
used to answer these questions.  The work is in the 
data identification stage and reporting findings 
available to date. 
 

DATA SOURCE 
 
The creation of the current data set was predicated 
upon the use of several tools.  The NASS CDS was 
consulted to select relevant crashes, as described 
below.  Further, selection parameters were applied to 
increase vehicle fleet homogeneity in the data set.  
Finally, the injury coding information was merged 
with mortality rates and crash costs based upon the 
injury severity coding of the NASS CDS. 
 
The National Automotive Sampling System - 
Crashworthiness Data System   
 
The Crashworthiness Data System (CDS) is an 
epidemiological database maintained by NHTSA.  
CDS is a nationally representative probability sample 
of police-reported automobile crashes in the United 
States.  CDS cases are limited to crashes that involve 
at least one passenger vehicle that was towed from 
the crash scene due to damage resulting from the 
crash.  Each case is assigned a weighting factor that 
represents an estimate of the number of like-
mannered cases that occurred during the sample year.    
 
Abbreviated Injury Scale and CDS Injuries 
 
All injuries to motorists involved in CDS cases are 
recorded in the database.  Injuries are denoted with a 
seven-digit code in accordance with the Abbreviated 
Injury Scale (AIS).  Maximum severity is denoted as 
MAIS. 
 
NASS CDS injury codes were concatenated to form 
seven-digit AIS 90 codes (NHTSA, 2000).  These 
seven digit codes formed the basis for sorting.  An 
initial sort was performed based upon an abbreviated 
five-digit code and yielded over 300 different injury 
codes.  A secondary sort was performed collapsing 
the 5-digit codes into 17 body region categories, per 
Table 1.  The subsequent charts were based upon the 
17 categories. 
 
The most general practice has been to use the 
maximum injury sustained by each occupant in the 
population to calculate the total societal cost, HARM.  
Zaloshnja (2004) provided an update to these 
concepts and allowed for their application to 
individual injuries, as described using the NASS 
CDS AIS 90 injury coding. 
 
Attributable cost, a further refinement based upon the 
work of Martin (Martin, 2005) allowed for a costing 
of the injury based upon the introduction of a 
countermeasure that alleviated the most serious 
injury for an occupant.  Pursuant to this costing 
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method, it was also possible to more accurately 
assess injury costs per case without summing all of 
the injury costs.  This was important because a series 
of injuries would build on to the overall severity and 
the subsequent injuries may not be as costly because 
some part of the less severe injury costs might have 
been subsumed within the most serious injuries. 
 

 
 

Application of Crash Cost to Crash Occupant 
Injuries 
 
The HARM method of categorizing and ranking the 
crash injuries was used (Malliaris, 1982).  This is a 
method for applying a societal cost, or HARM.  
HARM was calculated by assigning a dollar cost to 
injuries by maximum injury severity (MAIS).  
 
CDS Case-By-Case Characterization:  Mortality 
and Cost 
 
Mortality rates and injury costs are assigned to each 
case in the data set.  Lives saved are computed using 
the methods described in Martin (2003a,b).  Costs are 
assigned in accordance with Zaloushnja (2004).  The 
rationale for using MAIS>1 as a threshold is that 
mortality rates associated with all AIS 1 injuries are 
known to be extremely low; this is not necessarily 
the case for all AIS 2 injuries.   
 
Attributable fatalities are the number of lives lost due 
to a particular injury.  The method for computation is 
shown in Appendix A. 
 
Computing the costs attributable to a particular injury 
follows a similar methodology, per Appendix B. 
 
Interactive Application of Mortality Rates 
 
The factors set forth by Zaloshnja were instrumental 
in the publications of Martin (2003) for refining the 
mortality rates attributable to each injury classified 
using the AIS 90 injury coding.  An iterative 
algorithm was developed to increase the precision of 
these estimates.  This gave rise to a concept termed 
“survival rate.”  (Martin, 2003)  This was not only 
used to compute overall survivability but to select 
which two injuries were chosen to represent the 
injured victim.  This will be used in the development 
of the data analysis. 
 
METHODOLOGY 
 
By incorporating epidemiological and biomechanical 
parameters, the data set may be assessed in terms of 
crash mode injury frequency and associated costs for 
the crash mode.  The baseline comparison considered 
all of the previously described adult occupants.  This 
data set was further disaggregated by crash mode:  
planar frontal, planar rear, planar near side, planar far 
side, and other.  Other included any crash mode not 
specifically stated and could contain planar or non-
planar crashes. 
  

Table1. 
Identification Code Mapping, as used in the Analysis 

 

ID 
Body Region 
Identification ID 

Abbreviated Body Region 
Identification 

1 Skull 1 Skull 
2 Brain/Intercranial 2 Brain/Intercranial 
3 Ear 3 Ear 
4 Eye and adnexa 3 Eye and adnexa 
5 Nose/mouth/face/scalp/neck 4 Nose/mouth/face/scalp/neck 

8 
Neck-internal organs/blood 

vessels 3 Neck-internal organs/blood vessels 
9 Neck-spinal cord 5 Neck-spinal cord 

10 
Shoulder/clavicle/scapula/u

pper arm 6 
Shoulder/clavicle/scapula/upper 

arm 
11 Elbow 6 Elbow 

11.1 
Upper extremities, 

superficial 6 Upper extremities, superficial 
12 Forearm 6 Forearm 
13 Wrist/hand/finger/thumb 6 Wrist/hand/finger/thumb 

16 
Upper extremities, 

multiple/unspecified 6 
Upper extremities, 

multiple/unspecified 
17 Chest/breast/abdomen 7 Chest/breast/abdomen 
18 Ribs/sternum 8 Ribs/sternum 
19 Back (including vertebrae) 9 Back (including vertebrae) 
21 Trunk - Superficial 10 Trunk - Superficial 
22 Trunk, multiple/unspecified 10 Trunk, multiple/unspecified 
20 Trunk-spinal cord 11 Trunk-spinal cord 

23 
Thoracic organs/blood 

vessels 7 Thoracic organs/blood vessels 
24 Liver 12 Liver 
25 Spleen 12 Spleen 
26 Kidney 12 Kidney 
27 Gastrointestinal 12 Gastrointestinal 
28 Genitourinary 12 Genitourinary 

28.1 
Trunk, other organs/blood 

vessel 10 Trunk, other organs/blood vessel 
30 Pelvis bone and external 13 Pelvis bone and external 

31 
Lower extremities, 

superficial 15 Lower extremities, superficial 
32 Hip/thigh 13 Hip/thigh 
33 Knee 14 Knee 
34 Lower leg 15 Lower leg 
35 Ankle/foot/toes 15 Ankle/foot/toes 

38 
Lower extremities, 

multiple/unspecified 15 
Lower extremities, 

multiple/unspecified 

40 Burns, unspecific body part 16 Burns, unspecific body part 
41 Whole body-minor external, 17 Whole body-minor external 

41.1 Burns, unspecific sev 16 Burns, unspecific body part 

Source:  Zaloshnja, 2004 
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Baseline Data Set Composition 
 
The data set governing this project, consisting of 
3,456 unweighted records representing approximately 
402,800 occupants involved in tow away crashes, 
was selected based upon the following parameters: 
• Vehicles of model year 1998 or later 
• MAIS injury greater than or equal to MAIS 
2 (all AIS 1 injuries were disregarded). 
• Injuries of unknown severity (AIS=7) were 
included in the dataset. 
 
The data set also included traditional descriptive 
variables, such as model year, vehicle type, crash 
type, delta-v, occupant age, body region injured, and 
AIS level of injury.  Additional variables relating to 
mortality and cost attributable to injuries were 
included, per Table 2. 
 
Within the CDS injury severity coding, about 10% of 
all injury codes have a “Not Further Specified” 
(NFS) designation.  NFS is used when detailed 
medical information is lacking.  NFS injuries are 
always given an AIS score that is equal to or lower 
than the same general injury that is described more 
fully.  Thus, counts based on MAIS are biased toward 
more severe injuries. 
 
Initially the occupant body region injuries were 
ranked on four bases: 
• Total injuries to occupants (counting all 
injuries to every occupant) 
• Maximum injury to an occupant MAIS (ties 
were broken using mortality rate) 
• Mortality variables (greatest contributor to 
potential or actual fatality) 
• Cost variables (highest to lowest cost 
injuries, per Zaloshnja, 2004) 
 
Currently, work has focused on disaggregating the 
various crash modes.  The frontal results were 
reached based on the above parameters and excluding 
unbelted occupants.  This subset of data consisted of 
763 records estimating approximately 138,000 
occupants.  Among these cases, 57 cases involving 
fatality were reported representing 2,800 occupants. 

 
Injury Tree 
 
A schematic was created to indicate the areas of 
focus in dummy creation and their representation 
within the context of all crashes involving adult 
occupants with moderate through fatal injuries.  
Figure 1 was prepared as a five-tiered summarization 
of the data analysis efforts.  The next tier 
disaggregated the occupants into front-seated adults, 

rear seated adults, children seated in safety seats 
secured to a rear seating position, and other.  The 
front seated adults, rear seated adults, and children 
seated in safety seats secured to a rear seating 
position were further disaggregated by restraint 
usage.  The belted members of each group were then 
categorized by crash mode:  planar front, planar side, 
and planar or non-planar other impact.  For the front 
seated and rear seated adults, only, the side crash was 
further segmented by near and far side impacts.   
Among the children involved in side impacts, none 
were seated on the near or far side of the crash. 
 
The highlighted subgroups were also shown by 
percentage contribution to total fatality, MAIS 3 
through 6 injuries, and percentage of aggregate costs 
 
APPLICATIONS 
 
The dummy development initiative is ongoing and 
the data analysis results are reported periodically.  
These findings will form the basis of subsequent 
publications focusing on the topics to be investigated 
using the NASS CDS.  Potential areas of study have 
been identified as:  near side impacts, frontal impacts, 
children in child restraints, face/neck/scalp injuries, 
characterization of brain injuries. 
 
Injury Distributions for Specific Cases 
 
Several specific studies have been chosen to examine 
the distribution of injuries compared to the baseline 
distribution.  A comparison will consist of examining 
the distributions using the five metrics described 
above based on specific CDS investigations.  
Moreover, the influence of an aging population will 
be highlighted for all proposed investigations. 
 
I.  For Near Side Impacts – Front and Rear Seat 
Belted Adults, NHTSA’s FMVSS No. 214 side 
impact upgrade proposal considers head, thorax, and 
pelvis protection, and side impact Anthropomorphic 
Test Devices (ATD’s, including EuroSID2, SID2s, 
WorldSID) have instrumentation to measure 
responses in these three body areas.  Two specific 
study areas relevant to this data set are discussed 
below.  These are abdominal organ and thoracic 
injuries.  Currently, accurate abdominal organ 
instrumentation is absent from current dummies. 
    
Further, there is little basic biomechanical knowledge 
of injury thresholds associated with abdominal 
injuries largely due to the difficulty in observing such 
injuries in laboratory experiments.   This 
interrogation will be aimed at examining the 
requirements of abdominal injury in an ATD. 
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Table 2.  
Baseline Injured Body Regions by Case Costs, Total Incidence, Maximum Injury Severity Count, Attributable Costs, and 

Attributable Fatalities 
 

Region 
Number Body Part Case Costs $M 

Weighted 
Total 

Incidence 
MAIS Attributable Costs ($M) 

Weighted 
Attributable 

Fatals 

1 Skull 7,384 17,958 5,052 2794 4,964 
2 Brain/intracranial 96,646 157,779 102,434 5663 68,612 
3 Ear, eye, internal neck organs 556 1,289 453 5 529 
4 Nose, mouth, face, scalp, neck 3,263 52,749 21,684 2739 2,935 
5 Cervical spinal cord 9,240 3,281 2,514 509 5,116 
6 Upper Extremity 10,150 137,682 72,729 182 7,631 
7 Thorax 12,956 53,461 25,056 5843 7,199 
8 Ribs/sternum 5,307 70,718 42,335 5128 5,199 
9 Back (including vertebrae) 8,018 55,608 28,474 10 3,352 

10 Trunk (other abdomen, thorax) 2,427 7,054 3,356 774 1,722 
11 Trunk - Spinal Cord 1,099 718 278 26 444 

12 Abdominal Organs 2,881 42,328 6,660 609 1,634 
13 Hip, Thigh, Pelvis 13,224 55,224 18,515 644 7,875 
14 Knee 2,194 52,711 46,890 12 1,977 
15 Lower Leg 15,604 173,048 84,329 121 12,366 
16 Burns, unspecific body part 4,758 2,534 2,144 1220 3,326 
17 Whole body-minor external 0 0 0 0 0 

Source:  Source:  NASS CDS, 1997 – 2003, and Zaloshnja, 2004 
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Figure 1a. 
 
 
INJURY ANALYSIS TREE, Weighted Values 
 
Note:  Some zero percents are due to rounding (Near Side Impacts, Children in CRS, and Rear Seat Side) and were 
taken to decimal places.  No Near Side or Far Side Impacts were registered for Children in CRS. 

All Crashes 
100% 

Rear Seat 
Adults 

Frontal 

Unbelted Belted 

Front Seat 
Adults 

Children  
in CRS 

Other 
 

Unbelted Belted 

Side Other 

Near Far 

Frontal Side Other 

Near Far 

Frontal Side 

 402,769 MAIS 2+ 
    26,849 Fatals 
 134,482  MAIS 3+ 
$134,879 Costs 

91% N 
90% Fatals 
88% MAIS 3+ 
55% Costs 

6% N 
7% Fatals 
9% MAIS 3+ 
9% Costs 

0.42% N 
0.60% Fatals 
0.42% MAIS 3+ 
0.63% Costs 

2% N 
1% Fatals 
2% MAIS 3+ 
2% Costs 

61% N 
38% Fatals 
46% MAIS 3+ 
44% Costs 

1.41% N 
1.99% Fatals 
1.48% MAIS 3+ 
7.18% Costs 

0.27% N 
0.28% Fatals 
0.15% MAIS 3+ 
0.46% Costs 

0.60% N 
0.55% Fatals 
0.17% MAIS 3+ 
2 59% Costs

0.01% N 
0.00% Fatals 
0.00% MAIS 3+ 
0.00% Costs 

34% N 
10% Fatals 
21% MAIS 3+ 
17% Costs 

10% N 
11% Fatals 
11% MAIS 3+ 
10% Costs 

0.30% N 
0.39% Fatals 
0.31% MAIS 3+ 
0.42% Costs 

0.53% N 
0.10% Fatals 
0.44% MAIS 3+ 
0.29% Costs 

Source:  National Center for Statistics and Analysis, NASS CDS, 1997 – 2003, Model Year 1998 onward 
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ATDs use rib deflection sensors to assess potential 
for thoracic injury.  Moreover, the criteria for thorax 
injury potential are largely based on the number of 
broken ribs observed in post-mortem human subjects 
(PMHS) tests.  This interrogation will look for 
thoracic organ injuries with and without significant 
rib fractures to gain insights into whether rib 
deflection measurements adequately gauge thoracic 
trauma. 
 
II.  For Frontal Impacts – Front Seat Belted 
Adults, the Agency is also monitoring and 
investigating occult injuries from frontal crashes.  
Knee-thigh-hip (KTH) complex injuries to belted 
occupants are one of the injury patterns being 
investigated.  
 
A specific study might include an interrogation aimed 
at examining the makeup of knee versus thigh versus 
hip and pelvis injuries in order to gain insights into 
the need for acetabulum measurements in an ATD 
and the need for a more biofidelic KTH assembly. 
 
III.  For Children in Child Restraint Systems, 
NHTSA has addressed the TREAD Act by 
incorporating new requirements into FMVSS No. 
213, including improved child test dummies.  
Moreover, Anton’s Law requires the development of 
an anthropomorphic test device simulating a 10-year-
old child and an evaluation of integrated child 
restraint systems. 
 
A specific study using the newly formed data set, 
might include the examination of general injury 
distributions for children in Child Restraint Systems 
(CRS) in frontal and side crashes in an effort to 
examine the body regions most apt to be injured. 
 
IV.  For Face/Neck/Scalp Injuries, preliminary 
analysis of the CDS Injury Distribution Dataset has 
shown a prevalence of face/neck/scalp injuries.  
These injuries can be studied in more detail under 
each of the crash modes described above to gain a 
better insight into their specific attributes and the 
circumstances under which they occur. 
 
V.  For Characterization of Brain Injuries, Table 1 
shows that brain injuries have the highest total 
attributable costs.  A general interrogation of the 
dataset reveals that brain injuries in real-world car 
crashes may be placed into three broad categories: 
those manifested by rotation only (such as diffuse 
axonal injuries), those manifested by translation only 
(such as skull fractures), and those manifested by 
either rotation or translation.  The proposed metric 
relies on CDS reporting of general injury patterns and 

their related costs, Zaloshnja (2004), that will 
stimulates the ATD designer to focus on a body 
region of significance.  This focus will allow the 
designer to start developing theories on mechanisms 
of injury within a particular body region. 
 
In FMVSS standards, the risk of head injury is 
judged by the HIC metric, which is a function of the 
resultant linear acceleration at the center of gravity of 
a dummy headform.  The HIC metric has roots as a 
correlate to skull fractures in drop tests performed on 
cadavers.  Over the years, researchers at NHTSA and 
other institutions have contemplated the use of some 
other metric – such as angular acceleration – to be 
used along with or in lieu of HIC to assess head 
injury probability in a crash test.   
 
A specific study might result pursuant to categorizing 
each code into one of the three categories, NASS-
CDS data may be interrogated to gain insights into 
the various types of head injuries.  Such results may 
help clarify the applicability of HIC and the need for 
a rotation-based anthropomorphic dummy metric to 
gauge head injury potential in crash tests. 
 
The five topic areas are proposed applications of the 
baseline data set.  No commitment has been made to 
undertake any of these studies nor have all other 
possible applications been discarded from 
consideration.  For illustrative purposes, near side 
abdominal injuries were chosen as the applied 
example. 
 
Applied Example 
 
Restrained adult occupants, age 12 years and older 
seated near side of the left or right side impact, 
sustaining abdominal organ injury, have been chosen 
for a closer look.  As part of the international 
harmonization, the Agency has studied this body 
region (March, 1999), however, the data was not 
analyzed using these techniques.  Injuries to the liver, 
spleen, kidney, as well as insult to the gastrointestinal 
and genitourinary regions have been included to 
describe the aggregated abdominal region. 
 
When considering abdominal injuries as a subset of 
all MAIS 2 through 6 injuries, approximately two 
percent of all attributable costs and three percent of 
the attributable fatalities may be assigned to this 
rubric.  Of the nearly 31,000 front-seated, restrained, 
near side crash occupants (weighted from 307 
sampled occupants,) 9 percent of all near side 
occupants sustained abdominal injuries, 2 percent of 
which were the maximum injury for the case.  The 
abdominal injuries ranked tenth among the 17 injury 
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groupings, with regard to total incidence. Among the 
estimates provided by CDS, only front seat occupants 
were involved in this crash scenario.  For this reason, 
the 307 near side crashes describe the experience of 
front seat occupants.  The near side crash occupants 
traveling in the rear seating positions only added 13 
more occupants sustaining injuries other than 
abdominal. 
 
When considering all abdominal injuries, regardless 
of whether it was the most severe injury to the 
occupant, the data set consisted of 66 occupants, 
estimating nearly 24,000 occupants, with injuries to 
the abdominal region.  If this group was further 
reduced to include those cases in which the 
abdominal injury was the most severe, this group 
decreased to 11 cases, representing 548 weighted 
occupants.  For purposes of analysis, any instance of 
abdominal injury was accepted regardless of the 
mortality ranking within the case.  Abdominal 
injuries found among front-seated, nearside crash 
occupants, were found to have an attributable cost of 
approximately $138 million, per Figure 2.  When 
considering the cases where at least one abdominal 
injury was present, the attributable costs of all 
injuries present, in concert with the abdominal injury, 
exceeded $1.5 billion.  This cost included the 
presence of up to 15 maximum injuries, of which at 
least one was abdominal.  These represented nearly 
7,000, occupants, on average 1,000 per year, tow 
away crash occupants, traveling in vehicles of model 
1998 or later, involved in nearside crashes since 
1997.  It should be noted, however, that the incidence 
of abdominal organ injuries did not indicate their 
overall severity for the occupant, per Figure 5.  Brain 
and rib/sternum injuries continued to represent the 
highest incidence of maximum severity injuries.  
Cumulative case costs, where the occupant sustained 
at least one abdominal injury, approached $5 billion, 
of which abdominal injuries contributed 12 percent of 
these costs.  This contrasted with the attributable 
costs, which assumed the elimination of the most 
severe injury, as in the case of a countermeasure 
introduction.  When focusing the study to near side 
abdominal injuries in Table 3, as one of the top 15 
mortality injuries, the brain continued to lead costs, 
however, the lower leg disappeared from 
considerations, as compared to all MAIS 2+ injuries 
in Table 2.  The injury ranking, based upon 
attributable costs changed completely upon including 
occupants with abdominal injury sustained in a near 
side crash, as seen in Tables 2 and 3.  
Countermeasure introduction might account for this. 
 
Currently, the working file consists of all crashes 
conforming to the parameters described earlier in 

paper.  This data set has been disaggregated into the 
various crash modes for future study.  The file will 
also be dependent upon the increasing accuracy of 
the mortality rates used to calculate survivability. 
 

Table 3.  
Body Regions with Cumulative Injury Costs for 

Occupants with Near Side Abdominal Injury 
 

ID Body Part Cost, $M 
1 Skull 118 

2 Brain/intracranial 2,763 

3 Ear, eye, internal neck organs 0 

4 Nose, mouth, face, scalp, neck 0 

5 Cervical spinal cord 278 

6 Upper Extremity 119 

7 Thorax 280 

8 Ribs/sternum 0 

9 Back (including vertebrae) 72 

10 Trunk (other abdomen, thorax) 71 

11 Trunk Spinal Cord 153 

12 Abdominal Organs 568 

13 Hip, Thigh, Pelvis 192 

14 Knee 0 

15 Lower Leg 0 

16 Burns, unspecific body part 0 

17 Whole body-minor external 0 

Source:  NASS CDS, 1997 – 2003, and Zaloshnja, 2004 

 
Baseline Comparison 
 
From the complete database, costs were most 
frequently associated with brain and intracranial 
injuries.  These approach a composite cost of $68 
billion.  The lower leg injuries, the second most 
costly, accounted for nearly $12 billion, per Figure 3.  
Thoracic injuries over took the brain, with regard to 
fatality.  Approximately 5,800 thoracic injuries were 
reported, as compared to approximately 5,600 brain 
injuries attributable to fatally injured occupants.  The 
ribs and sternum, although less costly in monetary 
terms, were found to account for nearly 5,100 
fatalities. 
 
The frontal crash outcome was deemed the first 
priority, owing to its prevalence amongst all crashes, 
pursuant to disaggregation of the crash modes.  The 
disaggregation was warranted since dummy 
development has been dictated by crash mode.  This 
has been especially true in the instrumentation of the 
frontal versus side impact crash dummy.  Further, 
only moderate through maximum injuries, AIS 2 
through 6, for restrained occupants were considered 
in these findings.  
 
It was found that lower limb injures occurred most 
frequently.   When studying the highest severity 
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Figure 2. 
 
 
Cumulative Costs and Weighted Fatalities Attributable to Injured Body Regions for Belted Front Seat 
Passenger Vehicle Occupant with at least one MAIS 2+ Abdominal Injuries Pursuant to a Tow Away Near 
Side Crash 
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injury per occupant, lower limb injuries continued 
with prevalence.  When considering case costs, 
however, brain injuries were the most costly, 
followed by lower leg injuries.  Costs per case were 
attributed to a single injury (the one having the 
highest associated cost per case according to 
Zaloshnja, 2003.) When considering costs 
attributable to each injury, lower leg injuries were the 
most costly, followed by brain injuries.  These were 
referred to as attributable cost.  Injuries to the ribs 
and thorax, in general, were associated with the most 
fatalities.  These attributable fatals were described as 
the number of fatalities attributable to each injury. 
 
DISCUSSION 
 
The preceding sections provided a framework for the 
dummy development predicated on data analysis.  
Many priorities exist in the development of biofidelic 
dummies to replicate real world injury outcomes 
induced in laboratory vehicle crash testing.  Within 
this context, a better understanding might be gained 
in the search for injury metrics. 
 
It should be noted, that although brain injuries are of 
maximum frequency, the other injury categories 
should not be ignored.  This argument was based 
upon frequency, as well as maximum injury severity.  
Most injured occupants sustained more than one 
injury.  Further, these injury costs were not meant to 
be summed to obtain a case cost.  Each injury may 
increase severity, however, the injury costs were 
devised on a per injury basis.  The development of 
attributable and overall case costs was required to 
accurately assess the cost of injuries to an occupant.  
This composite approach allowed for a ranking of 
priorities with regard to frequency, as well as societal 
cost of injuries. 
 
The baseline example provided a data set from which 
to examine injury mitigation opportunities.  Among 
these cases, the illustrative example was found to 
rank fifth among total near side incidence, when 
considering only cases in which at least one 
abdominal injury occurred. Among the injuries of 
maximum severity for near side crashes, abdominal 
injuries ranked tenth out of seventeen injury types.  
 
The selection of the abdominal injuries sustained by 
near side crash occupants was meant as an illustrative 
example of the data base contents and use.  It is the 
intention to examine the remaining topics and report 
these in subsequent publications. 
 
A framework of data analysis has shaped dummy 
development by focusing on the real world crash 

data.  The use of such data allowed for identification 
of injury mechanisms present in the different crash 
modes.  To this point, NHTSA has used three issues 
to guide this study.  These have been:  the type of 
injuries to prevent, dummy measurements needed to 
ascertain the presence of these injuries, and 
calculation of lives to be saved under a given 
countermeasure regime. 
 
What types of injuries should NHTSA strive to 
prevent?  This issue has been very much a question 
of policy tempered by the needs of the safety 
community at large.  Within the confines of this 
project, however, the data base queries have been 
meant to ascertain injury frequencies.  From these 
frequently occurring injuries, a ranking by means of a 
universally accepted metric had to be made.  The 
mortality rates have been shown, in previous 
publications (Martin, 2003) to have merit and provide 
the basis for calculation of survivability.  This 
disaggregation of the two most severe injuries 
allowed for accurate occupant injury costs to be 
calculated.  Upon completion of the data analysis 
initiative, a ranking of the top ten injuries of concern 
will be available. 

 
What measurements are required of a crash 
dummy to ascertain whether such injuries are 
sustainable in a crash test?  Based upon the 
findings of the data analysis, experts in biomechanics 
will be able to draw conclusions regarding injury 
prevalence, costing, and countermeasure 
development.  These can be examined within the 
framework of benefit cost models.  Further, the 
current capabilities of the dummies must be outlined 
and matched to the emerging needs found from the 
real world analysis.  These findings will be published 
for use by dummy manufacturers, regulators, and test 
designers. 
 
Upon providing a listing of the top ten injuries by 
crash mode, crash mechanisms may be isolated.  
From this point, the crash kinematics may be 
recreated.  It would then be incumbent upon 
manufacturers to refine instrumentation to collect 
data relevant to the injuries in question. 
 
How many lives are likely to be saved under a 
given performance requirement to prevent such 
injuries?  Based upon the refinements to the 
mortality iterations, the survivability rate (Martin, 
2003) also allows for countermeasure valuation 
within the framework of injury severity and costing.  
This topic will continue to be developed during the 
preparation of this data analysis initiative.  This 
method is not currently used in NHTSA rulemaking. 
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Figure 3. 
 
 
Cumulative Costs and Weighted Fatalities Attributable to Injured Body Regions Passenger Vehicle Occupant 
MAIS 2+ Injuries Pursuant to a Tow Away Crash 
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Figure 4. 
 
 
Cumulative Weighted Incidence and Maximum Injury Severity by Injured Body Regions for Belted Front 
Seat Passenger Vehicle Occupant with at least one MAIS 2+ Abdominal Injuries Pursuant to a Tow Away 
Near Side Crash 
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Figure 5. 
 
 
Cumulative Total Weighted Incidence and Maximum Injury Severity by Injured Body Regions for Belted Front Seat Passenger Vehicle Occupant 
MAIS 2+ Injuries Pursuant to a Tow Away Near Side Crash 
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SUMMARY 
 
The dummy development of NHTSA is on 
going.  This publication is meant to provide an 
update of the data analysis activity.  This 
component is one of several activities occurring 
simultaneously and supporting the overall 
biomechanics effort within the Agency.  The 
data analysis results have been presented on a 
regular basis.  Subsequent results may be 
reported on an intermittent basis in the form of 
future research notes, technical reports, or 
conference papers. 
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Appendix A:  Attributable Fatality 
Calculation 
 
Step 1.  Examine the injury record of each case.  
Associated with each injury is a mortality rate, 
which was determined in the Martin (2003b).  
An overall fatality probability is computed from 
mortality rates as describe in the Martin (2003b).  
The product of the probability and the case 
weight is an estimate of the number of fatalities 
that occurred in the U.S. for occupants having 
those types of injuries.  Step 2.  Consider a 
particular type of injury -- say, e.g. injuries.  
Examine the injury record again, only this time 
*REMOVE* from the injury record all brain 
injuries.  From the remaining list of injuries, 
compute a new estimate of the number of 
fatalities.  Step 3.  [Fatalities computed in Step 
1] - [Fatalities computed in Step 2] = Fatalities 
attributable to brain injuries in the U.S. for all 
like-mannered cases. 
 
Total fatals attributable is found by performing 
this 3-step operation for every case, and 
summing the differences from Step 3.  This sum 
is an estimate of the lives saved if all brain 
injuries could be eliminated. 
 
Appendix B:  Attributable Cost Calculation 
 
Step 1.  Examine the injury record of each case.  
Associated with each injury is a cost, which was 
determined in the Zaloshnja (2004).  An overall 
case cost is taken as the cost corresponding to the 
most expensive injury.  (This may or may not be 
the same as the MAIS injury or the injury having 
the highest mortality rate).  Step 2.  Consider a 
particular type of injury – e.g., brain injuries.  
Examine the injury record again, only this time 
*REMOVE* from the injury record all brain 
injuries.  From the remaining list of injuries, find 
the case cost as in Step 1.  Step 3.  ([Cost 
computed in Step 1] - [Cost computed in Step 2]) 
x NASS CDS Case Weighting Factor = Costs 
attributable to brain injuries in the U.S. for all 
like-mannered cases.   
 
Total costs attributable is found by performing 
this 3-step operation for every case, and 
summing the differences from Step 3.  This sum 
is an estimate of the costs saved if all brain 
injuries could be eliminated.  
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ABSTRACT 
 
A data-driven procedure is presented to estimate the 
costs and the number of fatalities attributable to 
specific types of injuries.  It continues Martin and 
Eppinger’s work presented at the 2003 ESV 
conference.  The procedure examines a crash victim’s 
entire injury record in the process.  All possible 
injuries are denoted by unique codes as described in 
the AIS Injury Coding Manual.  The two most 
serious injuries – denoted as the primary injury and 
the secondary injury – are chosen from the injury 
record and are used to characterize a victim’s entire 
set of injuries.  When the mortality rate of the 
primary injury code is combined with that of the 
secondary injury, an overall fatality risk is obtained.  
Fatalities attributable to specific injuries may then be 
determined by considering the effect that a specific 
injury or set of injuries has on fatality risk.  
Attributable costs are estimated in a similar manner.  
Ultimately, this process – which singles out specific 
injuries – provides a means to determine the types of 
injuries NHTSA should strive to prevent, and to 
determine the capabilities needed of a crash dummy 
to ascertain whether such injuries are sustainable in a 
crash test. 
 
INTRODUCTION 
 
The National Highway Traffic Safety Administration 
(NHTSA) is responsible for reducing deaths, injuries, 
and economic losses resulting from motor vehicle 
crashes. This is accomplished in part by setting and 
enforcing safety performance standards for motor 
vehicles.  The performance of a vehicle in mitigating 
injuries is assessed through the Federal Motor 
Vehicle Safety Standard (FMVSS) 200 series.  Injury 
potential is measured through the use of a crash test 
dummy exposed to collision forces. 
 
This paper focuses on the process and procedure of 
determining costs and fatalities attributable to 
specific types of injuries. A means of ranking the 
importance of specific types of real world injuries is 
presented.  Such rankings are intended to be used to 

determine the types of injuries NHTSA should strive 
to prevent and the measurements required of a crash 
dummy to ascertain whether such injuries are 
sustainable in a crash test.  Eventually, the 
methodology may be used to justify dummy 
requirements by providing estimates of lives saved 
and injuries prevented that may be achieved by 
implementing a new safety countermeasure.  
 
OBJECTIVE 
 
In searching for the appropriate metrics to be used in 
crashworthiness assessments with dummies, NHTSA 
takes a data driven approach to assure that its use in a 
federal regulation will lead to a significant reduction 
in injuries.  Within NHTSA’s biomechanics division, 
real-world data is used to help make three important 
determinations that are used to guide research 
priorities:   
 
1. Determine the types of injuries that NHTSA 

should strive to prevent. 
 
2. Determine the measurements required of a crash 

dummy to ascertain whether such injuries are 
sustainable in a crash test. 

 
3. Provide an estimate of the number of lives that 

may be saved under a given performance 
requirement to prevent such injuries. 

 
Generally, there must be enough existing data to 
show that a proposed vehicle performance 
requirement (such as implementing a new injury 
metric) will reduce the risk of injuries significantly.  
To aid in such assessments, NHTSA maintains 
epidemiological data on the nature, causes, and injury 
outcomes of crashes. 
 

National Automotive Sampling System –  
Crashworthiness Data System 

 
The Crashworthiness Data System (CDS) is one of 
the epidemiological databases maintained by NHTSA 
[1].  The CDS is a nationally representative 
probability sample of police-reported automobile 
crashes in the United States.  CDS cases are limited 
to crashes that involve at least one passenger vehicle 
that was towed from the crash scene due to damage 
resulting from the crash.  Each case is assigned a 
weighting factor that represents an estimate of the 
number of like-mannered cases that occurred during 
the sample year.   This paper offers a new means with 
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which to interpret CDS data by examining costs and 
fatalities attributable to specific types of injuries.   
 
METHODS 

Injury Coding. 
 
Within the CDS, injuries to motorists are described 
by using a seven digit code in accordance with the 
CDS Injury Coding Manual [2].  This manual is 
adopted from a very similar manual developed by 
AAAM titled “The Abbreviated Injury Scale (AIS) 
Injury Coding Manual” [3].  The CDS manual 
provides codes for over a thousand distinct injury 
types.  It gives synonyms, parenthetical descriptions 
of each code.   In theory, the manual provides codes 
for every possible injury that one could sustain in a 
motor vehicle crash.   
 
CDS injury codes may be cross-referenced with 
detailed nomenclature in the coding manual.  The 
first digit of the code identifies the body region; the 
second digit identifies the general anatomic structure; 
the third and fourth digits identify the specific 
anatomic structure or, in the case of injuries to an 
external region, the specific nature of the injury; the 
fifth and sixth digits identify the level of injury 
within a specific body region and anatomic structure; 
the seventh digit is a general severity level referred to 
as the AIS score.  AIS scores take on integer values 
of 1 (low severity) to 6 (maximum).  If a motorist 
suffers an injury of an unknown severity, a score of 7 
is assigned. 
 

Computing Mortality Rates. 
 
Determining the number of fatalities attributable to a 
particular type of injury is a multi-step process.  The 
first step is to determine the mortality rate associated 
with each injury.  The basis of determining the 
mortality rate values is fully described by Martin and 
Eppinger (2003b).   mortality rate values are akin to 
the AIS severity scores of 1-6.  But unlike AIS 
scores, unique mortality rate values ranging from 0 to 
1 are computed for each 7-digit code (although some 
codes describing very similar injuries share the same 
values).  Moreover, the basis of the values is the CDS 
data itself rather than the findings of an expert panel 
(who assign the severity scores to each of the six-
digit codes).  The mortality rate for a given code is: 
one minus the ratio of the number of times it was 
reported to be the cause of death over its overall 
incidence, as illustrated in Fig. 1.   
 
Values of the mortality rates for all AIS codes used in 
the analysis presented herein are given in the 
Appendix.  Mortality rates are given for injuries 

described by a condensed five-digit AIS code which 
is created by dropping the injury level identifiers 
(digits five and six) from the seven-digit code.  In 
doing so, it is assumed that two or more injuries with 
different seven-digit codes but sharing the same five-
digit code have the same mortality rate.  The five-
digit code is reasoned to sufficiently describe injuries 
that are unique in the context of crashworthiness 
research.  That is, there is no need to discriminate 
among the injury levels (digits 5 and 6) when 
considering the impact of a safety countermeasure.  
More importantly, the condensed codes provide 
better statistical correlations in ranking the codes 
because more CDS observations are associated with 
fewer codes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Computing mortality rates for individual 
injuries. 
 
 
The overall fatality rate of a particular set of injuries 
is a function of the mortality rate of each injury 
sustained.  Like the mortality rates themselves, the 
means to compute the overall fatality rate of a given 
accident victim who sustains several injuries is 
presented by Martin and Eppinger [4, 5].  In short, 
only the two most serious injuries – the primary 
injury and secondary injury – are used to characterize 
a victim’s entire injury record.  Thus, instead of using 
just a single maximum AIS (or MAIS) injury, the 
“Primary/Secondary” model uses two injuries.  
Whereas the primary injury sets the upper limit of the 
fatality probability, the secondary injury can be 
thought of as a “survivability modulator”.   
 
This two-injury approach uses the actual CDS 
outcomes to help select and sort injuries.  So, not 
only are the mortality rates used to compute overall 
fatality rate, they are used to select which two 

Mortality Rate  =    1 – 

 C 

N 

cause of 
fatality 

Fatal cases 

C 

N 
total cases 
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injuries are chosen to represent the injured victim in 
the first place.  Generally, all other injuries have very 
little effect on the overall fatality rate and are 
excluded from the fatality function.  For example, a 
Primary/Secondary/Tertiary model produces only a 
slightly lower (though not significantly lower) 
deviance than the Primary/Secondary model alone.   
 
Also, in the analysis described herein all injuries with 
severity scores of AIS=1 are assigned mortality rates 
of zero.  That is, a victim with only AIS 1 injuries is 
treated as having no injuries at all.  The mortality 
associated with crash victims having only AIS 1 
injuries is known to be extremely low; this is not 
necessarily the case for all AIS 2+ injuries.    
 

Computing Attributable Fatalities. 
 
Attributable fatalities are the number of lives lost due 
to a particular injury.  For example, consider a 
hypothetical five-case dataset shown in Table 1.  
Each case represents a CDS occupant who sustained 
up to five injuries, at least one of which was a head 
injury.  The number of fatalities due to head injuries 
alone may be estimated by taking two “sweeps” 
through the dataset as described below: 
 
Sweep 1.  The upper table in Table 1 represents the 
actual five-case dataset.  Examine the injury record of 
each case.  Associated with each injury code is a 
mortality rate which can be found in the Appendix 
(head injuries have codes with a “1” as the first digit).  
By using the Appendix as a lookup table, select the 
code having the highest mortality rate (the primary 

injury, Pinj) and the code having the next highest rate 
(the secondary injury, Sinj).   
 
Compute the overall fatality probability for the case, 
Pfatal. The form of the fatality rate function is given 
in Eq. 1.  The values of the parameter estimates (β’s 
in Eq. 1) are determined by optimization process that 
when given the actual mortality produces the best 
estimates (lowest deviance) of the probability of 
fatality.   
  
 Pfatal  =  (MR_Pinj)^(β1 ) * (MR_Sinj)^(β2 )      [1]  
 
where MR_Pinj and MR_Sinj are the mortality rates 
associated with the top two injuries (from lookup 
table in Appendix),  while β1 = 0.382 and β2 = 1.014 
(from the optimization process). 
 
In Table 1, “case wgt” is the CDS national expansion 
factor for each case. The product of the probability 
and the case weight is an estimate of the number of 
fatalities that occurred in the U.S. for occupants 
having those types of injuries during the sample year.  
The total fatalities involving head injuries is found by 
summing the five estimates.  The sum, 1446, is an 
estimate of fatalities involving (by not necessarily 
attributed to) head injuries.   
 
Sweep 2.  Examine the injury record again, only this 
time strike from the injury record all head injuries, as 
shown in the lower table in Table 1.  From the 
remaining injury codes, a new Pinj, Sinj, and Pfatal 
are found.  A new estimate of 451 fatalities is also 
found. 
 

 

 
 

 
CASE 

 
i1 

 
i2 

 
i3 

 
 i4 

 
i5 New 

Pinj 
New 
Sinj 

New 
PFatal 

 
CASE WGT 

 
Fatals2 

1 1406.4 5418.2 2508.2 4502.2  5418.2 2508.2 0.1603 2613.42 419 

2 1402.5 1402.5 1406.4 4414.4 4502.3 4414.4 4502.3 0.0876 346.78 30 

3 1402.5 1608.5 8518.3 2908.2  8518.3 2908.2 0.0011 394.10 0 

4 1402.5 1402.5 8518.3 8520.2 8524.2 8518.3 8520.2 0.0010 210.28 0 

5 1406.5 8306.2    8306.2  0.0012 1062.97 1 

         Total 451 

Table 1.  Demonstration of the process to compute fatalities attributable to head injuries involving two sweeps thru 
the dataset:  Sweep 1 (upper table) and Sweep 2 (lower table). 

CASE i1 i2 i3 i4 i5 Pinj Sinj PFatal CASE WGT Fatals1 

1 1406.4 5418.2 2508.2 4502.2  1406.4 5418.2 0.2689 2613.42 703 

2 1402.5 1402.5 1406.4 4414.4 4502.3 1402.5 1402.5 0.7572 346.78 263 

3 1402.5 1608.5 8518.3 2908.2  1402.5 1608.5 0.4659 394.10 184 

4 1402.5 1402.5 8518.3 8520.2 8524.2 1402.5 1402.5 0.7572 210.28 159 

5 1406.5 8306.2    1406.5 8906.1 0.1293 1062.97 137 

         Total 1446 
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Finally, the fatalities attributable to head injuries is 
found by subtracting the results of Sweep 2 from 
Sweep 1:  1446 – 451 = 995.  This is expressed 
mathematically by Eq. 2. 
 
Attributable Fatalities =  

   ( ) ( ){ } ( )∑
=

⋅−
n

i
iii casewgtPFatals NewPFatal

1

    [2] 

 
The result provided by Eq. 2, 995 lives, is an estimate 
of the number of fatalities attributable to head 
injuries in the U.S. for all like-mannered cases.  
   

Computing Attributable Costs. 
 
Computing the costs attributable to a particular injury 
follows a similar methodology as attributable fatals.  
The procedure starts with cost per injury estimates 
presented by Zaloshnja et al [6], who have reasoned 
that the cost associated with the MAIS injury is the 
approximate cost incurred by the victim.  Their 
costing methodology is an averaging process:  it is 
understood that most victims suffer multiple injuries, 
and all injuries contribute to the overall cost.  
Nonetheless, their methodology offers a reasonable 
means to account for injury costs.  
 
The methodology described herein takes the 
Zaloshnja et al process a step further.  For victims 
who sustain multiple injuries (such as the vast 
majority of CDS MAIS 2+ victims), it provides a 

means to isolate the costs due to a particular type of 
injury from costs borne by other injuries.   
 
For example, consider head injuries again.  The costs 
due to head injuries alone may be estimated by taking 
two “sweeps” through the dataset as described below: 
 
Sweep 1.  Examine the injury record of each case in 
the upper table of Table 2.  Associated with each 
injury code is a cost figure which can be found in the 
Appendix.  By using the Appendix as a lookup table, 
select the code having the highest cost.  An overall 
case cost is taken as the cost corresponding to this 
most expensive injury.  (This may or may not be the 
same as the MAIS injury or the injury having the 
highest mortality rate).  The product of the case cost 
and the case weight is an  estimate of the costs 
incurred in the U.S. for occupants having those types 
of injuries during the sample year.   
 
Sweep 2.  Examine the injury record again, only this 
time strike from the injury record all head injuries, as 
shown in the lower table of Table 2.  From the 
remaining list of injuries, find the case cost as in 
Sweep 1.   
 
Total costs attributable are found by performing this 
operation for every case, and summing the 
differences:  9.62 – 0.68 = $8.94 Million.  
Mathematically, this is expressed as shown in Eq. 3: 

 
 

 
CASE 

 
i1 

 
i2 

 
i3 

 
i4 

 
i5 

Case 
Cost 
$k 

 
Case Wgt 

 
Cost1 
$M 

1 1406.4 5418.2 2508.2 4502.2  1201 2613.42 3.14 

2 1402.5 1402.5 1406.4 4414.4 4502.3 3219 346.78 1.12 

3 1402.5 1608.5 8518.3 2908.2  3219 394.10 1.27 

4 1402.5 1402.5 8518.3 8520.2 8524.2 3219 210.28 0.68 

5 1406.5 8306.2    3219 1062.97 3.42 

       Total 9.62 

 
 

 
CASE 

 
i1 

 
i2 

 
i3 

 
i4 

 
i5 

Case 
Cost 
$k 

 
Case Wgt 

 
Cost2 
$M 

1 1406.4 5418.2 2508.2 4502.2  139 2613.42 0.36 

2 1402.5 1402.5 1406.4 4414.4 4502.3 259 346.78 0.09 

3 1402.5 1608.5 8518.3 2908.2  244 394.10 0.10 

4 1402.5 1402.5 8518.3 8520.2 8524.2 237 210.28 0.05 

5 1406.5 8306.2    79 1062.97 0.08 

       Total 0.68 

Table 2.  Demonstration of the process to compute costs attributable to head injuries involving two sweeps thru the 
dataset:  Sweep 1 (upper table) and Sweep 2 (lower table). 
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Attributable Costs =  

 ( ){ } ( )∑
=

⋅−
n

i
iii casewgtCost21Cost

1

)         [3] 

 
Thus, $8.94 Million is an estimate of the costs saved 
if all head injuries could be eliminated. 
 
The overall fatality probability is also used in this 
analysis.  Zaloshnja et al [6] provide a cost associated 
with a fatality that is the same regardless of the 
injuries.  When evaluating a CDS case whose 
outcome is a fatality, the overall mortality rate is re-
computed after “removing” the head injury from the 
record in Sweep 2.  If the fatality rate decreases by 
more than 80%, it is assumed that the occupant 
would have lived, and the overall cost (“Cost2”) is 
computed as such.  If the fatality rate is more than 
80% of the actual even after the head injuries are 
“removed”, then the victim is assumed to still have 
suffered fatal injuries and no costs are attributed to 
the head injuries. 
 
APPLICATION 
 
To demonstrate the utility of the process, consider the 
costs due to and fatalities attributable to head injuries 
in side impacts.  The study herein is based on a 
working data set extracted from 1997-2003 CDS 
files.  The data set composition is limited to the 
following: 
 
* Vehicles of model year 1998 or later 
* Near-side occupants in a side impact collision 

(front or rear seat) 
* Adults restrained by a properly worn seat belt. 
 
In all, the working data set contains data on 313 crash 
victims – including records for more than 51 fatalities 
– over the seven-year span.  When these figures are 
weighted to represent national totals, there are 30,737 
crash victims and 2,164 fatalities over the seven 
years.  Among the fatalities, 825 have head injuries 
of AIS ≥ 2. 
 
RESULTS  
 

Attributable Fatalities 
 
The number of fatalities attributable to head injuries 
is found by taking two sweeps through the dataset as 
described earlier.  In the first sweep, only the n cases 
where a head injury exists among the top two are 
retained.  The mortality rates of these the injury 
codes are found in the lookup table (see appendix).  
In the second sweep, only the n cases are examined, 

but injury codes associated with head injuries are 
disregarded.  This gives rise to a new fatality 
estimate, from which the number of fatalities 
attributable to head injuries is determined to be 651, 
as denoted in Table 3.   
  

Attributable Costs 
 
The costs attributable to head injuries may also be 
determined by taking two sweeps through the dataset 
as described earlier.  In the first sweep, only the n 
cases where a head injury was the costliest of injuries 
are retained.  The costs associated with these cases 
corresponds to the cost rates (found in the lookup 
table in the Appendix) of the n head injuries.  In the 
second sweep, only the n cases are examined, but 
injury codes associated with head injuries are 
disregarded, and a new estimate of overall costs is 
determined.  Costs attributable to head injuries are 
then found to be $5,372 million.   
 
The same methodology may also be used to 
determine costs and fatalities attributable to specific 
types of head injuries, like simply brain injuries as 
opposed to head injuries that include skull fractures.  
Table 3 provides the estimates for both instances 
when the two-sweep process is carried out. 
 
 

1.  Fatalities in which an AIS 2+ 
head injury was sustained. 

825 

2.  Fatalities attributable to head 
injuries. 

651 

3.  Costs due to head injuries 
($Million). 

5,372 

4.  Fatalities attributable to brain 
injuries. 

430 

5.  Costs due to brain injuries 
($Million). 

4,948 

Table 3.  Cumulative costs and fatalities attributable 
to head and brain injuries in the U.S.; belted adults in 
near-side crashes, MY ‘98+ vehicles.  Source:  1997-
2003 CDS. 
 
 
DISCUSSION 
 
A simplistic analysis of CDS data merely provides 
frequency counts of injuries; it does not explicitly 
explain how many lives may be saved if a given type 
of injury could be avoided.  For example, Table 3 
shows that 825 fatal crash victims received a head 
injury of AIS ≥ 2.  While the head injury probably 
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contributed to the fatal outcome in most of the cases, 
there were injuries in other body regions, too.   As 
such, the CDS does not provide a direct estimate of 
fatalities due to head injuries.  For a more exacting 
estimate, the two-injury characterization (described 
earlier in the “Methods” section) may be used to find 
the number of fatalities that are directly attributable 
to head injuries 
 
Aside from the example presented above for head 
injuries, this methodology may be carried out to 
examine a variety of injury types that may provide 
insights on safety priorities and research programs.  
Some additional ideas are given below.    
 
1.  Abdominal organ injuries.  There is a lack of basic 
biomechanical knowledge of thresholds and 
mechanisms associated with abdominal injuries 
largely due to the difficulty in observing such injuries 
in laboratory experiments.  As a result, it may be 
difficult to correlate ATD instrumentation with 
abdominal organ injuries per se.  Under the scheme 
presented herein, one may examine costs and 
fatalities due to abdominal organ injuries that occur 
in the absence of other types of injuries (like rib 
injuries) that are well correlated with ATD 
instrumentation measurements.  If significant costs 
are found to be borne by abdominal organ injuries 
alone, then it may justify a research program to 
investigate thresholds, injury mechanisms, and 
development of appropriate ATD instrumentation. 
 
2.  Thoracic injury types.  Side impact ATD’s use rib 
deflection sensors to assess potential for thoracic 
injury.  Moreover, the criteria for thoracic injury 
potential as measured by ATD rib deflections is 
largely based on the number of broken ribs observed 
in tests with post-mortem human surrogates.  With 
the methodology presented herein, one may look for 
thoracic organ injuries with and without significant 
rib fractures to gain insights into whether rib 
deflection measurements adequately gauge thoracic 
trauma.   
 
3.  Knee-Thigh-Hip injuries.  NHTSA is  monitoring 
and investigating occult injuries from frontal crashes.  
Knee-thigh-hip (KTH) complex injuries to belted 
occupants are one of the injury patterns being 
investigated.  By singling out each of these three 
lower extremity body regions, one may examine the 
makeup of knee vs. thigh vs. hip and pelvis injuries 
in order to gain insights into biofidelity requirements 
of a dummy KTH assembly and the need for, say, 
acetabular measurements in an ATD. 
 

4.  Children in Child Restraint Systems.  NHTSA has 
addressed the TREAD Act by incorporating new 
requirements into FMVSS No. 213, including 
improved child test dummies.  Moreover, Anton’s 
Law requires the development of an anthropomorphic 
test device simulating a 10-year-old child and an 
evaluation of integrated child restraint systems.  The 
general injury distributions of children in CRS may 
be examined in frontal and side crashes in an effort to 
examine the body regions most apt to be injured.  
This may help pinpoint the performance requirements 
of child dummies under various test conditions.   
 
Results of these example studies are beyond the 
scope of this paper, but may be presented in the 
future.   
 

Ongoing Enhancements to the Methodology 
 
Mortality Rates.  As described earlier, an 
optimization process is used to determine the 
coefficients (β1 and β2) of the overall fatality function 
such that overall deviance is minimized when 
considering the actual outcomes of each case.  
Theoretically, the mortality rates may be optimized, 
too, and a process is being implemented to do so.   
 
Costs per Injury.   Similar to the optimization process 
used for mortality rates, a process to provide cost per 
injury estimates based on NHTSA epidemiological 
data is ongoing.  Data from the Crash Injury 
Research and Engineering Network (CIREN) is being 
considered for this effort (CDS does not contain cost 
data).   
 
While CIREN contains medical and rehabilitation 
costs, the costs described in the paper herein are 
comprehensive costs, which are more general and 
far-reaching.  Nonetheless, Zaloshnja et al [6] also 
list the cost per injury for medical costs only (besides 
providing the comprehensive costs used herein.)  It 
may be possible to compare CIREN-based costs with 
Zaloshnja’s medical costs in an effort to better 
understand total costs to motor vehicle crash victims.   
 
Cost of Fatalities.  The current methodology uses the 
arbitrary decision to recode “fatalities” as 
“survivals”.  Recall Sweep 2 of the cost estimation 
process for fatal cases: if the overall fatality rate 
decreases by more than 80% once the “attributable” 
injuries are stuck, the outcome is assumed to be 
“nonfatal”.  An new approach is being worked out 
whereby the CDS case weight for a fatal case is 
prorated between “fatal” and “surviving” categories 
in proportion to the fatality rate decrease.   
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SUMMARY 
 
The study presented herein provides a new means to 
interpret epidemiological injury data in a way that 
complements crashworthiness research.  It is meant 
to help researchers predict how many lives may be 
saved by a prospective safety countermeasure that is 
designed to mitigate specific types of injuries.  
Specifically, this injury-accounting scheme has been 
developed to help fulfill three basic objectives: 
 
1. Determine the types of injuries that NHTSA 

should strive to prevent. 
2. Determine the measurements required of a crash 

dummy to ascertain whether such injuries are 
sustainable in a crash test. 

3. Provide an estimate of the number of lives that 
may be saved under a given performance 
requirement to prevent such injuries. 

 
One of the difficulties in using CDS data is that the 
characterization of injured motorists is not usually 
clear-cut.  For each CDS occupant injury record, 
there are sometimes over twenty injuries spread over 
multiple body regions that are listed.  This makes it 
difficult to judge how likely it is that a life will be 
saved if a specific injury is mitigated.   
 
This paper offers a new perspective in interpreting 
CDS injury data.  It describes a procedure to estimate 
the risk to life that multiple injuries pose to crash 
victims and to estimate the costs borne by and the 
number of fatalities attributable to specific types of 
injuries.   For example, if one desires to estimate the 
number of lives saved if a particular injury is 
mitigated, it may be accomplished forthrightly under 
the scheme described herein.  This is much harder to 
accomplish in the context of MAIS which does not 
account for multiple injuries.    
  

Ultimately, this process – which singles out specific 
injuries – provides a means to determine the types of 
injuries NHTSA should strive to prevent, and to 
determine the capabilities needed of a crash dummy 
to ascertain whether such injuries are sustainable in a 
crash test. 
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APPENDIX.  Costs and mortality rates by injury. 

5-Digit 
AIS 
Code 

 
Nomenclature Mort. 

Rate 

Comprehen-
sive Costs 
Year 2000 $ 

1130.6 Head Crush 1.000 3,158,552 
1150.7 Closed head 0.961 3,218,776 
1159.7 Closed Head 1.000 3,158,552 
1204.5 Basilar artery 0.373 3,218,776 
1210.3 Internal carotid 0.070 613,078 
1212.4 Intracranial vessel 0.600 1,201,008 
1214.3 Middle cerebral 0.150 613,078 
1214.4 Middle cerebral 0.700 1,201,008 
1216.4 Other head 0.654 1,201,008 
1228.3 Vertebral artery 1.000 613,078 
1228.5 Vertebral artery 1.000 3,218,776 
1306.2 Optic nerve 0.001 289,674 
1308.2 Oculomotor nerve 0.000 289,674 
1310.2 Trochlear nerve 0.000 289,674 
1314.2 Abducens nerve 0.001 289,674 
1316.2 Facial nerve 0.000 289,674 
1402.5 Brain stem 0.842 3,218,776 
1402.6 Brain stem 1.000 3,158,552 
1404.3 Cerebellum contus. 0.881 613,078 
1404.4 Cerebellum contus. 0.881 1,201,008 
1404.5 Cerebellum hematom 0.881 3,218,776 
1406.3 Cerebrum contusion 0.068 613,078 
1406.4 Cerebrum contusion 0.068 1,201,008 
1406.5 Cerebrum contusion 0.220 3,218,776 
1407.3 Pituitary injury 0.002 613,078 
1500.2 Skull fracture 0.912 310,706 
1502.3 Basilar skull 0.258 374,314 
1502.4 Basilar skull 0.987 1,042,399 
1504.2 Vault skull 0.000 310,706 
1504.3 Vault skull 0.698 374,314 
1504.4 Vault skull 0.976 1,042,399 
1602.2 LOC 0.000 289,674 
1604.2 Awake at scene 0.000 289,674 
1604.3 Awake at scene 0.001 613,078 
1606.2 Lethargic, Stuporous 0.001 289,674 
1606.3 Lethargic, Stuporous 0.025 613,078 
1608.3 Unconscious at scene 0.001 613,078 
1608.4 Unconscious at scene 0.018 1,201,008 
1608.5 Unconscious at scene 0.541 3,218,776 
1610.2 Cerebral Concussion 0.000 289,674 
1906.2 Scalp laceration 0.166 186,330 
1908.2 Scalp avulsion 0.001 186,330 
1908.3 Scalp avulsion 0.002 303,727 
2150.7 Blunt Facial 0.000 303,727 
2202.3 External cartoid 0.000 303,727 
2404.2 Eye avulsion 0.001 246,807 
2412.2 Sclera laceration 0.001 246,807 
2502.2 Alveolar ridge 0.004 186,330 
2506.2 Mandible fracture 0.000 88,575 
2508.2 Maxilla fracture 0.001 88,575 
2508.3 Maxilla fracture 0.035 119,096 
2508.4 Maxilla fracture 0.350 520,070 
2510.2 Nose fracture 0.001 88,575 
2512.2 Orbit fracture 0.001 88,575 
2512.3 Orbit fracture 0.001 119,096 
2516.2 Temporomandibular 0.001 88,575 
2518.2 Zygoma/malar fx 0.001 88,575 
2906.2 Facial Skin 0.001 186,330 
2906.3 Facial Skin 0.001 303,727 
2920.3 Face Burn 0.001 787,813 

5-Digit 
AIS 
Code 

Nomenclature 
Mort. 
Rate 

Comprehen-
sive Costs 
Year 2000 $ 

3150.7 Blunt neck/throat 0.000 460,991 
3202.3 Carotid (common) 0.149 460,991 
3208.2 Jugular vein 0.019 63,930 
3210.2 Vertebral artery 0.002 63,930 
3402.2 Larynx contusion 0.001 63,930 
3406.2 Pharynx laceration 0.000 63,930 
3414.2 Thyroid gland 0.004 63,930 
3418.2 Vocal cord 0.001 63,930 
3502.2 Hyoid fracture 0.001 63,930 
3906.2 Neck/Throat Skin 0.001 186,330 
4130.6 Chest Crush 1.000 3,158,552 
4150.7 Blunt chest inj 0.664 674,183 
4159.7 Blunt chest inj 1.000 3,158,552 
4202.4 Aorta, thoracic 0.917 258,648 
4202.5 Aorta, thoracic 1.000 536,993 
4202.6 Aorta, thoracic 1.000 3,158,552 
4208.5 Coronary artery 0.459 536,993 
4210.3 Pulmonary artery 0.141 147,277 
4212.3 Pulmonary vein 0.396 147,277 
4212.4 Pulmonary vein 0.557 258,648 
4214.3 Subclavian artery 0.148 147,277 
4216.3 Subclavian vein 0.250 147,277 
4216.4 Subclavian vein 0.719 258,648 
4218.3 Vena Cava 0.203 147,277 
4218.4 Vena Cava 1.000 258,648 
4220.2 Chest vessel 0.000 107,754 
4222.2 Chest vessel 0.002 107,754 
4406.2 Diaphragm NFS 0.001 107,754 
4406.3 Diaphragm lac. 0.101 147,277 
4406.4 Diaphragm rupture 0.189 258,648 
4408.5 Esophagus laceration 0.801 875,404 
4410.3 Heart (Myocardium) 0.363 147,277 
4410.4 Heart (Myocardium) 0.924 258,648 
4410.5 Heart (Myocardium) 1.000 536,993 
4410.6 Heart (Myocardium) 1.000 3,158,552 
4412.5 Intracardiac valve 1.000 536,993 
4413.5 Intraventricular 1.000 536,993 
4414.3 Lung contusion 0.000 147,277 
4414.4 Lung contusion 0.596 258,648 
4414.5 Lung laceration 1.000 536,993 
4416.2 Pericardium lac. 0.039 107,754 
4416.5 Pericardium hernia 1.000 536,993 
4418.2 Pleura laceration 0.000 107,754 
4418.3 Pleura laceration 0.122 147,277 
4422.3 Thoracic cavity 0.327 147,277 
4422.5 Thoracic cavity 0.545 536,993 
4424.2 Thoracic duct 0.000 107,754 
4426.3 Trachea  0.000 460,991 
4426.4 Trachea  0.040 258,648 
4426.5 Trachea  1.000 875,404 
4502.2 Rib cage 0.264 75,621 
4502.3 Rib cage 0.264 103,822 
4502.4 Rib cage 0.515 205,244 
4502.5 Rib cage 0.970 421,043 
4508.2 Sternum fracture 0.000 75,621 
4906.2 Chest Skin 0.000 62,210 
4920.2 Chest burn 0.000 64,198 
5150.7 Abdominal trauma 0.131 261,395 
5159.7 Abdominal trauma 0.001 3,158,552 
5202.4 Aorta, abdominal 0.819 203,909 
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5202.5 Aorta, abdominal 0.998 261,395 
5204.5 Celiac Artery 0.800 261,395 
5206.3 Iliac artery 0.142 132,993 
5206.3 Iliac artery 0.142 132,993 
5206.4 Iliac artery 0.638 203,909 
5212.3 Vena cava 1.000 132,993 
5212.4 Vena cava 1.000 203,909 
5214.3 Abdominal vessel 0.375 132,993 
5214.4 Abdominal vessel 0.375 203,909 
5216.3 Abdominal vessel 0.001 132,993 
5404.3 Anus laceration 0.082 132,993 
5404.4 Anus laceration 0.082 203,909 
5406.2 Bladder contusion 0.001 54,139 
5406.3 Bladder laceration 0.004 112,077 
5406.4 Bladder laceration 0.342 171,914 
5408.2 Colon contusion 0.001 165,765 
5408.3 Colon laceration 0.001 219,745 
5408.4 Colon laceration 0.615 337,291 
5410.2 Duodenum contusion 0.002 165,765 
5410.3 Duodenum laceration 0.002 219,745 
5410.5 Duodenum laceration 0.171 629,049 
5412.2 Gallbladder lac. 0.008 165,765 
5412.3 Gallbladder lac. 0.097 219,745 
5414.2 Jejunum-ileum cont. 0.011 165,765 
5414.3 Jejunum-ileum lac. 0.011 219,745 
5414.4 Jejunum-ileum lac. 0.134 337,291 
5416.2 Kidney contusion 0.001 102,009 
5416.3 Kidney contusion 0.154 172,317 
5416.4 Kidney laceration 0.154 240,085 
5416.5 Kidney hilum 0.891 527,179 
5418.2 Liver contusion 0.000 139,260 
5418.3 Liver contusion 0.000 155,339 
5418.4 Liver laceration 0.175 253,760 
5418.5 Liver laceration 1.000 473,415 
5418.6 Liver laceration 1.000 473,415 
5420.2 Mesentery contusion 0.183 165,765 
5420.4 Mesentery laceration 0.415 337,291 
5422.2 Omentum contusion 0.002 54,139 
5428.2 Pancreas contusion 0.001 165,765 
5428.5 Pancreas laceration 0.716 629,049 
5430.3 Penis laceration 0.000 112,077 
5432.2 Perineum laceration 0.001 54,139 
5432.3 Perineum laceration 0.001 112,077 
5434.3 Placenta abruption 0.149 112,077 
5436.2 Rectum laceration 0.001 165,765 
5436.3 Rectum laceration 0.001 219,745 
5436.4 Rectum laceration 0.200 337,291 
5436.5 Rectum laceration 0.800 629,049 
5438.3 Retroperitoneum  0.051 112,077 
5440.2 Scrotum laceration 0.001 54,139 
5442.2 Spleen contusion 0.000 109,687 
5442.3 Spleen laceration 0.000 153,323 
5442.4 Spleen laceration 0.134 256,896 
5442.5 Spleen laceration 0.144 468,895 
5444.2 Stomach laceration 0.001 165,765 
5444.3 Stomach laceration 0.001 219,745 
5444.4 Stomach laceration 0.250 337,291 
5446.2 Testes laceration 0.000 54,139 
5448.3 Ureter laceration 0.000 112,077 
5450.2 Urethra laceration 0.003 54,139 
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5450.3 Urethra laceration 0.015 112,077 
5452.4 Uterus laceration 1.000 171,914 
5906.2 Abdomen Skin 0.001 61,365 
6150.7 Cervical Spine 0.862 4,371,935 
6159.7 Cervical Spine 1.000 3,158,552 
6302.2 Cervical Spine 0.001 186,330 
6306.2 Lumbar Spine 0.000 31,372 
6402.3 Cervical Spine 0.268 969,251 
6402.4 Cervical Spine 0.233 3,305,283 
6402.5 Cervical Spine 0.489 4,371,935 
6402.6 Cervical Spine 1.000 3,158,552 
6404.3 Thoracic Spine 0.055 104,511 
6404.4 Thoracic Spine 0.084 2,340,375 
6404.5 Thoracic Spine 0.393 2,771,402 
6406.3 Lumbar Spine 0.052 104,511 
6406.5 Lumbar Spine 0.272 2,771,402 
6502.2 Cervical Spine 0.302 186,330 
6502.3 Cervical Spine 0.302 119,096 
6504.2 Thoracic Spine 0.001 267,061 
6504.3 Thoracic Spine 0.001 262,311 
6506.2 Lumbar Spine 0.001 31,372 
6506.3 Lumbar Spine 0.001 262,311 
7110.3 Upper Extremity 0.003 300,384 
7130.3 Upper Extremity 0.000 300,384 
7150.2 Upper Extremity 0.000 62,983 
7150.7 Upper Extremity 0.000 217,029 
7159.7 Upper Extremity 0.100 3,158,552 
7206.2 Brachial artery 0.000 62,983 
7206.3 Brachial artery 0.000 217,029 
7210.3 Upper ext vessel 0.000 217,029 
7304.2 Median, Radius 0.001 51,301 
7404.2 Upper Ext muscle 0.001 62,983 
7406.2 Upper Ext joint 0.000 62,983 
7502.2 Acromioclavicle 0.001 47,445 
7506.2 Elbow joint 0.000 22,808 
7510.2 Shoulder joint 0.001 92,947 
7510.3 Shoulder joint 0.001 168,999 
7512.2 Sternoclavicular  0.001 92,947 
7514.2 Carpus joint 0.001 47,445 
7514.3 Carpus joint 0.149 47,445 
7516.2 Acromion fracture 0.001 47,445 
7518.2 Arm/wrist fx 0.044 47,445 
7519.2 Forearm fracture 0.000 163,282 
7520.2 Carpus fx 0.000 54,831 
7522.2 Clavicle fracture 0.002 92,947 
7524.2 Finger amputation 0.002 47,445 
7525.2 Hand fracture 0.000 47,445 
7526.2 Humerus fracture 0.000 92,947 
7526.3 Humerus fracture 0.000 168,999 
7528.2 Radius fracture 0.000 163,282 
7528.3 Radius fracture 0.000 300,384 
7530.2 Scapula fracture 0.001 92,947 
7532.2 Ulna fracture 0.001 163,282 
7532.3 Ulna fracture 0.001 300,384 
7906.2 Upper ext skin 0.001 51,301 
7908.2 Upper ext skin 0.001 51,301 
7920.2 Upper ext burn 0.000 51,301 
7920.3 Upper ext burn 0.139 468,162 
7940.2 Degloving injury 0.001 51,301 
7940.3 Degloving injury 0.001 223,097 

APPENDIX, cont.  Costs and mortality rates by injury. 
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8110.3 Amput. below knee 0.239 237,203 
8110.4 Amput. above knee 0.239 266,459 
8130.2 Crush below knee 0.000 184,386 
8130.3 Crush knee 0.020 266,459 
8150.2 Lower Extremity 0.001 78,806 
8150.7 Lower Extremity 0.001 25,501 
8202.3 Femoral artery 0.000 71,388 
8202.4 Femoral artery 0.300 550,548 
8206.2 Popliteal artery 0.001 28,803 
8206.3 Popliteal artery 0.021 185,689 
8208.3 Popliteal vein 0.000 185,689 
8210.3 Low ext vessel 0.001 120,078 
8304.2 Sciatic nerve 0.001 78,806 
8306.2 Femoral/tibal nerve 0.000 78,806 
8404.2 Collateral ankle 0.001 122,139 
8404.3 Posterior cruciate 0.001 185,689 
8406.2 Lower Ext muscle 0.001 28,803 
8408.2 Lower Ext tendon 0.000 78,806 
8410.2 Patellar tendon 0.001 28,803 
8502.2 Tarsus disloc 0.001 148,975 
8506.2 Hip dislocation 0.000 36,053 
8508.2 Knee dislocation 0.001 28,803 
8514.2 Calcaneus fracture 0.000 148,975 
8516.2 Fibula fracture 0.000 184,386 
8516.3 Fibula fracture 0.001 237,203 
8518.2 Femur fracture 0.115 205,639 
8518.3 Femur fracture 0.115 237,203 
8520.2 Foot/ankle fx 0.003 148,975 
8522.2 Metatarsal fx 0.000 148,975 
8524.2 Patella fracture 0.000 213,165 
8526.2 Pelvis fracture 0.000 263,777 
8526.3 Pelvis fracture 0.000 482,065 
8526.4 Pelvis Crush 0.021 482,065 
8528.3 Sacroilium fracture 0.001 482,065 
8530.3 Symphysis pubis 0.000 482,065 
8532.2 Talus fracture 0.000 148,975 
8534.2 Tibia fracture 0.000 184,386 
8534.3 Tibia fracture 0.000 237,203 
8906.2 Lower ext skin 0.001 11,522 
8908.2 Lower ext skin 0.001 11,522 
8920.2 Lower ext burn 0.002 78,806 
8940.2 Degloving injury 0.002 78,806 
8940.3 Degloving injury 0.002 120,078 
9192.3 Inhalation injury 0.177 147,277 
9192.4 Inhalation injury 0.356 258,648 
9920.3 Burn 2nd deg 0.046 787,813 
9920.4 Burn 2nd deg 0.288 787,813 
9920.5 Burn 2nd deg 0.964 844,289 
9920.6 Burn 2nd deg 1.000 844,289 

 

APPENDIX, cont.  Costs and mortality rates by injury. 
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ABSTRACT 
 
In 2004, the National Highway Traffic Safety 
Administration (NHTSA) created its Light Vehicle 
Handling and electronic stability control (ESC) 
research program.  When first conceived, this 
program emphasized the development of test 
maneuvers and analysis methods capable of 
objectively quantifying handling.  At the time, it was 
envisioned the publication of such results would 
complement the Agency’s NCAP dynamic rollover 
resistance ratings, thereby allowing consumers to 
better understand the potential tradeoffs between 
dynamic rollover stability and good handling.  
 
However, as the 2004 testing proceeded, the 
Agency’s vision of quantifying handling was 
replaced by the desire to research the safety benefits 
of ESC.  One of the primary objectives of this 
refocused effort was to develop a way to objectively 
assess ESC effectiveness on the test track. 
 
The research discussed in this paper examined the 
ESC effectiveness of five vehicles using twelve 
maneuvers.  Maneuvers are described and their 
ability to satisfy three ESC effectiveness criteria is 
discussed.  Maneuvers utilized automated and driver-
based steering inputs.  If driver-based steering was 
required, multiple drivers were used to assess input 
variability.  To quantify the effects of ESC on 
handling test outcome, each vehicle was evaluated 
with ESC enabled and disabled. 
 
INTRODUCTION 
 
The intent of this paper is to describe the tests 
NHTSA used to explore light vehicle handling and 
assess ESC effectiveness.  All tests were performed 
at the Transportation Research Center, Inc. (TRC), 
located in East Liberty, Ohio.  Specifically, the 
facility’s Vehicle Dynamics Area (VDA), a 50-acre 
asphalt test pad, was used.  Although dry and wet 
surfaces were utilized, the wet surfaces introduced an 
undesirable combination of test variability and sensor 

 
 
malfunctions.  For this reason, this paper only 
discusses NHTSA’s dry testing efforts. 
 
The tests described in this paper occurred during the 
period of April 4 through October 25, 2004.  During 
this time, the VDA’s peak coefficient of friction 
ranged from 0.91 to 0.97.  The slide coefficient 
varied slightly less, ranging from 0.83 to 0.87.  The 
lowest ambient testing temperature was 38°F, 
recorded prior to a series of tests performed on 
October 5, 2004.  The highest ambient testing 
temperature was 85°F, recorded prior to tests 
performed on June 8, 2004 and August 3, 2004. 
 
Five vehicles equipped with ESC were used.  
Although they had been used in previous test 
programs, each vehicle was originally purchased as 
new by NHTSA, and the respective suspensions were 
in excellent mechanical condition.  Some basic 
descriptions of these vehicles are presented in Table 
1.  The measurements provided in this table were 
taken with a Hybrid II anthropomorphic test dummy 
positioned in the driver’s seat and a full tank of fuel, 
but without instrumentation or outriggers.  
 

Table 1. 
Baseline Vehicle Descriptions. 

 

Vehicle Description ESC Wheelbase 
(inches) 

Weight 
(lbs) 

2003 Toyota 
Camry 

Medium-
Sized Car VSC 107.0 3634 

2002 Chevrolet 
Corvette Sports Car Active 

Handling 104.3 3361 

2004 Volvo 
XC90 4x4 SUV DTSC 112.3 4803 

2003 Toyota 
4Runner 4x4 SUV VSC 109.9 4408 

2004 GMC 
Savana 3500 

15-Passenger 
Van Stabilitrak 155.5 6770 

Tires were of original equipment specification, and 
were inflated to the pressures recommended by the 
manufacturer on the respective placards.  With the
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exception of the NHTSA Fishhook and J-Turn, the 
tire wear observed during the conduct of maneuvers 
discussed in this paper was generally not severe, 
therefore multiple maneuvers were performed with a 
single tire set.   
 
All tests were performed with the vehicles in 
NHTSA’s Nominal Load condition (driver, 
instrumentation, full fuel).  With the exception of the 
Chevrolet Corvette, titanium outriggers were 
installed in lieu of the front and rear bumpers.  Given 
the diversity of the vehicle pool, the authors believe 
results of this study should be reasonably 
representative of most light vehicles evaluated in the 
Nominal Load condition. 
 
TEST MANEUVER GROUPS 
 
Tests were divided into three groups:  Test Groups 1, 
2, and 3.  A programmable steering machine was 
used to command the Test Group 1 and 3 handwheel 
inputs, while experienced drivers were used for Test 
Group 2.  Table 2 presents the overall matrix.  For the 
sake of brevity, Test Group 1 maneuver descriptions 
are not included in this paper.  They are described in 
[1,2,3]. 

 
Table 2. 

NHTSA’s 2004 Light Vehicle Handling / ESC Test 
Matrix. 

Test Group 1 Test Group 2 Test Group 3 

• Slowly 
Increasing 
Steer 

• NHTSA  
    J-Turn 

• NHTSA 
Fishhook 

• Modified 
ISO 3888-2 

• Constant 
Radius Turn 

• Closing Radius Turn 
• Pulse Steer 
  (500 deg/s, 700 deg/s) 
• Sine Steer 
  (0.5 Hz, 0.6 Hz, 0.7 Hz, 

0.8 Hz) 
• Increasing Amplitude Sine 

Steer 
  (0.5 Hz, 0.6 Hz, 0.7 Hz) 
• Sine with Dwell 
  (0.5 Hz, 0.7 Hz) 
• Yaw Acceleration 

Steering Reversal 
  (500 deg/s, 720 deg/s) 
• Increasing Amplitude 

Yaw Acceleration 
Steering Reversal 

  (500 deg/s, 720 deg/s) 

 

Test Group 1 
 
Test Group 1 was comprised of maneuvers well 
known to NHTSA:  the Slowly Increasing Steer 

(SIS), NHTSA J-Turn and NHTSA Fishhook.  In 
recent years, these maneuvers have been used by 
NHTSA to evaluate on-road, untripped dynamic 
rollover resistance.  They were included in this study, 
research designed to evaluate handling and ESC 
effectiveness, for a number of reasons.  First, the 
maneuvers may offer more utility than previously 
realized.  Tests used to measure dynamic rollover 
propensity may also reveal important information 
about important handling characteristics.  Second, the 
instrumentation used for handling research differed 
slightly from that used for the rollover research 
program.  Measurement of lateral velocity (to 
facilitate calculation of body slip angles) and vehicle 
position (via GPS) was not previously performed.  
Third, it is important to establish a relationship 
between on-road, untripped rollover, handling, and 
ESC effectiveness.  Understanding what potential 
compromises may exist between these factors is of 
great interest to NHTSA (e.g., has the handling of a 
particular vehicle been degraded so as to improve 
dynamic rollover resistance?).  Finally, these 
maneuvers will help NHTSA further understand how 
ESC can affect dynamic rollover resistance. 
 
Test Group 2 
 
Test Group 2 was comprised of two maneuvers:  (1) 
the Constant Radius Turn, and (2) double lane 
changes performed with a modified version of the 
ISO 3888 Part 2 test course.  Due to the path-
following nature of these maneuvers, use of VRTC’s 
programmable steering machine was not feasible.  
Although maneuvers that rely on the inputs of human 
drivers are inherently influenced by input variability, 
NHTSA believed some important insight into vehicle 
handling could be gained by understanding the 
subjective impressions of its test drivers.  With this 
knowledge, it was envisioned that a meaningful 
objective handling test could ultimately be 
developed.  To reduce input variability to the greatest 
extent possible, up to four experienced drivers were 
used for each of the Test Group 2 maneuvers. 
 
Constant Radius Turn 
 
The Constant Radius Turn maneuver required the 
driver attempt to maintain vehicle position on a 200-
ft radius circle delineated by pavement marking 
paint.  To begin the maneuver, the driver positioned 
the vehicle on the circle, with an initial heading 
tangent to the circle.  Beginning from rest, the driver 
slowly increased vehicle speed and steering such that 
as it accelerated, the center of the vehicle remained as 
close to the pavement markings as possible.  The 
driver continued the gradual increase in vehicle speed 
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Figure 1.  Modified ISO 3888-2 course layout. 

until the vehicle could no longer maintain its position 
on the pavement markings, regardless of the steering 
wheel angle used, at which point the test was 
terminated.  A total of twelve tests per driver were 
used.  With enabled ESC, the driver performed three 
left-steer tests followed by three right-steer tests.  The 
ESC was then disabled and the process repeated.  
Two experienced drivers performed the Constant 
Radius Turn tests with each of the five test vehicles. 
 
Modified ISO 3888 Part 2 Double Lane Change 
 
Double lane change maneuvers can provide valuable 
information about the handling of a vehicle in a 
highly transient situation.  Unlike maneuvers such as 
the NHTSA Fishhook, lane changes are path-
following in nature, and therefore possess an 
inherently high face validity.  These are avoidance 
maneuvers that frequently occur in the real world. 
 
There are many different double lane changes used in 
industry.  These include ISO 3888 Parts 1 and 2, the 
Consumer’s Union short and long courses, and that 
presented to NHTSA by the Alliance of Automobile 
Manufacturers. 
 
NHTSA used the ISO 3888-2 lane change to evaluate 
untripped, dynamic rollover resistance in Phase IV of 
its Rollover Research Program.  The course was 
comprised of three lanes, two of which had their 
width defined by the width of the vehicle being 
evaluated (a consideration that endeavors to impose 
similar severity for all vehicles, and to reduce 
steering input variability).  After performing these 
tests in Phase IV, the authors concluded that use of 
the maneuver for quantifying rollover resistance was 
not appropriate, and that it may be better suited for 
near-limit subjective handling assessment.  The 
reasons for this were two-fold:  (1) due to its length, 
the second lane of the course briefly allowed the 

vehicles to stabilize before being steered toward the 
third lane, and (2) the width of the second lane was 
so narrow that the vehicles were unable to generate 
significant rear slip angles without striking cones 
(thus violating a validity requirement).   
 
To maintain some of the desirable features of the ISO 
3888-2 course (e.g., adjusting dimensions to the 
vehicle being evaluated), but with increased 
maneuver severity, the second lane was replaced with 
a gate comprised of only two pylons.  The width of 
this gate still remained a function of the vehicle being 
evaluated, and its longitudinal position remained 
constant regardless of what test vehicle was being 
used.  Figure 1 presents the modified IS0 3888-2 
course layout, while Table 3 specifies what lane/gate 
widths were used for each vehicle.  Due to the track 
width similarities of the Volvo XC90, Savana 3500, 
and Chevrolet Corvette, the course layout used for 
these vehicles was held constant. 

 
Table 3. 

Modified ISO 3888-2 Entrance Lane and Obstacle 
Gate Widths. 

 
  

Vehicle 
Vehicle 
Width 

(m) 

Entrance 
Lane Width 

“A” 
(m) 

Obstacle 
Gate Width 

 “B” 
(m) 

2004 GMC 
Savana 3500 1.98 2.43 2.98 

2004 Volvo 
XC90 4x4 1.88 2.30 2.86 

2003 Toyota 
4Runner 4x4 1.85 2.30 2.86 

2002 Chevrolet 
Corvette 1.82 2.30 2.86 

2003 Toyota 
Camry 1.75 2.17 2.74 



Four experienced drivers performed the Modified 
ISO 3888-2 tests, with each of the five test vehicles.  
All vehicles were evaluated with their respective ESC 
systems enabled and disabled.  Each driver 
performed the disabled ESC tests prior to those 
performed with the systems enabled. 
 
To begin this maneuver, the vehicle was driven in a 
straight line at the desired entrance speed.  Prior to 
entering the first lane, the driver released the throttle 
and, at a nominal distance of 6.6 ft (2.0 m) after 
entering the first lane, the maneuver entrance speed 
was recorded (as shown in Figure 1).  No throttle 
input or brake application was permitted during the 
remainder of the maneuver.  The driver steered the 
vehicle from the entrance lane, through the offset 
(left) gate, then through the exit lane. 
 
Drivers iteratively increased maneuver entrance 
speed from approximately 35 mph.  The iterations 
continued until “clean” tests could no longer be 
performed (the desired course could not be followed 
without striking or bypassing cones), however each 
driver was instructed to perform only ten tests per 
vehicle configuration.  Each driver was required to 
perform at least two “clean” runs using their 
maximum maneuver entrance speed.  Runs that were 
not “clean” were not considered to be valid, and were 
not used for later analysis. To reduce any 
confounding effect tire wear may have on the 
modified ISO 3888-2 double lane change results, a 
new tire set was installed on each vehicle after two 
drivers had completed their respective lane changes 
(i.e., two drivers shared one tire set). 
 
Test Group 3 
 
Test Group 3 included maneuvers developed by the 
Alliance of Automobile Manufactures (subsequently 
referred to as the Alliance for brevity) and NHTSA.  
The Alliance-developed maneuvers were originally 
conceived to provide data to be used to objectively 
quantify light vehicle handling.  For this reason, these 
maneuvers were each performed with a 
programmable steering machine.   
 
NHTSA’s Test Group 3 maneuvers were developed 
after the Alliance had developed it’s handling 
maneuvers.  Conceptually, these maneuvers were 
nearly identical to those developed by the Alliance, 
however they included a provision that allowed the 
maneuvers to be adapted to the vehicle being 
evaluated.  Although the Test Group 3 maneuvers 
utilized a programmable steering machine for all 
steering inputs, the rates and magnitudes are believed 
to be within the capabilities of a human driver. 

With the exception of the Closing Radius Turn 
maneuver, handwheel angles used for the Test Group 
3 tests were nominally increased in 20-degree 
increments from 60- to 300-degrees to increase 
maneuver severity.  However, a test series was 
terminated once excessive yaw caused the vehicle’s 
final heading to be approximately 90-degrees from 
the initial direction of travel. 
 
Closing Radius Turn 
 
Conceptually, this maneuver simulates a situation 
where a driver enters a tight, closing radius corner 
with excessive speed (e.g., a low-speed exit ramp 
from a highway or interstate roadway).  In this 
scenario, the driver begins to slowly steer the vehicle 
onto the exit ramp, but is then surprised by the rate at 
which the curve tightens.  As an instinctual 
countermeasure, the driver rapidly inputs more and 
more steering as they travel deeper into the turn.  If 
excessive speed is present, the vehicle may not 
respond to the additional steering commands input by 
the driver.  This can lead to a roadway departure in 
which the front of the vehicle departs the roadway 
before the rear.   
 
To begin the maneuver, the driver accelerated the 
vehicle to a speed of approximately 52 mph, at which 
point the throttle was released and the steering 
controller engaged.  Once the vehicle had coasted 
down to a speed of 50 mph, the steering machine 
automatically executed one of the steering inputs 
shown in Figure 2. 
 

 
As shown in Figure 2, the Closing Radius Turn 
maneuver was comprised of two parts.  The first was 
a linear increase in steering angle from zero to the 

Figure 2.  Closing Radius Turn handwheel inputs.
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average handwheel angle capable of achieving 0.5g 
(corrected for roll effects) during the six previously 
described SIS tests.  The second part of each 
maneuver was comprised of a partial sinusoid, based 
on one of four frequencies:  0.075, 0.1, 0.2, or 0.3 Hz.  
For each frequency, one of three peak steering angle 
magnitudes was used: 1.5*δ90%MaxAY, 2.0*δ90%MaxAY, 
or 360 degrees, where δ90%MaxAY was the handwheel 
angle measured at 90 percent of the average 
maximum lateral acceleration achieved during each 
vehicle’s respective SIS tests. 
 
Pulse Steer 
 
The Pulse Steer maneuver was comprised of 
triangular steering inputs performed with constant 
handwheel rates and incrementally increasing 
handwheel angles.  Two steering ramp rates were 
used, 500 deg/sec or 700 deg/sec, and each maneuver 
only used one rate per test (i.e., the first and second 
ramp rates were always the same).  Figure 3 
describes the Pulse Steer steering inputs. 
  

Sine Steer 
 
The four Sine Steer maneuvers performed in this 
study were each comprised of one single cycle 
sinusoidal steering input.  The peak magnitudes of 
the first and second half-cycles were identical.  
Frequencies of 0.5, 0.6, 0.7 and 0.8 Hz were used.  
Figure 4 provides an example of the Sine Steer 
steering inputs. 
 

Sine with Dwell 
 
In a manner nearly identical to the Sine Steer tests, 
the two Sine with Dwell maneuvers were based on 
one single cycle sinusoidal steering input.  Although 
the peak magnitudes of the first and second half-
cycles were identical, the Sine with Dwell maneuver 
included a 500 ms pause after completion of the third 
quarter-cycle of the sinusoid.  Frequencies of 0.5 and 
0.7 Hz were used.  Figure 5 provides an example of 
the Sine with Dwell steering inputs. 

Increasing Amplitude Sine  
 
Like the other maneuvers based on sinusoidal 
steering, the three Increasing Amplitude Sine 
maneuvers were based on one single cycle sinusoidal 
steering input.  However, the amplitude of the second 
half-cycle was 1.3 times greater than the first half-
cycle for this maneuver.  Frequencies of 0.5, 0.6, and 
0.7 Hz were used for the first half cycle; the duration 
of the second half cycle was 1.3 times that of the 
first.  Figure 6 provides an example of the Increasing 
Amplitude Sine steering inputs. 

Yaw Acceleration Steering Reversal (YASR)  
 
The Yaw Acceleration Steering Reversal (YASR) 
maneuver was designed to trigger changes in 

Figure 5.  Sine with Dwell handwheel inputs.

Figure 3.  Pulse Steer handwheel inputs.

Figure 6.  Increasing amplitude sine handwheel 
inputs. 

Figure 4.  Sine Steer handwheel inputs. 

    
Forkenbrock 5  



direction of steer at maximum yaw rate.  In theory, 
this timing should maximize maneuver severity by 
allowing each vehicle to seek out its own yaw natural 
frequency.  The maneuver was comprised of three 
steering ramps:  an initial steer, a steering reversal, 
and a return back to zero.  The rate of each ramp was 
constant for a given maneuver at either 500 or 720 
deg/sec (i.e., different ramp rates were not used 
during the same maneuver).  Figure 7 provides an 
example of the YASR handwheel inputs. 

Increasing Amplitude Yaw Acceleration Steering 
Reversal (IAYASR)  
 
Figure 8 provides an example of the IAYASR 
handwheel inputs.  Like the previously described 
maneuver, the Increasing Amplitude Yaw 
Acceleration Steering Reversal (IAYASR) maneuver 
was designed to trigger changes in direction of steer 
at maximum yaw rate, and was comprised of three 
steering ramps:  an initial steer, a steering reversal, 
and a return back to zero.  The rate of each ramp was  
constant for a given maneuver at either 500 or 720 
deg/sec.  The key difference between this maneuver 
and the YASR maneuver was the magnitude of the 
initial steer, as it was 1.3 times less than the peak 
reversal magnitude.  Conceptually, this maneuver 
was very similar to the Increasing Amplitude Sine 
Steer, but rather than relying on handwheel inputs 
being based on a finite set of frequencies, the vehicle 
was able to seek out its own yaw natural frequency.   
 
MANEUVER DISCUSSION 
 
In the previous section, the authors described the 
maneuvers used by NHTSA’s 2004 Light Vehicle 
Handling and ESC Effectiveness Program.  This 
section discusses what elements NHTSA believes are 
important when considering ESC effectiveness and 
provides an overall maneuver assessment summary.  

Throughout the remainder of this paper, the terms 
“excessive yaw” and “spinout” are frequently used 
when discussing yaw motion.  In the context of this 
paper, the authors define excessive yaw as a situation 
where the final heading of the vehicle being 
evaluated is 90-degrees or more from the initial path 
(before the maneuver’s handwheel inputs are 
initiated).  NHTSA’s proposed definition of spinout 
is provided later in this paper. 

Elements of a “Good” ESC Detection Maneuver 
 
NHTSA researchers believe a maneuver capable of 
providing a good assessment of ESC effectiveness 
should possess the following attributes: 
 

Figure 7.  Yaw Acceleration Steering Reversal 
handwheel input description. 

Figure 8.  Increasing amplitude yaw 
acceleration steering reversal handwheel input 
description. 

1. The ability to impose a high level of severity on 
the vehicle and its respective ESC 

2. Is repeatable and reproducible  
3. Considers lateral stability and responsiveness  
 
Element #1:  Ability to impose a high level of severity 
 
The authors consider each of the twelve maneuvers 
used in this study to be “limit” maneuvers.  In each 
case, steering and/or vehicle speed was increased in a 
manner that ultimately brought each vehicle up to the 
limit of lateral adhesion.  When it was enabled, ESC 
intervention was detected during the conduct of all 
twelve maneuvers. 
 
Test Group 1 
 
For use in this study, the maximum handwheel angle 
used during the SIS tests was 270-degrees.  This 
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handwheel angle magnitude, when combined with a 
50-mph target speed, allowed experimenters to 
measure maximum lateral acceleration and quasi-
steady state lateral stability.  In some cases, SIS tests 
have induced excessive yaw and even two-wheel lift 
[4].  As such, NHTSA considers the SIS maneuver to 
be a severe test, provided a maximum handwheel 
angle of 270-degrees is used.   
 
The NHTSA J-Turn and Fishhook maneuvers were 
designed to provide experimenters with ways of 
objectively quantifying on-road, untripped rollover 
propensity.  Although the handwheel angles used by 
these maneuvers are within the capabilities of a 
human driver, the combination of sudden inputs and 
optimized steering reversals (in the case of the 
NHTSA Fishhook) make the NHTSA J-Turn and 
Fishhook maneuvers two of the most severe tests 
known to NHTSA. 
 
Test Group 2 
 
The maneuver severity imposed by the Constant 
Radius Turn maneuver was approximately equal to 
that of the previously described Slowly Increasing 
Steer maneuver.  Since the maneuver can be used to 
measure maximum lateral acceleration, NHTSA 
considers the Constant Radius Turn maneuver to be a 
severe test.  However, unlike the SIS maneuver, the 
Constant Radius Turn maneuver requires the driver 
provide throttle and steering inputs.  For this reason it 
is very important to have an experienced test driver 
perform this maneuver.  Abrupt applications of 
throttle and/or steering may unsettle the vehicle as it 
approaches its limit of lateral adhesion, and may not 
provide an accurate portrayal of the vehicle’s actual 
limit state (e.g., whether the vehicle is terminal 
under- or oversteer). 
 
The modified ISO 3888-2 lane change maneuver 
severity often varied as a function of driver steering 
strategy.  Even two tests performed by the same 
driver, with nearly identical maneuver entrance 
speeds, contained steering input variability (i.e., 
different timing, magnitudes, and rates), and this 
variability was capable of influencing the magnitude 
of the vehicle’s yaw responses.  Driving style also 
influenced the extent to which ESC intervened.  ESC 
intervention observed during the modified ISO lane 
changes differed from test to test and driver to driver, 
and intervention intervals varied from quick brake 
pulses to extended periods of substantial modulation 
at one or more of the wheels.   
 
In summary, while the maneuver did provide an 
opportunity for experimenters to observe some limit 

behavior, the maneuver was unable to consistently 
produce responses as severe as those capable of being 
produced with the automated steering controller. 
 
Test Group 3 
 
With only one exception, the Test Group 3 
maneuvers performed in this study were able to 
induce excessive yaw, for each vehicle, when the 
respective ESC systems were disabled (when 0.7 Hz 
and 0.8 Hz Sine Steer tests were performed with the 
GMC Savana, even handwheel angle inputs of 300-
degrees were unable to produce excessive yaw).  This 
makes these maneuvers well suited for assessing 
oversteer mitigation, one of the most important 
attributes of ESC. 
 
Table 4 presents a list of Test Group 3 maneuvers, 
and the commanded handwheel angle used during the 
test for which excessive yaw was observed.  
Maneuvers requiring the least amount of steering are 
believed to be more severe than those requiring large 
handwheel angles. 
 
Pulse Steer.  In terms of eliciting excessive yaw in 
the disabled ESC configuration, the Pulse Steer 
maneuver was the least effective maneuver for three 
of the five vehicles (the Volvo XC90, Toyota Camry, 
and Chevrolet Corvette).  With this maneuver, use of 
700 deg/sec handwheel ramp rates required 20 to 60 
degrees more steering to produce excessive yaw than 
did those maneuvers performed at 500 deg/sec.   
 
Since Pulse Steer steering inputs are completed 
quickly, large magnitudes must be used to excite 
oversteer.  When considering a maneuver to be able 
to identify whether a vehicle is equipped with an 
effective ESC, this is a disadvantage since there will 
likely be vehicles that successfully complete the 
maneuver (i.e., do not produce excessive yaw) even 
though they are not equipped with an ESC. 
 
Sine Steer.  As suggested by the Alliance, the Sine 
Steer maneuver was performed using four 
frequencies.  Although time-consuming, the 
Alliance’s recommendation to include four 
frequencies is understandable.  Since all vehicles do 
not possess the same yaw natural frequency, it is 
unlikely that the use of a sinusoidal steer maneuver 
based one frequency will be equally effective across 
all light vehicles.  The more frequencies considered, 
the greater the likelihood the correct one will be 
selected.  In the context of the work described in this 
paper, the “correct” frequency is that which induces 
the greatest yaw response with the smallest amount 
of steering. 
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Table 4. 
Handwheel Input Magnitudes Capable of Producing Excessive Yaw (in degrees). 

Maneuver 

Pulse Steer Sine Steer Sine with Dwell 
Increasing  
Amplitude  
Sine Steer 

YASR IAYASR Vehicle 

500 
deg/s 

700 
deg/s 

0.5 
Hz 

0.6 
Hz 

0.7 
Hz 

0.8 
Hz 0.5 Hz 0.7 Hz 0.5 

Hz 
0.6 
Hz 

0.7 
Hz 

500 
deg/s 

720 
deg/s 

500 
deg/s 

720 
deg/s 

2004 Volvo 
XC90 4x4 200 240 140 150 170 1801 130 130 160 160 160 140 140 160 160 

2004 GMC 
Savana 3500 2402 280 240 300 N/A N/A 170 190 220 240 290 200 240 220 220 

2003 Toyota 
Camry 240 260 170 210 230 270 160 160 210 200 200 180 200 1802 200 

2003 Toyota 
4Runner 4x4 2002 300 180 180 200 210 180 170 210 210 200 180 180 200 200 

2002 Chevrolet 
Corvette 180 220 120 140 140 160 120 110 140 130 140 140 140 140 160 

 1Test series was terminated prematurely.  The last test only allowed the vehicle’s final heading to be 80 degrees from the initial path. 
 2Test series was terminated prematurely.  The last test only allowed the vehicle’s final heading to be 85 degrees from the initial path. 
 
 
For each vehicle evaluated in this study, use of 0.5 
Hz steering most effectively excited an oversteer 
response.  Depending on the vehicle, 0.5 Hz steering 
was able to produce excessive yaw with 10 to 100 
degrees less handwheel angle input than for the other 
frequencies.  Use of 0.5 Hz sinusoidal steering was 
particularly effective for producing excessive yaw 
with the Chevrolet Corvette (120 degrees), Volvo 
XC90 (140 degrees), and Toyota Camry (170 
degrees).  In the case of the GMC Savana, only use of 
0.5 and 0.6 Hz steering was able to produce excessive 
yaw.   Figure 9 presents these tests, performed with 
240 and 300-degrees of steer, respectively.  The 0.7 
Hz and 0.8 Hz Sine Steer tests were unable to 
produce excessive yaw, even with handwheel angles 
as large as 300-degrees. 
 
Sine with Dwell.  In a manner nearly identical to 
those used in the Sine Steer maneuver, the Sine with 
Dwell maneuver uses left-right sinusoidal handwheel 
inputs.  The only difference between these maneuvers 
is a 500 ms pause that occurs immediately after the 
peak right-steer handwheel reversal magnitude had 
been achieved.  In this respect, the handwheel inputs 
used for the Sine with Dwell maneuver are much like 
those used in the NHTSA Fishhook, although the 
pause duration is six times shorter and the handwheel  
magnitudes tend to be less extreme. 
 

 
Generally speaking, the Sine with Dwell was the 
maneuver best able to excite an oversteer response 
from the vehicles examined.  The only exception was 
for the Toyota Camry, however the difference in the 
steering angle required to produce excessive yaw 
during Sine with Dwell testing (180 degrees) was 
negligible when compared to that required by the 0.5 
Hz Sine Steer maneuver (only 10 degrees less). 
 
Increasing Amplitude Sine Steer.  The Increasing 
Amplitude Sine Steer is similar to the Sinusoidal 
Steer maneuver, with the exception being the second 
half cycle is comprised of an amplitude and duration 
1.3 times greater than the first half cycle.  With the 
exception of the GMC Savana, the steering angles 
capable of producing excessive yaw during the 
Increasing Amplitude Sine Steer maneuver were 
within the range of handwheel angles established 
with the Sine Steer maneuver.   
 
The Increasing Amplitude Sine Steer maneuver 
produced inconsistent results for the different 
vehicles.  In the case of the GMC Savana, as the 
steering frequency was increased from 0.5 to 0.7 Hz, 
the handwheel angle necessary to produce excessive 
yaw increased from 220 degrees at 0.5 Hz to 300 
degrees at 0.7 Hz.  Conversely, the Toyota Camry 
required less steering magnitude as the frequency of 
the inputs was increased, although this phenomenon 
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Figure 9.  Handwheel inputs and vehicle responses produced during Sine Steer tests performed
with a 2004 GMC Savana 3500. 

was less extreme than that seen during GMC Savana 
testing.  At 0.5 Hz, the Toyota Camry required 220 
degrees of steer to produce excessive yaw, while 0.7 
Hz required 190 degrees.  Different still, the Toyota 
4Runner, Volvo XC90, and Chevrolet Corvette 
appeared to be insensitive to increases in handwheel 
input frequency.  The handwheel angles capable of 
producing excessive yaw with these vehicles were, 
respectively, within 10 degrees regardless of the 
commanded frequency. 
 
Yaw Acceleration Steering Reversal.  The YASR 
maneuver was designed to trigger changes in 
direction of steer at maximum yaw rate.  In theory, 
this timing should maximize maneuver severity by 
allowing each vehicle to seek out its own yaw natural 
frequency.  The maneuver was comprised of three 
steering ramps:  an initial steer, a steering reversal, 
and a return back to zero.  The rate of each ramp was 
constant for a given maneuver at either 500 or 720 
deg/sec (i.e., different ramp rates were not used 
during the same maneuver). 
 
Realizing that this maneuver is still in an early stage 
of development, results appear to be encouraging.  
For all five vehicles, the steering required to produce 
excessive yaw with 720 deg/sec handwheel rates was 
within the respective range observed during Sine 
Steer tests performed at 0.5 to 0.6 Hz.  In the case of 
the GMC Savana, the YASR performed with 500 

deg/sec handwheel ramps produced excessive yaw 
with up to 40-degrees less amplitude than those 
required by 0.5 to 0.6 Hz sinusoidal steering. 
No YASR required less steering than that required by 
the Sine with Dwell maneuver to produce excessive 
yaw.  That said, tests performed with the Toyota 
Camry using 500 deg/sec steering ramps were able to 
achieve excessive yaw using steering magnitudes 
equivalent to those required by the 0.5 and 0.7 Hz 
Sine with Dwell tests performed with this vehicle. 
 
Increasing Amplitude Yaw Acceleration Steering 
Reversal.  Conceptually, this maneuver is very 
similar to the Increasing Amplitude Sine Steer, but 
rather than relying on handwheel inputs being based 
on a finite set of frequencies, the vehicle was free to 
seek out its own yaw natural frequency.  Like the 
YASR, the IAYASR maneuver was designed to 
trigger changes in direction of steer at maximum yaw 
rate, and is comprised of three steering ramps:  an 
initial steer, a steering reversal, and a return back to 
zero.  The rate of each ramp was constant for a given 
maneuver at either 500 or 720 deg/sec.  The key 
difference between the IAYASR and the YASR was 
the magnitude of the initial steer, as it was 1.3 times 
less than the right steer peak magnitude.   
 
Many of the handwheel angles capable of producing 
excessive yaw during YASR tests were also able to 
do so during comparable IAYASR tests (Toyota 
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Camry at 500 and 720 deg/sec, and Chevrolet 
Corvette at 500 deg/sec). 
 
During the IAYASR maneuver, the only vehicle and 
steering rate combination to induce excessive yaw at 
a lower handwheel angle than those used in the 
YASR was the GMC Savana with at steering rate of 
720 deg/sec.  Using the increasing amplitude steering 
technique, excessive yaw was produced using 20 
degrees less steering than was necessary with 
symmetric steering (220 vs. 240 degrees). 
 
Element #2:  Is repeatable and reproducible 
 
Of the twelve maneuvers examined in this study, the 
authors believe only those executed with steering 
machine-based handwheel inputs are appropriate for 
an objective evaluation of ESC effectiveness.  
Throughout its Light Vehicle Rollover Research 
Program, NHTSA has gained extensive experience 
with the use of programmable steering machines.  
Use of these machines has made dynamic rollover 
testing a reality, since the steering inputs are 
accurate, repeatable, and reproducible.  Recent 
NHTSA technical reports have established the ability 
for the steering machines used by NHTSA to 
successfully achieve the desired handwheel rates and 
magnitudes [1,2,3].  NHTSA is pleased with its 
automated steering capabilities, and believes the 
utility of this technology extends beyond the realm of 
dynamic rollover resistance testing. 
 
Maneuvers performed in Test Groups 1 and 3 were 
all performed with a steering machine.  For this 
reason, the steering inputs were inherently repeatable 
and reproducible.  Similarly, the output from these 
tests is also expected to be repeatable and 
reproducible, provided careful attention to tire wear 
is used.  This has been demonstrated for the NHTSA 
Fishhook, J-Turn, and Slowly Increasing Steer 
maneuvers in [1,3,4], and although repeatability 
analyses were beyond the scope of this study, the 
authors believe the maneuvers performed in Test 
Group #3 will retain the repeatability and 
reproducibility established by previously performed 
rollover maneuvers. 
 
Each of the maneuvers performed in Test Group 2 
relied on test drivers to provide steering and throttle 
inputs.  When compared to results from Test Groups 
1 and 3, this resulted in degraded input repeatability 
and reproducibility.  The input variability seen during 
the lane changes performed in this study were 
consistent with results previously published by 
NHTSA in [1]. 

In summary, since the maneuvers performed in Test 
Groups 1 and 3 were performed with a steering 
machine, each maneuver possesses an acceptable 
level of repeatability and reproducibility.  
Conversely, the authors do not believe the Modified 
ISO 3888-2 double lane change or the Constant 
Radius Turn maneuvers provide sufficiently high 
repeatability and reproducibility since test drivers are 
responsible for the necessary steering and throttle 
inputs. 
 
Element #3:  Considers lateral stability and  
responsiveness 
 
In this paper, lateral stability refers to a vehicle’s 
ability to resist excessive yaw.  As will be discussed 
in this section, there are many maneuvers capable of 
assessing lateral stability, particularly those contained 
within Test Group 3.  However, when considering 
ESC effectiveness, lateral stability is not the only 
important consideration.  Achieving good lateral 
stability should not be achieved at the expense of 
responsiveness, or the ability of the vehicle to react to 
the inputs commanded by the driver. 
 
There are a number of ways to consider 
responsiveness.  However, the metric(s) used for one 
maneuver may not be appropriate for another.  In 
addition to discussing lateral stability, this section 
explores some issues pertaining to responsiveness.  
 
Test Group 1 
 
Although the NHTSA Fishhook and J-Turn 
maneuvers both have the ability to provide 
information relevant to the handling (e.g., lateral 
stability, the path deviation, time-to-peak response, 
etc.), it is important to recognize these maneuvers are 
designed primarily for the evaluation of dynamic 
rollover propensity.  The inputs used for both 
maneuvers contain periods of time where the 
handwheel angle is held constant for extended 
durations, a feature that gives experimenters the 
ability to examine how vehicles respond to high roll 
rates followed by extended periods of high lateral 
acceleration.  Furthermore, in the case of the NHTSA 
Fishhook, the roll response of the vehicle directly 
commands the handwheel reversals input by the 
steering machine.   
 
If the scope of NHTSA’s ESC effectiveness research 
was limited to determining what effect ESC has on 
on-road untripped rollover, the authors believe use of 
the NHTSA Fishhook would be appropriate.  
However, since the greatest benefit of ESC is 
oversteer mitigation, and NHTSA’s present efforts 
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seek to develop a criteria to identify whether a 
vehicle is equipped with an ESC, the authors believe 
use of maneuvers capable of exciting yaw motion are 
more desirable than those used to excite roll motion.  
The authors believe there is a clear, conceptual 
difference in these two types of maneuvers.  
Therefore, when considering lateral stability and  
responsiveness,  the authors believe maneuvers 
capable of effectively evaluating yaw motion should 
be emphasized.  
 
The SIS maneuver provides useful data about a 
vehicle’s linear range and limit performance.  Since 
the primary objective of this study was to identify a 
maneuver (or set of maneuvers) capable of 
determining whether a vehicle is equipped with an 
ESC, linear range performance is not of interest—
ESC does not intervene while the vehicle is being 
operated in this range. That said, ESC does typically 
intervene as the vehicle approaches its limit of lateral 
adhesion during the later part of the SIS maneuver.  
The most common intervention is the reduction of 
drive torque via reduction or removal of the driver’s 
throttle commands.  This is generally a very effective 
way of settling the vehicle, albeit at the expense of 
the driver’s ability to maintain constant vehicle 
speed.   
 
Although it is a somewhat atypical phenomenon, 
NHTSA has evaluated vehicles that have exhibited 
terminal oversteer during SIS tests, even when ESC 
was enabled [2].  For this reason, there is evidence 
the maneuver is capable of providing valuable 
information about the lateral stability at the vehicle’s 
limit of adhesion.  The maneuver can also provide 
valuable information pertaining to responsiveness.  
For example, items such as: (1) maximum lateral 
acceleration, (2) the degraded output responses of the 
vehicle to increasing handwheel magnitudes (e.g., of 
lateral acceleration, yaw rate, etc.), and (3) the 
degraded effect of throttle application as the 
maneuver progressed, are all easily monitored during 
execution of the SIS. 
 
That said, the authors do not believe the test provides 
as much insight into lateral stability and 
responsiveness as other maneuvers evaluated in this 
study, particularly those discussed in Test Group #3.  
Furthermore, since the vehicle is being operated in a 
quasi steady state for a majority of the maneuver’s 
duration, the authors believe that the maneuver is not 
particularly well suited to consider of responsiveness.   
 
In summary, although the maneuvers performed in 
Test Group 1 can be accurately and repeatably 
performed with a steering machine, the authors do 

not believe the NHTSA Fishhook, J-Turn, or SIS 
maneuvers have the ability to provide inputs 
appropriate for the measurement of lateral stability 
and responsiveness necessary to determine whether a 
vehicle is equipped with an ESC. 
 
Test Group 2 
 
To quantify lateral stability and responsiveness 
during tests performed with the modified ISO 3888-2 
double lane change, each driver was required to 
complete a questionnaire.  This questionnaire, most 
of which was developed by the Alliance, instructed 
the drivers to describe their subjective impressions of 
the test vehicles using a rating scale of 1 to 10.  The 
drivers responded to a total of 13 questions, five of 
which specifically targeted ESC intervention and 
effectiveness. 
 
The modified ISO 3888-2 double lane change clearly 
facilitates measurement of lateral stability and 
responsiveness since the drivers are specifically 
asked to describe their impressions pertaining to 
these factors.  However, while the responses to these 
questions are capable of providing useful information 
about handling and ESC intervention, they are all 
subjective impressions based on inputs with 
relatively high steering variability (especially when 
compared to those produced with a steering 
machine).  Even when results from the questionnaire 
are normalized against those recorded for a control 
vehicle, the authors do not believe the responses are 
capable of measuring lateral stability and 
responsiveness in the context of establishing a 
minimum level of ESC effectiveness. 
 
Like the SIS maneuver, the Constant Radius Turn 
maneuver provides useful data about a vehicle’s limit 
performance, and can typically trigger an ESC 
intervention as a vehicle approaches its limit of 
lateral adhesion.  The most common form of 
intervention is the reduction of drive torque via 
reduction or removal of the driver’s throttle 
commands.  As previously mentioned, this is 
generally a very effective way of settling the vehicle, 
albeit at the expense of the driver’s ability to increase 
vehicle speed to increase maneuver severity (a 
concern usually reserved for the test track, not real 
world driving).  The maneuver is not particularly well 
suited to consider responsiveness, as the vehicle is 
operated in a quasi steady state for a majority of its 
duration.  That said, since the driver performs all 
handwheel inputs, measures of the steering required 
to maintain lane position and throttle modulation 
effectiveness are both interesting outputs.  However, 
once ESC intervenes it is very likely that throttle 
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modulation will not have much effect adjusting 
vehicle speed unless the ESC deems the vehicle to be 
back under control; and if throttle modulation is not 
capable of increasing vehicle speed, varying the 
steering wheel angle will not be necessary. 
 
In summary, the authors do not believe the Constant 
Radius Turn maneuver or the modified ISO 3888-2 
double lane change have the ability to provide inputs 
appropriate for the measurement of lateral stability 
and responsiveness necessary to determine whether a 
vehicle is equipped with an ESC. 
 
Test Group 3 
 
With the exception of the 0.7 and 0.8 Hz Sine Steer 
tests performed with the GMC Savana, all Test 
Group 3 maneuvers were able to induce excessive 
oversteer when ESC was disabled.  When ESC was 
enabled, only one instance of excessive yaw was 
observed:  during a 0.8 Hz Sine Steer test performed 
with the Toyota Camry.  Although some Test Group 
3 maneuvers may be able to produce excessive yaw 
with lesser steering magnitudes than others, the 
authors believe each maneuver in this group is 
capable of providing valuable information about 
lateral stability, with the Sine with Dwell, Increasing 
Amplitude Sine, and the two Yaw Acceleration 
Steering Reversals being particularly well suited for 
the evaluation of ESC oversteer mitigation 
effectiveness.   
 
There are many, many ways for the data output by 
the Test Group 3 maneuvers to be used to quantify 
responsiveness.  Fortunately, the scope of NHTSA’s 
current work is narrow:  isolate a maneuver and 
metric(s) capable of assessing ESC effectiveness.  
After meeting with automakers, ESC manufacturers, 
and testing organizations, NHTSA ultimately decided 
the best way to quantify responsiveness, using Test 
Group 3 maneuvers, was to consider lateral 
displacement.   
 
In order for displacement to effectively assess 
responsiveness, the maneuver must provide an 
opportunity for the vehicle to traverse laterally 
without relying on excessive yaw to do so.  
Maneuvers such as the Sine Steer, Sine with Dwell, 
Increasing Amplitude Sine, and the two Yaw 
Acceleration Steering Reversals all basically emulate 
single lane changes.  As such, these maneuvers each 
provide an opportunity to study how increasing 
handwheel angles and ESC intervention affect lateral 
displacement.  The Pulse Steer, on the other hand, 
was not based on a reverse steer input.  The steering 
wheel angle was increased from zero to a target 

magnitude, then back to zero.  For this reason, the 
ability of the Pulse Steer to displace the vehicle 
laterally prior to generating excessive yaw is 
compromised, and the concept of determining a 
minimum lateral displacement from the initial path 
makes little sense.  Lateral deviation only occurs in 
one direction, and there is no chance for the vehicle 
to recover from the initial steering input.   
 
In summary, the authors believe the Sine with Dwell, 
Increasing Amplitude Sine, and the two Yaw 
Acceleration Steering Reversals each provide inputs 
capable of measuring lateral stability and 
responsiveness in a way that can adequately 
determine whether a vehicle is equipped with an 
effective ESC.  While the Sine Steer maneuver shares 
some of the attributes possessed by the other reverse-
steer maneuvers, each iteration (i.e., frequency) of the 
maneuver includes limited frequency content and 
symmetric steering.  This requires multiple 
frequencies be used in a suite of Sine Steer 
maneuvers.  If only one Sine Steer frequency is used, 
the results of this study indicate a vehicle’s “worst-
case” performance may not be realized. 
 
Maneuver Assessment Summary 
 
This study evaluated twelve maneuvers capable of 
providing insight into ESC effectiveness.  The 
primary objective of this study was to decide which, 
if any, of these maneuvers could be used by NHTSA 
to determine whether a vehicle is equipped with an 
ESC capable of satisfying a series of minimum 
effectiveness criteria.  As explained in the previous 
sections, three evaluation criteria were used to assess 
how well each maneuver was able to satisfy this 
objective.  Table 5 provides a summary of the 
findings.  To simplify the summary, each maneuver 
has been assigned an adjectival rating ranging from 
Excellent to Fair.  While the authors have tried to 
objectively catalog the merits and problems of each 
maneuver, these ratings are subjective.  Adjectival 
ratings were assigned as follows: 
 
Excellent.  In the evaluated aspect, the maneuver is 
the best (or tied for best) of all of the ESC 
effectiveness maneuvers studied.  In the evaluated 
aspect, a maneuver assigned an excellent rating was 
capable of adequately demonstrating a vehicle was, 
or was not, equipped with an ESC capable of 
satisfying NHTSA’s minimum effectiveness criteria. 
 
Good.  In the evaluated aspect, the maneuver is 
substantially better than fair but not the best of ESC 
effectiveness maneuvers studied.  In the evaluated 
aspect, a maneuver assigned a good rating was still 
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capable of demonstrating a vehicle was, or was not, 
equipped with an ESC capable of satisfying 
NHTSA’s minimum effectiveness criteria. 
 
Fair.  This maneuver has a substantial problem for 
this evaluation factor.  In the evaluated aspect, the 
maneuver was unable to adequately demonstrate each 
vehicle in this study was, or was not, equipped with 
an ESC capable of satisfying NHTSA’s minimum 
effectiveness criteria. 
 

Table 5. 
Summary of Maneuver Scores. 

Maneuver Evaluation Criterion 

Maneuver Ability to 
impose a 

high level of 
severity 

Is repeatable 
and 

reproducible 

Considers lateral 
stability and 

responsiveness 

Slowly Increasing 
Steer Good Excellent Good 

NHTSA J-Turn Excellent Excellent Fair 

NHTSA Fishhook Excellent Excellent Fair 

Modified ISO 3888-2 Fair Fair Good 

Constant Radius Turn Good Fair Good 

Closing Radius Turn Good Excellent Fair 

Pulse Steer Good Excellent Good 

Sine Steer Fair Excellent Excellent 

Increasing 
Amplitude Sine Excellent Excellent Excellent 

Sine with Dwell Excellent Excellent Excellent 

YASR Excellent Excellent Excellent 

Increasing 
Amplitude YASR Excellent Excellent Excellent 

  
DEFINITION OF SPINOUT 
 
As previously mentioned, one of the primary 
objectives of this study was to develop a test, or suite 
of tests, capable of determining whether a vehicle is 
equipped with ESC.  Although ESC is designed to 
intervene in under- and oversteer situations, 
NHTSA’s discussions with representatives from the 
automotive industry and ESC manufacturers indicate 
the primary benefit of this technology is oversteer 
mitigation.  
 

With respect to maneuver development, use of a 
spinout definition presents an important implication. 
Effective ESC is expected to prevent spinout.  A 
precise definition of spinout is necessary to recognize 
the influence of an effective ESC 
 
Recommendations to NHTSA 
 
While evaluating vehicles with their handling 
maneuvers, the Alliance experimenters incrementally 
increased steering wheel angle magnitude until the 
final heading of the test vehicle appeared to be at 
least 90-degrees from the initial direction of travel.  
This termination condition was chosen because it 
offered a good combination of high maneuver 
severity (a terminal oversteer state had been 
achieved) and high face validity (a vehicle will likely 
have departed from the road by the time it reaches 
90-degrees from its original path), while avoiding 
unnecessary abuse of the test vehicles and tires.  The 
authors agree with the Alliance-recommended 
termination criterion, and believe that if it was taken 
as a definition of “spinout,” it could potentially 
provide a means of determining whether a vehicle is 
equipped with ESC.  However, since NHTSA does 
not presently possess a means of accurately and 
absolutely determining a vehicle’s final heading 
angle with respect to it’s initial, pre-maneuver path, 
use of this criterion is not feasible at this time.  
Therefore, an alternative definition of spinout was 
deemed necessary. 
 
NHTSA Definition 
 
Perusal of the data generated with the four Alliance 
handling maneuvers and two NHTSA yaw 
acceleration steering reversals revealed an important 
trend.  In all cases, the yaw rates of the tests that 
ultimately produced final headings greater than or 
equal to 90-degrees from the initial paths remained 
high long after the handwheel had been returned to 
zero (i.e., after completion of the maneuvers’ 
respective steering inputs).  The authors surmised 
that if the time the steering wheel returned to zero 
was taken to be to, that comparing the yaw rate of a 
vehicle at to + x seconds to that vehicle’s peak yaw 
rate could provide a measure of “unresponsiveness” 
due to terminal oversteer using the following 
equation: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
=

Peak
Peak

xt
ψ

ψ
ψ

&

&
&

)( 
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where, 
 

If this method could be defined in a way that was 
equally relevant and applicable to all light vehicles, it 
could be used to identify spinout with high accuracy 
and certainty.  Furthermore, determining whether the 
spinout criteria had been satisfied could occur 
immediately after a particular test was performed on 
the test track, and would require only simple post-test 
calculation.  However, this definition required two 
key pieces of information:  (1) time x, and (2) the 
value of percent yaw peak that constitutes a spin out. 
 
This technique offers two benefits:  (1) it quantifies 
the severity of a vehicle’s tendency to maintain high 
levels of rotation over time, and (2) it represents a 
way by which each vehicle could be directly 
compared against its peers. 
 
Timing Most Relevant to Predicting Spinout 
 
Relating a vehicle’s yaw rate at to + x seconds to its 
peak yaw rate is a way of objectively identifying loss 
of control due to oversteer.  This is accomplished by 
identifying the point after which it is not likely the 
vehicle will be able to respond to the driver’s 
handwheel input.  The handwheel angle has been 
returned back to zero, but the vehicle continues to 
rotate about its vertical axis.  Specifying a time is 
important because it makes the distinction between 
phase lag and loss of control.   While the correlation 
between a mild loss of control and vehicle safety is 
not presently known, loss of control due to skidding 
has been a contributing factor to thousands of single 
vehicle crashes and fatalities each year. 
 
Five time intervals were used to determine the time 
for which yaw rate data, when compared against its 
previously established peak value, was most useful in 
determining whether the vehicle’s final heading was 
greater than or equal to 90-degrees from the initial 
path.  These times were 1.0, 1.5, 2.0, 2.5, and 3.0 
seconds, each measured from completion of the 
maneuvers’ respective steering inputs.   
 
A logistic regression model, known as the SAS 
Genmod procedure, was used to determine how well 
the percentage of peak yaw, measured at different 
time intervals would predict the trial outcome, 
represented by a binary response variable (spin, no 

spin).   Separate analyses at five different time 
intervals using two different models were computed.  
The first model included only the percentage of peak 
yaw.  The second model added vehicle type.  
Generally, the fit to the data was worse when the 
vehicle type was included in the model.  Therefore, it 
was concluded that including vehicle type in the 
model was not necessary, and a more general simple 
model was used.   
 
When reviewing the data output by SAS, it was 
important to consider two factors:  (1) if the 
probability of the chi-square analysis (the Chi-Square 
p-value) is less than 0.05, there is better than a 50-50 
chance that percent of peak yaw rate can predict the 
final heading of the vehicle will be ≥90 degrees from 
its initial path; and (2) the confidence intervals 
containing the estimated probability of the final 
heading being ≥90 degrees from the initial path can 
contain values both less than and greater than 0.5 (50 
percent probability).  For each time increment, 
consideration of these two factors helps to 
demonstrate the different regions of model output 
uncertainty. 
 
The results for the different time intervals were 
compared, and it was determined that the percentage 
of peak yaw measured 1.0 second after the beginning 
of the trial provided the best predictions of outcome.   
Specifically, it had only one of eleven selected points 
of percentage of peak yaw for which the outcome 
was highly uncertain  (i.e., the confidence intervals 
containing the estimated probability of the final 
heading being ≥90 degrees from the initial path 
included values both less than and greater than 50 
percent).  All longer time intervals had more points 
associated with high uncertainty.   
 
Percentage of Peak Yaw Rate Most Relevant to 
Predicting Spinout 
 
Figure 10 presents a series of curves that model how 
well the percent of peak yaw rate was able to predict 
the probability of the vehicle’s final heading being 
≥90 degrees from the initial path for each of the time 
intervals considered.   

Ideally, the shape of each curve would be comprised 
of a simple step function.  As the percent of peak yaw 
angle increased, the probability of final heading 
being ≥90 degrees from the initial path would remain 
at zero until a critical percent of peak yaw angle had 
been achieved.  At this point, the curve would step to 
“1”, indicating the probability of final heading being 
≥90 degrees from the initial path would change from 
zero to 100 percent in a binary manner.  After the 

= first local yaw rate peak produced 
   after the second steering reversal 

Peakψ& 

)( xto +ψ& = yaw rate at x seconds after completion 
   of a maneuver’s dynamic steering inputs 

    
Forkenbrock 14  



critical percent of peak yaw angle had been achieved, 
the probability of final heading being ≥90 degrees 
from the initial path would remain at one for all 
higher percent of peak yaw angle values.   

Clearly the curves presented in Figure 10 are not 
ideal, but the fact that their respective slopes tend to 
be less steep as the amount of time after completion 
of the maneuver’s steering inputs had occurred is 
important.  This is particularly true for the data where 
the percentage of peak yaw values were greater than 
50 percent. 
 
In the case of the output at time x = 1.0 second, one 
region of uncertainty was found:  when the percent of 
peak yaw angle was 60 percent (i.e., the confidence 
intervals containing the estimated probability of the 
final heading being ≥90 degrees from the initial path 
included values both less than and greater than 50 
percent).  With percentages of peak yaw <60 percent, 
for this time interval, the confidence intervals only 
contained estimated probabilities less than 50 
percent.  Conversely, with percentages of peak yaw 
>60 percent at time x = 1.0 second, the confidence 
intervals only contained estimated probabilities 
greater than 50 percent.   
 
In summary, despite a small sample size and lack of 
repeated tests, a logistic regression modeled with 
SAS was able to estimate the probability that percent 
of peak yaw rate can predict whether a vehicle’s final 
heading will be ≥90 degrees from its initial path.  
Comparison of data collected 1.0, 1.5, 2.0, 2.5, and 
3.0 seconds after completion of the maneuver’s 
respective steering inputs indicate the model is the 
least uncertain when time x = 1.0 second are used.   

Using time x = 1.0 second data, the model produced 
one region of uncertainty (60-percent of peak yaw 
rate), whereas the other four times produced three 
regions of uncertainty. 
 
FUTURE WORK 
 
The objective of this study was to isolate a small 
number of maneuvers capable of demonstrating 
whether a vehicle is equipped with an effective ESC.  
In the next research phase, NHTSA will use a 
reduced set of maneuvers and a much greater sample 
of vehicles.  Specifically, the data generated in 
NHTSA’s 2005 research efforts will be used to 
validate, and refine, NHTSA’s spinout model. 
 
Although ESC is intended to combat excessive 
under- and oversteer, NHTSA’s 2005 research efforts 
will emphasize only the evaluation of oversteer  
mitigation effectiveness.  The reasons for this are 
twofold:  (1) oversteer mitigation is believed to 
reduce more crashes than understeer mitigation, and 
(2) make best use of available Agency resources.  
NHTSA believes that quantifying under- and 
oversteer mitigation effectiveness will require 
multiple maneuvers, and at this time NHTSA does 
not believe it has identified a maneuver capable of 
effectively quantifying understeer mitigation.  To 
embark on a test program that endeavors to evaluate a 
large number of test vehicles while simultaneously 
developing maneuvers capable of quantifying 
understeer mitigation was not deemed feasible.  
 
Maneuver Reduction 
 
Of all the test maneuvers used in this study, only four 
received “excellent” ratings for each of the three 
maneuver evaluation criteria:  the Increasing 
Amplitude Sine (0.7 Hz), Sine with Dwell (0.7 Hz), 
and both 500 deg/sec YASRs.  Of these maneuvers, 
the Sine with Dwell maneuver was particularly 
effective in exciting excessive yaw with low steering 
angles.  It is believed this occurred because the 
maneuver increased the opportunity of the yaw 
responses to “catch-up” to the respective steering 
inputs before the handwheel angle was returned to 
zero.  Interestingly, although the YASR maneuver is 
quite capable of producing spinouts, the more 
favorable overall results seen during Sine with Dwell 
testing indicate the maneuver is not optimal.   
 
In certain Sine with Dwell tests, peak yaw rate 
occurred before the steering reversal occurs (after the  
500 ms pause), yet the handwheel angle data 
presented previously in Table 4 showed the maneuver 
was the most effective in producing spinouts.  This 

Figure 10.  Percent of peak yaw vs. probability
of final heading being ≥90 degrees from the
initial path. 
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indicates that simply reversing direction of steer at 
maximum yaw rate does not necessarily maximize 
the yaw response of the vehicle.   
 
Due to the lower yaw responses when the direction of 
steer was reversed at maximum yaw rate, and the fact 
that the YASR (500 deg/sec) was as, if not more, 
effective than the IAYASR (500 deg/sec), NHTSA 
will be discarding the later maneuver in favor of a 
new iteration.  The magnitudes of the initial and 
countersteer handwheel angles associated with this 
new maneuver are equal, however there is an 
additional pause before the second steering reversal 
occurs, as shown in Figure 11. 

This combination may provide NHTSA with a 
maneuver possessing the good adaptability provided 
by test-dependent, yaw acceleration based steering 
reversals, but with greater ability to induce excessive 
yaw due to a 250-ms pause (i.e., conceptually 
identical to that provided by the Sine with Dwell 
maneuver).  All Yaw Acceleration Steering Reversals 
with Pause maneuvers will be performed using 500 
deg/sec handwheel ramp rates.  

Table 6 presents the final, reduced text matrix 
NHTSA intends to use to evaluate ESC effectiveness 
in 2005.  Note that in the Handwheel Angle 
Increments column, “δmax” is defined as:  (1) the 
handwheel angle capable of producing a spinout, or 
(2) the greater of either the handwheel angle capable 
of achieving a lateral acceleration of 0.3g multiplied 
by a scalar of 6.5, or 270-degrees. 
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Table 6. 

NHTSA’s 2005 ESC Effectiveness Test Matrix. 

Maneuver 
Steering 

Frequency 
(Hz) 

Steering 
Ramp Rates 
(degrees/sec) 

Handwheel 
Angle 

Increments 
(degrees) 

Maneuver 
Entrance 

Speed 
(mph) 

Increasing 
Amplitude 
Sine 

0.7 N/A 

Sine with 
Dwell 0.7 N/A 

YASR N/A 500 deg/sec 

YASR with  
250 ms pause N/A 500 deg/sec 

45 to δmax 50 

Slowly 
Increasing 
Steer 

N/A 13.5 deg/sec 

Linearly 
increases 
from 0 to 

δ0.55g

50 
(constant 

speed) 
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ABSTRACT 

     The BioRID II, 50th percentile Hybrid III and 
RID2 crash test dummies, all representing a mid-size 
adult male, were subjected to HyGE rear impact 
sled tests. Their measured and calculated responses 
were used to evaluate their sensitivity to sled 
velocity, head restraint position, and other test setup 
parameters. Three test series were conducted using 
different sled acceleration pulses and different types 
of seats. For conditions where three identical tests 
were conducted, repeatability was evaluated. In 
Series A, the effect of sled velocity on the Hybrid III 
and RID2 was evaluated. For the RID2, the effect of 
the initial backset was also evaluated in this series. In 
Series B, the head restraint position and the sled 
velocity were changed to see how the performances 
of the BioRID II, Hybrid III and RID2 were affected. 
In Series C, the effect of sled velocity changes and 
head restraint position on the Hybrid III and RID2 
were again evaluated, and repeatability was assessed. 
Comments on the handling and durability of the 
dummies are also provided.  

INTRODUCTION 

     The Occupant Safety Research Partnership 
(OSRP) of the United States Council for Automotive 

Research (USCAR) evaluated the BioRID II (version 
C), the Hybrid III (FMVSS Part 572 Subpart E), and 
the RID2 (a prototype representative of production 
version 0.0). All three dummies represent the mid-
size adult male. The Hybrid III was developed in the 
early 1970s [9, 21]. Although it has primarily been 
used in frontal impacts, it has also been used in rear, 
side and other types of impacts. Both the BioRID II 
[2, 7] and the RID2 [15] were developed more 
recently and were intended specifically for use in 
low-severity rear impacts. 

     In this study, the similarities and differences 
between these dummies were evaluated as well as the 
way each dummy was affected by changes in the test 
parameters.  Three different test series were run in 
this evaluation. Series A examined the sensitivity to 
changes in sled velocity of the Hybrid III and RID2 
when set to the same backset  (the horizontal distance 
between the back of each dummy's head and the front 
the head restraint). The effect of varying the backset 
on the responses of the RID2 was also evaluated. In 
Series B, the effect of sled velocity and head restraint 
position on the responses of the Hybrid III, RID2 and 
BioRID II were evaluated. Additionally, the effect of 
varying the backset on the BioRID II was assessed. 
Series C further examined the sensitivity of the 
Hybrid III and RID2 to sled velocity and head 
restraint position and analyzed the repeatability of 
each dummy. 

     Each of the three different series of rear impact 
HyGE sled tests was run at a different test 
laboratory. The test matrix is shown in Table 1. The 
sled velocities ranged from 9 to 27 km/hr. 

METHODS 

General Setup 

     All the dummies were dressed consistently 
throughout the entire evaluation. The BioRID II was 
dressed in two pairs of shirts and shorts. The inner 
pair was made of Lycra and the outer pair was 
made of cotton. The Hybrid III wore a cotton shirt 
and shorts. The RID2 was dressed in the provided 
neoprene suit.  
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Table 1. 
Test Matrix 

Test 
Series 

∆V 
(km/hr) Dummies 

Position Head Restraint 
Position 

# of Tests 
Per Dummy 

A 9 Hybrid III, RID2, RID2 (105mm) Driver Fixed 1,1,1 
A 9 Hybrid III, RID2, RID2 (105mm) Passenger Fixed 1,1,1 
A 16 Hybrid III, RID2, RID2 (105mm) Driver Fixed 1,1,1 
A 16 Hybrid III, RID2, RID2 (105mm) Passenger Fixed 1,1,1 
A 24 Hybrid III, RID2, RID2 (105mm) Driver Fixed 1,1,1 
A 24 Hybrid III, RID2, RID2 (105mm) Passenger Fixed 1,1,1 
B 17 RID2, Hybrid III, BioRID II Fore, Mid, Aft Full Up 2,2,2 
B 17 RID2, Hybrid III, BioRID II Fore, Mid, Aft Full Down 2,2,2 
B 27 RID2, Hybrid III, BioRID II Fore, Mid, Aft Full Up 2,2,2* 
B 27 RID2, Hybrid III, BioRID II Fore, Mid, Aft Full Down 2,2,2 
C 10 Hybrid III, RID2 Driver Full Up 1,2 
C 10 Hybrid III, RID2 Passenger Full Up 2,1 
C 10 Hybrid III, RID2 Driver Full Down 1,2 
C 10 Hybrid III, RID2 Passenger Full Down 2,1 
C 24 Hybrid III, RID2 Driver Full Up 1,2 
C 24 Hybrid III, RID2 Passenger Full Up 2,1 
C 24 Hybrid III, RID2 Driver Full Down 1,2 
C 24 Hybrid III, RID2 Passenger Full Down 2,1 

* Only one of the BioRID II, 27 km/hr ∆V head restraint full up tests is included in the dummy comparison 
discussion for test Series B due to positioning issues. 

     The three facilities also used a standard set of 
minimum instrumentation for each dummy as listed 
in Table 2. The BioRID II used in this evaluation was 
not instrumented with a lower neck load cell. The 
transducers were oriented and the responses were 
filtered according to SAE J211 convention [19]. The 
dummies passed verification before and after each 
test series. The test facilities recorded the simulated 
rear impacts with high-speed film cameras at 500 and 
1000 frames/second. 

Table 2. 
Dummy Instrumentation 

 

B
io

R
ID

 II
 

H
yb

rid
 II

I 

R
ID
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Head CG 3-axis accelerometer * * * 

Upper neck 6-axis load cell  * * * 

Lower neck 6-axis load cell  * * 

T1 single-axis (X) accelerometer  *  

T1 3-axis accelerometer  *  * 

     All the dummies were tested on production 
representative seats mounted to either a rigidized 
vehicle buck or a rigid platform buck. Each test 
series used a different type of seat. The dummies 
were restrained by 3-point safety belts in all the tests. 
The BioRID II and RID2 were positioned as 
recommended in their respective user manuals [2, 
15]. The Hybrid III was positioned according to the 
FMVSS 208 seating procedure [8]. For each test, the 
backset was measured. The vertical height from the 
top of the head restraint to the center of gravity (CG) 
of the head was also measured.  See Figure 1. 
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Figure 1. Head to head restraint backset and 
vertical height measurements.  
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     The distances, formulas and methods for the 
following calculated responses are given in Appendix 
A. The external head impact forces were used to 
determine the contact forces with the head restraint. 
The tension-extension component of the Nij  [13, 14, 
1, 11, 12] and the NIC [23, 3, 4] were also evaluated. 

     The head restraint contact times were obtained by 
using a slope intercept approach, similar to the one 
described in SAE J2052 [20], on the external head 
impact force responses. The intercept value was 
calculated by taking the slope over a change of 50 N 
and extrapolating backwards to the point in time 
where the force level was zero. 

Series A  

     In this test series, the Hybrid III and RID2 were 
subjected to simulated rear impacts with approximate 
sled velocity changes (∆Vs) of 9, 16, and 24 km/hr 
(Table 1). The sled acceleration pulses for each tested 
velocity are shown in Figure 2. The dummies were 
tested on identical bucket seats with integrated head 
restraints (Figure 3). The seats were replaced after 
each test. The seats were placed in the full rear seat 
track position. The seatbacks were set at 23o, 
measured between the seat frame and the vertical. 
The seating positions of the two dummies were 
switched from driver to passenger, and vice versa, for 
the repeat run of each test condition.  

Figure 2. Series A: Sled acceleration pulses. 

     In its initial position, the Hybrid III backset was 
55 mm. When the RID2 was first positioned 
according to its procedure [15], an average backset of 
105 mm was obtained. In later tests using the same 
seating procedure, the RID2 was repositioned to 
match the 55 mm backset of the Hybrid III.  Both 
dummies were positioned to the same H-point. 

Figures 4 and 5 show the average and range of the 
backsets and the vertical distances from the center of 
gravity of the head to the top of the head restraint 
obtained for each test condition. The values obtained 
when the RID2 was at the 105 mm backset are 
labeled as "RID2 (105)". The RID2 initial setup tilt 
sensor readings are given in Appendix B Tables B1 
and B2. 

Figure 3. Series A: Test setup at 55 mm backset. 
Foreground – RID2, background – Hybrid III.  
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Series B 
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Figure 8. Series B: Backsets. 

     In the second test series, the Hybrid III, RID2 and 
BioRID II were tested concurrently (Figure 6) at ∆Vs 
of 17 and 27 km/hr as shown in Table 1.  The sled 
acceleration pulses are shown in Figure 7.  Identical 
front bucket passenger seats with integrated 3-point 
belts were used and replaced after each test. The 
seats had adjustable head restraints and were also 
equipped with actuation devices that controlled head 
restraint movement (self-aligning head restraint 
mechanisms). The initial positions of the head 
restraints were either full up or full down. The 
seatbacks were set at an approximate angle of 16o. 
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Figure 9. Series B: Vertical heights between the 
top of the head restraint and the head CG. 

Figure 6. Series B: Test setup. From left-to-right, 
the RID2, Hybrid III, and BioRID II. 

Series C 

Figure 7. Series B: Sled acceleration pulses. 

      In the third series, a total of 12 sled tests were 
conducted with the Hybrid III and RID2 dummies 
(Figure 10). The sled tests were conducted at ∆Vs of 
10 and 24 km/hr (Table 1). Figure 11 shows the sled 
pulses used in this series. Identical front bucket seats 
with integrated 3-point belts were used. The same set 
of driver and passenger seats were used for the 10 
km/hr tests, however, new seats were used for each 
of the 24 km/hr tests. The seats had adjustable head 
restraints that were set at either the full up or full 
down position. The seatbacks were set at an angle of 
24°.  

     The dummies were seated side by side in bucket 
seats and their positions were switched in some of the 
tests (Table 1). Figure 12 gives the average and the 
range of backsets. From still setup photographs 
(Figure 13), it was observed that the tops of the head 
restraints in both the full up and full down positions 
were always above the CGs of the heads of the two 
dummies. This behavior was also seen for the RID2 
in the 24 km/hr test setup. The initial RID2 angles are 
given in Appendix B Table B4. 

     Figure 8 gives the average and range of the 
backsets for each test condition. The averages and 
ranges of the vertical heights from the top of the head 
restraint to the head CG, obtained by film analysis, 
are given in Figure 9. The RID2 tilt sensor angles at 
initial position are listed in Appendix B Table B3. 
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RESULTS AND DISCUSSION 

Figure 10. Series C: Test setup. Foreground - 
RID2, background - Hybrid III. 

      The results of each test series are first discussed 
individually. Then, any observations that can be 
made by comparing two or more of the series are 
given. Lastly, there are comments on dummy 
handling and usability. 

     All bar chart graphs have the following format. 
Each bar represents the average of the peak responses 
for that test condition while the error bars represent 
the ranges.  

Series A 

     This series examined the sensitivity of the Hybrid 
III and RID2 to sled velocity when both dummies 
were set to the same backset. Due to the difference in 
dummy seated heights, the effect of height was also 
indirectly observed. Although the following charts 
(e.g. Figure 14) show data for the Hybrid III, RID2, 
and RID2(105) only the Hybrid III and RID2 data 
will be discussed in the 55 mm Backset section. The 
RID2(105) data will be discussed in a later section on 
RID2 backset sensitivity. 

Figure 11. Series C: Sled acceleration pulses.  55 mm Backset: Hybrid III and RID2  
 Resultant Head CG Accelerations 
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Figure 12. Series C: Backsets.  

     The averages of the peak head CG accelerations, 
obtained prior to the head losing contact with the 
head restraint due to rebound, are shown in Figure 
14. The Hybrid III and RID2 have very similar peak 
resultant head CG accelerations. The average peak 
accelerations of both dummies increased between 9 
and 16 km/hr but not between 16 and 24 km/hr.  The 
increased seatback deformation seen at 24 km/hr 
(Figure 15), compared to that seen at 16 km/hr, 
limited the effect of this sled velocity increase on the 
head CG accelerations. 

Figure 13. Test setup photographs. Top left- 
Hybrid III HR up, top right – Hybrid III HR 
down, bottom left – RID2 HR up, bottom right – 
RID2 HR down.  
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Figure 14. Series A: Resultant head CG 
accelerations. 
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Lower Neck Shear Forces 
     The Hybrid III and RID2 peak lower neck shear 
forces were comparable at each sled velocity (Figure 
18). The lower neck shear forces of both dummies 
increased from 9 to 16 km/hr, but not at 24 km/hr. 
Like the upper neck shear forces, the seatback 
deformation occurring at this speed minimized the 
effect of the sled velocity increase on these 
responses. For both dummies, the shear forces at the 
lower neck were at least 35% greater than those at 
the upper neck. 

a.)                                       b.)    
Figure 15. Series A: Maximum seatback 
deformation with a Hybrid III a.) 16 km/hr and 
b.) 24 km/hr. 
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Figure 18. Series A: Lower neck shear forces, Fx. 

     At each sled velocity, the average peak T1 X-
accelerations of the Hybrid III and RID2 were within 
2 g of each other (Figure 16). The peak accelerations 
of both dummies increased from 9 to 16 km/hr. At 24 
km/hr, seatback deformation again limited the 
responses. The largest increase seen at this level was 
less than 1.5 g. 
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Figure 16. Series A: T1 X-accelerations. 

Upper Neck Tensile Forces  
     In the axial direction, the peak RID2 upper neck 
forces were consistently greater than those of the 
Hybrid III (Figure 19). This is explained by the 
different seated heights of the two dummies. The 
head of the RID2, which had the greater seated 
height (Figure 5), hit higher on the head restraint than 
the Hybrid III. This resulted in the RID2 stretching 
over the head restraint more than the Hybrid III, 
resulting in higher tensile forces. The RID2 upper 
neck axial forces were more than double its 
respective shear forces. At 16 and 24 km/hr, the 
Hybrid III upper neck axial forces were also more 
than double its shear forces. The Hybrid III peak 
tensile responses increased with sled velocity across 
the entire range while those of the RID2 only 
increased from 9 to 16 km/hr. With respect to upper 
neck tension, the seatback deformation seen at 24 
km/hr only limited the RID2's responses. 

Upper Neck Shear Forces  
     At 9 and 24 km/hr, the peak upper neck shear 
forces of the Hybrid III were greater than those of the 
RID2 (Figure 17). However, at 16 km/hr the peak 
responses of the dummies were similar. Due to the 
seatback deformation at 24 km/hr, the peak upper 
neck shear forces only increased between 9 and 16 
km/hr.  
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Figure 17. Series A: Upper neck shear forces, Fx.  

Lower Neck Tensile Forces  
     In general, the lower neck tensile forces of both 
dummies followed the behavior of their upper neck 
tensile forces. The RID2 lower neck tensile forces 
were consistently greater than those of the Hybrid III 
(Figure 20). At the lower neck, the RID2 axial forces 
were again more than double its respective shear 
forces; however, the Hybrid III axial forces were 
only greater than its shear forces at 24 km/hr. The 
Hybrid III peak tensile forces increased with each 
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C7/T1 Extension Moments  increase in sled velocity, however, the RID2 forces 
only increased from 9 to 16 km/hr.      At the C7/T1 joint, the Hybrid III extension 

moments were approximately four times those of the 
RID2 (Figure 22). The lower bending stiffness of 
both the RID2 neck and thoracic spine, in 
comparison to the Hybrid III, contributed to this 
behavior [10]. The moments of both dummies 
increased from 9 to 16 km/hr, but it should be noted 
that the RID2 average moment only increased by 4 
Nm. For the Hybrid III, the peak C7/T1 extension 
moments were at least five times greater than its 
occipital condyle moments. 
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Figure 19. Series A: Upper neck tensile forces, Fz. 
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Figure 22. Series A: C7/T1 extension moments, -
My. (Note: The y-axis scale differs from that of 
Figure 21.) 

0

500

1000

1500

2000

2500

9 km/hr 16 km/hr 24 km/hr

Fo
rc

e 
(N

)

Hy3
RID2
RID2 (105)

Figure 20. Series A: Lower neck tensile forces, Fz. 
External Head Impact Fx Forces 

Occipital Condyle Extension Moments      The external head Fx forces were calculated and 
are shown in Figure 23. At the two lower sled 
velocities, the Hybrid III and RID2 responses were 
slightly different from each other. At 24 km/hr, the 
average Fx force of the RID2 was greater than that of 
the Hybrid III. The responses of both dummies 
increased from 9 to 16 km/hr. Again, the seatback 
deformation at 24 km/hr limited the effect of this 
increased sled velocity. At all three tested sled 
velocities, the RID2 neck also contacted the seat after 
initial head contact occurred. With the Hybrid III, 
this only occurred at the two higher velocities (16 
and 24 km/hr).   

     The average extension moments at the occipital 
condyles are shown in Figure 21. Although the 
average Hybrid III extension moments were more 
than double those of the RID2 at each tested sled 
velocity, it should be noted that all the moments were 
less than 8 Nm. The differences between the 
dummies' responses were attributed to the lower 
bending stiffness of the RID2 neck  [10]. 
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Figure 21. Series A: Occipital condyle extension 
moments, -My. (Note: The y-axis scale differs 
from that of Figure 22.) 

External Head Impact Fz Forces 
     The RID2 external head Fz forces were greater 
than those of the Hybrid III (Figure 24). As with the 
upper neck tensile forces, this was due to the taller 
seated height of the RID2, which produced a 
different dummy to head restraint interaction. At 16 
and 24 km/hr, the RID2 Fz forces had greater 
magnitudes than their corresponding Fx forces 
although the difference was less pronounced at the 
higher sled velocity. The peaks of both dummies 
increased from 9 to 16 km/hr. There were no 
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increases in the force responses when the sled 
velocity was increased to 24 km/hr. 
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Figure 25. Series A: Head restraint contact times. 
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Figure 23.  Series A: External head impact forces, 
Fx. 

NICs 
     The average NIC values [23, 3, 4] of both 
dummies were equivalent at 9 km/hr as shown in 
Figure 26. At 16 and 24 km/hr, the RID2 average 
NICs were greater than those of the Hybrid III. Both 
the Hybrid III and the RID2 NIC values increased 
from 9 to 16 km/hr.  At 24 km/hr, the effect of the 
sled velocity increase was countered by the effect of 
the seatback deformation and the NIC values did not 
increase. 
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Figure 24.  Series A: External head impact forces, 
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Figure 26. Series A: NICs. 

Head Restraint Contact Times 
     At 9 and 16 km/hr, the ranges of head restraint 
contact times for the Hybrid III and RID2 overlapped 
each other (Figure 25). Therefore, they were not 
considered to be different. At 24 km/hr, the ranges 
for each dummy were reduced, however the 
difference between the contact times of both 
dummies was no larger than it was at 16 km/hr.  
Neither the contact times of the Hybrid III nor those 
of the RID2 increased with sled velocity. One 
possible factor for this is that the dummies' 
interaction with the seat as the sled velocity was 
increased, caused more seatback deformation prior to 
contact. This would move the head restraint further 
rearward of the dummy's head, offsetting the effect of 
the increased sled velocity. Another factor may be 
the similarity of the sled acceleration pulses (Figure 
2). All the pulses have very similar slopes, especially 
their onset slopes, and the dummies may be reacting 
the same way until they contact the head restraint. 

Nij: Ntes 
     The average Nte values are shown in Figure 27. In 
this series, the Nte values were dominated by their 
tensile components. Since the RID2 had much higher 
tensile neck forces than the Hybrid III, due to its 
greater seated height, it also had greater Nte values. 
The Hybrid III Nte averages increased across the 
entire sled velocity range, while the RID2 Nte 
averages only increased from 9 to 16 km/hr. For the 
Nte, the seatback deformation that occurred at 24 
km/hr limited the RID2's response but not the Hybrid 
III's response. 
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Figure 27. Series A: Ntes. 

Seated Height 
     When set to the same backset of 55 mm, the RID2 
sat higher than the Hybrid III with respect to the head 
restraint (Figure 5). This produced different 
kinematics. The Hybrid III initially struck the top 
front corner of the head restraint with the rear portion 
of its skullcap (Figure 28a). The RID2 initially struck 
the top of the head restraint more towards the bottom 
corner of its skullcap. The worst case is shown in 
Figure 28b. As a result, the RID2 stretched over the 
head restraint more and had greater axial forces 
(upper and lower neck tensile forces and external 
head impact Fz) than the Hybrid III. 

   
a.)     b.) 
Figure 28. Series A: Initial contact, 55 mm 
backset and16 km/hr ∆V, a.) Hybrid III and b.) 
RID2. 

RID2: Backset Sensitivity 
     As can be seen from Figures 14 through 27, the 
majority of the RID2 responses, including head 
restraint contact time, were insensitive to the backset 
change from 55 to 105 mm at 9 and 16 km/hr. 
However, at 24 km/hr, both the measured and 
calculated RID2 responses increased at the larger 
backset. As previously stated, more seatback 
deformation occurs at this velocity than at 16 km/hr 
(Figure 15). This, in addition to the larger backset of 
105 mm, delayed the head restraint contact time by 
approximately 13 ms (Figure 25) allowing the head 
to head restraint contact velocity to increase. At 
approximately 123 ms, the head struck the internal 

head restraint structure as indicated by the resultant 
external head impact force time-history traces (Figure 
29). This resulted in the magnitude increases noted 
previously and caused many of the responses to 
increase with sled velocity across the entire tested 
range of 9-24 km/hr, rather than just between 9 and 
16 km/hr. Five of these responses have been 
normalized by their respective values at the 55 mm 
backset and are shown in Figure 30.  

Figure 29. Series A: RID2 resultant external force 
time history curves, 24 km/hr ∆V.  
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Figure 30. Series A: RID2 backset sensitivity, 24 
km/hr. Normalized responses. 

SERIES B 

     The responses of the RID2, the Hybrid III and the 
BioRID II in sled test Series B are compared in the 
following section.  Each dummy was evaluated for its 
ability to differentiate between sled velocity (17 
km/hr or 27 km/hr) and head restraint position (full 
up or full down).   Two repeats of each test 
configuration were run. However, one of the BioRID 
II repeat tests was not used in the dummy comparison 
due to backset variance (see Table 1). These data 
were used to evaluate the BioRID II's sensitivity to 
backset.  It should also be noted that the BioRID II 
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version tested in this evaluation could not be 



 
instrumented with a lower neck load cell. Therefore, 
it is not discussed in the lower neck response 
sections.  

Upper Neck Shear Forces 
     The Hybrid III peak upper neck shear forces were 
greater than those of the RID2 (Figure 33).  This was 
due to the greater shear stiffness of the Hybrid III’s 
neck [10] and its larger backsets.  The Hybrid III 
peak upper neck shear forces were also greater than 
those of the BioRID II in the head restraint full up 
condition.  At 27 km/hr with the head restraint full 
down, the BioRID II peak was greater than the RID2 
and Hybrid III peaks. With respect to sled velocity, 
only the upper neck shear force of the BioRID II with 
the head restraint down increased from 17 to 27 
km/hr. Only the BioRID II responses at 27 km/hr 
increased when the head restraint was moved from 
full up to full down.  

Resultant Head CG Accelerations 
     At 27 km/hr, the Hybrid III peak head 
acceleration was greater than that of the BioRID II, 
which in turn was greater than the RID2 value 
(Figure 31).  At 17 km/hr, the dummy peak head 
accelerations were more similar.  In all cases, the 
peaks increased with sled velocity.   Similarly, the 
peaks increased as the head restraint position was 
changed from full up to full down. However, for the 
BioRID II at 27 km/hr, the difference between the 
two head restraint conditions was only 1.4 g. 
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Figure 33. Series B: Upper neck shear forces, Fx. 
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Figure 31. Series B: Resultant head CG 
accelerations. 

Lower Neck Shear Forces 
     Similar to the upper neck shear forces, the lower 
neck shear forces of the Hybrid III were greater than 
those of the RID2 (Figure 34). This was due to the 
greater stiffness of the Hybrid III thoracic spine 
compared to that of the RID2 [10]. Only the Hybrid 
III responses and the RID 2 with the head restraint 
down increased consistently with sled velocity. Both 
the Hybrid III and RID2 responses increased as the 
head restraint was changed from up to down. For 
these two dummies, the peak lower neck shear forces 
were at least 2.5 times greater than the upper neck 
shear forces. 

T1 X-Accelerations 
     As shown in Figure 32, the Hybrid III peak T1 X-
acceleration was consistently higher than the RID2 
peak, however at 17 km/hr with the head restraint up,

 the difference was less than 1 g.  All dummies 
increased peak T1 acceleration with increased sled 
velocity.  Head restraint position did not influence 
the T1 X-accelerations. 
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Figure 32. Series B: T1 X-accelerations. 
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Figure 34. Series B: Lower neck shear forces, Fx. 



0

200

400

600

800

1000

1200

17 km/hr
HR Up

17 km/hr
HR Down

27 km/hr
HR Up

27 km/hr
HR Down

Fo
rc

e 
(N

)

Hy3

RID2

Figure 36. Series B: Lower neck tensile forces. 

Upper Neck Tensile Forces 

Occipital Condyle Extension Moments 

     The peak upper neck tensile forces of the BioRID 
II were greater than those of the Hybrid III and the 
RID2 except at 27 km/hr with the head restraint 
down, where all three dummies had similar peak 
values (Figure 35). At 17 km/hr with the head 
restraint down and 27 km/hr with the head restraint 
up, the Hybrid III peak was also greater than the RID 
2 peak.  For all the dummies, the peak upper neck 
tension increased with the increase in sled velocity. 
Similarly, all dummies measured a higher peak upper 
neck tension when the head restraint position was full 
down. The peak upper neck tensile forces ranged 
from twice to nearly ten times that of their respective 
upper neck shear forces. 

     At 17 km/hr with the head restraint full up, the 
peak extension moments of the Hybrid III were 
greater than those of the RID2 and BioRID II; 
however the difference between the Hybrid III and 

RID2 values was less than 5 Nm. (Figure 37). At 24 
km/hr with the head restraint full down, the peak 
BioRID moment was greater than that of the RID2, 
while the Hybrid III value fell between them. The 
extension moments of all the dummies increased with 
sled velocity, regardless of head restraint position. 
The BioRID II displayed the largest magnitude 
increase with sled velocity. The BioRID II response 
also showed the greatest increase between the head 
restraint full up and full down configurations at both 
sled velocities.  

0

200

400

600

800

1000

1200

17 km/hr
HR Up

17 km/hr
HR Down

27 km/hr
HR Up

27 km/hr
HR Down

Fo
rc

e 
(N

)

Hy3
RID2
Bio2

Figure 35. Series B: Upper neck tensile forces. 
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Figure 37. Series B: Occipital condyle extension 
moments, -My.  (Note: The y-axis scale differs 
from that of Figure 38). 

Lower Neck Tensile Forces 
     Figure 36 shows that the peak lower neck tensile 
forces of the RID2 were consistently greater than 
those of the Hybrid III. Additionally, the peak lower 
neck tension of both dummies increased with sled 
velocity and when the head restraint was lowered to 
the full down position.  

C7/T1 Extension Moments 
     Figure 38 shows that the C7/T1 extension 
moments of the Hybrid III were at least four times 
the RID2 values for all test conditions. The peak 
C7/T1 extension moments of the Hybrid III increased 
with sled velocity and with the change in head 
restraint position. The C7/T1 peak extension 
moments of the Hybrid III were at least three times 
higher than its occipital condyle moments. 
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Figure 38. Series B: C7/T1 extension moments, -
My. (Note: The y-axis scale differs from that of 
Figure 37.) 

External Head Impact Fx Forces 
     At 17 km/hr with the head restraint full up, the 
external head impact Fx force of the BioRID II was 



greater than that of both the Hybrid III and the RID2 
(Figure 39). With the head restraint down, the Hybrid 
III response was lower than those of the RID2 and 
BioRID II. At the 27 km/hr with the head restraint 
down, the BioRID II peak external Fx force was 
lower than those of the Hybrid III and RID2. The 
peak external head Fx forces for all the dummies 
increased with sled velocity except for the BioRID II 
with the head restraint full down.  The responses of 
all the dummies also increased as the head restraint 
was lowered, except for the BioRID II at 27 km/hr.  
The relatively low value of the BioRID II response in 
the 27 km/hr, head restraint down condition is 
explained by the dummy kinematics.  In this 
condition, the head traveled over top of the head 
restraint, minimizing the shear force exerted on the 
head. 
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Figure 39. Series B: External head impact Fx 
forces. 

External Head Impact Fz Forces 
     At 17 and 27 km/hr with the head restraint full up, 
the peak BioRID II Fz forces were greater than those 
of the Hybrid III, while the RID2 values fell between 
them (Figure 40). At 17 km/hr with the head restraint 
full down, both the BioRID II and RID2 peak Fz 
forces were greater than that of the Hybrid III.  At 27 
km/hr with the head restraint full down, the RID2 
peak Fz force was greater than those of both the 
Hybrid III and BioRID II. Both the responses of the 
Hybrid III and RID2 increased with sled velocity 
when the head restraint was full down. The peak Fz 
forces for all three dummies increased when the head 
restraint was lowered, regardless of sled velocity. In 
this test series, the peak external Fz force was one of 
the responses most influenced by head restraint 
position. The peak magnitudes with the head restraint 
full down were 1.7 to 3.5 times greater than the peaks 
with the head restraint full up. 
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Figure 40. Series B: External head impact Fz 
forces. 

NICs 
     The peak BioRID II NIC values were always 
greater than those of the Hybrid III and the RID2, 
regardless of sled velocity or head restraint position 
(Figure 41). At 27 km/hr with the head restraint full 
up, the Hybrid III also had a greater NIC than the 
RID2. The peak NIC values for all three dummies 
increased with increasing sled velocity. The NIC 
values did not change with head restraint position 
except for the RID2 and BioRID II at 27 km/hr.  
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Figure 41. Series B: NICs. 
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     In a previous evaluation program, the BioRID II 
was tested on rigid bench seats with no head 
restraints [10]. The same sled acceleration pulses 
were used in both programs. At the 17 km/hr ∆V, the 
average NIC value of the BioRID II on the rigid 
bench was 17.8 m2/s2 which was lower than the NIC 
values seen with the production seats, regardless of 
head restraint position. At the higher 27km/hr ∆V, 
the average NIC peak was 31.7 in the rigid bench 
seat condition. This was equivalent to the average 
NIC for the production seat with the head restraint 
full up but was still lower than the NIC with the head 
restraint full down. These results were counter-
intuitive because the existence of a head restraint 
should decrease the risk of soft tissue neck injuries. 
However, the NIC values did not predict this, which 
means that the NIC may not be a good injury 
predictor. 



Nij: Ntes 
     Figure 42 shows that at both sled velocities with 
the head restraint down, the BioRID II peak Nte 
values were greater than those of the Hybrid III and 
RID2. The peak Nte values for all three dummies 
increased with sled velocity and with the lower head 
restraint position. The BioRID II Nte peaks showed 
the largest change in magnitude both with sled 
velocity and head restraint position.  For the RID2 
and Hybrid III, the peak values of Nte at 17 km/hr 
with the head restraint full down were nearly 
identical to those measured at 27 km/hr with the head 
restraint full up. 
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Figure 42. Series B: Ntes. 

Head Restraint Contact Times 
     At both sled velocities with the head restraint full 
up, the RID2 contact times were less than those of 
the Hybrid III and BioRID II (Figure 43). This is 
attributed to the different bending stiffnesses of the 
dummy necks and to their different backsets (Figure 
8). None of the dummies showed a change in 
restraint contact time with increased sled velocity. As 
explained in Series A, two possible factors for this 
may be the increased dummy/seat interaction prior to 
contact and the similarity of the acceleration pulses. 
The head restraint contact times of the RID2 
increased with the lower head restraint position. The 
variations in these responses may be subject to the 
calculation method (see Methods section).  
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Figure 43. Series B: Head restraint contact times. 

     For all three dummies in Series B, the lowest peak 
responses were seen at the 17 km/hr ∆V with the 
head restraint full up. The highest peak responses 
occurred at the 27 km/hr ∆V with the head restraint 
full down. The peaks of the two other conditions, 17 
km/hr with the head restraint full down and 27 km/hr 
∆V with the head restraint full up, fell between those 
two extremes. 

BioRID II: Backset Sensitivity 
     In one of the two 27 km/hr, head restraint full up 
tests, the backset of the BioRID II was 57 mm. In the 
other test, the backset was 83 mm. This difference in 
backset influenced both the measured and calculated 
responses, five of which are shown in Figure 44.  
Each individual response was normalized by its 
respective value at 57 mm.  Another interesting point 
to note is the difference in the timing of the peak 
responses due to the change in backset.  (Appendix C 
gives the time history curves for these responses.)  At 
27 km/hr, the peak responses of the 57 mm backset 
condition occurred on average 18 ms earlier, 
including a 20 ms shift in head restraint contact time, 
compared to the 83 mm backset responses.   
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Figure 44. Series B: BioRID II backset sensitivity, 
27 km/hr. Normalized responses. 

SERIES C 

     In this series, the effect of sled velocity and the 
position of the head restraint on the responses of the 
Hybrid III and RID2 were studied. Sled tests were 
conducted at 10 and 24 km/hr.  

Resultant Head CG Accelerations  
     The Hybrid III had higher peak resultant 
accelerations than the RID2 at 24 km/hr as shown in 
Figure 45. This difference may be due to the greater 
backset of the Hybrid III and the increased sled 
velocity. At 10 km/hr, this trend was not evident. The 
responses of both dummies increased with increasing 
sled velocity. The peak accelerations of the Hybrid 
III and the RID2 did not increase when the head 
restraint position was changed to full down. This may 



were below the top of the head restraint for both the 
full up and full down head restraint positions (Figure 
13).  

0

5

10

15

20

25

30

10 km/hr
 HR Up

10 km/hr
HR Down

24 km/hr
HR Up

24 km/hr
HR Down

A
cc

el
er

at
io

n 
(g

)

Hy3
RID2

Figure 45. Series C: Resultant head CG 
accelerations. 

T1 X-Accelerations 
     The T1 X-accelerations of the Hybrid III and 
RID2 showed the same trends as the head CG 
resultant accelerations. See Figure 46. The initial 
geometric factors, as described in the previous 
section, influenced the T1 X-accelerations in the 
same manner. 
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Figure 46. Series C: T1 X-accelerations. 

Upper Neck Shear Forces 
     For both sled velocities, the Hybrid III upper neck 
shear forces were greater than those of the RID2 
(Figure 47). This was attributed to the greater shear 
stiffness of the Hybrid III neck [10] and its larger 
backsets. The response of the Hybrid III with the 
head restraint full up increased with sled velocity. At 
the 24 km/hr ∆V with the head restraint full down, 
the Hybrid III peak shear force decreased as 
compared to the full up position. In the RID2, the 
upper neck shear forces were independent of sled 
velocity and head restraint position. This may have 
been due to the greater head restraint displacement at 
24 km/hr as seen in Figure 48. The head restraint 
always deflected more in the full up position than in 
the full down position. 

0

200

400

600

800

1000

1200

1400

10 km/hr
 HR Up

10 km/hr
HR Down

24 km/hr
HR Up

24 km/hr
HR Down

Fo
rc

e 
(N

)

Hy3
RID2

Figure 47. Series C: Upper neck shear forces, Fx. 

 
a.)                                       b.) 
Figure 48. Series C: Maximum head restraint 
deflection with the RID2 a.) 10 km/hr and b.) 24 
km/hr. 
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be due to the fact that the head CGs of both dummies 

Lower Neck Shear Forces 
     Similar to the upper neck shear forces, the Hybrid 
III lower neck shear forces were greater than those of 
the RID2 (Figure 49) for all test conditions. This was 
attributed to the higher stiffness of the Hybrid III 
thoracic spine. The Hybrid III responses almost 
doubled with the sled velocity increase while the 
RID2 responses increased by at least 15%. The lower 
neck shear forces of both the Hybrid III and the RID2 
were at least 80% greater than their upper neck shear 
forces.  
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Figure 49. Series C: Lower neck shear forces, Fx. 



Upper Neck Tensile Forces  
     In each test condition, the upper neck tensile 
peaks of the Hybrid III and RID2 were comparable to 
each other (Figure 50). The responses of both 
dummies increased with sled velocity by at least 
80%. The upper neck tensile forces were at least 
double the shear forces for both dummies. 
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Figure 50. Series C: Upper neck tensile forces, Fz. 

Lower Neck Tensile Forces 
     At 10 km/hr with the head restraint full down, the 
peak lower neck tensile forces of the RID2 were 
greater than those of the Hybrid III (Figure 51). With 
the head restraint full up, the difference between the 
Hybrid III and RID2 averages was less than 200 N. 
The Hybrid III tensile forces increased with sled 
velocity. The 24 km/hr RID2 lower neck axial forces 
were unavailable due to an instrumentation 
malfunction.  
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Figure 51. Series C: Lower neck tensile forces. 

Occipital Condyle Extension Moments 
     At 24 km/hr with the head restraint full up, the 
peak Hybrid III extension moment was greater than 
that of the RID2 but the difference in the peak values 
was less than 5 Nm (Figure 52). In the other test 
conditions, the difference was even smaller and the 
moments were considered to be comparable. The 
Hybrid III extension moments increased with sled 
velocity, however, the magnitude change was less 
than 5 Nm.  
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Figure 52. Series C: Occipital condyle extension 
moments, -My.  

C7/T1 Extension Moments 
     The Hybrid III C7/T1 extension moments were 
more than three times those of the RID2 at both sled 
velocities (Figure 53). This was due to the higher 
bending stiffness of the Hybrid III neck compared to 
that of the RID2. The Hybrid III peak moments also 
increased with sled velocity. The C7/T1 peak 
extension moments of the Hybrid III were an order of 
magnitude higher than its occipital condyle moments. 
The RID2 C7/T1 moments were more than double its 
occipital condyle moments. 
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Figures 53. Series C: C7/T1 extension moments,    
-My. 

External Head Impact Fx Forces 
     At 24 km/hr with the head restraint down, the 
peak Hybrid III external head impact Fx force was 
greater than that of the RID2 (Figure 54). In the other 
test conditions, the dummies' forces  were 
comparable. Both the Hybrid III and the RID2 peaks 
increased with sled velocity.  

External Head Impact Fz Forces 
     The peak external head impact Fz forces of both 
dummies were comparable for each test condition 
(Figure 55). With the head restraint full down, the 
Hybrid III peak forces increased with sled velocity. 



     With the head restraint in the full up position, the 
RID2 contacted the head restraint sooner than the 
Hybrid III (Figure 56). The contact times of the two 
dummies were more similar when the head restraint 
was full down. The head restraint contact times for 
both dummies did not change with sled velocity. Two 
possible reasons for this may be the increased 
dummy/seat interaction prior to contact, and the 
similar slopes of the acceleration pulses. The head 
restraint contact time was independent of head 
restraint position for both dummies. 
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Figure 56. Series C: Head restraint contact times. 

NICs 
     At 10 km/hr, regardless of head restraint position, 
and at 24 km/hr with the head restraint full down, the 

Hybrid III and RID2 had similar NIC values (Figure 
57). At the higher 24 km/hr ∆V with the head 
restraint full up, the Hybrid III peak NIC was greater 
than that of the RID2. Regardless of head restraint 
position, the Hybrid III NIC values increased with 
sled velocity while the RID2 NIC values did not 
increase. 
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Figure 54. Series C: External head impact Fx 
forces. 
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-1000

-800

-600

-400

-200

0

10 km/hr
 HR Up

10 km/hr
HR Down

24 km/hr
HR Up

24 km/hr
HR Down

Fo
rc

e 
(N

)

Hy3
RID2

Figure 55. Series C: External head impact Fz 
forces. 

Nij: Ntes 
     The Hybrid III and RID2 had comparable Nte 
values for each test condition (Figure 58). The peak 
Nte values of both dummies also increased with sled 
velocity. At 24 km/hr, the peak Nte values of both 
dummies increased when the head restraint was 
lowered.  

Head Restraint Contact Times 
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Figure 58. Series C: Ntes. 

     One result seen in Series C that was not seen 
previously was that none of the Hybrid III or RID2 
responses distinguished the two head restraint 
positions. 

Repeatability 
     In Series C, three repeat tests were conducted on 
both the Hybrid III and RID2 in each test condition. 
An analysis was conducted to determine the degree 
of repeatability of the dummy responses and how 
well they correlated with the impact conditions. 
Correlation analysis was done on the two main 
aspects of similarity between the repeated responses, 
namely, the magnitude and the characteristic shape. 



     It is seen from Table 3 that the majority of the 
CVs were below 3%, which reflects a high degree of 
repeatability in the initial test setup. The peak sled 
pulse acceleration at 10 km/hr was the only 
parameter that was at 10%.  

     The correlation coefficients for the magnitude and 
shape for the majority of the measured dummy 
responses were computed using the formulas given 
by Xu et al. [25].  Due to space limitations, only the 
head and T1 X-acceleration responses of the Hybrid 
III and RID2 are presented here. The results of this 
analysis are shown in Figures 59-62. Appendix D, 
Tables D1-D4 give additional results. 

0.8

0.84

0.88

0.92

0.96

1

10 km/hr
HR Up

10 km/hr
HR Down

24 km/hr
HR Up

24 km/hr
HR Down

Hy3 RID2

Figure 59. Magnitude correlation coefficient for 
the head acceleration response.  

Correlation coefficients with values of 1 indicate 
identical characteristics whereas values of 0 indicate 
orthogonality or lack of correlation.  
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Figure 60. Magnitude correlation coefficient for 
the T1 X-acceleration response. 

     Before analyzing the responses of the dummies, a 
coefficient of variance (CV) study was done for two 
test setup parameters: dummy position and sled 
pulse. The dummy H-point position and the peak sled 
pulse CVs were studied for each repeated test 
condition to confirm that there was minimal variation 
in the input. The results of that study are shown in 
Table 3. 

Table 3. 
Coefficient of Variation Table (%) 

 Hybrid III RID2 
 10 km/hr 24 km/hr 10 km/hr 24 km/hr 

 HR 
Up 

HR 
Down 

HR 
Up 

HR 
Down 

HR 
Up 

HR 
Down 

HR 
Up 

HR 
Down

H-pt 
X 0.2 0.3 0.3 0.3 0.1 0.0 0.2 0.18

H-pt 
Z 1.8 1.4 2.3 0.5 1.2 1.9 0.4 0.54

Peak 
Sled 
Acc. 

10.0 2.32 0.94 1.22 10.0 2.32 0.94 1.22
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Figure 61. Shape correlation coefficient for the 
head acceleration response. 
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Figure 62. Shape correlation for the T1 X-
acceleration response. 

     The repeatability of the dummy responses was 
classified according to Table 4. 

Table 4. 
Classification table for correlation coefficient 

Correlation  
Coefficient Classification 
0.97 ≤ 1.00 Excellent 
0.91 < 0.97 Good 
0.00 < 0.91 Poor 

 



     For both the Hybrid III and RID2, the bar charts 
show that the shape correlation coefficient values for 
both the head and T1 X-acceleration responses were 
consistently better than the magnitude values. The 
head had better correlation coefficients compared to 
the T1 for both magnitude and shape. Overall, the 
majority of the correlation coefficients were higher 
than 0.9, indicating an excellent to good degree of 
repeatability for both dummies.  The only response 
with a correlation coefficient below 0.9 was the peak 
magnitude of T1 for the head restraint full up 
position at 10 km/hr. This may be attributed to the 
low CV value for the sled pulse in this test condition. 

General Observations 

     In this section, any findings or trends that were 
observed in two or more of the test series are 
discussed. 

Dummy Characteristics 
     Although all three dummies were intended to 
represent the 50th percentile male, their seated heights 
relative to the head restraint were different. In Series 
A, the Hybrid III head was more than 10 mm lower 
than that of the RID2 (Figure 5). In Series B, the 
Hybrid III head was at least 10 mm lower relative to 
the head restraint with at least 20 mm greater backset 
than the heads of the other two dummies, Figures 8 
and 9.  On the average, the head of BioRID II was 
consistently higher relative to the head restraint than 
those of the other dummies. In Series C, the vertical 
height measurements were not taken.   

      The difference in seated heights may also be 
explained by their designs. The Hybrid III, like the 
ATD 502, was designed for an automotive seated 
posture with an eye location that matched the 50th 
percentile adult male eyepoints [9, 24]. The RID2 
design was revised to match the length of the 
WorldSID [15], and therefore matches the stature for 
a 50th percentile male as reported in Anthropometry 
of Motor Vehicle Occupants (AMVO) [22, 5]. The 
BioRID II was also designed to match the AMVO 
data [6, 22]. These differences in seated height, 
whether due to dummy positioning or design, may 
affect the way each dummy interacted with the head 
restraint/seat system and their responses.  

     One of the most noticeable differences between 
the Hybrid III and RID2 was the magnitudes of their 
C7/T1 extension moments. The Hybrid III moments 
were consistently at least three times greater than 
those of the RID2. This was due to the lower bending 

stiffness of the RID2 neck and thoracic spine 
compared to those of the Hybrid III [10]. Throughout 
the series, the RID2 C7/T1 extension moments 
remained below 20 Nm. It should also be noted that 
the Hybrid III C7/T1 extension moments were at 
least three times greater than its occipital condyle 
moments. The BioRID II used in this evaluation was 
not equipped with a lower neck load cell; therefore, 
no comparison can be made.   

     Throughout the evaluation, there was one trend 
that was seen in both the Hybrid III and the RID2. 
The lower neck shear forces of both dummies were 
consistently greater than their respective upper neck 
shear forces by at least 35%.  

      A second trend that was observed was that the 
upper neck tensile forces of the BioRID II and RID2 
were always greater than their respective upper neck 
shear forces. This was usually true for the Hybrid III 
as well; with the exception of the 8 km/hr Series A 
tests. 

Dummy Responses to Sled Velocity 
     Overall, in each of the three test series, the tested 
dummies were found to be sensitive to sled velocity. 
Although there were many responses that increased 
as the sled velocity was increased, there were very 
few highly sensitive responses that were consistent 
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across the entire evaluation. For the Hybrid III, only 
the lower neck tensile force increased in all three test 
series as the sled velocity was increased. For the 
RID2, it was the upper neck tensile force. The 
BioRID II was only tested in Series B. Its most 
sensitive responses were the upper neck extension 
moment, the Nte, and the NIC. 

     The head restraint contact times for each dummy, 
in all three test series, were insensitive to the sled 
velocities and acceleration pulses used in this 
evaluation. There are two possible contributors to 
this phenomenon. The first is that the dummies' 
interaction with the seat, as the sled velocity was 
increased, caused more seatback deformation prior to 
contact. This would move the head restraint further 
rearward of the dummy's head, offsetting the effect of 
the increased sled velocity. Another factor may be 
that within each test series, the sled acceleration 
pulses had very similar onset slopes, regardless of 
sled velocity, and the dummies may be reacting the 
same way until they contact the head restraint. The 
influence of these two factors may vary depending on 
the type of seat and sled acceleration pulses used. 

     With respect to the sled velocity change from 16 
to 24 km/hr, the majority of the responses of the 
Hybrid III and RID2 did not increase in Series A. 



However, at a comparable sled velocity change from 
17 to 27 km/hr, the majority of the Hybrid III and 
RID2 responses did increase in Series B. This can be 
attributed to the different levels of seatback 
deformation between the two series.  

Dummy Responses to Head Restraint Position 
     Series B and C both investigated the effect of 
head restraint position on the dummy responses. In 
Series B, the majority of the BioRID II, Hybrid III 
and RID2 responses increased when the head 
restraint position was changed from full up to full 
down. In Series C, the majority of the Hybrid III and 
RID2 responses did not change with head restraint 
position.  (The BioRID II was not tested in Series C). 

     In Series B, when the head restraint was full up, 
the top of the head restraint was above the CG of the 
heads of all three dummies (Figure 9). When the 
head restraint was full down, the top of the head 
restraint was below the head CG. In Series C, the top 
of the head restraint was always above the CG of the 
dummies' heads, regardless if it was in the full up or 
full down position (Figure 13).  This is illustrated in 
Figure 63. Once the top of the head restraint is above 
the CG of the dummy's head, either the Hybrid III or 
the RID2, increasing the height of the head restraint 
does not have a significant effect on the dummy 
responses. 
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Full Up

Series B 
Full Up Series C 

Full Down

Head C.G.
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Full Down

Series C 
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Series B 
Full Up Series C 

Full Down

Head C.G.

 
Figure 63. This graphic illustrates only the 
vertical height difference, relative to the CG of the 
head, between the full up and full down head 
restraint positions for Series B and C. (The 
backsets are not represented here). 

     For Series B, the external head impact Fz and the 
upper and lower neck tensile forces were the most 
sensitive Hybrid III responses to head restraint 
position. For the RID 2, the external head impact Fz, 
the Nte, and the upper neck tensile force were the 
three responses that increased the most when the 
head restraint was lowered.  For the BioRID II, the 

Nte, the upper neck shear force, and the external 
head impact Fz were the top three responses most 
affected by head restraint position. Across the three 
dummies, the external head impact Fz force was the 
most sensitive response to head restraint position 
while the T1 X-acceleration response was the least.  

     For Series C, none of the Hybrid III or RID2 
responses distinguished between the two head 
restraint positions. 

Backset Sensitivity 
     In Series A, the RID2 was tested at two different 
backsets: 55 and 105 mm. At the two lower sled 
velocities, 9 and 16 km/hr, most of the RID2 
responses were insensitive to the change in backset. 
However, at 24 km/hr more seatback deformation 
occurred than at 16 km/hr, which combined with the 
larger backset, delayed the head restraint contact time 
by approximately 13 ms (Figure 25). The head 
gained more velocity and struck the internal structure 
of the head restraint (Figure 29), resulting in the 
majority of the RID2(105) responses increasing. 

     In Series B, the BioRID II was tested at 27 km/hr 
with backsets of 57 and 83 mm. Both the measured 
and calculated responses increased at the larger 
backset. 
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Handling Issues 

     Use of these dummies in a testing environment 
highlighted several areas where the dummies were 
already improved or could be improved further.  

Hybrid III 
     The Hybrid III could benefit from the addition of 
tilt sensors to the head and pelvis regions to 
streamline the positioning process.   

     The Hybrid III is not designed for T1 target 
placement, requiring the test labs to fabricate 
something on site.  Designated target locations on the 
lower neck would simplify this. 

RID2 
     The lifting mechanism does not securely hold the 
dummy in place but allows it to slip sideways while 
suspended.  This lifting method is difficult to use in a 
vehicle buck environment.   

     The neck positioning cable system requires 
improvement.  It is complicated to use, difficult to 
adjust accurately, and also is not robust, because the 
cables slipped from their setting during testing and 
required readjustment more than once.   



     The neck is too soft to maintain its position in 
between testing, and requires a neck brace or removal 
of the head/neck, which is not practical for 
production environments.  The brace that was 
supplied did not fit the dummy well and therefore did 
not provide optimal support for the neck, and also 
required removal of the T1 targets between 
consecutive tests. A system that is more customized 
for the dummy and easier to use is needed.   

     The use of tilt sensors for positioning the RID2 
could streamline the positioning process, however the 
system provided requires some improvement.  The 
tilt sensors should all be hard mounted in their 
appropriate locations to prevent slippage of the 
sensor inside the dummy.     

BioRID II 
     The lifting mechanism must be removed for each 
test to prevent interaction with the lap belt, and the 
neck attachment also requires the T1 targets to be 
removed each time the dummy is lifted.  The entire 
mechanism is difficult to use in a vehicle buck.   

     The use of a water bladder on a sled environment 
is a concern.  Leakage could cause serious damage to 
sled equipment.  Perhaps a fluid with a higher 
viscosity or gel like that used in the abdominal insert 
developed by Rouhana et al. [16] would minimize the 
damage caused by a leak.   

     Finally, the arm attachments do not securely 
attach the arms to the dummy.  During sled tests the 
arms were seen to flail considerably, apparently 
causing damage to the chest jacket. 

RID2 Neck Buffer Configuration 

     After this evaluation was completed, it was 
discovered that the RID2 neck buffer configuration 
was incorrect in both Series B and C. In Series B, the 
RID2 neck was missing a symmetrical pair of "D" 
buffers on neck level 1 (Figure 64). In Series C, a 
symmetrical pair of "C" buffers was missing on neck 
level 3 (Figure 65). To determine the effect of the 
missing buffers, 3 m/s pendulum tests were run with 
a RID2 neck that was configured as designed 
(correctly) and then configured to match each of the 
two tested configurations. Two repeat tests were 
conducted on each configuration in both flexion and 
extension. Due to the similar responses of all three 
neck configurations, see Appendix E, the effect of 
the missing buffers was judged to be negligible and 
does not invalidate the presented data.  

        

 

  

 

          

Figure 64. Series B: RID2 neck buffer 
configuration. The arrows point to the missing 
pair of "D" buffers. 

Kim, 20

               

Figure 65. Series C: RID2 neck buffer 
configuration. The arrows point to the missing 
pair of "C" buffers. 

CONCLUSIONS 

• The C7/T1 extension moments of the Hybrid III 
were at least three times greater than those of the 
RID2. (The BioRID II was not instrumented 
with a lower neck load cell.) 

• For the Hybrid III, the C7/T1 extension moments 
were at least three times its moments at the 
occipital condyles. 

• For the Hybrid III and the RID2, the lower neck 
shear forces were always at least 35% greater 
than their respective upper neck shear forces. 
(The BioRID II was not instrumented with a 
lower neck load cell.) 



• For all three dummies, the head restraint contact 
times were not sensitive to the sled velocity 
increases in these tests. 

• In Series A, the seatback deformation that 
occurred at 24 km/hr limited the amount by 
which the Hybrid III and RID2 responses would 
have increased due to the sled velocity increase 
(16 to 24 km/hr) alone. (The BioRID II was not 
tested in Series A.) 

• The BioRID II, Hybrid III, and RID2 dummies 
were sensitive to a head restraint position change 
from below their head CGs to above it. 

• The Hybrid III and RID2 dummies were not 
sensitive to increases in head restraint height if 
the head restraint was already above their head 
CGs. (The BioRID II was not evaluated in this 
condition.)  

• Neither the NIC nor the Nte, both of which are 
proposed injury criteria, provided additional 
information over the measured responses. 

• The responses of the BioRID II and RID2 
increased with larger backsets at approximate 
sled velocities of 24-27 km/hr. 

o At 9 and 16 km/hr, the RID2 responses 
were not affected by the change in 
backset from 55 to 105 mm. (The 
BioRID II was only tested at 27 km/hr.)   

• As tested in Series C, both the Hybrid III and the 
RID2 had acceptable repeatability. (The BioRID 
II was not tested in this series.) 

• For the BioRID II and the RID2, the upper neck 
tensile forces were always greater than their 
respective upper neck shear forces. 

ACKNOWLEDGMENTS O For the Hybrid III, the upper neck 
tensile forces were usually greater than 
its upper neck shear forces.      The authors would like to thank Denton ATD, 

Inc. and Robert A. Denton, Inc. for providing the 
BioRID II and the necessary load cells for its use. 
Special thanks go to John Arthur and Mike Salloum 
for their technical support. We would also like to 
thank First Technology Safety Systems for providing 
the RID2 and the necessary load cells for its use and 
for hosting two RID2 technical sessions. Special 
thanks go to Steve Goldner and York Huang for their 
technical support. Special thanks also go to Mat 
Philippens, TNO Automotive, for sharing his 
technical expertise in support of this evaluation.  
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only tested in Series B.) 

o The Hybrid III lower neck tensile force 
response was sensitive to sled velocity 
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o The RID2 upper neck tensile force 
response was sensitive to sled velocity 
in all three test series. 
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APPENDIX A. EQUATIONS FOR 
CALCULATED RESPONSES 

1. MOMENT TRANSFER EQUATION AND 
DISTANCES 

MYCor = MY + (FX •DZ) + (FZ •DX) 

where FX, FZ, and MY are the measured loads and 
torques [17, 18].  

http://www.agu.ch/en/index.html


Table A1. 
Correction distances for the BioRID II,        

Hybrid III, and RID2 
 

DX (mm) DZ (mm) 
Occipital Condyle: 
BioRID II, Hybrid III, RID2 0.0 -17.8 

C7/T1: 
Hybrid III 50.8 28.6 

C7/T1: 
RID2 0.0 18.0 
 
2. EXTERNAL HEAD FORCE EQUATIONS [20]† 

To calculate the inertia loads on the head (using a 
50th percentile head mass, M = of 4.2 kg*): 

FXinertiaload = M*AXhead 
FZinertiaload = M* AZhead 

To calculate the external head forces: 

FXhead = FXinertiaload – FXupperneck 
FZhead = FZinertiaload – FZupperneck 

†The measured head CG accelerations and the 
measured upper neck loads were used to calculate the 
external head forces, not the corrected responses. 

*4.2 kg represents the mass of the head above the 
measurement strain gage in the upper neck load cell. 

3. NIC [23, 3, 4]  

NIC = (0.2 * arel) + (vrel)2 

  where  arel = T1ax - C1ax, 
  vrel  = ∫arel dt, 
  T1ax – T1 X-acceleration, 
  C1ax – C1 X-acceleration†.     
†The head CG X-acceleration was used for C1ax. 

4. Nij - Nte  [13, 14, 1, 11, 12]  

Nte = (FZ/FZc) + (MOCY/MYc) 

where  FZc = 6806 N for tension and  
MYc = 135 Nm for extension. 
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 Tilt Sensor 7 
Head 

(Degree) 

Tilt Sensor 6 
T1 

(Degree) 

Tilt Sensor 5 
Neck Bracket 

(Degree) 

Tilt Sensor 3 
Lumbar Bracket, 

Top 
(Degree) 

Tilt Sensor 1 
Lumbar Bracket, 

Left-Right 
(Degree) 

Pelvic 
Reading*

* 
(Degree) 

9 km/hr, 1  0 6 -11 -1 -1 82.0 
9 km/hr, 2  -1 6 -11 -1 0 83.9 
16 km/hr, 1  -1 4 -9 -3 1 83.9 
16 km/hr, 2  -1 6 -11 -1 0 83.2 
24 km/hr, 1  1 6 -11 1 0 82.6 
24 km/hr, 2  -1 6 -11 -1 0 83.0 

*Tilt sensor 2 (Lumbar Bracket Bottom) and tilt sensor 4 (T12) were inoperative; the readings were not included. 
**The pelvic angle was measured manually due to tilt sensor 2 being inoperative. A pelvic reading of 83o 
corresponded to 22.5o.  

APPENDIX B. RID2 TILT SENSOR READINGS AT INITIAL POSITION 
 

Table B1. 
Series A: RID2 55 mm backset 



 Table B2. 
Series A: RID2 105 mm backset 

 Tilt Sensor 7 
Head 

(Degree) 

Tilt Sensor 6  
T1 

(Degree) 

Tilt Sensor 5 
Neck Bracket

(Degree) 

Tilt Sensor 3 
Lumbar Bracket, 

Top 
(Degree) 

Tilt Sensor 1 
Lumbar Bracket, 

Left-Right 
(Degree) 

Pelvic 
Reading** 
(Degree) 

9 km/hr, 1  2 12 -17 -9 0 82.6 
9 km/hr, 2  1 12 -17 -5 1 83.8 
16 km/hr, 1  1 12 -17 -7 -1 82.0 
16 km/hr, 2  1 12 -17 -8 1 82.5 
24 km/hr, 1  1 12 -17 -7 -1 83.0 
24 km/hr, 2  1 12 -17 -7 0 83.8 

*Tilt sensor 2 (Lumbar Bracket Bottom) and tilt sensor 4 (T12) were inoperative; the readings were not included. 
**The pelvic angle was measured manually due to tilt sensor 2 being inoperative. A pelvic reading of 83o 
corresponded to 22.5o. 

Table B3. 
Series B: RID2 

 
 

Tilt Sensor 7 
Head 

(Degree) 

Tilt Sensor 6 
T1 

(Degree) 

Tilt Sensor 5 
Neck Bracket

(Degree) 

Tilt Sensor 3 
Lumbar 

Bracket, Top 
(Degree) 

Tilt Sensor 2 
Lumbar Bracket, 

Bottom 
(Degree) 

Tilt Sensor 1 
Lumbar Bracket, 

Left-Right 
(Degree) 

17 km/hr, HR up 1 -1 5 -1 -9 -1 0 
17 km/hr, HR up 2 -1 2 -2 -10 1 0 
17 km/hr, HR down 1 -1 5 -2 -10 1 0 
17 km/hr, HR down 2 -1 4 -1 -10 0 0 
27 km/hr, HR up 1 1 1 -2 -9 1 0 
27 km/hr, HR up 2 -1 5 -1 -10 1 0 
27 km/hr, HR down 1 0 3 -4 -9 0 0 
27 km/hr, HR down 2 2 3 -2 -10 1 0 

*Tilt sensor 4 (T12) was inoperative; the readings were not included. 
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Table B4. 
Series C: RID2 

 
 

Tilt 
Sensor 7 

Head 
(Degree) 

Tilt 
Sensor 6 

T1 
(Degree)

Tilt Sensor 5
Neck Bracket

(Degree) 

Tilt Sensor 4
T12 

(Degree) 

Tilt Sensor 3
Lumbar 

Bracket, Top
(Degree) 

Tilt Sensor 2 
Lumbar 
Bracket, 
Bottom 

(Degree) 

Tilt Sensor 1
Lumbar 

Bracket, Left-
Right 

(Degree) 
10 km/hr, HR up 1  0 1 -2 1 13 -1 1 
10 km/hr, HR up 2 0 0 -2 2 1 1 1 
10 km/hr, HR down 1 0 -1 -1 -1 6 2 1 
10 km/hr, HR down 2 0 1 -2 0 6 2 0 
10 km/hr, HR up 3 0 1 -3 1 6 2 1 
10 km/hr, HR down 3 1 0 -2 2 -1 2 1 
24 km/hr, HR up 1 -1 0 -2 3 -1 -1 1 
24 km/hr, HR down 1 0 1 -2 1 7 0 0 
24 km/hr, HR up 2 0 1 -2 2 3 0 1 
24 km/hr, HR up 3 0 -1 -1 0 3 1 1 
24 km/hr, HR down 2 0 0 -1 1 1 1 1 
24 km/hr, HR down 3 0 1 -2 0 0 2 0 



APPENDIX C. SERIES B: BIORID II BACKSET SENSITIVITY TIME HISTORY RESPONSES. 

Figure C1. Series B: Resultant head acceleration. 
BioRID II at backsets of 57 and 83 mm. 

 

 
Figure C2. Series B: T1 X-acceleration. BioRID II 
at backsets of 57 and 83 mm. 

 

Figure C3. Series B: Upper neck Fz. BioRID II at 
backsets of 57 and 83 mm. 

Figure C4. Series B: External head impact Fz. 
BioRID II at backsets of 57 and 83 mm. 

 

Figure C5. Series B: NIC. BioRID II at backsets 
of 57 and 83 mm. 
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APPENDIX D. SERIES C: CORRELATION COEFFICIENTS. 

Table D1. 
Correlation coefficients for 10 km/hr, head restraint up 

 Hybrid III RID2 

 
Magnitud

e Shape Phase Magnitud
e Shape Phase 

Head X-acceleration 0.9562 0.9866 1.4167 0.9704 0.9852 1.9 

T1 X-acceleration 0.882 0.9783 2.5333 0.8366 0.9578 0.7833 

T12 X-acceleration 0.8803 0.9929 2.1 0.9107 0.9478 0.35 

Pelvis X-acceleration 0.9441 0.9953 2.3167 0.9386 0.9873 1.000 

 
Table D2. 

Correlation coefficients for 10 km/hr, head restraint down 
 Hybrid III RID2 

 
Magnitud

e Shape Phase Magnitud
e Shape Phase 

Head X-acceleration 0.9855 0.9938 0.7667 0.9166 0.9844 0.4167 

T1 X-acceleration 0.9266 0.9769 1 0.9017 0.9304 2.0667 

T12 X-acceleration 0.9704 0.9727 1.3167 0.8590 0.9360 2.4833 

Pelvis X-acceleration 0.8990 0.979 1.7167 0.9315 0.9826 8.5333 

 
Table D3. 

Correlation coefficients for 24 km/hr, head restraint up 
 Hybrid III RID2 

 
Magnitud

e Shape Phase Magnitud
e Shape Phase 

Head X-acceleration 0.9324 0.9943 1.0833 0.9558 0.9959 2.600 

T1 X-acceleration 0.9372 0.9880 1.8500 0.9684 0.9886 2.1167 

T12 X-acceleration 0.9472 0.9858 1.5333 0.9145 0.9774 2.1168 

Pelvis X-acceleration 0.9488 0.9877 4.0167 0.9659 0.9929 3.3833 

 
Table D4. 

Correlation coefficients for 24 km/hr, head restraint down 
 Hybrid III RID2 

 
Magnitud

e Shape Phase Magnitud
e Shape Phase 

Head X-acceleration 0.9276 0.9946 0.2 0.9455 0.9879 4.8 

T1 X-acceleration 0.9607 0.9918 0.0167 0.9674 0.9715 1.6167 

T12 X-acceleration 0.9186 0.9910 0.2 0.9535 0.9751 2.1167 

Pelvis X-acceleration 0.9205 0.9899 0.95 0.9521 0.9913 1.95 
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APPENDIX E. RID2 NECK BUFFER CONFIGURATION HEAD/NECK PENDULUM TESTS 
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Figure E1. RID2 neck buffer configurations: 
Design and Series B. Flexion tests: Occipital 
condyle moment vs head/pendulum rotation. 
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Figure E2. RID2 neck buffer configurations: 
Design and Series B. Extension tests: Occipital 
condyle moment vs. head/pendulum rotation. 
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Figure E3. RID2 neck buffer configurations: 
Design and Series C. Flexion tests: Occipital 
condyle moment vs head/pendulum rotation. 
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Figure E4. RID2 neck buffer configurations: 
Design and Series C. Extension tests: Occipital 
condyle moment vs head/pendulum rotation. 
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ABSTRACT 

Evaluating performance of occupant 
retention countermeasures at the side windows 
through full-scale crash tests are typically expensive 
and yield inconclusive results. The results are 
inconclusive due to the non-repeatable nature of this 
testing. Another approach utilizes guided impact 
testing that propels an attached headform into a 
window to evaluate performances of these safety 
systems. This may provide some procedural value in 
generating repeatable results with limited objectives. 

 
The capability to limit the guided impact 

headform displacement relative to a vehicle's exterior 
window plane is assumed to represent reduced risk of 
occupant ejection. However, it is not known what 
ejection risk is represented for a given headform 
excursion.  
 

This study characterized headform 
excursions in guided impact testing for a given 
window airbag design with a range of restraint 
capabilities. Not surprising, disparities in the 
headform excursions were observed depending on the 
impact location of the impact on the airbag.  System 
level evaluation of the airbag design in a rollover 
environment was conducted to determine which 
restraint capabilities represented a reduced risk of 
occupant ejection. 

 
A correlated computer model of NHTSA’s 

Dynamic Rollover Fixture (DRF) was used to 
identify the restraint characteristics for the airbags in 
which occupant ejection occurred as well as those 
where occupant retention was achieved in order to 
establish a relationship to headform excursion. 
However, the relationship for a given headform 
excursion to ejection risk was not apparent due to 
disparity in the headform excursion results. 

 
Review of simulations in the DRF showed 

that as the occupant interacted with the airbag, 
occupant moved from the region of the airbag where 
excursions were the lowest, towards the region of the 
airbag where headform excursion was greatest.  The 
dummy moved forward until it “pocketed” in the un-

inflated front zone of the airbag or until it escaped 
out of the zone with the highest allowable excursion.    
 
BACKGROUND  
 

The fatality rate for an ejected vehicle 
occupant is three times as great compared to 
occupants who remain inside of the vehicle. More 
than 5,000 ejected fatalities are through front side 
windows with over 2,000 of these from partial 
ejections. For that reason reducing occupant ejections 
through side windows offers the potential for 
significant safety benefits [1].  

 
The National Highway Traffic Safety 

Administration (NHTSA) has been conducting 
research for several years on ejection mitigation, 
which includes evaluations of a guided impactor test 
to characterize occupant ejection potential as a 
possible approach to addressing occupant ejection 
through the side window. A guided impactor is a 
device with a headform attached to the end of a shaft 
and is propelled linearly at a potential 
countermeasure, as shown in figure 1. The impactor 
device can measure the headform distance traveled 
when impacting the countermeasure. Guided impact 
testing has shown to be an excellent method in 
measuring excursion. 

 

 
 

Figure 1. Guided impactor used by NHTSA 
 

NHTSA has applied ejection mitigation 
research towards characterization of window airbag 
systems that deploy down from the roofline above the 
door to protect occupants in side crashes. Some of 
these airbag systems have shown capability to 
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significantly limit the headform excursion of the 
guided impactor.  
 

However, it is not clear on what basis an 
excursion criterion could be established for 
evaluating performance of countermeasures to 
mitigate occupant ejection. It has been observed, for 
example, that the deflection of the airbag may create 
additional potential for ejection as shown in figure 2.  

 

 
 

Figure 2. Opening created by guided impactor 
 
The fundamental question one could ask, as 

it relates to guided impact testing, is what is an 
appropriate metric to mitigate occupant ejection.  

 
Meaningful energy levels, locations and 

limits for excursion testing have not been agreed 
upon.  NHTSA is evaluating 4 impact locations 
points around the perimeter of the window as 
depicted in figure 3 [2]. Another impact location 
being considered by industry is located at the 
centroid of the window.   

 

4

12
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Figure 3. NHTSA’s impact positions 
 

The perimeter locations attempt to address 
not only the likely impact points of the occupant’s 
head during a rollover, but also critical locations 
where other parts of the body may try to escape with 
some significant energy associated with them.  
Impact energy levels of the guided impact testing 
ranged from 150J to 400J, based on analysis of 

velocities of unbelted occupants during a rollover [3].  
Occupants to window velocities ranging from 15-
24kph have been shown in rollover tests. 

 
 Part of the challenge with creating a 

universal metric at a component level is that rollover 
scenarios are wide ranging. Of course, there is also 
the challenge of creating a test in a static environment 
that can provide insight into a system level response. 

  
It has been observed, while guided impact 

testing can assess the capability of a system to 
contain a headform at a given location, the airbag 
countermeasure reacts to the impact and alters the 
area of designed coverage. This deflection may also 
alter how an occupant reacts with the airbag. It may 
be possible for an occupant to migrate towards areas 
of an airbag design that may not mitigate ejection 
effectively. 

 
The changes in coverage can also affect 

partial ejection for a given system.  When an 
occupant loads a system, it most often moves 
outboard and towards the roof, leaving a gap at the 
top of the beltline.  This gap is typically in a critical 
area where partial ejection can occur.  Partial ejection 
is usually associated with non-fatal injuries, but at 
numbers higher than those with full ejections [4]. 
 

 
GUIDED IMPACT CHARACTERIZATION 
 

The airbag system used in this study was 
designed for a mid-size SUV and met all 
requirements for primary impact performance 
(FMVSS 201/ 214, IIHS) as well as offering 
extended inflated duration for rollover protection.  
Coverage of the subject airbag design for all seated 
occupants is shown in figure 4.  

 

 
 

Figure 4. CAD coverage of airbag designed for 
study 

The guided impact testing used an 18kg 
(40lb) HIII headform. The head was oriented with the 
front of the head facing forward and the side of the 
head adjacent to the impacting surface of the airbag. 
The initial impact location of the testing was position 
3 as identified by the NHTSA impact positions. This 
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position was chosen as it potentially represented a 
challenge for window airbag designs due to the 
vehicle geometry. The impact energy was 183J, 
which represents a headform impactor-to-window 
velocity of 16kph.   

 
Figure 5 shows the guided impact test setup 

with the airbag in the deployed position.  The amount 
of excursion outside of the vehicle plane was 
measured using a potentiometer zeroed when the 
headform contacts the inside surface of the window 
plane. All deflection values listed are measured from 
the window plane. 

 
 

 
 
Figure 5. Guided impact test setup with headform 
impacting the airbag at position 3 
 

The pressure for the airbag design was 
varied for a series of guided impact tests. The 
pressure was varied to characterize a range of 
headform excursions for this study. Note that the 
specific pressure needed is dependent on the airbag 
design and the geometry, for this reason specific 
pressure values will not be listed, and the airbags at 
varying pressures will be listed by letter.  

 
Results of the guided impact testing for this 

setup demonstrated retention characteristic of the 
airbag design to limit the headform excursion at 183J 
for a given pressure [5].   
 
Computer Modeling 
 

Data from the guided impact testing was 
correlated to a MADYMO model of the airbag design 
for additional analysis. Figure 6 shows the excursion 
test data with the 183J headform impacting at 
position 3 compared to the correlated MADYMO 
results of an airbag variant. 
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Figure 6. Comparison of headform excursion 
outside the window plane (MADYMO model 
versus test data) 

 
The correlated model was used to simulate a 

range of airbag pressures in the guided impact test in 
order to assess their headform excursion.  Variations 
of the retention characteristics were based on a range 
of pressure expected in the system during a late-term 
event such as rollover.  The excursions for the range 
of airbags in the guided impact test are shown in 
figure 7. 
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Figure 7. Excursion of airbag design in the guided 
impact test condition at position 3 for various 
pressures 
 

When impacting at position 3 with 183J, this 
range of airbags showed performance ranging from 
the headform traveling only 85mm outside of the 
vehicle plane to the headform pushing though the 
airbag with little resistance and traveling to the end of 
its stroke.  An end view of the maximum headform 
excursion of two of these systems tested is shown in 
figure 8.   
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Figure 8. Comparison of headform excursion 
outside the window plane (airbag A versus airbag 
D) tested at position 3 
 
ROLLOVER EVALUATION 
 

The Dynamic Rollover Fixture (DRF), a 
NHTSA research tool for evaluating countermeasures 
in rollover, was used for the rollover evaluation in 
this study due to its demonstrated capability to eject a 
dummy repeatability [6].   

 
The DRF (shown in figure 9) can achieve 

roll rates of 360 degrees per second as well as 
occupant to window velocities ranging from 15-
30kph, all within the range of real-world scenarios 
[7].  

 

 
Courtesy of NHTSA 
 
Figure 9. Dynamic Rollover Fixture (DRF) 

 
The test that was used for this study had a 

maximum roll rate of 360 degrees per second.  Based 
on analysis conducted by NHTSA with at this roll 
rate with the unbelted 5th percentile female dummy in 
this position, occupant to window velocity would be 
approximated at 15kph [8].  This roughly 
approximates the velocity seen in the guided impact 
testing. The DRF fixture is a key element to this 
analysis.  There is a great deal of data on various 
rollover scenarios and which are most prevalent [9].   

 

A MADYMO model was created using the 
roll rate and kinematic response of the DRF testing 
with an unbelted 5th percentile female dummy.  This 
occupant was selected because there was a fairly 
large data set of tests on the DRF from which to 
correlate the model.  The smaller dummy and lower 
impact point would likely present challenges for the 
system.  The vehicle geometry of the roof rail in the 
MADYMO simulation was modified to represent the 
mid-size SUV that the airbag was designed for.  
 

 
 

Figure 10. DRF test with unbelted 5th percentile 
female dummy versus MADYMO simulation 
 

Once the model was created and validated, 
as illustrated in figure 10, a comparison was made 
between the impact location used in the guided 
impact tests (position 3) and the impact location of 
the unbelted occupant in the DRF test condition.  
Figure 11 shows a comparison of position 3 used for 
guided impact testing and the location where the head 
contacts initially in the DRF test condition. 

 

Airbag DAirbag A
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Figure 11. Impact Locations - Guided Impact Test 
Versus DRF 
 

The location of impact seen in the DRF 
testing was considerably aft (~300mm) of the 
position 3 used for the analysis.  Therefore it was 
necessary to simulate additional guided impact 
testing at a position corresponding to the point where 
the unbelted occupant would load the airbag system 
in the DRF test condition.  This will be referred to as 
the DRF position, corresponding approximately to 
position 4 in figure 3.  The comparison of the 
simulations is shown in figure 12. 
 

 
 
Figure 12. Simulation Impact Locations – Position 
3 Versus DRF 

 
The guided impact test series was repeated 

with the impact location based on that seen in the 
DRF analysis.  The results are shown in figure 13.   
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Figure 13. Performance of different airbag designs 
in the guided impact test condition at the DRF 
position 
 

The trend of the excursion was the same, but 
the magnitudes of excursion were much less.  The 
next step in the investigation was to evaluate an 
unbelted 5th percentile female occupant in the DRF 
test.   
 
RESULTS 
 

The results of the two sets of excursion 
testing (position 3 and DRF) as well as the DRF 
response are shown below in Table 1.  The third 
column indicates which airbag variations contained 
the occupant and which did not.   

 
Table 1. 

 Performance of different airbag designs 
in the guided impact test conditions and the DRF 

test 
 

Impact 
Position 3 

Impact 
Position 

DRF  

DRF Test  

Excursion 
(mm) 

Excursion 
(mm) 

Containment 
(Y/N) 

Airbag A Not 
contained 

Not 
contained No 

Airbag B 183 112 No 
Airbag C 163 87 No 
Airbag D 144 67 Yes 
Airbag E 115 34 Yes 
Airbag F 97 14 Yes 
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The results of the DRF testing subsequently 
focused attention on airbags C and D.  Additional 
scrutiny was given to airbags C and D due to the fact 
that with a very small change in the airbag 
characteristics, one system did not contain the 
occupant in the DRF test (C), while the other did (D).  
The guided impact results for airbags C and D have 
substantially different excursion values based on their 
impact locations.  These discrepant results make it 
difficult to define an allowable excursion criterion.  
Figure 14 shows the occupant response in the DRF 
test. 

 

 
 

Figure 14. Performance of airbags C and D in the 
DRF test with an unbelted occupant 
 

A comparison of airbag C and D shows 
approximately 20mm of difference in their response 
in the guided impact test, regardless of impact 
position.  Their respective excursions are shown in 
figures 15 and 16.  
 

 
 
Figure 15. Performance of airbags C and D in the 
guided impact test at position 3 
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Figure 16. Performance of airbags C and D in the 
guided impact test at position 3 and position DRF 
 
DISCUSSION  
  

It was observed in analysis of DRF 
simulations that the occupant moves in the forward 
direction as it loads the countermeasure (regardless of 
the airbag variant).  This is relevant to the guided 
impact testing in that the occupant moves from a 
position with a lower excursion (position DRF, 
13mm to 112mm) to a position with a higher 
excursion (position 3, 97mm to 182mm).   

 
This response consistently shows the 

unbelted occupant taking the “path of least 
resistance”, out of the vehicle in some cases.  With 
the seat and b-pillar limiting the occupant’s 
movement in the aft direction, and the airbag at the 
DRF position limiting it in the outboard direction, the 
dummy moves forward (there are also kinematic 
contributions such as the mass of the inboard arm 
swinging forward).  The dummy moves forward 
either until it “pockets” in the un-inflated front zone 
of the airbag (approximately at position 3) or until it 
escapes out of the zone with the highest allowable 
excursion.    

 
The forward motion simulated in the DRF 

model is illustrated in figure 17 and this forward 
motion is consistent with different countermeasures 
[3]. 

 

Airbag C

Airbag D

Airbag C Airbag D
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Figure 17. Forward movement during DRF test of 
airbags C and D 
 

This phenomenon should affect guided 
impact strategy.  Regardless of the guided impact 
response of the airbag at the point of initial impact, if 
there exists a region of the airbag with little or no 
retention properties, an unbelted occupant will move 
toward that area.  If this area is sufficiently large, the 
occupant may eject in spite of whatever retention is 
offered in other areas of the airbag.  

 
Additional study on the effect of a single 

region of the rollover system that offers 
comparatively less resistance to excursion than other 
regions and its effect on the overall ejection 
mitigation performance will be conducted. 
 
CONCLUSIONS  
 

This study analyzed headform excursions 
for a given window airbag design and varied restraint 
characteristics to achieve a range of headform 
excursions in guided impact tests.  This study then 
attempted to find threshold values for excursion in 
guided impact testing that would either result in 
occupant ejection or occupant retention in a given 
rollover environment. 

 
There appears to be at most a qualitative 

relationship between guided impact head excursion 

results and risk of ejection, within the limits of this 
study. 
 

Consequently, use of guided impact testing 
at a single location, as a means to quantify and 
inexpensively evaluate curtain designs with regards 
to ejection mitigation is limited.   
 

The excursion values in the guided impact 
tests, along with the DRF analysis, do appear to offer 
insight into the retention performance of a system 
during the rollover event.  The movement forward of 
the occupant from an area of greater stiffness (lower 
excursion values) to one of less stiffness (greater 
excursion values) indicates a phenomenon that 
should affect the occupant retention strategy of airbag 
design.  
 
RECOMMENDATIONS 
 

Until some guided impact test standard is 
developed it is recommended that caution be used in 
predicting occupant ejection risk using guided impact 
test results. 
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ABSTRACT 

The Motorcyclist Anthropometric Test Dummy 
(MATD) and injury risk/benefit analysis methods 
standardized under International Standard ISO 13232 
allow the relative injury benefits and risks of rider 
protective devices fitted to motorcycles to be 
assessed, for a specific set of injury types. Research 
involving the feasibility of airbags fitted to 
motorcycles intensified the need to upgrade the crash 
test dummy neck injury assessment methods, and an 
improved dummy neck with multi-directional 
biofidelity and injury assessment capabilities and 
corresponding probabilistic four-axis neck injury 
criteria (upper neck axial compression and tension 
forces, lateral bending, extension and flexion, lateral 
bending, and torsion moments) were subsequently 
developed. The four-axis neck injury criteria 
originally proposed for ISO 13232 had a “trapezoidal 
egg” shaped injury index, based on mechanical stress 
ratio principles, which tended to under-predict 
injuries under tension-only loading conditions, 
compared to injurious tension force levels reported in 
the technical literature. A revised neck injury criteria 
was then developed having a “clipped trapezoidal egg 
shape” index that is similar in concept to the two-axis 
“clipped kite” shape criteria specified by the US 
Motor Vehicle Occupant Crash Protection Standard 
(FMVSS 208). The improved Neck injury criteria 
were developed by fitting the distributions of neck 
injury severities observed in on-scene in-depth 
investigations of 565 real-world motorcycle crashes, 
including the direction of neck motion indicated by 
special detailed neck dissections in 67 fatal cases, to 
the distributions of upper neck forces and moments 
measured in calibrated computer simulations of the 
MATD with the improved neck in the 565 crashes. 
The improved injury criteria can estimate the 
probability of neck injury, based on four-axis upper 
neck forces and moments measured with the new 
MATD neck with a higher level of overall agreement 

with neck injury severity levels and directions 
observed in real world crashes, compared to the 
previous four-axis criteria. 
 
INTRODUCTION 

Background 
 
INTERNATIONAL STANDARD 13232 specifying 
test and analysis procedures for the research and 
evaluation of rider crash protective devices fitted to 
motorcycles, first approved and published in 1996 
[1], has undergone a comprehensive review as a 
result of experience with the Standard (e.g., Zellner, 
et al. [2]). Recommendations for changes and 
improvements were made in all aspects resulting in 
the draft first revision of ISO 13232 [3]. 
 
The recommendations included proposed changes to 
the motorcycle anthropometric test dummy (MATD) 
neck (in Part 3 of the revised Standard [3]), described 
in Withnall et al. [4]; and the neck injury probability 
analysis (in Part 5 of the revised Standard [3]), 
described in Van Auken et al. [5] and herein. These 
changes were considered necessary because the neck 
injury criteria in the original (1996) Standard: 
• did not provide an indication of the AIS injury 

severity level; 
• were “pass/fail” in nature, indicating either "likely 

[neck] fracture or dislocation [with] a fatal 
propensity" or non-injury [1], rather than 
probabilistic; and 

• tended to over predict the number and likelihood 
of neck injuries (>30%) for a census sample, 
compared to actual injury data (<6%); 

as explained in Annex J of Part 5 of the revised 
Standard [3]. Furthermore, the 1996 “pass/fail” neck 
injury criteria is fundamentally different than the 
probabilistic injury severity (AIS) and injury cost 
model for the head, chest, abdomen, and lower 
extremities, based on injury assessment variables 
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measured by the MATD, specified in Part 5 of the 
Standard. The initial basis for this injury model was 
reported in Newman et al. [6], with example 
application in Kebschull et al. [7]. These limitations 
in the 1996 neck injury criterion, due to the limited 
injury tolerance data that was available at the time, 
became especially important in airbag evaluations 
that involved severe neck loading. For example, 
Ramet et al. [8] reported severe upper neck lesions 
with cadavers positioned on prototype motorcycle 
airbags, suggesting that a better estimate of neck 
injury probability would be required. 
 
A probabilistic four-axis neck injury criteria 
described by Van Auken et al. [5] was initially 
proposed for the revised Standard. This criteria was 
based on a “trapezoidal egg” shaped injury index 
which combined the effects of axial neck 
tension/compression force, flexion/extension 
moments, lateral bending moment, and torsion 
moment. This index was derived according to 
mechanical stress ratio principals. However, this 
“trapezoidal egg” based criteria tends to under-
predict injuries under tension only loading 
conditions, compared to injurious force levels 
reported in the technical literature. For example, 
Wilber (AAMA) [9] reported that a neck tension 
limit of FT=4170 N corresponds to a 3% probability 
of AIS 3+ neck injury, which is a much larger 
probability than would be predicted by the 
“trapezoidal egg” criteria in [5] at this force level. 
This paper describes the development of improved 
four-axis criteria that does not under-predict injuries 
in tension only loading conditions. 
 
Objectives 
 
The objectives of this study were to develop a new, 
improved, probabilistic neck injury criterion 
compatible with the criteria employed in other body 
regions of the MATD, and taking into consideration 
available information on the probability of neck 
injury due to neck tension. The criteria would be 
appropriate for assessing AIS 0 to 6 skeletal and 
ligamentous injuries to the upper neck defined by 
AO/C1/C2. The new neck design and injury criteria 
have been proposed in the draft first revision of the 
Standard for use in the risk/benefit analysis and 
injury severity and cost models. 
 
In order to achieve these objectives the following 
refinements were accomplished: 
• the computer simulations of the new neck were 

refined to better match existing and new test data, 
• The LA/Hannover neck injury data were further 

screened to exclude non-relevant injuries such as 

abrasions and lacerations, 
• Three LA/Hannover cases were excluded from 

the analysis because they occurred at higher 
speeds than the corresponding USC fatal cases. 

• The neck injury index was modified to include an 
additional term to account for increased injury 
potential due to axial tension/compression forces. 

 
REQUIREMENTS FOR THE NECK INJURY 
CRITERIA DEVELOPMENT 

The objective was to develop a probabilistic, 
objective injury criterion that would be: 
• consistent with the form of the injury criteria for 

the other body regions in ISO 13232-5, 
• consistent in general form with other neck injury 

criteria applicable to other mechanical necks (e.g., 
Eppinger et al., [10], [11]) 

• based on the force and moment time histories 
obtained from either computer simulations or full 
scale tests using the new MATD neck, according 
to the relevant parts of ISO 13232, 

• suitable for predicting AIS 1 to 6 level injuries to 
the AO/C1/C2 region of the cervical spine, 

• consistent with the frequency distributions of: 
• neck injury severities observed in the census 

of LA/Hannover non-fatal and fatal 
motorcycle-car accidents (ISO-13232-2) and 
USC fatal motorcycle-car accidents ([12], 
[13]); 

• AO/C1/C2 neck injury severities and 
directions observed in the USC fatal 
motorcycle-car accidents; 

• peak AO forces and moments observed in 
calibrated computer simulations of the  
LA/Hannover non-fatal and fatal motorcycle-
car accidents and USC fatal motorcycle-car 
accidents, assuming the baseline helmet and 
opposing vehicle were present in all cases, and 
a GPZ 500 motorcycle was the subject 
motorcycle in all cases. 

 
REFINED COMPUTER SIMULATION OF THE 
MATD NECK 

A computer simulation of the new MATD neck was 
developed using the US Air Force Articulated Total 
Body (ATB) Program [7], [14] in order to estimate 
the neck forces and moments that would have been 
measured by the MATD in the LA/Hannover and 
USC accidents. The mathematical model of the new 
neck comprised 8 segments (lumped mass rigid 
bodies) connected in series between the lower neck 
pivot point and the head, with 26 motion degrees of 
freedom, as illustrated in Figure 1. The model was 
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originally validated by comparing the predicted 
results to those observed in component and full-scale 
tests as reported in [15]. This model was then further 
refined to improve the force-deflection characteristics 
of the “stops” in the neck slider, and to match the 
response to a vertical impact laboratory test (Figure 
2). For example, Figure 1 illustrates a comparison of 
still images from high-speed video of a rearward 
neck extension sled test and the corresponding 
computer simulation. Figure 3 illustrates a similar 
comparison for a full-scale test. Time histories 
comparing the digitized motions and computer 
simulations for these and other laboratory tests are 
illustrated in Appendix A. 
 
The distribution of the maximum neck forces and 
moments from computer simulations of 498 LA and 
Hannover cases and 67 USC fatal cases are illustrated 
in Appendix B. 
 

    

Figure 1.  Rearward neck extension: a) dynamic 
laboratory sled test and b) computer simulation at 
0.1 sec. 

 

    

Figure 2.  Axial neck force time responses 
measured in a laboratory head impact test and 
computer simulation. 

    

Figure 3.  Impact configuration 413-0/30: a) full 
scale test and b) computer simulation 0.1 sec after 
initial contact. 

 
NECK INJURY PROBABILTY MODEL FORM 

In order to maintain consistency of form with other 
injury functions in ISO 13232 and other scientific 
literature, it was assumed that the probability of a 
maximum AISAO/C1/C2 ≥ k neck injury is related to an 
objective injury index NIImax as follows: 
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where γk and ηk are injury risk distribution 
coefficients to be determined. It was further assumed 
that this distribution approximates a normal 
distribution with mean µk, and standard deviation σk, 
according to the equations from SAE AE-9 [16] and 
Råde and Westergren [17]: 

 kkk ηγµ 89970.+=  (2). 

 kk ησ 28470.=  (3). 

The objective injury index NIImax is defined as 
follows: 

 ( )tNIINII
t

max max=  (4). 
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where NII(t) is defined by equation (5) and where 
 

FC is the neck axial compression force, 
FC = -min(FZ,0), 

FT is the neck axial tension force, 
FT = max(FZ,0), 

MX is the neck lateral flexion moment, 
ME is the neck extension moment, 

ME = -min(MY,0), 
MF is the neck flexion moment, MF = max(MY,0), 
MZ is the neck torsion moment, 
FI

* and MI
* are model coefficients corresponding to 

single axis failure criteria, to be determined 
for I={C,T,X,E,F,Z}. 

 
The first term in equation (5) corresponds to equation 
(5) in Van Auken et al. [5], which has a “trapezoidal 
egg” shape. It was adapted from the generalized 
stress ratio method for estimating the strength of 
materials under combined loading conditions 
described in many references (e.g., Shanley et al. 
[18], Bruhn [19], and US Department of Defense 
MIL-HDBK-5D [20]) and assuming that the 
generalized exponent has a value of either 1 or 2. For 
example Figure 1.5.2.5 of MIL-HDBK-5D ([20], pp 
1-29) indicates that for various materials, the 
exponents in equation (5) in general can have real 
values in the range of n=1 to 3. The assumption is 
that biological material such as ligaments and 
vertebral facets exhibit material characteristics 
analogous to those for metallic materials. For 
strength of materials, in general, bending and axial 
stresses are considered to be linearly additive (i.e., 
n=1); moments about orthogonal axes are considered 
to be resultants (i.e., n=2); and combinations of shear 
(i.e., torsion) and axial stress are considered to be 
resultants. Equations C4.11, C4.16, and C4.16 in 
Bruhn [19] are examples of stress ratios for these 
types of interactions. Equation (5) allows for 
asymmetric strengths (e.g., extension-flexion), and 
strengths in each direction which are independent of 
the strengths in the other directions, which was 
considered to be appropriate for composite structures 

such as the human neck. 
 
The second term in equation (5) is only a function of 
axial neck force, and effectively “clips” the 
“trapezoidal egg” shape if the α  “clipping” 
coefficient is greater than 1. This term is modeled 
after NHTSA’s neck injury criteria [21], which limit 
the allowable neck tension and compression forces to 
values less than those of allowed for a “Nij” limit 
based on a combination of axial tension/compression 
force and flexion/extension moment. This limit was 
incorporated into the criteria recommended by 
Eppinger et al.[11] and appears to be based on axial 
neck tension/compression limits recommended by 
Wilber (AAMA) [9] . 
 
Neck shear forces are not included in this model 
because shear motions were observed in 64 of the 67 
cases in the USC fatal accident database with 
AO/C1/C2 neck injuries. As a result, it was 
considered that there was insufficient information in 
this database to identify injury criteria based on shear 
force. Possible explanations for this are that neck 
shear motion may be uniformly associated with 
motorcycle (and perhaps nearly all motor vehicle) 
neck injuries; or alternatively, that neck shear motion 
is a fully coupled variable, uniformly associated with 
the other motions that are present (e.g., bending, 
torsion, and compression-tension). 
 
Equation (5) can be re-expressed in terms of 
normalized neck force and moment components 
according to equations (6) and (7) as follows: 
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It was then furthermore assumed that if an 
MAISAO/C1/C2 > k injury does occur, then the injuries 
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are associated with the neck force and/or moment 
directions, I, which satisfy the equation: 

 ( ) kkmaxI QtNII µ*≥  (8). 

where tmax is defined such that 

 ( ) maxmax NIItNII =  (9). 

The Qk
* coefficients have positive values between 0 

and 1 which are also to be determined. 
 
MOTORCYCLE ACCIDENT DATABASES 

The coefficients for the assumed neck injury 
probability model were estimated from data 
describing 498 Los Angeles and Hannover 
motorcycle-car accidents (ISO 13232-2) and 67 USC 
fatal motorcycle-car accidents [13]. Features of these 
databases are summarized in Table 1. Note that 3 

LA/Hannover cases were excluded from the analysis 
because the relative normal closing velocity was 
greater than the range of speeds in the USC fatal 
accident data (i.e., less than 121 km/h). 
 
METHODOLOGY FOR INJURY CRITERIA 
DEVELOPMENT  

The neck injury criteria were estimated using 
methods based on the available motorcycle accident 
data and several assumptions. 
 
Basic Assumptions 
 
Basic assumptions for this analysis were that: 
• The sought for neck injury criteria would be 

applicable to a majority of motorcycle-car 
crashes. However, the range of crash conditions is 
the available accident databases limit the domain 

Table 1. 
Summary of Accident Databases 

 
Accident Database 

Sample Criteria 
LA Hannover USC 

Accident Reporting criteria Police reported Police reported Police reported 
 No. of vehicles 2 2 2 

 
Accident 
configurations 

All, except untestable 
configurations 

All, except untestable 
configurations 

All, except 
runover/snag 

 
Investigation 
method 

On scene, 
in-depth 

On scene, 
in-depth 

On scene, in-depth, 
including in-depth 
medical autopsies, 
neck dissections 

Subject vehicle 
Motorcycle with seated, 

solo rider 
Motorcycle with seated, 

solo rider 
Motorcycle with solo 

rider 
 Person Rider Rider Rider 
  Injury severity Injured or killed Injured or killed Death within 10 days 
Other vehicle Passenger car Passenger car Passenger car 
Region Los Angeles Hannover Los Angeles County 
Time period 1976-1977 1980-1985 Aug 1978-Mar 1981 
Sample size 501 67 

 
Relative normal closing 
velocity < 121 km/h 

498 67 

  
Non fatal neck 
injuries 

<2% 92.5% 

  Fatal neck injuries Unknown, but <3%  7.5% 
  Fatal (all causes) 3% 100% 

Comment 
No neck dissections, neck injuries for fatal cases 

unknown 
Detailed injury 

information 
Reference ISO-13232-2 ISO-13232-2 [12], [13] 

Notes: 
a) Ruptures, dislocations, and fractures 
b) The fatal sample indicates that nearly all of these motorcycle accidents involved non-fatal neck injuries. 

This confirms the assumption that 3 percent of LA/Hannover accidents that were fatal all involved some 
(i.e., non fatal) levels of neck injury. 
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of validity of the injury criteria. The neck injury 
criteria are not applicable to high-speed crashes 
with relative normal closing velocity greater than 
121 km/h. 

• The assumed mathematical injury probability 
model described by equations (1) to (9) are valid 
within the sought for domain of validity. 

• The neck rupture, dislocation, and fracture 
injuries reported in the LA/Hannover databases 
are AO/C1/C2 neck injuries. 

• The distribution of neck AO/C1/C2 injury 
severities in the 67 USC fatal accidents are the 
same as the distribution of neck rupture, 
dislocation, and fracture injury severities in the 13 
fatal LA/Hannover accidents. 

• The distribution of neck forces and moments 
predicted by computer simulations (based on ISO 
13232 computer simulations) of 67 USC fatal 
motorcycle accidents with a GPZ 500 motorcycle 
and a helmeted rider, are the same as those which 
occurred in the 67 USC fatal motorcycle 
accidents, and that these distributions are 
representative of all fatal motorcycle accidents. 

• The distribution of forces and moments predicted 
by the 498 ISO 13232 calibrated computer 
simulations with a GPZ 500 motorcycle and a 
helmeted rider are the same as those which 
occurred in the 498 LA/Hannover injury 
accidents, and that these distributions are 
representative of all injurious motorcycle 
accidents. 

 
These assumptions are also based on the underlying 
assumption that neck forces and moments and 
resulting injury severity are independent of helmet 
use. Orsay et al. [22] have found that there is no 
relationship between helmet use and the prevalence 
of neck injuries. 
 
Additional Assumptions 
 
It was further assumed that: 
• The forces in the new MATD dummy upper neck 

are those that are relevant and correlated with 
human upper neck injuries. The new MATD neck 
dynamic response in three axes has been validated 
against volunteer human response corridors as 
described by Withnall et al. [4]. This general 
approach for developing neck injury criteria has 
been commonly used by others in the past; 

• The simulated dynamic response of the new 
MATD neck correlates strongly with the dynamic 
response from full-scale tests, as described herein 
and in [15]; 

• The distributions of neck forces and moments 
from calibrated computer simulations of a GPZ 
500 and a helmeted rider for the 67 USC fatal 
accident cases are assumed to correspond to the 
distributions of the observed injury severities and 
motions; 

• The coefficients that describe the relative 
distribution of neck injuries by direction (FC

*, FT
*, 

MX
*, ME

*, MF
*, MZ

*, and Q* ) are assumed to be 
the same for both fatal and non-fatal motorcycle-
car accidents, and for all neck injury severity 
levels; 

• FC
*, FT

*, MX
*, ME

*, MF
*, and MZ

* have positive 
values, which are assumed to be less than the 
overall maximum values for FC, FT, MX, ME, MF, 
and MZ that occur in the computer simulations of 
the 67 USC fatal cases, because observed injuries 
were previously associated with motions in each 
of these axes; 

• The α  “clipping” coefficient that describes the 
injury potential for axial forces relative to the 
injury potential for combined forces and moments 
may be different in the LA/Hannover and fatal 
USC motorcycle accidents. It is furthermore 
assumed that there were no injuries in the fatal 
USC motorcycle accidents resulting from only 
axial forces and that 1=α  for these cases. 

• The overall probabilities of neck injury in fatal 
and non-fatal subsamples of motorcycle-car 
accidents may be different (i.e., the intercept 
value µk for riders in fatal accidents may be 
different from µk for injured riders); 

• The standard deviation of the injury risk, σk, 
which is related to the slope of the probability of 
injury vs. injury index curve, is the same for all 
AIS injury severity levels (i.e., failure mechanism 
is similar at all AIS levels, e.g., as assumed with 
the ISO 13232-5 thoracic compression injury 
probability). This assumption eliminates the 
possibility of overlapping injury risk curves (e.g. 
the probability of an AIS 3+ injury being greater 
than the probability of an AIS 2+ injury for a 
given injury index value); 

• The coefficient of variation (standard deviation 
divided by the mean) of the AIS ≥ 3 injury risk 
curve is 0.2 (i.e., σ3/µ3 =0.2). This assumption is 
based on results for neck extension moment and 
tension described by Mertz and Prasad [23]; 

• The probability of AIS>3 injury due to a 4.17 kN 
tension force is 0.03, based on AAMA [9]. 

• “Direction of force” corresponds to “direction of 
motion” for each neck injury observed in the USC 
fatal accidents. The later was based on detailed 
reconstructions of rider motions and in particular 
head and neck kinematics by a panel of experts. 
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Methods  
 
The coefficients for the assumed mathematical injury 
probability model were identified in two steps. First, 
the injury direction coefficients were estimated from 
the neck injury severities and directions observed in 
the 67 USC fatal accident cases. Then, the injury risk 
probability coefficients were estimated from the neck 
injury severities observed in the 498 LA/Hannover 
cases. This process is further detailed in the 
informative annexes to the draft first revision of ISO 
13232-5 [3]. 
 

Injury direction coefficients 
The values for FI

*, MI
*, Qk

*, and Sk were estimated by 
fitting the distribution of neck injury severities and 
direction components, which were predicted by the 
model from computer simulations of the 67 USC 
fatal accidents, to the observed distribution of injury 
severities and directions observed in the USC 67 fatal 
accident database. Sk was defined such that NIImax ≥ 
Sk corresponded to a MAIS ≥ k injury in the 67 USC 
fatal accidents. 
 
The distribution of neck injuries in the USC fatal 
accident database can be described by the frequencies 
with which the contributing directions occur by 
injury severity level.  Let nk,c,t,x,e,f,z be the number of 
riders in the USC fatal accident database according to 
the AO/C1/C2 neck injury severity and axis/ 
direction, where the subscripts c, t, x, e, f, z are either 
0 or 1 as follows: 

i=1 if the rider had an MAISAO/C1/C2 > k injury, and 
the injury was associated with direction FI or 
MI. 

i=0 otherwise. 

 
Note that nk,0,0,0,0,0,0 represents the number of riders 
with MAISAO/C1/C2<k injuries. Values of nk,0,0,0,0,0,0 for 
the USC fatal accident database are listed in Table 2.  
The total number of cases in the fatal accident 
database is 
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which is a constant (ntotal=67) for all injury severity 
levels k. 
 
In a similar manner, let mk,c,t,x,e,f,z be the number of 
computer simulations where AO/C1/C2 neck injury 
is indicated, where the subscripts c, t, x, e, f, z are 
either 0 or 1 as follows: 

i=1 if kmax SNII ≥  and ( ) kkmaxI SQtNII *≥ . 

i=0 otherwise. 

The total number of computer simulation cases is 
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which is also a constant (mtotal=67) for all injury 
severity levels k. 
 

Table 2. 
Distribution of neck AO/C1/C2 injuries in the 

USC fatal motorcycle accident database 
 

k Number of Cases 
with MAISAO/C1/C2 = k 

Number of Cases with 
MAISAO/C1/C2 < k 

  (nk,0,0,0,0,0,0) 
0  3  0 
1  0  3 
2  9  3 
3 39 12 
4  0 51 
5 11 51 
6  5 62 

 
The injury criteria coefficients FI

*, MI
*, Qk

* , and Sk 
were selected to minimize the difference between the 
distributions of predicted and observed injuries.  
Specifically, the coefficients SkFI

* , SkMI
* , and Qk

* 
were determined by the numerical searches described 
in Annex M of ISO 13232-5 to minimize the 
difference function J, 

 ∑
=
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and where 

mk,0,0,0,0,0,0 = nk,0,0,0,0,0,0, 

S1 = 1, and 

Qk
* is the largest value that satisfies  

( ) kkmaxI SQtNII *≥  for at least one direction, I, 

for each of the cases that satisfy kmax SNII ≥ . 

 
The constraint that mk,0,0,0,0,0,0=nk,0,0,0,0,0,0 was imposed 
in order to facilitate the model coefficient 
identification process. With this constraint, Sk can be 
directly calculated from the FI

* and MI
* coefficients, 

thus eliminating one coefficient from the model 
coefficient search.  The constraint that S1 = 1 was 
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chosen in order to uniquely define the absolute 
magnitude of the FI

* and MI
* coefficients. 

 
Injury risk probability coefficients 

The values for µk were then estimated by fitting the 
distribution of neck injury indices predicted by the 
model from the computer simulations of the 498 
generic LA/Hannover cases to the distribution of 
injury severities listed in Table 3. The injury severity 
distribution in Table 3 was estimated using the data 
and method described in Appendix C. The values 
for γk and ηk were then calculated from µk and σk 
assuming as noted previously that σk = 0.2 µ3. 
 

Table 3. 
Distribution of neck AO/C1/C2 injury severities in 

the LA/Hannover motorcycle accident database 
 

k Estimated Number 
of Cases with 

MAISAO/C1/C2 = k 

Estimated Number 
of Cases with 

MAISAO/C1/C2 < k 
 (from column 9 of 

Table C-1) 
 

0 479 0 
1 4 479 
2 3 483 
3 9 486 
4 0 495 
5 2 495 
6 1 497 

 
For each injury severity level k, the numbers of 
LA/Hannover cases with MAISAO/C1/C2>k injuries and 
computer simulation cases with NIImax>µk can be 
expressed according Table 4, where µk and mk are to 
be determined. If the cases are sorted such that 
NIImax,i < NIImax,i+1, for i = 1 to 497, then µk and mk 

satisfy the equation 

 1max,mkmax,m kk
NIINII +≤< µ  (14). 

The values for µk that satisfy equation (14) can be 
calculated from mk according to the equation for the 
logarithmic mean, 

 1max,mmax,mk kk
NIINII +=µ  (15). 

 
The best estimate of µk, for k=1 to 6, satistifies 
equation (14) with mk=nk, the number of cases with 
MAISAO/C1/C2<k listed in the 3rd column of Table 3. 
As a result, the distribution of MAISAO/C1/C2 injuries 
predicted by the 498 computer simulations will match 
the distribution of neck injuries observed in the 
LA/Hannover database as illustrated in Figure 4. 
 

Table 4. 
Number of cases with observed and predicted 

injuries 
Number of Cases  

MAISAO/C1/C2 > k 
(LA/Hannover 

data) 

NIImax > µk 

(computer 
simulations) 

No nk mk 
Yes 498-nk 498-mk 
Total 498 498 

 

0
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1 2 3 4 5 6
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Nu
mb
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 ca
ses LA/Hannover database

498 Calibrated
computer simulations

 

Figure 4. Distribution of observed and predicted 
neck injuries. 

 
The 95% confidence intervals for µk can be 
considered to be the range of values for µk such that 
the portion of cases with NIImax>µk is not statistically 
significantly different than the portion of cases with 
MAISAO/C1/C2>k.  This condition is satisfied for mk

-

<mk<mk
+ such that 8432 .≤χ , where 2χ  is 

calculated according to the following equation (based 
on equation 5.39 in Box, Hunter, and Hunter [24]) 

 
( ) ( )( ) ( )

( )( )( )2
2

2

498498498

4982498498

kkkk

kkkk

mnmn

nmmn

−+−+
×−−−=χ (16). 

The range of values for mk
- and mk

+ that satisfy 

8432 .≤χ  are listed in Table 5. These values are 
used in conjunction with equation (15) to estimate the 
95% confidence limits for µk. The upper confidence 
limits for m4, m5, and m6 (and thus µ4, µ5, and µ6) are 

undefined because 8432 .≤χ  is satisfied for all mk
-

<mk<498. 
 

Table 5. 
95% Confidence limits for mk 

k mk
- mk

+ 

1 466 489 
2 471 491 
3 475 493 
4 488 - 
5 488 - 
6 492 - 
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RESULTING MATD NECK INJURY 
CRITERIA 

Injury Direction Coefficients 
 
The injury direction coefficients listed in Tables 6 
and 7 were identified according to the method 
described above. The resulting value for J was 
462/672=0.103. Table 8 lists the number of observed 
and predicted injuries by injury severity and 
direction, which summarizes the fit to the 64 
individual bins. The correlation between the 
predicted and observed bin counts (mk,c,t,x,e,f,z and 
nk,c,t,x,e,f,z), excluding the non-injury cases, was 
r2=0.56. 
 

Table 6. 
Force and moment normalizing coefficients for 

the new MATD neck 
 

Coefficient Estimated Value 
FC

* 6.53 kN 
FT

* 3.34 kN 
MX

* 62.66 Nm 
ME

* 58.0 Nm 
MF

* 204.2 Nm 
MZ

* 47.1 Nm 
 

Table 7. 
Injury threshold coefficients for the 67 USC fatal 

cases with the new MATD neck 
 

k Sk Qk
* 

1 1 0.619 
2 1.00 0.619 
3 1.50 0.650 
4 3.74 0.594 
5 3.74 0.594 
6 5.20 0.564 

 

The shape and step-wise fit of the NIImax criteria to 
the USC data is illustrated in Figure 5. There are six 
scatter plots, one for each pair of Fz, Mx, My, and Mz 
axes. The numbers in each scatter plot are the 
maximum AISAO/C1/C2=k predicted by NIImax≥Sk 
computed from the forces and/or moments at tmax, 
using the coefficients listed in Tables 6 and 7, for 
injuries associated with the forces and moments on 
the plot. For example, the graph in the upper left 
corner is a scatter plot of injuries that were only 
associated with tension (NIIT(tmax) ≥Qk

*Sk), 
compression (NIIC(tmax) ≥Qk

*Sk), and/or lateral 
bending (NIIX(tmax) ≥Qk

*Sk) motion vs Fz and Mx. 
Envelopes of constant NIImax=Sk are also shown on 
each plot, corresponding to the Sk values in Table 7. 
The envelopes tend to separate out the injuries by 
AIS level as intended. 
 
Injury Risk (Probability) Coefficients 
 
The injury severity coefficients listed in Table 9 were 
identified from the LA/Hannover data according to 
the methods as previously described and based on the 
clipping coefficient 1.3=α . The value of 3.1 was 
selected for α in order that 17.4=TF  kN would 
correspond to a 0.03 probability of a MAIS>3 injury 
(AAMA [9]) as illustrated in Figure 6. The 
corresponding injury risk curves are illustrated in 
Figure 7. The distribution of neck injuries for the 498 
computer simulations also matches the distribution of 
injuries in the LA/Hannover database, as previously 
illustrated in Figure 4. 
 
A comparison of resulting injury criteria for the new 
ISO 13232 MATD neck to NHTSA’s criteria for the 
Hybrid III 50th Percentile Adult Male [21] is located 
in Appendix D, bearing in mind that the two different 
dummy necks and injury criteria were developed 
entirely independently, and therefore would not be 
expected to be similar. 

Table 8. 
Comparison of Number of Observed and Predicted Injuries by Injury Severity and Direction 

 

Number of cases in the USC fatal motorcycle accident 
database with MAISAO/C1/C2≥k and indicated direction 

Number of computer simulations of the USC fatal 
cases with NIImax≥Sk and NIII(tmax)≥Qk

*Sk 
k k Direction 

1 2 3 4 5 6 
I 

1 2 3 4 5 6 
Compression 5 5 4 0 0 0 C 8 8 1 0 0 0 
Tension 18 18 16 4 4 0 T 12 12 11 1 1 0 
Lat. Bending 42 42 35 11 11 2 X 42 42 30 7 7 1 
Extension 33 33 29 8 8 4 E 28 28 23 6 6 2 
Flexion 20 20 17 4 4 0 F 16 16 10 0 0 0 
Torsion 20 20 17 7 7 2 Z 28 28 16 5 5 2 
All 64 64 55 16 16 5 - 64 64 55 16 16 5 
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Figure 5. Forces and Moments at tmax from 
computer simulations of 67 fatal cases and the 
best step-wise fit envelopes of constant NIImax, 
providing the basis for the envelope shape 
(assuming α=0). 

 

 

Figure 6.  Critical neck tension force vs the α  
“clipping” coefficient, providing the basis for 
selecting 1.3=α . 

 
Table 9. 

Injury severity risk coefficients for the new 
MATD neck 

 
k µk σk 

(=0.2µ3) 
γk ηk 

1 5.00 (4.33, 6.96) 1.247 1.06 4.38 
2 5.80 (4.46, 7.42) 1.247 1.86 4.38 
3 6.23 (4.70, 7.84) 1.247 2.29 4.38 
4 8.67 (6.62, -) 1.247 4.73 4.38 
5 8.67 (6.62, -) 1.247 4.73 4.38 
6 10.07 (7.59, -) 1.247 6.13 4.38 

 
 

 
Note: Each force and moment scale is only applicable if all of the 
other upper neck forces and moments are set equal to zero. 

Figure 7.  Neck AO/C1/C2 injury risk curves for 
the new MATD Neck. 

 
CONCLUSIONS AND RECOMMENDATIONS 

The need for a new multi-directional motorcycle test 
dummy neck and neck injury assessment method was 
identified during previous research studies with 
protective devices, in particular with prototype 
motorcycle airbags. A new neck and new improved 
neck injury criteria have been developed which 
satisfactorily meets these and other injury assessment 
needs of ISO 13232. The new neck and improved 
injury criteria are included in the draft first revision 
of the Standard [3]. 
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The new improved probabilistic injury assessment 
criteria was developed to allow injury risk/benefit 
analysis of protective devices while incorporating the 
injury predictions for the neck at the AO/C1/C2 level 
for ligamentous and skeletal injuries at the AIS 
(1990) 1 to 6 level. The criteria employs the 
measured upper neck axial forces, and AP flexion-
extension, lateral bending, and torsional moment 
responses from the new MATD neck to predict the 
injury outcome for use with injury risk/benefit 
analysis methods. The model currently predicts the 
same injury outcome for 565 reconstructions 
representative of field accident data based on the Los 
Angeles and Hannover studies. This is a substantial 
improvement from the previous criteria in ISO 13232 
(1996) which resulted in the number of predicted 
injuries being 10 times larger than the number of 
observed injuries. The improved criteria are also in 
agreement with other published injury risk 
information for neck tension only forces. 
 
The new neck injury criteria is based on several key 
assumptions which may be limiting: the equal injury-
probability slopes at all injury severities, which might 
imply similar injury mechanisms for all severities; 
the accuracy of the N=565 computer simulations 
which have been only partially validated in 
component and full-scale tests; and the observed 
“associated neck motions” for the most severe upper 
neck injury in each accident being based on detailed 
case review and reconstructions by one group of 
experts. Although these assumptions could be subject 
to further refinement, the neck injury criteria are 
based on the best information available at this time, 
and produce predictions that are in closer agreement 
to real world accident data, using the specified 
methodology of ISO 13232. Additional in-depth 
motorcycle accident data would provide a larger 
validation sample. 
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APPENDIX A 

The observed and simulated responses of the neck in 
component and full-scale tests are illustrated in 
Figures A-1 to A-5. 

 

Figure A-1.  Forward neck flexion sled test and 
computer simulation time responses. 
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Figure A-2.  Rearward neck extension sled test 
and computer simulation time responses. 

 

Figure A-3.  Lateral neck flexion sled test and 
computer simulation time responses. 

 

 

Figure A-4.  Neck torsion test and computer 
simulation time responses. 

 

Figure A-5.  Full scale test and computer 
simulation of impact configuration 413-0/30. 

 
APPENDIX B 

Figure B-1 illustrates the distributions of maximum 
neck forces and moments for the 498 computer 
simulations used to identify the neck injury criteria 
for the new MATD neck. Note that these maximum 
forces and moments were the maximum values 
observed in the entire impact sequence, including 
ground contacts, up to 5 sec from the time of initial 
contact, for the purpose of correlating with injuries 
reported in the accident data. Furthermore, some of 
the collisions in this accident database represent high 
speed, severe impacts, with relative normal closing 
velocities up to 121 km/h. This could explain why 
some of the maximum forces and moments are of 
relatively large magnitude. 
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Figure B-1. Maximum neck force and moment 
distributions from computer simulations of 498 
LA/Hannover cases and 67 USC fatal cases, 
including cases with high speed, severe impacts up 
to 121 km/h relative normal closing velocity. 

APPENDIX C 

The distribution of neck injuries in the 498 LA/ 
Hannover accident database was estimated by 
• imputing the distribution of neck injuries in the 

13 fatal LA/Hannover cases according to the 
distribution observed in the 67 USC fatal cases; 
and 

• redistributing the remaining 3 unknown injuries 
amongst the valid cases. 

 
The data and results of this analysis are listed in 
Table C.1. The columns in Table C.1 are as follows: 
(1), (10) The maximum AO/C1/C2 AIS injury 

severity level (MAISAO/C1/C2). 
(2), (4) The numbers of non-fatal and fatal cases in 

the LA/Hannover database by neck rupture, 
dislocation, and/or fracture MAISAO/C1/C2. 
Note that 3 non-fatal cases and all 13 fatal 
cases have unknown neck injuries. 

(3), (5) The percentages of cases in the 
LA/Hannover database corresponding to 
columns 2 and 4.  The percentages in these 
columns are equal to the number of 
cases/498 x 100%. 

(11) The numbers of cases in the USC fatal 
accident database by MAISAO/C1/C2. 

Table C-1. 
Distribution of neck AO/C1/C2 injury severities in the LA/Hannover and USC fatal accident databases 

 
(1) (2) (3) (4) (5) (6) (7) (8) (9)

MAISAO/C1/C2 LA/Hannover Database
Non Fatal Fatal All

Observed Observed Observed Observed Estimated Estimated Estimated Estimated
Number Percentage Number Percentage Percentage Percentage Valid Number

of of all of of all of all of Percentage of
Cases¹ Cases Cases Cases Cases Cases of Cases Cases

0 476 95.58% 0.12% 95.70% 96.28% 479
1 4 0.80% 0.00% 0.80% 0.81% 4
2 1 0.20% 0.35% 0.55% 0.55% 3
3 1 0.20% 1.52% 1.72% 1.73% 9
4 0 0.00% 0.00% 0.00% 0.00% 0
5 0 0.00% 0.43% 0.43% 0.43% 2
6 0 0.00% 0.19% 0.19% 0.20% 1

unknown 3 0.60% 13 2.61% 0.00% 0.60% - 0
Total 485 97.39% 13 2.61% 2.61% 100.00% 100.00% 498

Note:
 ¹Ruptures, dislocations, 
  and/or fractures (10) (11) (12) (13)

MAISAO/C1/C2 USC Database Observed
Fatal Percentage

Observed Observed of USC
Number Percentage Fatal

of of Fatal Cases
Cases Cases x 2.61%

0 3 4.48% 0.12%
1 0 0.00% 0.00%
2 9 13.43% 0.35%
3 39 58.21% 1.52%
4 0 0.00% 0.00%
5 11 16.42% 0.43%
6 5 7.46% 0.19%

Total 67 100.00% 2.61%  
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(12) The percentages of cases in the USC fatal 
accident database by MAISAO/C1/C2. 

(6), (13) The estimated percentage of LA/Hannover 
cases which were fatal by MAISAO/C1/C2.  
The percentages in this column are equal to 
the values in column 12 x 2.61%. 

(7) The estimated percentage of all 
LA/Hannover cases by MAISAO/C1/C2.  The 
percentages in this column are equal to the 
values in column 3 plus the values in 
column 6. 

(8) The estimated valid percentage of 
LA/Hannover cases by MAISAO/C1/C2, which 
reapportions the remaining 3 unknown 
cases amongst the valid cases.  The 
percentages in this column are equal to the 
values in column 7 x 498 / (498-3). 

(9) The estimated number of LA/Hannover 
cases by MAISAO/C1/C2.  The numbers in this 
column are equal to the values in column 8 
x 498 / 100%. The estimated numbers of 
cases were rounded to the nearest integer 
values. 

 
APPENDIX D 

Figure D-1 illustrates the shapes of the new injury 
criteria for the MATD neck and NHTSA’s criteria for 
the Hybrid III 50th percentile adult male neck [21]. 
Keeping in mind that the respective dummy necks are 
mechanically quite different, and the two dummy 
necks and criteria are not interchangeable, this figure 
indicates that the shapes of the two criteria are very 
similar in the Fz vs My plane. This figure also 
illustrates the differences between the two criteria in 
lateral flexion and torsion. 
 

 

Figure D-1.  Comparison of the general shape and 
axes of the improved neck injury criteria for the 
new ISO 13232 MATD neck to the allowable 
limits proposed by NHTSA for the HIII 50 PAM 
neck (recognizing that the necks have very 
different stiffness) 
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ABSTRACT

New Car Assessment Programs (NCAP) in Australia,
Europe, Japan and the USA are giving increasing
attention to the protection of vehicle occupants in
side impact crashes. We review the range of crash
tests that are available or are under development for
assessing side impact protection, together with the
types of vehicle that exists in each market. Real
world crashes in the region are reviewed to determine
the suitability or influence of existing occupant
protection features in reducing injury. The potential
benefits of the Australian NCAP consumer crash test
program are presented to publicly demonstrate
improved side impact protection in reducing injury.

The results of recent pole crash tests conducted by
the ANCAP are described in terms of a new strategy
for improving side occupant protection.

INTRODUCTION

Real world data shows that many occupant injuries
could be avoided with improved side impact
protection measures. Recent NCAP test results show
that, in most modern vehicles, occupants are
protected reasonably well when struck from the side
by a small car. However when the striking vehicle
has a higher frontal structure, such as many SUVs
(four-wheel-drives) there is higher risk of serious
head and chest injuries to occupants in the struck
vehicle unless head-protecting side airbags are fitted.
The Insurance Institute for Highway Safety (IIHS) in
the USA has developed a side impact barrier that
replicates these higher striking vehicles and test
results are now available to assess vehicles for
occupant injury in these side crashes. In this paper we
compare recent IIHS results with the results of
ANCAP/Euro NCAP pole test and mobile barrier
side impact tests..

Sources of data

Euro NCAP / ANCAP
MDB Side Impact Test
at 50km/h (from 1997)

JNCAP at 55km/h
(from 2000)

Euro NCAP / ANCAP
90o Pole Test at
29km/h (from 1999)

IIHS MDB (SUV)
Side Impact Test at
50km/h (from 2003)

NHTSA Crabbed
MDB Side Impact Test
at 62 km/h (from
1997)

NHTSA / IHRA
Oblique Pole Test at
30km/h (no consumer
data)

The International Harmonisation Research Activity
(IHRA) program proposes two new side impact tests
- one with a small female dummy in a side test and
the other an oblique pole test using a 50 percentile
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male dummy. In addition IHRA proposes interior
head-form impact tests. More details should be
available at the 19th ESV.

NHTSA is developing the oblique pole test. The
intention is to better replicate real world pole-type
crashes but only experimental test results were
available the time of preparation of this paper.

VEHICLE MIX AND REAL WORLD CRASHES

The mix of vehicle types varies considerably between
global markets. Each NCAP organisation has tended
to tailor its test programs to suit the local mix and
best represent real world crashes.

Europe mostly small cars mass =< 1400kg

USA/Canada large vehicles  mass => 2200kg

Japan mostly small cars mass =< 1300kg

Australia larger vehicles mass => 1600kg

The Australian vehicle mix

Changes in Australian market over last 5 years are
characterised by consumer demand falling slightly for
larger passenger vehicles and growing for SUVs and
light trucks (Figure 1).

This is not expected to change significantly in
coming years, unless there is a large increase in fuel
costs.

A Monash University Accident Research Centre
study on the Australian vehicle market in mid 2004
suggests that SUVs will continue to gain market
share to the detriment of small car safety due to
incompatibility of ride height, structural mismatch
and mass - factors favouring the heavier high-seat
SUVs (Newstead and others 2004).

Australian real world crash types

 Collisions between vehicles travelling in opposite
directions are the most common fatality crashes in
Australia. Next are single vehicle crashes where the
vehicle leaves the road followed by intersection
crashes and then pedestrian impacts. When a vehicle
leaves the road the most commonly struck object is a
tree or a pole. These are more likely to be fatal in a
side impact. Road safety strategies in Australia
should therefore give emphasis to reducing the risk of
loss of control (so that vehicles stay on the roadway)
and providing better occupant protection in intrusive
side impact crashes.

Safety features that may reduce serious side
impact crashes

There is scope for NCAP organisations to promote
the following safety features, which are often
optional or unavailable on some models. Avoiding a
crash or reducing the energy of impact by using
better technology can reduce occupant injuries.

Primary crash avoidance

• Electronic Stability Control

• Antilock brakes

• Tyre pressure warning system

• Good rollover star rating from NHTSA test

• Daytime running lights

Secondary crash protection

• Frontal airbags

• Side airbags

• Side head or curtain airbags

• Structural integrity of occupant space

• Pre-tensioner seatbelts

• Load limiting seatbelts

• Active head restraints

• Pedals that release during severe intrusion

• Automatic crash notification

• Doors that do not open in the crash

NCAP crash tests are designed to assess the
performance of the complete vehicle rather than
individual components. However some features stand
out as providing exceptional protection. An example

Figure 1. Change in Australian Vehicle Market 2002-4

(% of New Light Vehicle Registrations)
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is head-protecting side airbags. Pole crash tests
conducted by ANCAP (detailed below) show that
these devices usually turn a likely fatality, due to
severe head injury, into an easily survivable crash.

COMPARISON OF IIHS AND EURO NCAP
POLE TEST RESULTS

The following table contains a comparison of
published data on IIHS SUV barrier crash tests and

Euro NCAP pole tests. It is provided subject to the
cautions that:

• Vehicle specifications may vary between
countries

• Smaller dummies (5% female) are used in the
IIHS test

• IIHS reports HIC15 whereas Euro
NCAP/ANCAP report HIC 36

Table 1 Comparison of  Head Protection in IIHS and Euro NCAP/ANCAP Crash Tests

High Seat Vehicles (H-Point 700mm or above ground)

Vehicle Model Head Protecting Side Airbag IIHS SUV
Barrier Result

Euro/ANCAP
Pole Test Result

Ford Escape/Mazda Tribute Side airbag with head bag Good Poor*

Ford Escape None Marginal Poor

Honda CR-V Curtain Good No head airbag
option in Australia

Honda CR-V None Good Poor

Toyota RAV4 Curtain Good Good

Toyota RAV4 None Good Poor

Landrover Freelander None Good Not tested

Hyundai Santa Fe Side airbag with head bag Good No head airbag
option in Australia

Suzuki Grand Vitara None Poor Not tested

* Head bag failed to deploy correctly in ANCAP test

Low Seat Vehicles (H-Point less than 700mm above ground)

Vehicle Model valid 2004/5 Head Protecting Side Airbag IIHS SUV
Barrier Result

Euro/ANCAP
Pole Test Result

Honda Accord Curtain Good Good#

Honda Accord None Poor -

Jaguar X-Type Curtain Good Good

Mercedes C-Class Curtain Good Good@

Saab 9-3 Curtain Good Good

Subaru Legacy/Outback Curtain Good Good

Toyota Camry Curtain Good No head airbag
option in Australia

Toyota Camry None Poor Not tested

Volvo S40 Curtain Good Good

Saab 9-5 Side airbag with head bag Good Good

Subaru Forester Side airbag with head bag Good Good

# Honda Accord Euro tested by Euro NCAP is a different model to the US one

@ Euro NCAP applied a modifier to the C-Class pole test result due to incorrect deployment of the curtain.



Coxon, 4

Discussion of Table 1 results

Subject to the small sample sizes, these results
suggest that the IIHS SUV  barrier test and the Euro
NCAP pole test produce similar outcomes for cars. In
this class of vehicles, the IIHS test does tend to show
a substantial difference between vehicles with and
without head protecting side airbags . This suggests
that the IIHS test will encourage head-protecting side
airbags in cars and other low seat vehicles.

Several SUVs have obtained good/acceptable head
injury results in the IIHS test, despite lacking head-
protecting side airbags (Ford Escape, Honda CR-V,
and Toyota RAV4). The Ford Escape with head-
protection obtained good results in the IIHS test but
the equivalent Mazda Tribute obtained a poor result
in the ANCAP pole test because the side head airbag
did not deploy correctly. The Escape, RAV4 and CR-
V without side head protection airbags obtained poor
head results in pole tests by
ANCAP

This suggests that the IIHS test
would not necessarily encourage
head-protecting side airbags on
these compact SUVs or other high-
seat vehicles.

Large SUVs such as the Toyota
Landcruiser Prado and the Nissan
Patrol could also be expected do
well without head protection in the
IIHS test since the higher seats and
heavier mass would benefit the
occupants in this particular test.

In the case of high-seat vehicles
ANCAP intends to be cautious
about accepting the IIHS result as
alternative evidence of head
protection in side impacts. ANCAP
pole test results for these large
4WD vehicles without head-
protecting side airbags are expected
to be poor.

Comparison of Pole and  MDB
Side Impact Scores

ANCAP reviewed  available test
data on Euro NCAP side impact
and pole tests and scored pole test
using the same scoring system as
that outlined in the Euro NCAP
Assessment Protocol for side
impact tests. This included scoring

the chest, abdomen and pelvis (note that usually only
the head injury data is assessed for the pole test).
Figure 2 shows the results of this comparison. This
illustrates that most vehicles have no difficulty with
the MDB side impact test and many score the full 16
points. It is apparent that the pole test is much more
demanding.

Figure 3 shows the scores for individual body regions
for the pole tests (each body region can score up to 4
points). It is evident that with most vehicles there is a
high risk of serious chest injury during the pole test,
even for vehicles with thorax side airbags. It is
understood that there may be a concern with the
biofidelity of the EuroSID II dummy under the
extreme intrusion that occurs in the pole test. Due to
this uncertainty ANCAP does not propose to use this
method of scoring pole test results at this stage.
However, the test results do suggest that chest injury
should be monitored in real-world pole type side

Figure 2. Comparison of Scores for Pole Test and MDB Side Impact Test

Notes: The pole test injury measurements for head, chest, abdomen and pubic
symphysis have been scored in the same way as the side impact test. This is not
an official ANCAP score.

CURT=curtain, HAB=Head-protecting side airbag, SAB=thorax side airbag.
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impact crashes to determine if greater emphasis
should be placed on protecting occupants from
serious chest injuries.

A high risk of serious abdomen injury has also been
observed in some pole tests. A contributing factor
may be the crushing of the driver's seat between the
intruding door and an unyielding centre console
(figure 4). These consoles may also be a source of

far-side occupant injuries in side impacts.

Other issues that should be taken into consideration
when assessing pole tests are:

• Nature and degree of intrusion into occupant
survival space (undertaken by IIHS for the MDB
SUV test)

• Fuel leaks (reported by IIHS)

• Extrication of driver dummy (reported
by IIHS)

• Head protection provided for rear seat
occupants (assessed by IIHS - not
directly assessable in pole test)

• Potential for occupant protection in
rollover crashes with the curtain
remaining inflated long enough to be
effective during the rollover.

RESULTS

ANCAP has completed a pole test program
on a range of SUVs with and without head
protecting side airbags.  The results clearly
showed the benefits of such equipment
when operating properly.  The vehicles
without such protection produced HIC
measurements with an extremely high risk
of fatal head injuries.  The vehicle with
head protecting airbags achieved a low HIC
with low head injury risk.  One vehicle was
fitted with a head protecting side airbag, but
it did not deploy properly, resulting in a
high risk of fatality.

ANCAP published the results of the pole
tests to show that head protecting side
airbags provided good protection against
collisions with narrow objects such as poles
and trees. Side airbags, while providing
protection against impacts by conventional
vehicles, do not protect the head against
higher intruding objects, such as SUVs and
pole-type structures.

ANCAP recommends that front, side and
head protecting airbags and ESC should be
made available by vehicle manufacturers as
standard equipment, or at least as a “safety
package”, not linked to luxury items such as
sunroofs and leather seats.  This packaging
is common in Australia and increases the
cost of the airbag protection, sometimes
substantially, which can price it beyond the
reach of some vehicle purchasers.

Figure 3. Body Region Scores for Pole Test

Notes: The pole test injury measurements for head, chest, abdomen
and pubic symphysis have been scored in the same way as the side
impact test.  Each body region scores 4 points for a "good" (low)
injury measurement. Zero score means a "poor" injury measurement.
This is not an official ANCAP score.

CURT=curtain, HAB=Head-protecting side airbag, SAB=thorax side
airbag.
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ANCAP also advocated the incorporation of
Electronic Stability Control (ESC) into all SUVs, as
research by IIHS has shown that such systems
drastically reduce the number of run-off-road crashes,
thereby reducing the number of pole and tree side
impacts (Farmer 2004).

Even with side airbags, chest deflection levels are
generally high in most pole crashes with a high risk
of injury likely.

CONCLUSIONS

Head protecting side airbags provide clear head
injury mitigation benefits in collisions with stiff
vertical road-side objects such as trees and poles, and
provide protection against impacts by vehicles with
high fronts, such as SUVs.

Consumers need to be better educated about the value
of head protecting side airbags. This will further
encourage vehicle manufacturers to make them
available as optional equipment or, even better,
install them in all vehicles as standard equipment.

Some types of NCAP crash tests are able to assess
the head protection provided in vehicles during
severe side impacts. The results of these tests need to
be strongly promoted amongst new vehicle buyers.
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ABSTRACT 

Blunt impact to the anterior chest during frontal 
crash often causes sternum and rib fractures.  In 
particular, several studies have reported that elderly 
people are susceptible to the complications following 
bony fractures mainly in the thoracic region, thereby, 
leading to high mortality and morbidity rates.  These 
fractures are attributable to the reduced bone strength 
due to age-related osteoporosis.  In this study, the 
authors developed a human thoracic FE model of the 
elderly occupant based on the 50th percentile male 
model, THUMS® (Total HUman Model for Safety) and 
the dynamic chest responses were validated during 
compression against experimental test data using post-
mortem human subject (PMHS) specimens under 
realistic loading conditions that would be experienced 
by vehicular occupants restrained by an air bag and a 
seat belt. 

INTRODUCTION 

Highly energetic, trauma-like traffic accidents 
result in a high rate of morbidity and mortality.  In 
particular, fractures of the bony thorax are the most 
frequent lesions in traumatic thoracic injury, while 
respiratory diseases such as pneumonia, flail chest, and 
pneumo/hemothorax are regarded as the leading 
complications associated with sternum and multiple rib 
fractures.  Moreover, elderly people have a decreased 
injury tolerance due to the deteriorated bone strength 
related to osteoporosis and have been found to have a 
higher risk of fatal outcomes (AIS 3+).  Thus, chest 
trauma, to the elderly people which involves bony 
fractures of the thoracic region, is associated with life-
threatening complications despite its lower AIS value, 
which is an index of threat-to-life due to a specific 
injury (Bergeron et al., 2003; Bulger et al., 2000; 
Mayberry et al., 1997; Morris et al., 2002; Segers et al., 
2001; Ziegler et al., 1994). 
 
In industrialized countries, it is expected that by the 
year 2025 approximately 22% of the population will 
comprise people aged 60 years and above.  For 

instance, the population aged 65 years and older has 
been increasing in the U.S., and it is expected to make 
up more than 20% of the total U.S. population by the 
year 2030 (Dejeammes et al., 1996; Stutts et al., 1989).  
On the basis of computed crash rates using an estimate 
of annual mileage (i.e., crash rates per estimated 
million vehicle miles), the involvement of older drivers 
in crashes is greater than that of the overall population, 
although the percentage increases in the older age 
group are not as great as in the total licensed driver 
population (Stutts et al., 1989).  Similarly, Shimamura 
et al. (2003) reported that in Japan, the percentage of 
elderly people aged 65 years and above reached 17.3% 
of the total population in the year 2000.  They also 
analyzed the relationship between age groups and chest 
injury severity using a database of 246 belted 
occupants that were collected from 1993 to 2000 by 
ITARDA (Institute for Traffic Accident Research and 
Data Analysis) in Japan, and clarified that the injury 
severity in the elderly is closely related with the 
occurrence of multiple rib fractures.  As described 
above, concerns about the growing transportation needs 
of the elderly and the necessity to make the traffic 
environment safer for older drivers arise from the 
potential risk of high injury rates related to motor 
vehicle accidents (Dellinger et al., 2002; Sjögren et al., 
1993).  These concerns are of importance particularly 
in light of the increase in life expectancy and rise in the 
proportion of elderly people in the population.  
 
Meanwhile, Cesari et al. (1994) loaded the chests of 
volunteers, Hybrid III dummies, and human cadavers 
using a diagonal belt and found out that the location of 
maximum chest deflection was observed at points other 
than the mid-sternum.  Furthermore, Morgan et al. 
(1996) investigated separate injury criteria for localized 
(belt-like) and distributed (bag-like) loading categories 
based on the normalized chest deflection and maximum 
chest acceleration and stated that the belt-only restraint 
system generally had a higher thoracic injury rate than 
the air bag-only restraint system.  Recently, King 
(2000) reviewed previous studies on human tolerance 
to blunt impact and summarized the biomechanical 
knowledge of traumatic head, neck, and thorax injury.  
In this review article, King cited that the current injury 
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criterion prescribed in FMVSS 208 on chest 
compression of 76 mm is based on a recommendation 
by Neathery et al. (1973), who analyzed Kroell’s data 
(1994) on blunt impact to the human thorax with a 
cylindrical rigid impactor to develop the thoracic 
response corridor.  However, when the thorax was 
subjected to such a blunt impact and the force-
deflection relationship was measured at the impacted 
area, a large inertial force would have been measured 
prior to the occurrence of the significant deformation of 
thorax observed.  As a result, the characteristics of the 
thoracic response might be severely dominated by the 
inertial effect as noted by Kent et al. (2003b).  
Additionally, as stated earlier, vehicular occupants 
today are more likely to be restrained by a 3-point belt 
and air bags; therefore, the injury pattern during frontal 
crashes has altered due to the increased availability of 
safety devices.  This raises the question of whether it 
is possible to evaluate the thoracic injury under any 
realistic loading condition using the injury risk function 
with this deflection-dependent criterion alone.  In 
response to this, Kent et al. (2003b) designed a series 
of chest compression tests using human cadaveric 
specimens to study the effective stiffness of the thorax 
at a realistic loading rate under four loading conditions.  
They elucidated that the highest effective thoracic 
stiffness was measured with a distributed loading, 
followed by a double diagonal (4-point) belt, diagonal 
belt, and rigid hub depending on the difference in the 
loaded area and the interaction with the clavicles.  
 
The purpose of the present study is to develop a 
thoracic FE model for elderly occupants and 
investigate the validity of its responses and potential 
injury patterns under realistic loading environments in 
a frontal crash.  

METHODS 

Small specimen test 
First, material properties of the cortical rib in an 

elderly male were determined based on experimental 
test data obtained by Stitzel et al. (2003) at Virginia 
Technical University.  They performed a dynamic 3-
point bending test using small cortical bone samples 
obtained from the exterior surface of the ribs of human 
cadaver subjects whose ages ranged between 61 and 67 
years (2 males).  A total of 23 specimens were 
procured (6 specimens from the anterior part, 10 
specimens from the lateral part, and 7 specimens from 
the posterior part) per cadaver, and each specimen was 
subjected to a 3-point bending load dynamically at the 
rate of ~5 strain/s.  Specifically, as shown in Figure 1, 
a small specimen (24.0 mm in length×7.0 mm in 

width×0.6 mm in thickness) was simply supported at 
both ends, and the impactor was prescribed to move at 
365 mm/s to compress the middle point of a small 
specimen as per the ASTM Standard D790-00.  The 
bending load for all specimens was applied in an 
exterior to interior direction relative to the in situ 
anatomy of the rib.  This setup was considered to be a 
realistic loading condition produced by the seat belt 
and air bag, with the exception of the lateral part of the 
rib specimens, which was assumed to be bent from the 
interior to the exterior direction with compressive load 
from the anterior chest.  According to their report, the 
strength and stiffness of the cortical rib greatly varied 
depending on the location and rib level in the human 
rib cage, and the anterior segment of the cortical rib 
was found to be weaker than the posterior segment, 
which is also weaker than that of the lateral rib.  In the 
present study, however, the rib section was simply 
divided into 3 parts – anterior part, lateral part, and 
posterior part – and the material strength of the cortical 
rib was given by averaging the experimental test data 
obtained from each rib segment so that the difference 
in the material property of the cortical rib can be 
clearly considered in the simulation model. 

 

Figure 1: Dynamic 3-point bending test simulation for 
a small cortical rib specimen 

Chest compression test 
Second, model responses to the dynamic chest 

compression were validated against the experimental 
test data obtained by Kent et al. (2003b) at the 
University of Virginia (UVA).  The human cadavers 
used in the test were aged between 75 and 79 years.  
They performed a series of chest compression tests 
with PMHS specimens positioned with their spine on a 
rigid table and the slave cylinder was prescribed to 
translate into a step rise time of 50 ms at a 
displacement rate of ~1.0 m/s (Figure 2a, b).  This is 
similar to the chest deflection rate of the occupants 
restrained by a seat belt in a frontal crash while 
traveling at 48 km/h.  In the experimental test setup, 
the chest deflection was measured anteriorly at the 
mid-sternum point, while the reaction force was 
measured posteriorly using the load cell placed behind 
each subject’s back.  In reality, however, this type of 

Specimen 

Loading 
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loading condition cannot be expected for vehicular 
occupants since their back is normally free in the 
compartment, and no reaction force is generated in the 
posteroanterior direction in a frontal crash.  In the 
present study, data from three elderly cadaver subjects 
who had undergone dynamic chest compression was 
compared with the simulation results using distributed, 
hub, diagonal belt, and 4-point belt loading conditions 
as shown in Figures 3a–d.  Specifically, a 20.3 cm 
wide band was used to compress the area between the 
second and seventh ribs for distributed loading, while a 
15.2 cm diameter circular plate was used for hub 
loading to mimic the loading surface described by 

Kroell et al. (1994).  In addition, a 5.0 cm wide belt 
was used to pass over the shoulder to the lower ribs of 
the PMHS specimens for diagonal belt and 4-point belt 
loading.  In these simulations, only gravity was 
applied for an initial 120 ms prior to dynamic 
compression of the thorax so that the stable condition 
would be obtained for determining a zero point in 
force-deflection curves.  It should be noted that in this 
series of experimental tests, the generation of bone 
fracture was not attempted by impacting the thoracic 
region.  Finally, we conducted an injury analysis up to 
the bone fracture level by compressing the thoracic 
region at a rate of 0.6 m/s. 

 
Figure 2a: Simulation setup# 

 [#Chest is compressed by distributed loading.] 

 
Figure 2b: Test setup for dynamic chest compression 

via loading cable conducted at UVA

 
Figure 3a: Initial condition for distributed loading  

 
Figure 3c: Initial condition for diagonal belt loading 

 
Figure 3b: Initial condition for hub loading 

 
Figure 3d: Initial condition for 4-point belt loading 
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RESULTS 

Small specimen test 
First, on the basis of the experimental test results 

(Stitzel et al., 2003), the material property of the 
cortical rib in an elderly male was determined as 
summarized in Table 1 by means of the elastic beam 
theory, while simulation results using small specimens 
were compared with those of the experimental tests as 
shown in Figure 4.  In this section, the yield point was 
defined by averaging the real yield points in each 

force-deflection plot by 0.1% offset strain strength.  
Since the force-deflection responses in cortical rib 
bending tests were greatly dispersed, material 
coefficients such as the Young’s modulus and plastic 
tangent modulus were also determined by averaging 
the experimental test data so that the calculated results 
would exist within the force-deflection responses.  In 
addition, the ultimate tensile strain was defined as 
0.020 (2.0%) in view of the reduced bone strength with 
aging (Lindahl et al., 1967; McCalden et al., 1993). 
 

Table 1: Material property of the cortical rib in an elderly male† 
σ y (MPa) ε y YM (GPa) Etan (GPa) ε p ε max

Anterior part 121.6 0.0145 8.394 3.792 0.0055 0.020

Lateral part 135.3 0.0111 12.211 4.610 0.0089 0.020

Posterior part 112.9 0.0103 10.998 6.332 0.0097 0.020  
[†
σy: yield stress, εy: yield strain, YM: Young’s modulus, Etan: plastic hardening modulus, εp: plastic strain, εmax: ultimate strain] 
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Figure 4: 3-point bending test results using rib cortical specimens
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Chest compression test 
Second, the calculated result with respect to the 

thoracic part was validated against laboratory test data 
obtained by Kent et al. (2003b) using human cadaver 
subjects.  As demonstrated in Figure 5, the calculated 
thoracic responses to dynamic chest compression are 
almost identical with the experimental results, and 
thoracic stiffness was found to be greatly dependent on 

the interaction between the clavicles and the 1st ribs as 
well as the magnitude of the loaded area due to 
compressing devices.  Additionally, as it can be seen 
in a frontal crash with air bag deployment, stress 
concentration was observed at the lateral part of the rib 
cage under distributed loading condition (Crandall et 
al., 2000; Yoganandan et al., 1996).  Meanwhile, for 
hub loading, stress concentration was only observed at 
the sternum level. 
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4-point belt loading

-3000

-2500

-2000

-1500

-1000

-500

0

500

0 0.5 1 1.5 2 2.5 3 3.5 4

Deflection (cm)

P
o

st
er

io
r 

F
o

rc
e 

(N
)

Cadaver 90
Cadaver242
Cadaver236
Simulation

 

Figure 5: Force-deflection responses in chest compression under four loading environments

Injury analysis 
Finally, we investigated thoracic hard tissue 

failure patterns due to excessive anterior chest 
compression.  The same test setups were used as those 
employed in the previous section.  Hence, a series of 
FE simulations were subsequently conducted, and the 
element elimination technique was used to assess the 
bone fractures of the sternum and the rib cortical bone.  
As illustrated in Figures 6a–d, multiple hard tissue 
failures and various fracture patterns were predicted 
around compressing devices except for the 4-point belt 
and fracture timing was also tracked (Figures 7a–d).  
Although no bone fracture was observed against 4-
point belt loading, as stated earlier, considerable stress 
concentrations were observed at several locations in the 

clavicles and the lateral part of the rib cage, as shown 
in Figure 6d. 

 
(Unit: Pa) 
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Figure 6a: Equivalent stress distribution by distributed 
loading (at 120 ms) * 

 

Figure 6c: Equivalent stress distribution by diagonal 
belt loading (at 210 ms) * 

 

Figure 6b: Equivalent stress distribution by 
hub loading (at 157 ms) * 

 

Figure 6d: Equivalent stress distribution by 4-point belt 
loading (at 197 ms) *

[*Enclosed area with dotted line corresponds to the area of stress concentration.] 
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Figure 7a: Time history of chest deflection and fracture timing due to distributed loading‡
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Chest compression by hub loading
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Figure 7b: Time history of chest deflection and fracture timing due to hub loading‡ 
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Figure 7c: Time history of chest deflection and fracture timing due to diagonal belt loading‡ 

Chest  compression by 4- point  belt
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Figure 7d: Time history of chest deflection and fracture timing due to 4-point belt loading‡  

[‡R indicates right ribs, and L indicates left ribs.] 
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DISCUSSION  

Small specimen test 
The mechanical property of the cortical rib was 

determined based on the experimental test results.  In 
general, the ultimate tensile strain as an index of bone 
strength is considered to gradually reduce with aging.  
In other words, the mechanical property of cortical 
bones in the elderly is believed to be relatively close to 
that of a brittle material rather than an elasto-plastic 
material.  Whereas, by dynamically conducting a 3-
point bending test, Stitzel et al. (2003) found that the 
plastic region of the cortical rib in the elderly is much 
greater than expected, although material property 
varies considerably depending on its location and rib 
level.  According to their results, some of the small 
specimens subjected to a dynamic bending load 
demonstrated a large tensile strain in excess of 0.080 
(8.0%) on the lower surface of the specimens.  In the 
present study, however, ultimate strain was determined 
as 0.020 (2.0%).  This was based on previous studies 
in which the material property of the cortical bone was 
experimentally investigated using humeral and femoral 
coupons in pure tension (Lindahl et al., 1967; 
McCalden et al., 1993) so that the effect of reduced 
bone strength with aging can be clearly taken into 
account.  When the elastic beam theory is employed 
to derive the mechanical property of the cortical rib, the 
relationship between stress and strain can be calculated 
based on the assumption that its distribution in the 
loaded section is ideally symmetrical with respect to 
the neutral axis.  However, this assumption may not 
be acceptable for large deflections occurring due to 
excessive bending load, and the behavior post-yield 
point can no longer be estimated correctly.  
Nevertheless, the authors will support their test method 
at this stage because of the difficulty in the existing 
experimental measuring technique.  Further, we 
believe that the 3-point bending test is still one of the 
best ways to obtain the mechanical property of the 
cortical rib against such a high speed impact.  This is 
because such a bending load is regarded to be a 
dominant factor in causing hard tissue failure of the 
thorax in a restrained vehicular occupant in frontal 
crashes. 

Chest compression test 
The model was then validated against the dynamic 

thoracic compression tests under four realistic loading 
conditions.  It may be difficult to compare the results 
obtained here to Kroell’s test results (1994) using a 
rigid impactor, which might be dominated by the 
inertial effect, because PMHS specimens in this study 

were laid along the spine position on a rigid table, and 
the reaction force was measured posteriorly to derive 
the effective thoracic stiffness.  Therefore, as stated 
earlier, the authors initially applied only gravity on the 
model lying on a rigid table in order to obtain a stable 
condition prior to dynamically compressing the anterior 
chest.  In addition, the material property of the 
deformable solid elements used as a substitute for 
internal organs inside the thoracic cavity was adjusted 
so that it would respond against impacting load in a 
manner similar to a pressurized lung by means of the 
preliminary test results obtained at our laboratory 
(Hayamizu et al., 2003) since Kent et al. (2003b) also 
pressurized the pulmonary system to model the in vivo 
condition as much as practically possible before 
conducting a series of chest compression tests.  
Although we had paid careful attention to reconstruct 
the boundary conditions of the experimental test setup, 
the difference observed in force-deflection responses 
between simulation and experimental test results might 
be responsible for a mismatch in its boundary condition 
or the effect of the internal organ, which are not 
included in the current THUMS model (Oshita et al., 
2001).  Nonetheless, we believe that our results 
showed reasonable responses compared to the 
experimental test results in view of the general trend 
observed when subjected to realistic dynamic chest 
compression.  Further, this model can be applied for 
practical problems such as a frontal crash simulation.  
However, since rib fracture is suspected to lacerate the 
internal organs and its injury mechanism remains 
unknown, we need to develop and integrate a detailed 
internal organ model so that visceral injury as well as 
thoracic bony failures can be predicted.   

Injury analysis 
In this section, the rib cortical bone was subjected 

to a severe bending load from the anterior chest at a 
relatively slow loading rate, as mentioned earlier.  
However, the authors are concerned about the possible 
overestimation of the magnitude of its ultimate stress 
strength in the model due to the theoretical approach of 
the elastic beam theory employed in the present study.  
Additionally, material property of flesh (soft tissue) 
remains unclear, although it is believed to be crucial for 
estimating the probability of chest injury since flesh 
tissue is considered to be effectively distributing the 
load from the anterior chest (Kent et al., 2001).   
 
In summary, we have found the following results under 
these four loading environments: 
1) Distributed loading: Bone fracture was predicted 

to propagate from the lateral side to the posterior 
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side as such a fracture pattern could be expected 
for typical air bag loading.  

2) Hub loading: Bone fracture was only predicted 
around the anterior chest due to the excessive 
bending load on the anterior surface of the thorax.   

3) Diagonal belt loading: Bone fracture was 
predicted in the inferior to superior direction along 
the path of a diagonal belt.  It was also observed 
that the anterior part of the thorax failed due to 
sternum torsion and the interaction between the 
clavicle and the 1st rib.  

4) 4-point belt loading: Although bone fracture was 
not predicted in this case, considerable stress 
concentrations were observed at several locations 
for both the clavicles and the lateral part of the rib 
cage.  Since the rate of compression was set to be 
relatively moderate in comparison with a real 
loading environment, intrinsic symmetry stemming 
from such a 4-point belt appears to sufficiently 
distribute the total load over the rib cage. 

 
In the present study, the chest deflection of 70 mm 
corresponds to the thoracic compressive ratio of 32.5% 
for the current chest depth of THUMS.  According to 
the analytical results reported by Kent et al. (2003a), 
the probability of injury risk for fx. > 6 (greater than 
six rib fractures) can be estimated to be over 50% for 
elderly people aged 70 years old with the ratio of 
32.5% chest compression.  Although four types of 
restraint conditions were employed in this section, the 
onset of fracture timing was almost similar except in 
the case of 4-point belt loading.  Specifically, the 
fracture onset was observed at a magnitude of 50 mm 
chest deflection, and multiple bone fractures (fx. > 6) 
were observed at a magnitude of 70 mm chest 
deflection.  However, most of the stress concentration 
was observed along the path of the diagonal belt line as 
well as the lateral part of the rib cage due to excessive 
bending load from the anterior chest.  In particular, 
stress concentration was observed at the lower part of 
the rib cage rather than at the mid-sternum level.  
Despite the fact that the magnitude of chest deflection 
is evaluated at the mid-sternum level for the current 
crash test dummy, it is inconclusive as yet whether 
maximum chest compression (Cmax) is always suitable 
for chest injury prediction.  Thus, the possibility that 
the current chest compression criterion based on the 
mid-sternum level alone would be a sufficient index for 
predicting injury risk is still open to discussion as 
suggested by the previous studies (Cesari et al., 1994; 
Morgan et al., 1996).  Future studies should integrate 
this thoracic model for the elderly with THUMS and 
apply it for frontal crash simulation in combination 
with a seat belt and air bag loading to investigate the 

effect on the protection and safety of the occupant as 
shown in Figure 8. 

 
Figure 8: Sled test model with a belted occupant 

CONCLUSION 

Thoracic part of the elderly male occupant was 
developed based on Total HUman Model for Safety 
(THUMS®) so that it would be applied for predicting 
thoracic hard tissue injury by taking into account the 
decreased bone strength due to aging.  Now we hope 
that the thoracic characteristics of an elderly occupant 
obtained from the present study will be applied to more 
realistic cases in order to advance the safety protection 
performance of the current restraint system.   
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ABSTRACT 
 
    Rear seating systems are still being used in 
military vehicles as well as in some civilian 4 
Wheel Drive (4WD) vehicles.  Very limited 
research work is available in regards to the safety 
of a rear facing seated occupants in a frontal impact 
crash.  This paper describes a new energy 
absorbing rearward facing seating system which 
can be used in a 4WD vehicle to attenuate the 
deceleration forces in a frontal impact.  A series of 
dynamic sled tests on prototype seats were 
conducted.  A 50% male Hybrid III dummy was 
used for the sled tests.  Both the dummy and the 
seat were subjected to a 49km/h speed change 
where the forward crash deceleration was 22 g’s 
over duration of 100 ms with the seat and dummy 
positioned backwards.  A MADYMO model was 
then developed and calibrated against the sled test 
data. 
 
    In the calibration process attention was focussed 
on the head and chest decelerations in the forward 
direction as well as on the maximum energy 
absorbed by the prototype seat.  Once the model 
was calibrated it was then used to simulate the 
same frontal crash conditions where a 95% male 
and a 5% female Hybrid III dummy respectively 
were seated in the prototype seat.   
 
    The prototype seat, the sled test results, the 
simulation models and resulting decelerations and 
injury outcomes are described in the paper. This 
study showed that by using an energy absorbing 
seating system, the crash deceleration can be 
effectively attenuated and occupant injuries 
significantly reduced in comparison to 
conventional seating systems.  
 
INTRODUCTION 
 
    The Australian Army is equipped with Perentie 
4x4 vehicles which are based on the Land Rover 
110.  One of the variants used is a Regional Forces 
Surveillance Vehicle (RFSV).  The RFSV has a 
crew of three personnel; two occupants sit in the 
front of the vehicle and are provided with three 
point lap sash seatbelts.  The third crew member 
sits in a rear facing seat and is provided with a lap 

belt as the photographs show in Figure 1.  As a 
result of developments undertaken initially by 
Project TRANSAFE and subsequently Project 
OVERLANDER to improve the occupant safety 
systems, the restraints where changed to a harness.  
The rear facing seat was moved further rearwards 
to accommodate equipment storage.  Previously the 
rear facing seat back was constrained in a forward 
collision by its proximity to the cross bracing of the 
Roll Over Protective Structure.    
 

 

 
Figure 1.  Photos of Regional Forces Surveillance 
Vehicle (RFSV) 
 
    The placement of the rear facing seat rearwards 
resulted in an analysis of the seat and alternatives.  
The rear facing seat and commercially available 
alternative rear facing seats were subjected to a 20g 
acceleration pulse using a Hybrid III 50% adult 
male Anthropomorphic Test Dummy (ATD) to 
measure occupant decelerations.   
 
    The rear facing seat and commercially available 
alternative rear facing seats failed to prevent 
injurious loading.  A soldier proof robust tapered 
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energy attenuator was then designed to 
accommodate both a 5% adult female and a 95% 
adult male which could be positioned between the 
rear of the seat and the Roll Over Protective 
Structure.  This was done so as to investigate the 
seat’s crashworthiness for a range of possible 
occupants. 
 
TESTS ON REAR FACING SEATS 
 
     In order to determine the dynamic performance 
of the RFSV rear facing seat, a series of dynamic 
sled tests on prototype seats were conducted as 
shown in Figures 2 to 5 [reference 1, 2]. 
 

Figure 2.  Pre Test S010165 (ISRI reclining seat) 
 

 
Figure 3.  Post Test S010165 
 
    The first series of tests were carried out on a 
rigid seat.  Figures 2 and 3 show the pre and post 
test S101165, an ISRI reclining seat without an 
energy absorber.  The seat incorporated a reclining 
system (operated by means of a spring-loaded self-
locking release mechanism) which was reclined to 
produce a seat back angle of approximately 76°.  
This seat was tested in conjunction with a backrest 
stopper mounted onto the test rig’s bulkhead.  The 
stopper was designed to limit the amount of 
deformation of the seat back. 
 
    The second series of tests were carried out on 
modified seats where the seat back was supported 
by an energy absorber as shown in Figures 4 and 5.  
The backrest stopper was removed and replaced by 
an energy absorber.  The head restraint 

incorporated a mild steel plate three millimetres 
thick within the seat’s foam padding. 
 
The test method was based on the dynamic test 
requirements of Australian Design Rule 68/00 
“Occupant protection in buses” [reference 3].  The 
Hybrid III test dummy, although designed for 
frontal impact, was used to assess the seat strength, 
the occupant restraint system and injury protection 
provided.     
 

 
Figure 4:  Pre test S010287 (old ISRI seat) 
 

 
Figure 5: Post test S010287 
 
    The test rig used for all tests was fabricated from 
square tubular steel to position the test seats on the 
sled.  The rig incorporated attachment fittings for 
the seat (by means of designated attachment frames 
to enable different mounting configurations), 
anchorage points for the occupant restraint system, 
bulkhead and floor.  A foot support section 
mounted to the rig’s floor was raised by 
approximately 30 mm to enable the test dummy’s 
feet to be placed flat on the floor. 
 
    The energy absorber was mounted to the test 
rig’s bulkhead directly behind the seat back at an 
angle of approximately 67° to the vertical and was 
required to absorb the loads during impact [see 
figure 4].  The system consisted of two tapered 
mild steel sections approximately 300mm long, 
incorporating a series of folds as shown in Figure 6.  
The taper was 30mm wide directly behind the test 
seat and 90 mm wide at the bulkhead mount giving 
a 30:90 configuration.  A static compression test 
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was carried out in the laboratory and its load-
deflection curve is presented in Figure 7. 
 

 
Figure 6.  Photo of the energy absorber 
 
 
 
 
 
 
 
 
 
 
Figure 7. Energy absorber load deflection test curve 
 
    Figures 1 and 3 show the test setup.  A Hybrid 
III test dummy was positioned in the test seat and 
the system subjected to the dynamic impact pulse 
shown in Figure 8.  Australian design Rule 68/00 
“Occupant Protection in buses” Clause 7.4 requires 
a velocity change of not less than 49 km/h and a 
forward deceleration of at least 20 g’s (196 m/s2) to 
be achieved within 30 ms.   
 
    The occupant restraint system used with the seats 
was a four point harness system.  The harness is 
comprised of two shoulder belts each incorporating 
an emergency locking retractor (ELR) that is 
mounted to the rig’s bulkhead directly behind the 
seat.  The shoulder belts were joined to a manually 
adjusted lap belt mounted to the seat.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Sled deceleration pulse used for test 
S010287 

    The test results of the Hybrid III acceleration 
measurements are summarised in Table 1.  It 
should be pointed out that any injury severity 
parameter for the Hybrid III was not calculated for 
the test because the Hybrid III test dummy has 
validated bio-mechanical responses for frontal 
impacts only.   
 
Table 1: Hybrid III acceleration measurements  

 S010165 S010287 
Head (g’s)  - x 455 56 
                   - y  9 2 
                   - z  97 37 
Resultant (max) 465 58 
Chest (g’s)  - x 68 43 
                   - y  7 3 
                   - z  19 8 
Resultant  
(3ms max) 

66 39 

Energy Absorber 
deformation 
(mm) 

N/A 33 

 
    The high speed film of test S010165 shows the 
dummy sliding back into the seat towards the 
direction of impact, where it began to load the seat 
back approximately 25 ms after impact.  The 
gradual loading of the seat back resulted in impact 
with the backrest stopper at approximately 50ms, 
which in turn loaded the chest substantially 
throughout the event.  A 3ms resultant chest 
acceleration of 66 g’s was measured.  The head 
restraint contacted the upper section of the 
bulkhead at approximately 55ms where it started to 
deform.  At approximately 65 ms the back of the 
head contacted the upper half of the head restraint 
as a result of neck extension resulting from the 
impact event.  Compression of the head restraint’s 
padding cushioned the impact between the head 
and upper section of the bulkhead producing a 
maximum resultant acceleration of 465 g at around 
72 ms. 
 
    For test S010287, the high speed film shows the 
dummy sliding back into the seat towards the 
direction of impact.  The dummy then started to 
load the seat back at approximately 30ms followed 
by loading of the energy absorber at approximately 
35 ms.  The energy absorber appeared to undergo 
loading for a further 35 ms with the deformation 
being reasonably uniform on both sides.  The back 
of the head contacted the centre of the head 
restraint at approximately 45 ms after impact.   The 
foam padding then began to compress.   The impact 
of the back of the head with the head restraint gave 
a maximum resultant head acceleration of 58 g’s at 
around 56 ms. A 3 ms resultant chest acceleration 
of 39 g’s at 51 ms was also noted. 
 

Energy Absorber Static Test Result (Both legs together)
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    Test results clearly show a significant 
improvement when test S010287 is compared to 
test S010165 in term of occupant response.  It 
proved that by incorporating an energy absorber 
into a rear facing seating system, occupant safety 
can be dramatically improved.   
 
OCUPANT DYNAMIC SIMULATION 
 
    It has long been recognised that computer 
simulation can be an effective and relatively low 
cost tool to analyse design alternatives or to carry 
out detailed parametric studies of the 
crashworthiness performance of a mechanical 
system [4-9].  The use of suitable computer models 
to assist in the development of prototypes or to 
improve a particular design can also reduce the 
amount of costly physical testing.     
 
    The main objective of this project was to develop 
a capability to simulate occupant dynamics in a rear 
facing seat under a frontal impact situation.  These 
simulations can then be utilised to determine peak 
occupant decelerations and injury values for 
different dummy sizes, providing information for 
seat design. 
 
    The MADYMO computer package was chosen 
to simulate the occupant dynamics [ref. 10-13].  In 
this study, a 50% male Hybrid III dummy was used 
to simulate and develop the energy absorbing 
seating system.  
 
MADYMO Model 
 

 
Figure 9.  MADYMO Model setup  
 
    In constructing the MADYMO model, the 
seat/rig geometry, occupant properties (segment 
geometry, inertial properties, and joint properties), 
and occupant/seat contact interaction properties had 
to be specified.  The belt restraint system was not 
modelled because it had little influence on the 
occupant dynamic behaviour for this particular 
application.  
 

    Seat/rig Model.  The seat setup shown in Figure 
9 was modelled as a multi-body system, consisting 
of a seat base, seat back and head rest.  The seat 
was constrained to the rig’s rail by using the point-
restraint feature.  The floor was modelled as a 
plane.  
 
     Energy Absorber Model.  Maxwell spring 
elements were used to model the energy absorber 
with an initial length of 300 mm.  The stiffness 
values from the laboratory test presented in Figure 
6 were incorporated into the model.   
 
    Occupant Model.  The occupant properties were 
based on the Hybrid III anthropomorphic crash 
dummy.  The MADYMO library contains a 
standard data set which characterises the dynamic 
behaviour of the Hybrid III dummy in a frontal 
crash, but can also be used for such rearward 
simulation.  A rearward impact dummy (RID) is 
not available as yet.  Geometric, inertial and joint 
properties were obtained from various 
measurement data, including static and pendulum 
tests (refs 10-11).   The dummy was positioned in 
the same way as in the test setup shown in Figure 4. 
 
    Occupant/Seat & Rig Interaction.  By 
representing body segments and seat/rig 
components as ellipsoids and planes, the 
MADYMO algorithm models the interactions for 
ellipsoid-ellipsoid and plane-ellipsoid contacts 
according to the contact parameters specified by 
the user, which include stiffness, hysteresis and 
friction.   
 
 
 
 
 
 
 
 
 
 
 
Figure 10.  Head frontal (x) acceleration  
 
 
 
 
 
 
 
 
 
 
 
Figure 11.  Chest frontal (x) acceleration  
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    Model Validation.  Once the MADYMO model 
was developed, it was then calibrated against the 
crash test S010287 described in the last section.  In 
the calibration process attention was focussed on 
the head and chest acceleration in the axial 
direction and maximum compression of the energy 
absorber.  In particular, head and chest acceleration 
in the axial direction [Figures 10 and 11] from the 
test were used as the benchmark in the calibration 
process.  The simulation results obtained for both 
occupant head acceleration (Figure 12) and chest 
acceleration (Figure 13) matched the test results 
with satisfactory accuracy.  The peak acceleration 
and the energy absorber deformation are a very 
good match to the test measurements as shown in 
Table 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12.  Head frontal (x) acceleration from 
MADYMO simulation 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.  Chest frontal (x) acceleration from 
MADYMO simulation 
 
Table 2: Hybrid III acceleration measurements  

 Test 
S010287 

MADYMO 
Simulation 

Head (g’s)  - x 56 55 
Chest (g’s) - x 43 45 
Energy Absorber 
deformation 
(mm) 

33 33 

 
 
 
 
 

SIMULATON RESULTS 
 
    A total of three impact simulations were 
performed.  These consisted of three different sizes 
of occupants including a 50% male dummy, a small 
5% female hybrid III dummy and a large 95% male 
hybrid III dummy.  All three dummies were placed  
in the same seating position and subjected to the 
same crash pulse.  Tables 3 and 4 list the predicted 
responses for the different size occupants.   Table 5 
summarises the deformation of the energy 
absorber.   
 
Table 3.  Peak Occupant Acceleration Results 
Dummy 
Type 

Head Resultant 
Acceleration (g) 

Chest Resultant 
Acceleration (g) 

50% Male 62 47 
95% Male 57 56 
5% Female 92 51 
 
Table 4.  Occupant Injury Results 
Dummy 
Type 

Head Injury 
Criterion (HIC) 

 

Upper thorax 
3ms maximum 

(g’s) 
50% Male 232 42.4 
95% Male 239 38.3 
5% Female 324 48.6 
 
Table 5.  Energy absorber deformation. 
Dummy 
Type 

Energy Absorber deformation 
(mm) 

50% Male 33 
95% Male 43 
5% Female 11 
 
    50% male occupant impact.  During dynamic 
simulation the occupant slid back into the seat 
towards the direction of impact.  It commenced to 
load the seat back at approximately 30 ms, 
followed by loading of the energy absorber at 
approximately 35 ms (Figure 14). The seat was 
continually loaded up until approximately 110 ms 
when the dummy started to slide off.  The back of 
the head contacted the centre of the head restraint at 
approximately 50 ms after impact.  The impact of 
the back of the head with the head restraint gave a 
maximum resultant head acceleration of 62 g’s at 
64 ms (Figure 15).  The maximum resultant chest 
acceleration was 47 g’s (Figure 16).  The 
corresponding HIC was 232 (Table 4).  The 
computed 3-ms chest acceleration was 42 g’s.  The 
impact resulted in the energy absorber system 
deforming 33 mm. 
 
   95% large male occupant impact.  The 
kinematics of the large size occupant is similar to 
that of the 50% dummy, except the dummy loaded 
more into the seat.  The dummy commenced to 
load the seat back at approximately 30ms followed 
by loading of the energy absorber at approximately 
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35 ms (Figure 14).  The seat was continually loaded 
until approximately 130 ms when the dummy 
started to slide off.   The maximum resultant head 
and chest acceleration computed were 57 g’s and 
56 g, respectively (Figures 17&18). The calculated 
HIC was 239 (Table 4).  The computed 3-ms chest 
acceleration was 38 g’s.  It was predicted the 
energy absorber would deform 43 mm when 
subject to the impact load. 
 
   5% small female occupant impact.  As 
expected, the small female occupant loaded into the 
seat much more lightly than the male occupants, 
although its dynamic response to the same crash 
pulse was similar to that of the large male 
occupants.   However, the injuries calculated were 
the largest among the three for the small female 
ATD.  The HIC was 324 and 3-ms chest 
acceleration was 49 g’s.  Figure 19 and 20 show the 
head and chest responses for the simulated crash. 
The deformation of the energy absorber was only 
11 mm.  
 
    Overall, by using the energy absorbing seating 
system, the occupant peak acceleration for all three 
occupant sizes is much lower than that when a 
conventional seating system is used (Table 1).   
Occupant injuries are small to moderate.   
 
CONCLUSIONS 
 
    A MADYMO model was developed and 
validated for a rear facing seat in frontal crashes.   
Three simulations were performed based on a 50% 
average male Hybrid III dummy, a 95% large male 
dummy and a 5% small female dummy to cover the 
range of occupant sizes.  Occupant safety has been 
assessed through simulations.    
 
    The results of the simulations showed that by 
using an energy absorbing seating system, crash 
deceleration can be effectively attenuated and 
occupant injuries significantly reduced in 
comparison to conventional seating systems.  
 
    In future, physical crash tests will still be 
required as the final certification method for 
approval of a particular crashworthy mechanical 
system.  However during the development process 
the application of computer simulation methods as 
presented in this paper show that it is possible to 
reduce development costs.   
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Figure 14:  Dummy Kinematics during impact 
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Figure 15.  Head acceleration plot for 50% male dummy from computer simulation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16.  Chest acceleration plot for 50% male dummy from computer simulation  
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Figure 17.  Head acceleration plot for 95% male dummy from computer simulation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18.  Chest acceleration plot for 95% male dummy from computer simulation 
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Figure 19.  Head acceleration plot for 5% female dummy from computer simulation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20.  Chest acceleration plot for 5% female dummy from computer simulation 
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ABSTRACT 
 

In this report are presented results of 
research concerning widespread and spacing zones 
around the vehicle (truck categories: N1, N2, N3, i.e. 
small, medium and heavy) that are visual field of a 
driver and are bounded by a cabin construction with 
its equipment. Research method described in UN 
ECE Regulation No. 46 referring to assessment of 
provision of visibility by vehicle’s mirrors was used 
in discussed research. 

Performed analysis is due to critical 
situations for tested vehicle. Example analysis was 
placed on extended intersections with left turn, 
angular crosscut intersections and on angular railway 
crossing. A discussed example pointed out that 
driver has no possibility to observe zones of road, 
which are crucial for a safe movement of a vehicle. 
Analysis was performed for vehicles being currently 
in use and meet current regulations and also more 
strict regulations, which will be in force due to new 
European requirements.  

For vehicles equipped in accordance to 
mandatory requirements author pointed out that one 
of possible direction of decreasing risk of a collision 
or an accident is to decrease limits in visual transfer 
of driver – vehicle – surrounding system. It is 
necessary to consider some modifications of 
construction and also form of surrounding due to 
some vehicle and driver constraints. 

Regulations compulsory up to now were 
stringent enough. Complete equipment of vehicles 
referring to observation possibility were much more 
lean. Zones that driver can observe in older vehicles 
are distinctly smaller so threats in older vehicles are 
much more evident.  

This report presents propositions of 
extending possible observation zones. Also it 
presents results of investigations for estimation of 
extended observation zones and of their arrangement 
after proposed changes in vehicles of different 
categories. Proposed modifications for in use 
vehicles and for requirements of vehicle type 
approval are very basic as a first step.     
Keywords: vehicle safety, visibility, proposals. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
INTRODUCTION 

 
Although a vehicle meets all requirements 

referring to visibility, in many cases, not only in the 
Polish road conditions, a driver has no possibility to 
take advantage of those car features. Lack of 
adaptation for surrounding configuration due to 
limitations of vehicles’ cabin construction is a main 
cause of above mentioned problem.  

Advance observation by the driver of some 
crucial parts of surrounding area is the most 
important term in case of quick reaction and meeting 
the possible threats. Factors which affirmatively 
affect the way of gaining information and which are 
decisive in case of driver comfort can reduce the 
level of accident threat. 
  In some particular roads configuration (e.g. 
angular crosscut intersections or railway crossings – 
See Figures 1, 2, 3) possibilities of observing of all 
area around the vehicle with truck category N1, N2, 
N3 are not sufficient to undertake proper decisions 
about continuing the trip safely.  
 

 
 
Fig. 1. Situation on the angular intersection with 
reduced visibility on the right side of the vehicle.  
 

 
 
Fig. 2. Commercial vehicle with category N1 at the 
angular crosscut intersection with tram railways 
 

THREATS FOR LIMITATIONS OF VISUAL TRANSMISSION CAUSED BY LACK OF 
ADAPTATIONS TO EXISTING NEEDS FOR HEAVY TRUCK’S CABIN CONSTRUCTION 
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Motor Transport Institute 
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Fig. 3. Commercial vehicle with category N1 at the 
angular crosscut intersection with railways 
 
  Passenger vehicles are equipped with 
windows on all sides which gives a driver possibility 
of observing the whole surrounding of the vehicle. In 
such condition a driver of the passenger vehicle after 
turning his head right can observe area through the 
window in the rear right door and through the rear 
window. Most of trucks behind the driver’s seat have 
load-carrying space which is not transparent. 
Mentioned problem causes significant limitation to 
observation zones. It endangers driver’s health due 
to probable collision effects. The driver in such 
situation has no possibility to observe surrounding of 
the vehicle in necessary range.  
 
 
METHODS 
  
 Problem identification was carried out 
during comparative test of two vehicles: Polonez 
Caro with M1 category (See Figures 4 and 5) and 
Polonez Truck with N1 category (See Figures 5 and 
6). In discussed problem we assume that front parts 
of both vehicles towards B pillars are completely the 
same (taking into account the area of glass surface 
and arrangement of non-transparent elements). 
While rear parts beginning from B pillars of those 
two vehicles are completely different. Assessed 
vehicles are representation of vehicle categories they 
belong to. 
 

 
 
Fig. 4. Tested passenger vehicle - Polonez Caro 

 

 
 
Fig. 5. View from the cabin of passenger vehicle – 
Polonez Caro 
 
 The Polonez Caro has glass surfaces on rear 
and side walls. The Polonez Truck (See Figure 7) 
has a barrier behind the first seat row. Behind that 
barrier is placed non – transparent closed load-
carrying body.  
 Comparison of those two vehicles will 
allow to identify how large limitation of observing 
zones is in case of N1 category vehicles.  
 

 
 
Fig. 6. Tested commercial vehicle - Polonez Truck 

 

 
 
Fig. 7. View from the cabin of commercial vehicle -  
Polonez Truck 
 
 Vehicles of category N2 and N3 (middle 
and heavy commercial vehicles) also were tested in 
regard of the arrangement of visible and invisible 
areas. The vehicle which was chosen as a typical 
representative regarding vehicles with category N2 
is Ford Transit with delivery-van body. The 
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arrangement of all opaque and transparent elements  
of driver’s cabin regarding problem of visibility is 
typical for vehicles of that category.  
 

 
 
Fig. 8. Tested commercial vehicle – Ford Transit  
 

 
 
Fig. 9. View from the cabin of  commercial vehicle - 
Ford Transit 
 
 The vehicle which was chosen as a typical 
representative regarding vehicles of category N3 is a 
truck – VOLVO (See Figures 10 and 11). The 
arrangement of all opaque and transparent elements 
of driver’s cabin regarding problem of visibility is 
also typical for vehicles of that category.  
 

 
 
Fig. 10. Tested Volvo truck  

 
 
Fig. 11. View form the cabin of Truck Volvo FH12 

 
All tests referring to observing zones of a 

driver were conducted in accordance to methods 
described in Regulation No. 46 and 71 of ECE UN 
(Economic Commission for Europe of United 
Nations). Measuring devices used during research 
met all requirements stated in mentioned regulations 
[8], [9]. Results of conducted visibility tests are 
listed below. 
 
RESULTS 
  
 Results of conducted test referring all 
transparent and opaque zones on the level of road 
surface are presented on Figures 12, 13, 14, 15. Grid 
lines scale is 1m. Brighter areas on all Figures are 
transparent zones. Dark areas are invisible. Blue 
areas present zones which driver can see in rear 
mirrors.  
 

 
 
Fig. 12. Measured transparent zones – bright and 
invisible – dark, on the level of road surface – 
passenger vehicle Polonez Caro on research circle 
(diameter 24m)  
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Fig. 13. Measured transparent zones – bright and 
invisible – dark, on the level of road surface – 
commercial vehicle Polonez Truck on research circle 
(diameter 24m)  
 

 
 
Fig. 14. Measured transparent zones – bright and 
invisible – dark, on the level of road surface – 
commercial vehicle Ford Transit on research circle 
(diameter 24m)  

 
Because of the construction, vehicle limits 

driver’s visibility. There are also road configuration 
limits and its flap walls (See Figure 16).  
Dimensions of visibility field are function of the 
angle α roads crosscut, distance S between vehicle 
on a side road and a main road and also angle γ 
between B pillar and eye-points of vehicle driver, 
according to (See Figure 17), (analogical angle from 
left pillar is indicated by β – (See Figure 18).  
 

 
 
Fig. 15. Measured transparent zones – bright and 
invisible – dark, on the level of road surface – truck 
Volvo FH12 on research circle (24m diameter)  

 
Analyzed problem was the influence of 

variation angle of a cabin right B-pillar, and distance 
between the car and the intersection and a crosscut 
intersection angle to length of the observed side 
main road section on the right side. 
 

 
 
Fig. 16. Situation, stop on the angular intersection - 
approchement 
 

 
 
Fig. 17. Area of the real visibility (α = 30°, γ = 7°) 
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Fig. 18. Characteristic angles of vehicle cabin visibility 
field  
 

Values, which dimensions knowledge is 
necessary to point out the range of visibility field are 
following: 

  
a = a1 + a2 

  

where  α
α

sin
41 ⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

⋅
+=

tg

W
oa s

 - distance  

between eye-points and a tangent crossing by  
extreme centre point on the front bumper 
a2 = ¾ b, where b – width of the road 
 
Vm – flow traffic speed – mean parameter mapping 
the speed of vehicles on free road traffic, used to 
determine road elements dimensions value, which on 
traffic safety consideration should be adjusted to this 
speed.   
 
L1 – distance measured according to Figure 17, 
demanded by the traffic regulations while reaching 
an intersection with a measured speed road.  
 
L2 – distance measured according to Figure 17, 
demanded by the traffic regulation while start 
moving to an entry at the intersection with a 
measured speed road. 
Lrzecz = Lreal.=L’+L”-Lm – real length of visible area 
from a vehicle, measured like an L1. 
  
L’;L”;Lm; - values on an intersection screen 
according to Figure 17.  
 
S  –   distance between vehicle on a side road and 

edge of main road,  
b  –   main road width, 
α  –  road’s crosscut angle,  
W  –  car width, 
Os –   distance between eye-points and 

perpendicular plane, crossing by a front 
outline of a vehicle,  

α Є <25° ÷ 90°> – such range taken, because in 
situation with obtuse angles, driver does not have 
any limits from the right and from the left – he can 
put out his head through a left window. (it is 
unadvisable – driver switch his sight from a driving 
course),  
S Є <0m ÷ 20m> –   maximal distance from the road 
edge, specified in the traffic regulations, 

γ Є <0° ÷ 10°> – such range taken according to 
testing of trucks category N1, N2, N3 
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(1) 

 
Formula (1) describes dependence of real visibility 
values - Lreal = f (s, α, γ). The results of calculation 
are illustrated on graphs (See Figures 20, 22).   
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∂

∂
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S
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Formula (2) present sensitivity of visibility Lreal to 
variable S describing position of   vehicle reaching 
an intersection with a main road.  
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Formula (3) present sensitivity of visibility Lreal to 
geometry of intersection ( α angle between roads). 
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Formula (4) present sensitivity of a visibility Lreal to 
geometry of driver’s cabin, represented by γ angle.   
There is introduced concept of a relative visibility 
coefficient (Lrzecz.-L1)/ L1 or (Lrzecz.-L2)/ L2. The 
results of calculation are illustrated on graphs (See 
Figures 21, 23).   
The results of sensitivity analysis are illustrated on 
graphs (See Figures 24, 25, 26). 
The driver of a vehicle category N1, N2, N3, in spite 
of good visibility on the intersection, because of 
vehicle construction limits, has no chance to take 
full advantage of   provided visibility field. 
While reaching an intersection or starting moving on 
a such intersection (See Figure 19), driver 
instinctively becomes participant of “risk”: he may 
cross an intersection or he will have an accident.  
There are not predicted certain elements of safety 
system (concerning visibility), indispensable in 
extreme situations. Although driver satisfies the 
conditions, vehicle is authorized to traffic, road is 
according to traffic regulation – driver does not see 
enough for safe continuation of his ride.   
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Fig.  19.   Situation on extended intersection with a 
turn to the left and visibility limited by cabin.   
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Fig. 20. Real visibility Lreal in function of alfa angle of 
roads crosscut – approaching, L1 = 120m, Vm = 60 
km/h 
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Fig. 21. Relative visibility coefficient (Lreal.-L1)/L1 in 
function of alfa angle of roads crosscut on intersection 
– approaching, L1 = 120m; Vm = 60km/h. 
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Fig.22. Real visibility on intersection Lreal in function 
of distance S from road edge – stop, L2 = 90m, Vm = 
60km/h. 
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Fig. 23. Relative visibility coefficient on intersection 
(Lreal-L2)/L2 in function of distance S from road edge 
– stop,  L2 = 90m, Vm = 60km/h. 
 

0

2

4

6

8

10

12

14

16

18

20

80 75 70 65 60 55 50 45 40 35 30 25

Kąt alfa [o]de
lta

 L
/d

el
ta

 S

 
 
Rys. 24. Sensitivity of visibility (delta Lreal/delta S) in 
function of alfa angle 
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Fig. 25. Sensitivity of visibility (delta Lreal/delta gama) 
in function of alfa angle. 
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Fig. 26. Sensitivity of visibility (del Lreal/delta del. alfa) 
in function of alfa angle. 
 
On the Figure 27 is illustrated simulation of real 
situation of truck on angular railway crossing. Light 
areas – visible to car driver. Dark areas – invisible. 
There are areas visible through car mirrors indicated 
by dark blue colour. Train is in invisible to car driver 
area.  
 

 
Fig. 27. Schema of the situation before accident. 

 

 
Fig. 28. Schema of the situation where truck is hit by 
train.  
 
On the Figure 28 is illustrated moment of hit the 
truck by the train. 
On the Figures 29 and 30 are illustrated damages of 
participants in accident: truck and train. 
 

 
 
Fig. 29. Truck after accident.  
 

 
 
Fig. 30. Train after accident. 
 
DISCUSSION 
 

From illustrated on the Figures 20 and 22 
graphs follow that group of vehicles belonged to 
category N1, N2, and N3; in compare to passenger 
car has a large visibility limit, especially on the right 
side of vehicle. This characteristic is not noticed by 
traffic regulations authors. 
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Fig. 31. Extra spherical mirror in vehicle cabin 
 

From obligatory regulations it is seemed 
that a such projected road does not cause formation 
of threat. Taking into consideration mentioned 
matters, projecting and existence of legal angular 
intersections (without additional elements of safety 
system) is the reason for accidents. 

This consideration about safety of road 
traffic participants in aspect of visibility from 
vehicle driver’s seat authorize to formulate the 
following observations and conclusions: 
– problems of visibility from vehicle, although 
noticeable increase of meaning and still increasing 
formal – regulatory requirements, are still distant 
from solutions assuring liquidation of road traffic 
participants threats, 
– Polish law standards concerning visibility matters 
require complex analysis and modification, 
– deficiency of regulations follow mainly from lack 
of its complex treatment in the system Driver-
Vehicle – Environment, 
– visibility aspects do not have good lay out and  are 
marginal treated in automobile literature. 

 

 
 
Fig. 32. Mirror on a road of limited visibility 
 
To help driver I propose to upply extra spherical 
mirror fixed in cabin on column A. 
It allows to observe zone invisible up to now (See 
Figure 31). 

Additionally is recommended to use large spherical 
mirrors on these intersections (See Figure 32), which 
enable observation of vehicle surrounding zones, 
which truck driver does not have possibility to 
observe without internal mirror. 
   
CONCLUSION AND RECOMMENDATIONS 
 

Indicated problems permit to understand the 
scale of projects with objective of road traffic safety 
system improvement. Significant part of these 
projects may provide meaningful effects – decrease 
of inhabitants threat and serious accidents indicators. 
 
1. It is important to change urgently requirements of 
official certification regulations concerning  vehicles 
construction and equipment in objective to assure 
driver enough visibility from a vehicle on angular 
intersections. 
 
2. It is urgent to change regulations concerning 
necessary conditions of assurance of safety on 
angular intersections taking into account vehicles 
construction limits. 
 
3. Analysis of sensitivity of real visibility on main 
road function demonstrate that aberration of α roads 
crosscut angle from right angle, cause a big variation 
of length of visible main road section Lreal. 

Sensitivity in the angle α < 75° is already not big, 
but in this case real visibility is distinctly less than 
required by regulations. 
From above follows that α roads crosscut angle, 
absolutely should not be smaller than 75°. 
 
4. It is appropriate to modify situation on angular 
intersections already existing with the purpose of 
eliminate possible threats of road traffic participants, 
for example by provide intersections with extra 
installations ensuring standard visibility from 
vehicles of different categories. 
 
5. It is necessary to equip trucks with extra spherical 
mirrors located in a cabin, facilitating to driver 
environment observation. 
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ABSTRACT 

This paper discusses the design aspects of bus 
frontal impact behavior as one of the main subjects 
of bus crashworthiness and surveys conditions and 
results of previous full impact laboratory tests 
comparing the FEM simulation results carried out 
on a Hungarian Ikarus bus. 

Clarifying the adequate background gives 
possibilities for checking bus passive safety 
solutions by computer and the best utilizable 
resolutions can be applied in the standardized 
production. This paper shows frontal impact test 
arrangements of a 10 tons’ city bus with three 
different impact speeds and computer simulation 
versions of these real tests. It gives possibilities to 
compare the test results to the requirements of 
current bus regulations. 
 
BUS CRASHWORTHINESS – FRONTAL 
IMPACT 
 

Design for frontal impact, side impact and 
rollover safety come within the crashworthiness 
subject. 

Frontal impact of automobiles is an accurately 
researched and well-circled topic versus bus frontal 
impact behavior.  

A well-designed bus structure has good 
deformation and energy absorbing capability. In 
case of frontal impact it has to meet three criteria: 

Force criterion: the order of stability loosing 
(crushing) of structural elements happens in pre-
determined sequence; the forces due to the plastic 
hinges are in successive magnitude; 

Energy criterion: the kinetic energy of the 
vehicle must be absorbed with deformation energy 
of other pre-determined elements of bus framework 
to avoid the damage of any protected structural 
element (initial condition for generating the safety 
bumper features) 

Kinematical deformation criterion: during the 
energy absorbing process the (elastic and residual) 
displacement possibility of structural elements is 
limited and the damage-free conditions of elements 
can be allowed or ensured due to this. 

The reality of above-mentioned goals was 
investigated by a test series carried out at 
AUTÓKUT in 80’s. Dynamic impact tests on full-

scale bus, driver space, front-wall, understructure, 
bumper and bumper elements were accomplished. 

All kinds of crashworthiness’ demand claims to 
minimize the injury probability of vehicle driver 
and passengers during standard accident conditions 
or to maximize their survival chance. 

According to the knowledge of biomechanical 
tolerance limits of human beings two basic 
premises shall be fulfilled: 

− As rigid as possible driver and passenger 
zones shall be created for ensuring the so-called 
“survival space”; 

− Suitable energy absorbing zones shall be 
designed for limiting the (inertia forces) acting 
on the drivers and passengers for reducing the 
inner impact forces, which can cause fatality. 
 
„Survival zone” of bus is defined only for 

rollover safety (ECE R66) and regards to the 
passenger area exclusively, but it is not adaptable to 
the frontal impact due to the primacy of driver 
cabin. Ensuring to keep in a prescribed space and 
cover the surroundings with energy absorbing 
materials are the two most effective tools for 
mitigation of injury risk of passengers (and partly 
of the driver). [1] 

Deformations and displacements of certain 
vehicle equipment, accessories (dashboard, 
steering-wheel, seat-back,) shall not cause the 
dangerous reduction of „personal free space”. 

Structural behavior of bumper, understructure, 
front-wall, driver seat anchorages, passenger seat 
structural strength and fixing are giving the main 
tasks at structural strength design. 

On the analogy of automobile, the bus energy 
absorbing capability of a bus can be defined as 
follows: aim is to create such an understructure 
with adapted bumper which can absorb the bus 
impact energy by crushing of bumper elements and 
elastic compression of understructure due to min. 7 
km/h impact into rigid wall. In this case the impact 
energy to be absorbed is 19 kJ for a 10-ton bus. [2] 
(The calculated impact energy is 25 kJ at 8 km/h 
impact speed.) 

 
REAL IMPACT TESTS [2] [3] 
 
Full impact onto rigid wall 



Vincze-Pap / 2 

Ikarus 411 type bus was the test vehicle 
(prototype of the current running IK 415 city 
buses). The rigid wall was a 300 tons concrete 
block with wooden surface in 50 mm thickness. 
There were 4 load transducers between the impact 
surface and the concrete block. Opto-gate measured 
the impact speed.  In the passenger cabin two 50 % 
male dummy (Hybrid II and Ogle) were seated and 
the Hybrid II dummy was equipped with head and 
chest accelerometers and femur load transducers in 

the right leg. A longitudinal accelerometer was 
fixed onto the floor above the CGV of the bus.  

The test bus was impacted three times with 
three different speeds. [3] 

Vehicle dimensions: 
Length: 11000 mm 
Width: 2500 mm 
Height: 2940 mm 
Axle distance: 5570 mm 
Front/rear overhang: 2630/2800 mm 

 
Bus frontal impact onto rigid wall Measured values 

3,6 km/h speed 6,98 km/h  speed 29,76 km/h  speed  
Max. impact force at the left 
longitudinal beam [kN] 

180 220 780 

Max. impact force at the right 
longitudinal beam [kN] 

160 190 390 

Resultant impact force [kN] 320 390 1100 
Max. acceleration on the floor 
above the CGV [g] 

3 4 12 

Max. resultant acceleration in the 
Hybrid II head [g] 

3 10 60 

Measured max. femur force in the 
Hybrid II dummy [kN] 

1,1 1,3 1,6 

Table 1. Results of three frontal impacts 
 
(The IK 411 bus was equipped with the same 
bumper as was developed for the IK 250 type bus, 
Fig. 1.a.) The mass of bus prepared for test was: 10 
080 kg. 
There was only elastic deformation at the first (3,6 
km/h) impact, and there was no outer damage on 

the bus after the second (6,98 km/h) impact test. 
The detailed examination discovered the crushing 
destruction at left side; the bumper connecting 
tubes (two 60/40x2 mm tubes between the bumper 
surface and the longitudinal beam) have crumpled. 
(Fig. 1.b-c.) 

 

 
Figure 1a-c. Pictures on the bumper and bus frontal impact test with 6,98 km/h speed 
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Figure 2a-d. Phases of frontal impact with 29,76 km/h speed; the front-wall wrinkled up onto the wooden 
impact surface which measured distance was 250 mm from the concrete block and the roof’s edge reached 
the block too. 
 
The left beam has suffered significant deformation 
after the 29,76 km/h speed impact; 130 mm was the 
measured specific compression. (Fig. 3.a.) On the 
right beam the measured compression was less, 
only 80 mm. (The left side is less rigid as the right 
one due to the left-side front door-frame.)  The 

driver seat has slid back thanks to the driver safety 
platform and the dashboard has cracked. The free 
distance between the steering wheel and the frontal 
surface of driver seatback was 330 mm, which 
ensures the survival due to the safety platform. 
(Fig. 3.b-c.) 

 

Figure 3a-c. Consequences of the 29,76 km/h speed impact 
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Figure 4. Force and 
acceleration diagrams of 
29,76 km/h speed frontal 
impact 
 

 
The rigidities of right and left side of bus are 
significantly different, the measured impact force is 
doubled on the right side as the left one. At 30 km/h 
speed impact the observed floor deceleration is 
little bit higher than the prescribed value of ECE 
R80. The standardized average value shall be 
between 8-12 g related to the regulation of ECE 80, 
which is determined for testing of bus seat-frame 
strength and fixing.  
The next statements can be made if the result is 
evaluated according to the criteria of force, energy 
and metamorphosis:   
The bumper elements shall have less rigidity than 
the chassis itself by the criterion of force. This 
became untrue at 7 km/h speed impact, the chassis 
would have been stiffened. (This reinforcing was 
performed during the serial modification of IK 415 
buses.)  
By the supposed energy criterion the kinetic energy 
of the vehicle must be absorbed by elastic 
deformation energy of other pre-determined 
elements of bus bumper and framework up to 3,5 

km/h impact. Over this speed (up to 8 km/h impact 
speed in optimum) only the changeable elements of 
bumper can be destroyed.  
This bus did not fulfill this presupposition due to 
the crumpling of understructure at 7 km/h impact. 
By the deformation criterion during the energy 
absorbing process the (elastic and residual) 
displacement possibility of structural elements shall 
be limited and the deformation order of structural 
elements shall be in presupposed way. The damage-
free conditions of elements can be allowed or 
ensured due to this. It was fulfilled. 
 
 Bus front-wall (driver cabin) tests 
The so-called safety platform serves the ensuring 
suitable and adequate survival space (free space 
between the dashboard, steering wheel and driver 
seat) for the bus driver during and after crash 
process. It was experimented on development of IK 
200 buses and applied in final serial models.   
Different types of static and pendulum impact tests 
were carried out to clarify the mechanism of safety 
platform. (Figures 5, 6.)   
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Figure 5.  Static 
energy absorbing 
test of front-wall 
rail (in case of 
impact with a 
tree) 
 

 

 
Figure 6. Pendulum 
impact test of driver 
cabin with safety 
platform; working 
mechanism and sketch 
of driver safety platform 

 
 
Static and dynamic test of IK 411 
understructure [3] 
Quasi-static laboratory compression test was 
carried out on the IK 411 K1 understructure and the 
force demand for the first plastic joint was 
measured in value of 305 kN. Newly tested after 
modification, reinforcement, the measured 
maximum compression force was 400 kN.  

Two pendulum tests happened on this 
understructure with a 4.1 ton-pendulum from two 
different heights. By an impact with E1=16 kJ 
energy only slight deformations occurred, then four 
plastic joints were detected after impact with 
E2=18,5 kJ energy, the understructure crumpled. 
(Figure 7.) 
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Figure 7. Static and dynamic tests of bus understructure 

 
Static test of inner elements of IK 411 bus 
Energy absorbing elements of IK 411 bus bumper 
were designed from 4 pieces of 60/40x2 mm cross-
section rectangular tubes with length of 175 mm. 
The maximum force due to stability limit of four 
inner elements was 580 kN, which force was 
decreased to 380 kN after 100 mm displacement. 
The crushed tubes were deformed not only in 

longitudinal direction, but buckled too due to the 
oblique connection. Maximum resultant 
compression of inner elements was 115 mm. (The 
yield stress of mild steel bumper elements was 240 
MPa.) The bumper is able to suffer 240 mm of 
accumulated compression. (Figure 8.) 

 
Figure 8. Static compression test of bumper energy absorbing elements of IK 411 bus 

 
FEM SIMULATIONS 
 
Simulation model [5] 

Figure 9. Elastic material properties for glazing with rupturing are defined by max. plastic strain 
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The bus model in the used PAMCRASH program 
is structured by sheet elements. The layout of front 
and rear axles, engine-gearbox connections to the 
frame-structure happened with joint-balled bar 
elements.   

Dynamic Crash analysis has been performed on 
the FEA model detailed below: 

Analysis type: Front Crash, impacting into rigid 
wall under three load cases as initial velocity 
(3,6km/h, 6,98 and 29,76 km/h) 

FEA model: Number of Element: 79091 
(SHELL) - Number of Nodes: 71432 – Number of 
properties: 98 

Total model mass: 10007 kg 

Bumper: The Bumper structure as energy 
absorbing part was composed of three major 
components. 

a) Covering plastic shell 
b) Foam (polyurethane) (applied stress-strain 

curve in Fig. 11) 
c) Steel tubes (applied stress-strain curve in 

Fig. 10) 
Material type: Elastic-plastic material properties 

with strain rate dependent hardening for steel parts. 
Elastic material properties for glazing with 
rupturing is defined by max. plastic strain. (Fig. 9) 

FEA Solver: PamCrash v.2001 

 

 
 

Figure 10. Applied stress-strain curve of steel tubes Figure 11. Polyurethane applied stress-
strain curve 

 
 
Impact simulation test with 3,6 km/h speed 
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Figure 12. Elastically deformed bumper at the 3,6 km test [maximum deformation](a); the [left, right and 
resultant] force curves (b); energy diagrams (c); deceleration on the floor at CG in [g] (d) 

 
 
Impact simulation test with 6,98 km/h speed 
 

Figure 13. Deformed energy absorbing elements of bumper at the 6,98 km test (a,b); 
energy diagrams (c) 

 

 
Figure 14. The [left, right and resultant] force curves at the 6,98 km test (a); 

deceleration on the floor at CG in [g] (b) 
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Impact simulation test with 29,76 km/h speed 
 

 

   
 

Figure 15. Some pictures on deformation process at 29.76 km/h speed impact 
 

 

Figure 16. Energy diagram curves at the 29,76 km test (a;) the [left, right and resultant] force (b); 
deceleration on the floor at CG in [g] (c) 

 
CONCLUSIONS 
 

At full test with 29,76 km/h speed the measured 
floor deceleration is a bit higher than with 
prescribed trolley deceleration by ECE R80. (ECE 
R80 prescribes 8-12 g deceleration for trolley at 30 
km/h speed standardized impact. The measured 
values are rather congruent with the force (rooted 
from 11-13 g deceleration) required by ECE R14 
related to M3 bus category seat-belt anchorages. [4] 

The front-wall, understructure, bumper energy-
absorbing capability shall be examined together and 

shall be linked them due to the force, energy and 
kinematical deformation criteria.  

The detailed and accurate FEM model 
simulation has lead to analogous result as real 
impact test. (Fig. 17.) 

This developed model set-up and simulation 
version is very effective tool for checking the bus 
impact behavior in the design process.  
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Figure 17. 

Interlocking the real and simulation 
impact test results. The measured 
and calculated curves are well 
congruent.  
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ABSTRACT 
 

The purpose of this study is to evaluate load cell 
moving deformable barrier (LCMDB) tests as a means 
of assessing frontal impact compatibility between 
vehicles. An LCMDB is employed to enable assessment 
of relevant partner-protection characteristics in addition 
to self-protection performance in a front-to-front crash 
test. The ability to control key characteristics of 
compatibility in LCMDB tests enables force 
measurements on the load cell wall to be used to assess 
structural interaction, frontal force level and passenger 
compartment strength. 

In this study, LCMDB tests have been conducted 
with various deformable elements to determine how 
well they correlated with fixed barrier tests or 
vehicle-to-vehicle tests. Firstly, barrier load cell data 
measured in a full-frontal LCMDB-to-vehicle crash test 
are compared with data measured in a full width 
deformable barrier (FWDB) test at 56 km/h. In addition, 
some compatibility metrics such as average height of 
force (AHOF) and force distribution are compared. 
Secondly, an offset-frontal LCMDB-to-vehicle crash 
test has been conducted to evaluate the passenger 
compartment strength for small cars in an overload 
condition. Force measurements of the load cell wall are 
compared with data obtained from an offset deformable 
barrier (ODB) test at 64 km/h. Finally, an 
oblique-frontal LCMDB-to-vehicle crash test has been 
conducted and the test results are compared with 
vehicle-to-vehicle tests and with fixed oblique barrier 
tests at 50 km/h in terms of the vehicle and occupant 
kinematics. 

 The study has shown that the 
LCMDB-to-vehicle test offers a realistic simulation of 
the effect of differences in mass in vehicle-to-vehicle 
impacts, and enables compatibility metrics to be 
evaluated. 
 
INTRODUCTION 
 

Frontal vehicle-to-vehicle collisions are still the 
most common accident type causing fatal or serious 
injuries; hence vehicle crash compatibility in frontal 

impact may offer the greatest potential to enhance a 
vehicle occupant’s safety. One of our research goals for 
enhancing frontal impact compatibility between 
vehicles is to develop new test procedures which would 
lead vehicle structures to be more compatible in frontal 
collisions. Compatibility performance is determined 
both by self-protection performance and aggressivity; 
therefore compatibility assessment must have test 
methods and performance criteria for these two 
requirements. The authors examined a set of test 
procedures for frontal impact compatibility to evaluate 
relevant vehicle characteristics of compatibility 
including a moving deformable barrier (MDB) test 
method [1, 2]. The MDB test is currently one test 
method used to simulate vehicle-to-vehicle crashes 
from the dual perspective of body deceleration 
characteristics, which control occupant injury severity, 
and occupant compartment space. The MDB test allows 
the mass ratio effect to be taken into account, and it can 
generate a realistic delta V and vehicle deceleration 
pulse. The approach of using an MDB test can produce 
relatively realistic vehicle-to-vehicle crash response, 
deformation and occupant kinematics, thus the MDB 
more adequately represents what happens in 
vehicle-to-vehicle type accidents. The work described 
in this paper updates the MDB test method with data 
obtained from employing a load cell MDB (LCMDB) 
to evaluate relevant characteristics for frontal impact 
compatibility. The ability to control key characteristics 
of compatibility in LCMDB tests enables force 
measurements on the load cell wall to be used to assess 
structural interaction, frontal force level and passenger 
compartment strength. This paper provides a 
comparative analysis between the fixed barrier tests and 
the LCMDB tests. Three major fixed barrier test 
conditions were selected based on commonly 
conducted international crash testing, which are the full 
width deformable barrier (FWDB) test, offset 
deformable barrier (ODB) test and fixed oblique barrier 
(FOB) test. 
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MDB-TO-VEHICLE FULL-FRONTAL CRASH 
TESTS 
 

In the US fleet, incompatibility between LTVs 
and passenger cars has been identified through an 
accident analysis [3]. One issue of the incompatibility 
between LTVs and passenger cars is based on a lack of 
structural interaction due to geometrical differences. 
Barrier load cell data in the US New Car Assessment 
Program (US-NCAP) was investigated by the National 
Highway Traffic Safety Administration (NHTSA), and 
some compatibility metrics such as the AHOF, initial 
force and force distribution were measured on the load 
cell wall (LCW) [4, 5]. Those parameters may control 
structural interaction and frontal stiffness, which would 
be beneficial in enhancing the interaction 
characteristics of vehicles. Therefore, a full width 
barrier test with a load cell wall could be a candidate 
test procedure to evaluate the interaction characteristics 
and stiffness (sometimes referred to as the 
“aggressivity” of vehicles). A number of parameters 
can be proposed and developed from the available 
barrier load cell data. The Transport Research 
Laboratory (TRL) developed a full width deformable 
barrier (FWDB) test and some homogeneity criteria 
were proposed to assess and control structural 
interaction. Figure 1 shows the configuration of the 
FWDB. Currently the deformable barrier face that is 
proposed by TRL has two layers. The first layer 
consists of a 0.34 MPa aluminum honeycomb element 
that is 150 mm deep, and the second layer consists of a 
1.71 MPa element, also 150 mm deep. The second layer 
is segmented into individual blocks and is constructed 
so that each block is in line with each barrier load cell. 

2 Layer Honeycomb

125mm

125mm

150mm
150mm

1.71MPa

0.34MPa

2000mm

750mm

 

Figure 1. Full width deformable barrier test 

The purpose of full-frontal LCMDB testing with 
the 2 layer honeycomb is to compare it with the FWDB 
test using measured compatibility metrics. In this study, 
the weight of the LCMDB was set to the same weight 
as the target vehicle in order to compare the test results 
with the FWDB test. Figure 2 shows the load cell 
layout of the full-frontal LCMDB test. The LCW for 
the MDB full-frontal impact consists of 64 load cells, 
with each surface area 125 x 125 mm. Unfortunately 
the number of the load cells was restricted by the gross 
weight of the LCMDB. The mass of the LCMDB was 

set to correspond to the subject SUV, which was about 
2200 kg. 
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Figure 2. Load cell moving deformable barrier layout 
 
The ground clearance of the load cell wall for the 
LCMDB was set at 205 mm in height in order to get the 
barrier load data generated by the primary energy 
absorption structure (PEAS) and secondary energy 
absorption structure (SEAS). The 64 load cells covered 
the US bumper regulation zone and the height of the 
load cells was in line with the 2nd-5th row of the fixed 
barrier’s LCW. See Figure 3. 
 

LCMDB:205mmFWDB:80mmGL

FWDB 18x10 Channel

Part 581 zone

LCMDB 16x4 Channel

 
 
Figure 3. Comparison of load cell layout 
 

The test program was developed with the 
objective of evaluating the use of an LCMDB constant 
energy compatibility test procedure in comparison to 
the FWDB test. Figure 4 compares the full-frontal 
impact tests among three different test configurations. 
In LCMDB-to-vehicle testing with a shallow 
deformable barrier (DB), the impact speed should be 
adjusted so that the kinetic energy corresponds to the 
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vehicle-to-vehicle impact due to the shallow DB 
lacking an energy absorption capability. An energy 
equivalent full-frontal LCMDB test was conducted and 
the test results were compared with the FWDB test. An 
SUV was selected as a target vehicle to analyze barrier 
load cell data. An LCMDB-to-SUV impact was 
performed at a closing speed of 80 km/h to maintain the 
kinetic energy, which was equivalent to that at the 
FWDB 56 km/h. Hybrid Ш 50th percentile male 
dummies were used to study the injury levels for the 
driver and passenger positions. 
 

Test Configuration 

with Shallow DB

0=Eb

0≅Eb

2
112

11 vmE =

12
1 vv ×=

2
112

11 vmE =2
112

11 vmE =

2

112
122 vmE ∗≅

•Mass (MDB)=Mass (Vehicle)
•E2→E1
•Energy Equivalent Test Speed 

V1

V1

V1

V1

V1

 
 

56 km/ h
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Figure 4. Energy equivalent full-frontal impacts 
 

The deformation levels of the vehicles 
demonstrated similar results except slightly different 
deformation modes of the front side member. See 
Figure 5. 

 

FWDB

 
 

LCMDB

 
Figure 5. Comparison of body deformation modes 

 
Figure 6 shows dummy injury levels. Similar results 
were also observed between the two tests. 
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Figure 6. Comparison of injury measurements  
 
Noticeable differences between the two tests occurred 
on the deceleration-time histories. The vehicle 
deceleration pulse in the energy equivalent LCMDB 
test indicated shorter duration of the crash pulse 
compared with the FWDB test. See Figure 7. 
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Figure 7. Comparison of body deceleration vs. time 
curves 
 
Compared to the vehicle deceleration pulse, the dummy 
deceleration pulses in the LCMDB test demonstrated 
shorter crash pulses than were achieved in the FWDB 
test while the injury values were similar. Figure 8 
shows the dummy chest deceleration pulse as an 
example of the dummy response. 
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Figure 8. Comparison of chest deceleration pulses of 
driver dummy 
 

An interesting comparison can be made by 
inspection of the deceleration vs. displacement curves. 
The two deceleration-displacement curves follow each 
other quite closely until the end of the impact. This 
illustrates the overall structures were behaving in a 
similar way in both tests, which equates to 
reproducibility, which is a prime requirement for an 
energy equivalent test. See Figure 9. 
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Figure 9. Comparison of body deceleration vs. 
displacement curves 
 
In principle, the vehicle deceleration pulse determines 
the relative movement between the vehicle and the 
dummy. The dummy displacement relative to the 
vehicle generates a tension force on the seatbelt and the 
dummy deceleration is produced by the seatbelt tension 
force. The deceleration-displacement curves for the 
driver pelvis clearly proved this theory. See Figure 10.  
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Figure 10. Comparison of dummy pelvis deceleration 
vs. displacement curves 
 
However, the deceleration curves for the driver head 
were different between the two tests. See Figure 11. 
This may be because an airbag reaction force, which is 
determined by the internal pressure of the airbag, is 
dependent on time; whereas the seatbelt tension force is 
dependent on displacement as a factor. In an energy 
equivalent LCMDB test, the deceleration vs. time 
histories should be checked if such data would 
influence test results. 
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Figure 11. Comparison of dummy head deceleration vs. 
displacement curves 
 

Next, the barrier load cell data was compared 
between that obtained in the FWDB test and that in the 
LCMDB test. Fairly good correlation was seen in the 
total barrier load cell data. See Figure 12.  
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 Figure 12. Comparison of total barrier force 
Moderate correlation was seen between the two barrier 
load cell data sets; however, the major differences in 
the load cell data were caused by the bottoming out of 
the deformable barrier in front of the side members. See 
Figure 13. 
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Figure 13. Comparison of barrier force in each load cell 
(left side), Force (kN) vs. Displacement (mm)  
 
The time-based contour graphs were compared between 
the two tests. Considerably different contour graphs 
were seen in the time-based graph. See Figure 14. 
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Figure 14. Comparison of time-based contour graphs  
 
However, displacement-based contour graphs 
illustrated more similar results due to similar 
deformation modes of the body. See Figure 15. 
Therefore, barrier load data analysis was made in the 
displacement-based barrier load data in addition to the 
time-based load cell data analysis in this energy 
equivalent test. 
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Figure 15. Comparison of displacement-based contour 
graphs 
 

The height of force (HOF) was computed for 
each time step and for each displacement step during 
the impact. The HOF-displacement graph in the 
LCMDB test looks similar to that in the FWDB test 
compared with those in the HOF-time graph. Moreover 
the HOF-displacement graph visually told us what 
structure has influenced the HOF during the impact. As 
can be seen in the picture, the engine loading might 
have decreased the HOF. See Figure 16. 
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Figure 16. Comparison of height of force (HOF) 
 
The average height of force (AHOF) is computed using 
the force data as a weighting function. Barrier forces 
transmitted through the engine may have greater 
influence on time-based AHOF because the time after 
engine stoppage was relatively long. On the other hand, 
displacement-based HOF may have less of an influence 
on engine loading because the displacement after 
engine stoppage was relatively short. In fact the 
time-based AHOF in the FWDB test indicated a 21 mm 
lower value than that of the displacement-based AHOF 
in the same FWDB test. See Figure 17. The 
displacement-based AHOF may reduce the influence on 
the engine loading and this could be more beneficial in 
assessing structural interaction or geometry to enhance 
compatibility. 
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Figure 17. Comparison of average height of force 
(AHOF) 
 

The Homogeneity Assessment proposed by TRL 
was computed to investigate the correlation between 
the two tests from a force distribution viewpoint [6]. 
This approach is developed to assess the homogeneity 
of forces in a vehicle foot print. Although the force 
distribution looks similar in the bar charts, the 
homogeneity assessment in the LCMDB test was twice 
as large as that in the FWDB test. See Figure 18.  
Haenchen et al. pointed out the issue of the impact 
alignment sensitivity of vehicles when the LCW data is 
used in compatibility assessments [7]. When 
concentrated loadings hit the junction between multiple 
load cells, those loadings are spread over several load 
cells. This may create a more homogeneous force 
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distribution and may result in an advantageous 
assessment value. Because of the potential for the 
impact sensitivity of the load cell wall, repeatability 
tests will be necessary to check deviation in the 
homogeneity assessment of both FWDB tests and 
LCMDB tests. 
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Figure 18. Comparison of homogeneity assessment 
 
 
 
 
 

MDB-TO-VEHICLE OFFSET-FRONTAL CRASH 
TESTS 
 

Generally speaking, when small vehicles are 
crashed into large vehicles, small vehicles experience 
harsher damage. Therefore, passenger compartment 
strength and deceleration levels are most significant for 
small vehicles in enhancing their self-protection 
performance. Apparently, providing survival space in 
collisions is a very important requirement for passenger 
compartments. Thus a passenger compartment strength 
test is needed to assess the passenger compartment 
strength to determine whether it is strong enough. An 
80 km/h ODB test for passenger compartment strength 
has been proposed by TRL that uses a load cell wall 
(LCW) to assess the force generated by the vehicle [7]. 
However, the 80 km/h ODB test with the LCW is 
simply designed to measure the passenger compartment 
strength, and does not require instrumented dummies. 
What seems to be lacking is consideration of the injury 
mechanism during impact. Measurement of the 
passenger compartment strength alone may not be 
enough to assess injuries because injury levels are not 
only determined by maximum intrusion, but are also 
determined by the deceleration pulse.  Naturally, 
instrumented dummies can detect the correct injuries. 

An LCMDB test to assess self-protection 
performance may provide more realistic overload 
conditions compared to the 80 km/h ODB test. An 
offset-frontal LCMDB-to-vehicle test, with closing 
speed of 100 km, was conducted between the LCMDB 
and small vehicles with a mass ratio of about 2.0. Small 
vehicles could use this approach to help comply with 
passenger compartment strength requirements. In our 
previous study, nothing reproduced the deceleration 
pulses generated in vehicle-to-vehicle impacts better 
than the MDB test. As a consequence, the 
LCMDB-to-vehicle test could be a candidate procedure 
for assessing passenger compartment strength and the 
deceleration pulse. 

 
Development of deformable barrier 
 

In order to simulate a vehicle-to-vehicle impact, 
it is necessary for the DB to approximate the crush 
characteristics of actual vehicles. In this research, the 
use of the load cell data obtained from a FWDB test 
was used to make a custom-built DB that consisted of 
aluminum honeycomb elements. The 
force-displacement (F-D) characteristics in the FWDB 
test were transformed into the pressure-displacement 
(P-D) characteristics.  Total barrier force was divided 
by the load cell area to generate a P-D curve. The P-D 
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curve was the basis for assigning crush characteristics 
to the DB. The P-D characteristics of the DB for this 
study approximate the stiffness of large vehicles, which 
progressively increase in the pressure from 0.3 MPa to 
0.7 MPa with 700 mm of crush depth to prevent 
bottoming out. See Figure 19. 
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Figure 19. Pressure-Displacement Curve for LCMDB 

LCMDB-to-vehicle offset-frontal impact 
 

After the deformable barrier was developed, an 
LCMDB-to-vehicle testing was conducted to analyze 
load cell data. Figure 20 shows the layout of the load 
cells which are attached to the MDB. For an 
offset-frontal LCMDB impact, 64 load cells are 
arranged in an 8x8 matrix. 
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Figure 20. Load cell layout for offset frontal test 

An LCMDB-to-vehicle impact was conducted to 
determine how well such an impact compared to 
vehicle-to-vehicle impact with a small car, to overload 
the passenger compartment and investigate its 
deformation resistance. The LCMDB weight was set to 
correspond to the modeled vehicle representing an SUV.  
The LCMDB was crashed into a compact sedan at 40% 
offset with closing speed at 100 km/h. Hybrid Ш 50th 
percentile male dummies were used to study the injury 
levels for the driver and passenger positions. See Figure 
21. 

Striking Vehicle Target Vehicle

Target VehicleLCMDB

 

Figure 21. LCMDB-to-vehicle test configuration 

Figure 22 shows the vehicle deformation and the 
dummy responses for the target vehicle. Fairly good 
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fidelity was observed with regard to the vehicle 
deformation. Injury Assessment Reference Values 
(IARVs) was used to normalize the injury 
measurements. These reference values are defined in 
FMVSS 208. The result of the LCMDB-to-vehicle test 
shows that the injury measures were greater overall 
than those in the vehicle-to-vehicle test. 
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Figure 22. Comparison of vehicle deformation and 
injury measures for driver dummy 

Barrier load cell data analysis 
 

Figure 23 shows the contour graphs of the small 
vehicle which collided into the LCMDB in offset- 
frontal impact. From the contour graph, it was observed 
that the DB dispersed the crash forces over a wide area 
on the LCW. This is not an advantageous feature when 
considering load cell data analysis. Then, as can be seen 
in the contour graph at 30 ms, the load cells could not 
discriminate the stiff structure until the side member 
directly contacted the LCW. This could be a second 
issue of load cell data analysis with a deep DB. 
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Figure 23. Load cell data analysis 

Figure 24 compares the force-displacement 
characteristics of the target vehicle in the 64 km/h ODB 
test and in LCMDB test. The F-D curve in the LCMDB 
test was generally similar to those in the 64 km/h ODB 
test and obviously indicated an overload test for small 
vehicles. These F-D curves demonstrate that the 
LCMDB-to-vehicle test can simulate the ODB test and 
that the 80 km/h ODB test (over load test) can be 
replaced by the LCMDB test by choosing suitable test    
speeds.
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Figure 24. Comparison of force-displacement curves 

Overall the load cell data analysis with deep DB 
may provide little information about what happens to 
the stiffness characteristics of the engine compartment. 
However, using an LCMDB test for assessing 
compartment strength can provide more realistic 
overload conditions, compared to the 80 km/h ODB 
test, on the basis that the LCMDB can represent 
large striking vehicles. 
 
MDB-TO-VEHICLE OBLIQE-FRONTAL CRASH 
TESTS 
 
Based on the analysis of National Automotive 
Sampling System (NASS) data, Ragland et al. reported 
that the frontal offset oblique crash test could be 
effective in enhancing vehicle safety performance in the 
real world [8, 9]. Enhancing the robustness of vehicle 
crashworthiness in relation to the impact angle may be 
quite important in real world accidents because almost 
all accidents have an impact angle, more or less. 
FMVSS 208 requires a fixed oblique barrier (FOB) 
test at 40km/h for occupant protection and FMVSS 
301 requires the FOB test at 48km/h for fuel system 
integrity. However, fixed barrier tests only look at 
the crash condition between same weight vehicles. 
The MDB offers the ability to carry out various 
oblique offset tests. The MDB test method allows 
collisions of vehicles with different mass, which is 
unlikely to be confirmed by the fixed barrier test. 
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However, Sugimoto et al. reported the “bottoming out” 
issue of the DB in oblique-frontal MDB impact testing 
with an FMVSS 214 deformable face [10]. Therefore, 
an LCMDB with deeper DB was used to prevent 
bottoming out in this study, then vehicle and 
occupant kinematics were compared between the 
oblique-frontal LCMDB test and the 
vehicle-to-vehicle test.  

A frontal 30 degrees oblique-frontal 
LCMDB-to-vehicle test was conducted according to the 
test configuration shown in Figure 25. At impact the 
left side corner of the target vehicle aligns with the 
center of the front of the striking LCMDB with a 100 
km/h closing speed. A wider custom-build DB, which 
was twice as wide as that used in the offset-frontal test, 
was used for the oblique test. The load cell layout was 
the same as the full-frontal test (16 x 4). In this test, the 
target vehicle used a Hybrid Ш 50th percentile dummy 
which was restrained via seat belt in the driver position. 
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Figure 25. 30 degrees oblique-frontal 
LCMDB-to-vehicle test 

The deformation levels and injury measures of 
the target vehicle were very similar for both the 
vehicle-to-vehicle (VTV) test and LCMDB-to-vehicle 
in comparison with the fixed oblique barrier test. See 
Figure 26. 
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Figure 26. Comparison of vehicle deformations and 
injury measures for driver dummy 

The primary difference in these data is seen in the 
time to rise from the initiation of the event. The vehicle 
deceleration in the LCMDB test begins to rise earlier 
than that in the vehicle-to-vehicle test. The deceleration 
pulse in the LCMDB test also shows a substantially 
shorter duration time. This may be caused by the lack 
of a bumper element for the LCMDB. See Figure 27. 
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Figure 27. Comparison of vehicle deceleration pulses 

The head responses of the dummy in the 
LCMDB test also rise earlier than in the 
vehicle-to-vehicle test, but are otherwise similar in 
terms of profile and magnitude. See Figure 28-30.  
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Figure 28. Comparison of Head-X deceleration pulses 
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Figure 29. Comparison of Head-Y deceleration pulses 
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Figure 30. Comparison of Head-Z deceleration pulses 

High speed video analysis was used to confirm 
kinematics of the events which are shown in Figure 31. 
The primary focus of this paper is on the vehicle 
dynamic response and occupant kinematics in the 
oblique-frontal LCMDB test configuration. As can be 
seen in Figure 31, the kinematics responses for these 
tests were very similar, both for the vehicle-to-vehicle 
test and the LCMDB-to-vehicle test respectably. 
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Figure 31. Comparison of vehicle kinematics responses 

The dynamic movements of the right and left side 
A-pillar of the target vehicles were compared in figure 
32. The trace in the LCMDB-to-vehicle test was similar 
to that in the vehicle-to-vehicle test, while the trace in 
the fixed oblique barrier (FOB) test was different from 
that of the vehicle-to-vehicle test in terms of the 
rebound movement of the target vehicle. This is 
because the LCMDB test can produce a mass effect in 
the vehicle dynamic responses. 
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Figure 32. Comparison of A-Pillar traces (X, Y 
direction for LCMDB) 

Since vehicle dynamic responses in the LCMDB test 
were similar to those in the vehicle-to-vehicle test, the 
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driver dummy head kinematics in the LCMDB test was 
also similar to those in the vehicle-to-vehicle test. The 
rotational movement of the dummy head around the air 
bag was well simulated by the LCMDB testing. See 
Figure 33. 
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Figure 33. Comparison of dummy head kinematical 
responses 

When comparing the F-D characteristics between 
the oblique-frontal LCMDB test and 64 km/h ODB test, 
the F-D curve in the oblique-frontal LCMDB test 
indicated over all a lower force level than that in the 64 
km/h ODB test. The F-D curve in the early stages of the 
impact for the oblique-frontal LCMDB test indicated 
that energy absorption in the engine compartment of the 
target vehicle may be decreased by the oblique impact. 
Simultaneously total impact energy may also be 
decreased by the rotational movement of the vehicle. 
See Figure 34. 
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Figure 34. Comparison of force-displacement 
characteristics 

Figure 35 shows the body deformation on the 
target vehicle in the LCMDB tests. The reason for the 
lower F-D curve in the LCMDB test may be because 
the oblique LCMDB impact applied lateral forces to the 
engine compartment and the side member of the target 
vehicle was unable to sufficiently to absorb the impact 
energy. It was observed for the target vehicle that the 
obviously lower deformation levels were seen at the 
front-end of the side member. An oblique offset 
LCMDB test may assess the robustness of impact 
energy absorption capability in engine compartments of 
vehicles against impact angle; hence the oblique offset 
LCMDB could be used to assess self-protection 
performance in the oblique impact. 
 

 
 
Figure 35. Body deformation of the target vehicle 

 
DISCUSSION 
 

Testing of compatibility should evaluate the 
characteristics that can be changed to enhance 
compatibility in frontal impacts. According to a report 
published by the IHRA, structural interaction, frontal 
stiffness, passenger compartment strength, and 
deceleration pulse are important issues for frontal 
impact compatibility [11]. At present, vehicle fleets 
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differ in mass, stiffness, geometry and many other 
design parameters in countries, and traffic 
environments also differ according to the country. The 
MDB test method is considered a research item for the 
longer term in the IHRA ; however, MDB-to-vehicle 
testing provides more flexibility in simulating 
vehicle-to-vehicle crashes, hence the MDB test would 
offer the best overall coverage of real world accidents. 

 

CONCLUSION 
 

This paper presented findings on 
LCMDB-to-vehicle crash testing for consideration in 
future research into frontal impact compatibility. In 
this study, the response characteristics of the target 
vehicles were compared to those in the fixed barrier 
and LCMDB crash test modes.  

In full-frontal energy equivalent LCMDB tests 
with the shallow DB (2000 mm x 750 mm x 300 
mm), while the peak LCW data values measured by 
the LCMDB test are slightly different from those 
measured by FWDB testing, the profiles of the data 
producing the results are comparable. The 
full-frontal LCMDB test could use the compatibility 
metrics of fixed barrier tests to assess the interaction 
characteristics and the stiffness of vehicles 
(sometimes referred to as the “aggressivity” of 
vehicles). Repeatability tests will be required for 
full-frontal LCMDB tests to confirm the stability of 
the compatibility metrics between tests. 
     In offset-frontal LCMDB tests with the 
custom-built  DB (1000 mm x 700 mm x 700 mm), 
using heavy LCMDBs representing large striking 
vehicles may produce more realistic overload 
conditions, which simulate the body deformation and 
deceleration observed in actual vehicle-to-vehicle 
impacts, to evaluate the passenger compartment 
strength for small vehicles. Hence an LCMDB 
collinear offset impact could evaluate self-protection 
performance for small vehicles. 
     In oblique-frontal LCMDB tests with the 
custom-built DB (2000 mm x 700 mm x 700 mm), 
the results of the 30-degree oblique offset LCMDB 
test clearly show that the response characteristics of 
both the target vehicle and the occupant in the 
LCMDB-to-vehicle test are similar to those in the 
vehicle-to-vehicle test. Since an oblique-frontal 
LCMDB test may assess the energy absorption 
capability in the engine compartment of vehicles, the 
oblique-frontal LCMDB test may evaluate 
robustness of self-protection performance of vehicles 
against impact angles. 

Overall, the LCMDB could be used as an 
advanced assessment device for use in frontal 
compatibility testing. Compared to fixed barrier tests, 
LCMDB testing has improved the fidelity of 
vehicle-to-vehicle impact in terms of the mass ratio 
to be taken into account. The LCMDB test method 
calls for further investigation, however, the LCMDB 
testing might have significant advantages in 
comparison with fixed barrier tests. 
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ABSTRACT 

In Europe & Japan, new legislation will come 
into effect from autumm 2005, which aims to 
reduce the number of pedestrian fatalities and 
serious injuries .  

 
These pedestrian protection legal requirements are a 
new challenge for the automotive industry, deeply 
influencing front end styling, package, design & the 
complete development process. In the pedestrian 
tests for Type Approval, free-flying head, upper & 
lower leg impactors will be propelled aginst the 
vehicle front end. The vehicle must absorb these 
low impact energies by means of a “pedestrian-
friendly soft nose”, to ensure acceptable injury 
values. The size & shape of the pedestrian 
protection test impact areas are largely determined 
by the exterior styling theme. 
 
When satisfying pedestrian protection, other vehicle 
requirements, e.g. insurance classification, panel 
dent resistance of diverse panels, high speed crash 
and hood slam tests must also be fulfilled. During 
vehicle development, all these loadcases must be 
balanced to produce the best possible vehicle. 
 
The new Opel ZAFIRA II is General Motors´ first 
car worldwide which will provide a “soft-nose 
design” to comply with the new legal requirements 
in Japan and Europe Phase 1. The ZAFIRA will be 
launched in spring 2005. 
 
In the new ZAFIRA II, specially developed passive 
deformation elements absorb impactor energies. 
Other components may collapse to decrease 
stiffness and increase deformation space. The light-
weight thin steel hood is designed to ensure 
decreased acceleration values for the head 
impactors together with homogenous  hood 
stiffness. In the lower bumper fascia area, a spoiler 
improves the lower leg impactor kinematics by 
reducing knee bending.  
 
This presentation shows the Opel ZAFIRA´s 
pedestrian protection measures and reports on 
Opel´s experience gained in making a car more 
pedestrian-friendly. 
 
 

 
INTRODUCTION 
 

Major changes to current vehicle fronts are 
required to satisfy the proposed (and differing) 
legal requirements in Europe, Japan and possibly 
other countries, as well as to achieve a good Euro 
NCAP pedestrian rating. The aim of the legislation 
is to further improve pedestrian protection. 
 
The Opel ZAFIRA II  

The Opel ZAFIRA is a mass production 
family car in the minivan segment, see Figures 1a 
and 1b. It is a seven-seater with a highly flexible 
interior and seat system 

 
This is a very important vehicle in the General 

Motors Europe / Opel product portfolio and is one 
of the top selling vehicles in Europe in its class. 
Therefore, it is a significant step for the ZAFIRA II 
to be made compliant with Japan and EU Phase 1 
pedestrian regulations. 

 

 
 
Figure 1a.  The new Opel ZAFIRA II: a seven 
seater with a highly flexible seat concept. 
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Figure 1b.  The new Opel ZAFIRA II 
 

The ZAFIRA II is the first vehicle for Opel, 
and indeed for General Motors, to be compliant 
with the EU Phase 1 pedestrian protection 
requirements. Hence, its development was a 
considerable challenge for the General Motors 
Europe International Technical Development 
Center. 
 
This paper will discuss the challenges and the 
solutions in some technical detail. 
 
1.  Main Legal Requirements and Consumer 
Tests 

 
The forthcoming legal and Euro NCAP 

requirements define impacts by free-flying 
pedestrian impactors – heads of various sizes, lower 
leg, upper leg – against the vehicle front.  
 
1.1  Head Impact Definition 

The HIC (Head Injury Criterion) is the only 
criterion for legal and consumer head impact tests, 
see equation (1): 
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The EU and Japan have different head impactors 
and impact speeds. For both the EU and Japanese  
Phase 1 legal requirements, directives 2003/102/EC 
[1] and TRIAS63 [2] respectively, the pass criteria 
for head impact are as follows: 
 

• HIC<1000 for 2/3 of the impact area 

• HIC<2000 for 1/3 of the impact area 
 
In addition, the EU Type approval includes adult 
head impact tests against the windscreen, which are 
for monitoring purposes. The EuroNCAP 
(European consumer) tests [3] for adult head are for 
impacts against the hood and other components e.g. 
windscreen, A-pillars, fenders.  
 
 

1.2  Remaining Impact Definitions 
In addition to the above head impactor tests, 

the EU Type Approval and EuroNCAP each 
specify impactor tests for the lower leg and the 
upper leg, with the upper leg Type Approval tests 
being for monitoring purposes. There are no upper 
or lower leg tests for Japan. 
 
1.3  Summary of EU and Japan Legal 
Regulations 
The definitions of the aforementioned EU and 
Japanese Type Approval tests are summarised in 
Figures 2 and 3: 

 
Figure 2.  Main EU Legal Requirements 
 

 
Figure 3.  Main Japanese Legal Requirements 
 
1.4 Summary of Euro NCAP Pedestrian Tests 
The definitions of the Euro NCAP (European 
consumer) tests, together with the upper and lower 
limits for zero-maximum points, are summarised in 
Figure 4: 
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Figure 4.  Euro NCAP Tests 
 
2.  Difficulties and Aims 
 

Pedestrian protection basically requires the 
following principals: 

 
1. Making available sufficient deformation space, 

so that the kinetic energy of the impactor or 
pedestrian can be absorbed 

2. Making the vehicle structure in these 
deformation zones softer so that the necessary 
deformation can occur 

 
The following pedestrian loadcases were 
considered for the ZAFIRA II development: 

 

• 3.5 kg ISO Child Head @ 35 kph 
 (EU Legal Phase 1) 

• 4.8 kg Adult Head @ 35 kph 
(Monitoring EU Legal Phase 1) 

• Lower Leg @ 40 kph   
(EU Legal Phase 1 and Euro NCAP) 

• Upper Leg @ 700 J  
(Monitoring EU Legal Phase 1) 

• 2.5 kg Child Head @ 40 kph 
(Euro NCAP) 

• 4.8 kg Adult Head @ 40 kph 
(Euro NCAP) 

• 3.5 kg Japan Child Head @ 32 kph  
(Japan Legal Phase 1) 

• 4.5 kg Japan Adult Head @ 32 kph 
(Japan Legal Phase 1) 

 
In developing pedestrian protection, it is necessary 
to frequently check that other vehicle loadcases and 
requirements are fulfilled, including: 
 

• Low speed insurance classification test (soft 
nose design can lead to higher damage, hence 
higher repair costs) 

• ODB crash (hinge integrity) 

• Hood stiffness (torsion, bending, ..) 

• Hood dent resistance  

• Hood slam durability 

• Hood flutter under aerodynamic loading 

• Hood hinge stiffness (lateral stiffness, hood 
opening and gas spring load) 

• Hood bumpstop bracket stiffness/ strength 

• Fender brackets stiffness/ strength  

• Fender stiffness 
 
Vehicle development always requires optimizing 
and balancing a wide range of requirements to 
obtain the best possible vehicle. However, this 
balance is more difficult for vehicles which are 
pedestrian compliant. 
 
3.  Development Timing and Process 
 

In the lean General Motors Europe development 
process, “Structure Car” prototypes (to check the 
basic car structure for performance) have been 
rendered unnecessary because of current simulation 
capabilities. However, since pedestrian protection is 
a new requirement, it was decided to build a 
prototype front end buck, the “Architectural Mule 
Upgrade”, to examine the new ZAFIRA II 
properties, styling, package and design.  

 
Therefore, in an early project phase, the CAE team 
was able to use test results to check the 
effectiveness of the pedestrian protection measures 
and concepts and to verify the previously non-
validated pedestrian CAE models. This hardware 
phase reduced development risks and avoided high 
costs for late changes . 
 
The development timing for the ZAFIRA II is 
shown in Figure 5 below: 
 

 
 
Figure 5.  Development Timing 
 

The development process was mainly CAE-
driven, with multi-disciplinary teams to manage 
challenges and cross-functional interfaces. 



Wanke 4 

4.   Influence on Front End Styling and Package  
 

The requirements for pedestrian protection had 
a considerable influence on the ZAFIRA II front 
end styling, front end package and body structure 
design, see Figure 6:  

 

 
 
Figure 6.  Front End Styling Influence 
 
The styling of the ZAFIRA II shows several 
changes and optimizations, which were necessary 
to make the car compliant with EU Phase 1: 
 

1. Increased bumper overhang to implement 
deformation elements in front of bumper 
beam 

2. Increased hood height to ensure 
deformation space 

3. Optimized headlight styling  
4. Optimized windscreen front edge sweep to 

implement new cowl system for pedestrian 
protection 

5. Cab-forward windscreen and A-Pillar 
position to stylistically compensate for 
increased hood height and increased 
bumper overhang  

6. Moved forward lower bumper fascia area 
to control lower leg kinematics 

 
5 Lower Leg Design in Opel ZAFIRA II 
 
5.1  Design Overview 

The main requirements for pedestrian lower leg 
protection are to minimize the knee bending angle 
and the tibia acceleration of the lower leg. If the 
lower leg acceleration and bending requirements 
are satisfied then, in practice, so is the shear 
displacement. 

 
There were two key elements implemented in 

the Opel ZAFIRA II for pedestrian protection:  
• Energy-absorbing components 
• A system to control the leg kinematics 

 

The following measures have been developed for 
lower leg protection, see Figure 7 and the 
associated list below: 
 

 
 
Figure 7.  Lower Leg Impact Design 
 

1. Optimized low-density pedestrian 
protection foam in front of a stiff 
aluminium bumper crossmember to absorb 
the impact energy, together with sufficient 
deformation space to avoid the impactor 
hitting the stiff, aluminium bumper 
crossmember or the foam bottoming out. 

2. Optimized and elongated upper bumper 
support to stabilize the bumper fascia and 
to avoid the support being pushed 
backwards with bottoming out.  

3. Interface bracket to firmly mount the 
Lower Bumper Stiffener to the front axle 
tube. 

4. Optimized, ribbed, plastic lower bumper 
stiffener, firmly mounted to the chassis 
and bumper fascia, to control the leg 
kinematics by reducing knee bending. 

 
Figures 8 and 9 illustrate the lower leg kinematics 
and performance: 
 

 
 
Figure 8a.  Lower Leg Kinematics in Opel 
ZAFIRA II: Section through Center Line at 
Time = 0  
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Figure 8b.  Lower Leg Kinematics: Section 
through Center Line at Time = Rebound 
 

 
 
Figure 9.  Lower Leg Kinematics, Acceleration 
and Knee Bending for the Opel ZAFIRA II 
 
5.2  Benefits: 
• Enables compliance with EU Phase 1 

requirements (in advance of this law coming 
into effect) 

• Optimized energy absorption capabilities  
• Controlled lower leg kinematics 
• Minimised knee bending angles 
• Minimised tibia accelerations 
• Minimised shear deformations in knee 
 
6.  Head Impact Design in Opel ZAFIRA II 
 
6.1  Design Overview 

To achieve the desired pedestrian head impact 
performance required considerable changes to the 
previous ZAFIRA I hood and the associated 
components. The main principles of the head 
protection design were:  

 

• Optimized energy absorption capabilities  

• Deformation space provided by optimized  
engine bay package and diverse deformable 
systems 

 
The main elements of this design for head impact 
are illustrated in Figure 10 and listed below: 
 

 
 
Figure 10.  Overview ZAFIRA II Design for 
Pedestrian Head Impact 
 
1. Thin steel hood with homogeneous, optimized 

“muffin tin” design for the hood inner panel 
2. Cut-out hood flange 
3. Thin steel fender with optimized cut out design  
4. Lowered brace wheelhouse  
5. Deformable hood hinge  

with cranked beam integrated fender bracket 
rear 

6. Deformable fender bracket front 
7. Deformable bumpstop bracket outer 
8. Deformable bumpstop bracket inner 
9. Deformable multi-part plastic cowl system 
10. Plastic service panel with planned fracture 

points under pedestrian impact loading 
11. Lowered front upper and front side 
 
 
6.2  Benefits: 
• Enabled fulfillment of EU Phase 1 and Japan 

requirements (in advance of these laws coming 
into effect) 

• Sufficient deformation space available to 
enable absorption of impact energy 

• Avoidance of hard points which could worsen 
head impact injuries. 

• Minimised head accelerations 

• Minimised HIC values 
  
This performance is illustrated in Figure 11: 
 



Wanke 6 

 
 
Figure 11.  Head Impact Performance for Opel 
ZAFIRA II 
 
6.3  Hood Design 
The ZAFIRA II has steel inner and outer hood 
panels, which are of lower gages than the ZAFIRA 
I, to enable softer deformation behaviour under 
head impact. The hood was designed to have 
homogeneous stiffness for more uniform head 
impact characteristics, with an optimized “muffin 
tin” design for the hood inner panel.  
 
This new concept has a further advantage: in 
addition to the benefits for pedestrian protection, 
the ZAFIRA II hood has lower mass than the 
ZAFIRA I, due to the thin steel design. This is 
summarised in Figure 12 and Table 1 below: 
 

 
 
Figure 12.  ZAFIRA II Hood  
 
 ZAFIRA I ZAFIRA II ZAFIRA II 

Mass Saving  
Hood outer 
panel gage  

0.8 mm 0.6 mm 26 % 

Hood outer 
panel gage 

0.7 mm 0.5 mm 18 % 

 
Table 1.  Mass saving for ZAFIRA II Hood 
compared to ZAFIRA I 
 
Some aspects of the pedestrian measures in the new 
ZAFIRA II will be discussed in more detail below: 
 
6.4  Hinge Design 

The hinge area is of particular interest when 
designing for head protection, because of the high 
stiffness in this region. The hinge area was part of 

the 1/3 zone with HIC < 2000, as it was not feasible 
to reduce the HIC to 1000 in this area.  

 
The new hinge design for the ZAFIRA II is shown 
in Figure 13 and summarised below: 

 
1. The body-side hinge part deforms easily in 

planned folding, absorbs energy and reduces 
the impactor´s acceleration. 

2. The cranked beam integrated fender bracket at 
the rear deforms downwards, absorbs energy 
and softens the fender behaviour to reduce the 
impactor´s acceleration.  

3. The hood-side hinge part bends slightly and 
transfers vertical loads into the pivot point.  

 

 
 
Figure 13.  ZAFIRA II Hinge 
 
The development of the hinge design involved 
balancing different requirements:  
 

• Pedestrian protection for head impact  
(structure must collapse, with low vertical 
stiffness) 

• Hinge lateral stiffness 

• Fender stiffness (vertical and lateral stiffness 
targets, with no plastic deformations allowed) 

• High speed front impact (hinge integrity must 
be maintained to prevent hood intrusion into 
the windscreen) 

• Insurance test (minimal hood translation,  
rotation and plastic deformation) 

• Hood opening (end stop to prevent the hood 
opening too wide) 

• Body shop assembly (tolerance balance,  
height adjustability) 

 



Wanke 7 

To optimize the hinge for pedestrian head impact, 
while still satisfying the other requirements, the 
following measures were developed, see Figure 14: 
 
1. Increased material thickness to improve lateral 

hinge stiffness. 
2. Turned edge on hood-side hinge part to 

increase buckling strength in low-speed 
insurance classification test (less hood rotation 
and translation). 

3. Turned edge on body-side hinge part to 
increase buckling strength in insurance test 
(less hood rotation and translation). 

4. End stop to prevent the hood being opened too 
wide.  

5. Fold initiator for easy deformation in head 
impact loadcase. 

6. Cranked beam integrated fender bracket rear  
to deform downwards in head impact loading. 

 

 
 
Figure 14.  The ZAFIRA Hinge Optimized for 
Pedestrian Head Impact 
 
6.5  Fender and Bumpstop Design 
The fender and bumpstops are also usually difficult 
areas for pedestrian head protection, because of 
their high local stiffnesses. The ZAFIRA II has 
energy-absorbing brackets in this region which 
were optimized for head impact and other 
requirements.  
 
The main design measures for the ZAFIRA II 
system are listed below and illustrated in Figure 15: 
 
1. The fender brackets deform downwards, absorb 

energy and enable reduced head accelerations 
(see rear fender bracket in Figure 13 and front 
bracket in Figure 15). 

2. The bumpstop brackets also deform to absorb 
impact energy and reduce head accelerations.  

3. The fender (blended out of the picture) is made 
of thinner steel than in ZAFIRA I, to help 
reduce the stiffness in the region, but it remains 
sufficiently stiff to withstand normal service 
requirements. 

 

 
 
Figure 15.  The ZAFIRA II Fender and 
Bumpstop Brackets 
 
Impact on Insurance Classification/ Repair 
Costs 
 
7.1  Overview of Insurance / Repair Costs 

When developing pedestrian protection 
measures, other loadcases must always be 
considered, in particular the low-speed insurance 
classification test. The main reason for this is the 
inclusion of a deep, low density foam (30 g/l) 
positioned in front of the aluminium bumper 
crossmember, laterally across the vehicle, see 
Figure 16 :  

 

 
 
Figure 16.  Vehicle front, with and without 
pedestrian leg impact protection: positioning of 
low-speed energy absorption system in relation 
to key components 

 
For styling reasons, the vehicle cannot simply 

be elongated, by putting the pedestrian foam in 
front of the low-speed energy absorption system. 
Therefore, in the ZAFIRA II, the headlights, hood, 
etc have been moved forward to achieve a stylish 
and dynamic appearance. These components are 
much further forward than usual with respect to the 
low speed-energy absorption system and hence the 
risk of their being damaged is much higher. 
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Additionally, the pedestrian foam reduces the 
efficiency of the low speed energy absorption 
system, so that in the insurance test, the barrier 
intrusion is higher. Hence, without further 
measures, the vehicle damage and the repair costs 
would increase, which would worsen the insurance 
classification. 
 
To compensate for the effects of pedestrian 
protection, several measures were implemented in 
the Opel ZAFIRA II, some of which are shown in 
Figure 17 and listed below: 
 

 
 
Figure 17.  Front End Design to Compensate for 
Pedestrian Protection 
 
1. Shear-stiff fender bracket to avoid the fender 

being pushed into the front door  
2. Capture bracket to prevent the headlight being 

pushed outwards into the fender  
3. Bolted upper and lower radiator brackets with 

load limiter  
4. “Pushing bracket” for Lower Bumper Stiffener  

to improve radiator kinematics 
5. Hood hinge measures (see section 6.4 and 

Figure 13) to decrease hood rotation and 
translation, hence avoiding paint damage to the 
fender on the non-impacted side 

 
7.2  Benefits: 
• Low front end damage 

• Minimised effect of pedestrian protection on 
insurance classification 

• Reduced risk of radiator leakage 

• Reduced spare part and labour costs 

• Simplified repair after crash 

• Improved insurance classification 
 
The performance of the ZAFIRA II in the front 
insurance test is illustrated in Figure 18: 

 
 
Figure 18.  Insurance Test Front Impact 
Performance of the Opel ZAFIRA II 
 
8.  Influence on Hood and Fender Stiffness 
 
8.1 Stiffness in Upper Fender Region 
The soft fender attachments meant that the vehicle 
had to be further developed for additional 
loadcases, which conventional vehicles (without 
these advanced pedestrian protection measures) 
would automatically fulfill. 
 
For example, during production assembly and later 
during servicing or repairs, a mechanic would 
probably lean on the fender when working on the 
engine compartment, see Figure 19. Additionally, 
anybody might lean against the fender or push the 
vehicle from the fender. Under these loadings, no 
unacceptable elastic or plastic deformations should 
occur.  
 

 
 
Figure 19.  The Opel ZAFIRA II Fender: 
expected loading under maintenance / repair 
work 
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Accordingly, the geometry and dimensions of the 
fender brackets were balanced and optimized 
between these loadcases and the pedestrian 
protection requirements.  
 
It should be noted that this fender region could only 
satisfy HIC < 2000, not HIC < 1000. 
 
Among other measures, this balance was achieved 
by making use of the material properties of mild 
steel: The low yield point of the mild steel fender 
brackets enables higher material thicknesses and 
therefore higher elastic stiffnesses for the linear 
elastic loadcases, while the brackets readily deform 
plastically under pedestrian head impact. 
 
8.2 Hood Stiffness 
The thin steel hood caused problems with the 
buckling and polishing strength of the hood outer 
panel. In particular, it was necessary to ensure that 
the front surface of the hood, where someone might 
press to close the hood, did not buckle under this 
type of loading. 
 
To prevent such buckling and to support / stiffen 
this hood front area, the following measures were  
implemented, see Figure 20 and the list below: 
 
1. Three tabs were formed on the hood inner 

panel and bonded to the hood outer  
2. A small adhesive strip, applied by robot, was 

added to the undersurface of the hood outer 
panel. 

 

 
 
Figure 20.  Thin steel hood of the Opel ZAFIRA 
II 
 
With these measures, a balance was found to ensure 
good pedestrian protection performance and to 
allow weight reduction. The area-specific mass (the 
ratio of mass to area) of the hood was improved by 
11% compared to the ZAFIRA I. 
 
8.3 Hood Bumpstop Brackets 
The bumpstop brackets were dimensioned to 
achieve the following requirements:  

• Deformation under pedestrian head impact 

• Compliance with fatigue and durability  targets 

• No plastic deformation with the hood slam test, 
see Figure 21: 

 

 
 
Figure 21.  Hood Slam Test Performance 
 
8.4 Hood Flutter 
At high speeds, high aerodynamic loads are 
produced on the thin steel hood structure which 
may cause the hood trailing edge to flutter. To 
prevent this flutter, the entire rearmost “muffin tin” 
row of the hood inner panel was bonded to the outer 
panel. 
 
9.  CAE and Test Activities 
 
Pedestrian protection measures for the new Opel 
ZAFIRA II were developed and optimized by 
means of detailed CAE modelling and then verified 
by an extensive test program at different stages.  
 
9.1  CAE Challenges 
Pedestrian CAE has particular difficulties compared 
to CAE for “standard crash”, i.e. impact with a 
barrier or another vehicle: 
 

• Since the kinetic energy is only about 1% of 
that in a typical barrier impact, the degree of 
CAE accuracy and refinement required is even 
higher than that for standard crash. 

• The accuracy required for head impact 
simulation is even higher for two reasons 
caused by the HIC definition: the acceleration 
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is raised to the power of 2.5 and the HIC time 
window is very sensitive to the curve form. 

• Pedestrian injury is often heavily influenced by 
either very small components, e.g. screw heads, 
or components made from plastic or rubber, 
e.g. cowl, headlights, hoses. Such components, 
which do not play a significant role in standard  
crash, are therefore not normally present in 
their CAE models, or are not modelled in such 
detail. 

• It is very difficult to obtain adequate material 
data for important non-metallic materials, 
particularly plastics, which are often 
anisotropic, heavily strain rate-dependent and 
susceptible to fracture. 

• Material fracture of plastic components, e.g. 
cowl, headlights, may significantly affect local 
behaviour. However, such fracture is difficult 
to predict reliably and simulate, even when 
suitable material test data is available, since the 
material laws and algorithms in the commercial 
crash codes are not fully adequate for this. 

• Pre-stressing of critical components, e.g. of the 
hood outer, may affect behaviour and this is 
also very difficult to simulate, particularly 
when performing a large number of 
simulations under time pressure, as is the case 
during vehicle development. 

• The behaviour of some components, such as 
hood and fender, are particularly influenced by 
the forming process, which should be included 
within the CAE modelling. 

 
9.2  Test Challenges 
As with CAE, pedestrian impact brings additional 
problems compared to standard crash. Test 
variability (most importantly, the injury values), 
particularly for leg impact, is higher than for  
standard crash, since there are a large number of 
sensitive parameters – all interacting - which can 
significantly affect the behaviour: 
 

• Variables within the impactor itself, such as the 
knee ligament and the foam “flesh” 
characteristics for the leg impactor and the 
rubber skin for the head impactors. 

• Allowed tolerances within the test setup, for 
positioning, speed, angles etc. 

• Thickness, geometry and material tolerances 
for prototype parts together with hand-built test 
bucks during the vehicle development further 
increase the variability, particularly since 
prototype materials can be very different to 
production ones. 

 
9.3  CAE and Testing during Development  
Pedestrian simulation requires a sophisticated 
integrated model, i.e. detailed modeling of both the 
pedestrian impactor and the vehicle, together with 
the complex vehicle / impactor interaction. Thus,  

the FE model must contain both the pedestrian 
impactor and the relevant parts of the vehicle front. 
 
The ZAFIRA II pedestrian protection CAE model 
consisted of the complete vehicle front, containing 
all components from bumper to A-pillars and 
windscreen, including the relevant engine bay 
components and structure.  
 
Model details for pedestrian CAE: 
 

• Approximately 450,000 elements for the 
vehicle front   

• All components within the expected 
deformation zone were modelled accurately, 
meshed exactly on the CAD data, with full 
geometric, material and kinematic properties 

• Key components were modelled in particular 
detail, with 2-5 mm element length and strain-
rate dependent material properties, e.g. the 
complete hood, hinge, lock, bumpstops, upper 
fender, fender brackets, cowl, service panel, 
wiper system, headlights, lower bumper 
stiffener, bumper fascia, bumper foam. 

• Data was obtained from dynamic material tests 
for important plastic components, such as the 
fascia, grill, lower bumper stiffener, headlights 
etc. 

 
This vehicle pedestrian CAE model, with the most 
important components highlighted, is shown in 
Figure 22: 
 

 
 
Figure 22.  The ZAFIRA CAE Model for 
Pedestrian Simulation: section through center 
line. Key components are shown as red. 
 
A large number of different impactor positions 
were simulated to predict injury values for the legal 
and EuroNCAP head and lower leg impacts, as well 
as to develop optimisation measures.  
 
Figure 23 illustrates the number of impact positions 
for the different pedestrian loadcases: 
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Figure 23.  The ZAFIRA II Pedestrian Impact – 
Key Points (White) Investigated by CAE 
 
The very large number of impact positions 
necessary to determine the legal and Euro NCAP 
status at each stage placed very heavy demands on 
CAE manpower and CPU, as well as on the team 
performing the hardware tests.  The creation of 
CAD data for all the different impact areas also 
required considerable CAD experience and 
detailled understanding of the complex impact area 
definitions for the different requirements. 
 
Pedestrian CAE validation is difficult and critical 
hardware tests must be repeated to obtain reliable 
results. 
 
Therefore, extensive hardware concept 
confirmation at a number of stages is vital for 
pedestrian protection development. The critical 
impact positions for the ZAFIRA II were later 
validated by hardware tests at 3 stages: 
 
1. Pre-concept studies 
2. Architectural Mule Upgrade (to check basic 

concepts and architecture for pedestrian 
protection) 

3. Integration Car (to confirm production-near 
concepts) 

4. Validation Car (final confirmation before 
production car and also for Type Approval) 

 
Opel has installed a sophisticated setup including 
the BIA pedestrian testing equipment, to perform 
all legal and NCAP pedestrian tests in-house at 
Ruesselsheim, Germany.  
 
SUMMARY / LESSONS LEARNED DURING 
ZAFIRA II DEVELOPMENT 
 
The ZAFIRA II has achieved pedestrian 
compliance in advance of future legislation, while 
achieving a dynamic vehicle styling. With this, its 
first vehicle to be compliant with pedestrian Phase 
1, General Motors Europe has taken an important 

step in pedestrian protection and gained 
considerable knowledge for future vehicle 
development: 
 

• There are considerable difficulties in the 
integration of pedestrian protection into a 
vehicle without sacrificing other normal in-
service requirements. 

• Pedestrian protection has a significant effect on 
other loadcases e.g. low-speed insurance, 
fender stiffness, hinge stiffness, hood slam etc. 

• Pedestrian development affects most areas of 
vehicle development. Hence, an experienced  
multi-disciplinary team, drawing from many 
departments, such as the ZAFIRA development 
team at Opel ITDC, is essential. Of particular 
importance is the close cooperation between 
simulation, test, design and styling. Pedestrian 
protection is very sensitive to styling and 
package changes. 

• The CAE confidence level is insufficient to 
reliably predict results at all the necessary 
impact positions. However, CAE is an essential 
tool in developing pedestrian measures, 
enabling the development team to understand 
and analyse the vehicle structural behaviour in 
detail. 

• CAE front-loading avoids late and costly 
design change. 

• Non-metallic materials play a significant role 
in pedestrian impact behaviour and it is very 
difficult to obtain sufficient data for CAE, e.g. 
anisotropic, strain-rate dependent stress-strain 
curves for plastics´, with fracture criteria. 

• Significant pedestrian development without 
hardware is currently impossible. Due to test 
variability and CAE limitations, extensive 
hardware tests (requiring expensive prototype 
builds) are necessary for concept confirmation, 
or  to indicate non-compliant areas well before 
starting the production tooling.  

• There is often high test variability for 
pedestrian impact tests; hence tests at critical 
impact positions must be repeated at least once 
for reliable results. 

• The selection of impact positions must be made 
separately for the different pedestrian 
impactors and speeds and must also be updated 
after each relevant styling or package change. 
The creation of CAD data for the different 
impact areas, especially for head impact, is 
very complicated, requiring detailled  
knowledge of the different impact area 
definitions and extensive checking. 

• The large number of impact positions and the 
different pedestrian loadcases for the EU, 
Japan and Euro NCAP created a tremendous 
additional volume of work for the CAE and 
test engineers, which required very substantial 
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manpower, CPU and hardware resources to 
complete. 

• With simulation front-loading, the ZAFIRA II 
has been successfully developed to comply 
with Japan and EU Phase 1 pedestrian 
requirements, in advance of legislation coming 
into effect. 
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DISCLAIMER 
 
This presentation is solely provided for the 
purpose of scientific discussion of the main tasks 
and concepts in order to implement national and 
international legal requirements related to 
pedestrian protection efforts in automotive 
engineering. This presentation explicitly does not 
cover all and any engineering and design issues 
around Pedestrian Protection efforts; it is not to 
be construed to being an engineering manual, to 
provide any specific or ultimate solution nor to 
represent a certain engineering decision by 
Adam Opel AG., its subsidiaries and affiliates 
and / or any reasons for such decisions. 
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ABSTRACT 

The European Enhanced Vehicle safety Committee 

(EEVC) Working Group 13 (WG13) is working 

within the IHRA (International Harmonised 

Research Activities) Side Impact Working Group 

(SIWG) assisting in the development of a suite of 

harmonised test procedures for side impact 
protection. Included in the procedures will be a 

full-scale barrier based side impact test. This paper 

presents the current status of a research programme 

that has been carried out to develop a more 

appropriate side impact barrier face for use in an 

advanced side impact test procedure. The 

Advanced European Mobile Deformable Barrier 

Face (AE-MDB) test will reflect the �car to car 

type� accident that is typical in Europe and other 

regions of the world. The latest research performed 

by EEVC Working Group 13 in the development of 

an AE-MDB includes reviews of vehicle force 

distributions, car to car tests as well as the 

performance of the current specification AE-MDB 

tests into a range of vehicles. 

It is noted that the European vehicle fleet has 

developed since the UN-ECE Regulation 95 barrier 

was first conceived, and as a result an improved 
test procedure is required. The IHRA procedures 

are being developed to encourage enhanced 

protection for both the front and rear seat 

occupants. The AE-MDB should perform in a way 

that reflects the current accident situation. 

BACKGROUND 

The AE-MDB is being developed by EEVC WG13 

as part of a contribution to the activities of the 

IHRA side impact working group, which is co-

ordinating worldwide research for various aspects 

of side impact protection including out of position, 

interior surface protection, full-scale pole impacts 

and a full-scale mobile deformable barrier based 

test procedure. This paper presents the status of the 

vehicle based AE-MDB test specification and the 

results of tests performed under the WG13 barrier 

development programme. It is noted that further 

research is also being conducted outside of WG13 

as part of other research projects including the 

Advanced Protection Systems (APROSYS) project, 

and an MDB evaluation in Japan. 

There are two MDB based test procedures under 

consideration by IHRA, one being proposed by the 

Insurance Institute for Highway Safety (IIHS) and 

the other by EEVC WG13. The IIHS MDB is 

representative of an impact by large sports utility 

vehicles (SUV) and small trucks, which is more 

reflective of accident severities seen in the US. The 

AE-MDB is more reflective of the European 

accident situation, where the MDB is more 
representative of car-type impacts which form the 

largest proportion of the European vehicle fleet 

when compared to SUV type vehicles. 

Analysis has shown that the existing ECE 

Regulatory side impact test procedure (R95), is 

becoming less representative of the impact severity 

observed in recent accident data [1]. Overall 

vehicle intrusion, as seen in real-life side impact 

accidents is also greater than that seen in laboratory 

side impact tests, and therefore it has been 

recommended that the overall side impact test 

procedure severity should be increased [2]. 

Edwards et al [1] subsequently proposed several 

ways to increase the test severity to be able to 

encourage enhanced occupant protection, which 
included increasing the speed and/or mass of the 

MBD and also an increase in ground clearance as 

supported by data from vehicle structural analyses. 

One of the main considerations made by WG13 

alongside that of the barrier face specification was 

that the MDB should be capable of simultaneously 

loading both the front and rear occupants. This 
measure was made to ensure that vehicles offer 

adequate protection to both front and rear seat 

occupants. This is in line with the original proposal 

made by EEVC WG9 during the research that led 

to the development of ECE Regulation 95 and EU 

Directive 96/27EC, although this aspect was not 

finally included.  

PREVIOUS RESEARCH 

The initial development stages of the AE-MDB 

were reported by EEVC WG13 at the 18th ESV 

conference held in Nagoya, Japan, 2003 [3]. The 

barrier development programme was based upon 

three specific areas for assessment; these were 

baseline vehicle test results, test and MDB 

configuration and barrier specification. The test and 

MDB configuration proposed by WG13 utilises a 

stationary target vehicle impacted by the MDB 

travelling at 50km/h. The centreline of the MDB is 

perpendicular to that of the target vehicle and is 
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aligned 250mm rearward of the target vehicle�s R-

point. This was set to load both front and rear seat 
occupants and represent a moving car to moving 

car side impact; where the initial contact point  is 

aimed at the front seat R-point. 

Test and MDB Configuration

As reported previously, EEVC WG13 is of the 

opinion that from a regulatory perspective a 

perpendicular test (opposed to angled or crabbed) is 

the preferred option as it minimises shear loading 

to the forward honeycomb elements of the barrier 

face and makes for a less variable test. 

Furthermore, an analysis of the Co-operative Crash 

Injury Study (CCIS) database for the UK accidents 
indicated that perpendicular accidents were equally 

as frequent as angled impacts [4]. The proportion 

of casualties that were seriously or fatally injured 

was 60 percent for perpendicular impacts compared 

with 45 percent for the angled impacts. This 

highlights the differences that have been seen 

between the dummy responses observed in crabbed 

and perpendicular impacts. 

WG13 also believes that a perpendicular impact 

configuration is the most appropriate for the car 

based test as suggested by accident data, and is 

reflective of more than half of the side impact 

accidents within Europe. These reasons, reinforced 

by the benefits of repeatability and reproducibility 

of a stationary target vehicle, formed the basis for 
the impact configuration of the new test procedure. 

Current European side impact requirements are 
limited to front seat occupants only. The inclusion 

of a rear seat occupant, as proposed by IHRA, aims 

to ensure that rear seat occupants are also offered a 

similar level of safety. This measure requires the 

AE-MDB impact test to load rear seat occupants 
appropriately without reducing the loading applied 

to front seat occupants. Previous studies into the 

geometrical characteristics of vehicle structures 

performed by EEVC WG13 indicated that the 

spacing between the lower rails was similar to the 

distance between the front and rear seating 

positions [5]. In order to increase the loading 

applied to rear seat occupants, the MDB centreline 

is aimed mid-way between the seating positions. 

The impact point of the MDB is therefore aimed 

250mm rearward of the vehicle R-point. 

A measure taken to increase the test severity was to 

increase the mass of the MDB. The proposed 

trolley mass was increased from the 950kg 

specified in R95 to 1500kg. This mass is more 

representative to that of vehicles in the current 

vehicle fleet, and is also proposed by IHRA for 

promotion of harmonisation between test 

procedures.  

Barrier Specification

To increase further the test severity, the initial 
ground clearance of the AE-MDB face was 

350mm. The upper surface of the barrier face is at 

the same height above ground as that of R95, 

800mm, as recommended by Edwards, 2000. 

Rigid car to load cell wall (LCW) data, collected 

from vehicle models dated circa 1970-80s, formed 

the basis of the stiffness distribution for the R95 

barrier face. This measure was based upon force-

deflection and energy absorption limits for the 

individual barrier blocks and the barrier total. The 

same approach has also been taken to date to 

develop the AE-MDB corridors. The main source 
of LCW data available to WG13 prior to the 18th

ESV conference (Nagoya) was provided by the 

Japan Automobile Research Institute (JARI) [3]. 

The original AE-MDB corridors were subsequently 

based around these results, and were described by 

Roberts, 2003. It was proposed that further LCW 

tests with European vehicles should be performed 

and compared to the JARI data. WG13 

subsequently collected rigid LCW data from seven 

different vehicle models.  

Baseline Vehicle Test Results

The performance assessment for the AE-MDB was 

based on the results of the �baseline vehicle test 

data�. These tests were moving car to moving car 

perpendicular side impacts; and represented the 
type of impact that the AE-MDB should be able to 

replicate. Two different bullet vehicles were used 

to provide a range of impact scenarios, one being a 
family sized car and the other a small off road 

vehicle. Previously, only two target vehicles, a 

Renault Megane and Toyota Camry, had been used 

by WG13. It was proposed that the AE-MDB 

should undergo further evaluation using different 
vehicle models.  

The results from those earlier baseline tests 

indicated that the AE-MDB performed differently 

when impacting the Megane than when impacting 

the Camry. Comparison of the post test vehicle 

intrusion profiles from the AE-MDB tests with 

those from the baseline tests indicated that when 

impacting the Megane, the AE-MDB appeared to 

be a suitable representation of the European 

accident situation. However, with the Camry the 

AE-MDB results were less conclusive suggesting 

that it may be more suitable for Europe than the 

IIHS barrier face. 

Further baseline car to car and AE-MDB to car 

tests have been performed since the previous 

WG13 report. A range of target and bullet vehicles 

were used in order to provide a broader assessment 

for the barrier face.  
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VEHICLE TO RIGID LCW PROGRAMME 

The rigid LCW data provided by JARI, gave a 

clear indication that the frontal stiffness 

distribution of modern vehicles has changed 

significantly since the development of the R95 

barrier face. WG13 performed additional car to 

rigid LCW tests in order to confirm that the 

stiffness distribution in modern European vehicles 

was comparable to that of the JARI data.  

The stiffness distribution; as indicated by JARI and 

WG13 LCW results together with the AE-MDB 

version 2 corridors; is shown in Figure 1. The 

upper frontal structures of the vehicles tested, 
which align with blocks A, B and C, show a 

relatively homogenous stiffness distribution and 

low levels of loading applied. In contrast, the 

vehicle structures which align with the lower row 

of blocks do not show such homogeneity. The outer 

areas are loaded to a greater extent that any other 

below 350mm of displacement. This load is most 

likely to have been transferred through the lower 

rails of the vehicles tested. The centre area (block 

E) initially indicated large forces after relatively 

little deformation, it is suggested that this is due to 

the inertial response from bumper beams and lower 

rail connecting members. This is exaggerated by 

the effects of data the filtering processes, which 
caused loading to be shown prior to vehicle 

displacement. The load applied to the centre area 

is, for the most part, lower than that of the outer 

areas. The loading to this area reaches a similar 

level to that of the outer areas due to engine 

loading, which becomes apparent at around 300mm 

of displacement. 

It is accepted that rigid LCW data is unable to 

clearly highlight the presence of significant lateral 

connections between lower rails. However, the 

results are able to provide an indication as to the 

global stiffness of the vehicles tested. It is currently 
unclear as to the proliferation of such beam 

structures throughout the European vehicle fleet, 

and there is currently no equivalent test procedure 

which can be used to assess and specify such 

design, either in terms of barrier design or 

specification. WG13 has analysed data from LCW 

tests with a 150mm aluminium honeycomb barrier 

fitted to the wall. These results were deemed 

unsuitable for the definition of vehicle stiffness, 

due to the vehicle structural characteristics being 

obscured by the presence of the deformable 

element. 
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Both the Japanese and WG13 data show similar 
trends across all corridors, and in the case of blocks 

A, C and E, local and overall force levels are also 

comparable. For the upper row the WG13 data was 

slightly above that of the JARI data, whereas the 

reverse is observed for the lower row. The AE-

MDB stiffness corridors have a similar stiffness 

distribution similar to that of the vehicle data. In 

general, the total force-deflection traces are very 

similar and the AE-MDB corridor appears to be a 

suitable representation of the overall stiffness, up to 

about 300mm displacement where engine loading 

becomes apparent.  

The information provided by JARI was a 

�calculated average� where the force was weighted 

by vehicle sales data from 1998, with the relative 

B-pillar displacement normalised. The data was 

made up from approximately 80 vehicles to LCW 

tests, and a further analysis based on C-segment 

vehicle models showed very close similarities 

between data, which indicated that the full data set 

was representative of the most common vehicle 

models. The WG13 data was an averaged force 

with the relative B-pillar displacement normalised. 

It was not weighted by vehicle sales, as was the 

Japanese data, thus any variation could be due to 

this difference. The WG 13 data was made up of 

seven vehicle models, and included a small off road 

model, a multi-purpose vehicle and various D-
segment vehicles.  

Although the AE-MDB version 2 performance 
corridors have been modified since those presented 

at the 18th ESV conference (AE-MDB version 1), 

the modifications have only been included to make 

allowance for the geometrical characteristics of the 

AE-MDB. For example, block E of the AE-MDB 
utilises the same honeycomb as that of the R95 

barrier blocks 1 and 3, subsequently it was given 

the same corridor in version 1. However, due the 

step in the AE-MDB, the force applied between 0-

150mm displacement is less than that of R95. 

Therefore the corridor was reduced for this period, 

and at 150mm the full surface of block E is 

engaged and the corridor returns to that used in 

R95. It was the intention that the materials to be 

used in the construction for the AE-MDB should be 

based upon those which already exist. In the case 

of AE-MDB blocks A to C, which form the upper 

row, the honeycomb to be used was the same as 

that used for the R95 barrier face block 4. 

BASELINE VEHICLE TEST PROGRAMME 

Since the previous report at the 18th ESV 

conference, WG13 has performed four additional 

baseline tests using two other target vehicle 

models. In total, eight baseline tests have been 

performed using four different target vehicles and 

three different bullet vehicle models. The centreline 
of each bullet vehicle was aimed at the R-point of 

each target vehicle, with both vehicle centrelines 

perpendicular to each other. The speed of each 

target vehicle was 24km/h, and the bullet vehicles 

were travelling at 48km/h. This configuration is 

exactly the same to that of the previous research 

performed by WG13. 

Bullet Vehicle Models 

Ford Mondeo � family size vehicle, five-door 

hatchback. Mark 1 (pre-1996), 1.6l engine, test 

mass 1390kg. 

Land Rover Freelander � small off road vehicle, 

typical within the European vehicle fleet and 
available worldwide. 2000 model year, 2.5l engine, 

automatic transmission, GS model, test mass 

1720kg. 

Toyota Corolla � small family size vehicle, four-

door saloon. 2002 model year, 1.4l engine, test 

mass 1340kg. 

Target Vehicle Models 

Renault Megane - small family size vehicle, five-

door hatchback. 1998 model year, 1.4l engine, 

�AIR� model, test mass 1350kg. Equipped with side 

airbags. 

Toyota Camry � executive four-door saloon 
available worldwide. 1999 model year, 2.2l and 

3.0l engine, test mass for both models 1600kg. 

Equipped with side airbags. 

Toyota Corolla - small family size vehicle, three-

door hatchback. 2002 model year, 1.4l engine, test 

mass 1340kg. Not equipped with side airbags. 

Alfa Romeo 147 - small family size vehicle, three-
door hatchback. Equipped with side airbags. 

The recent baseline tests to a Toyota Corolla and an 

Alfa 147 were performed using a Land Rover 

Freelander and a Toyota Corolla. These tests were 

used to gain further experience of impacts with a 

small off road vehicle and an average family size 

vehicle, which provide a representation of the real-

world impacts that the AE-MDB procedure should 

be able to reflect. It was also possible to investigate 

any differences between three and four/five door 

vehicles, as the Corolla and Alfa were both three 

door hatchbacks. 

Anthropometric Test Devices
The initial studies by WG13 used the EuroSID-I 

dummy. Since that research was performed this 

dummy has been superseded by the ES-2, which is 

seen as being an improvement over the EuroSID-I. 

Therefore, WG13 agreed to use the ES-2 and any 
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direct comparison between these evaluations 

phases should make note of this change. 

Toyota Corolla Test Observations 

The post test struck side vehicle deformation to the 

Corolla is shown below in Figure 2 and Figure 3. 

The Freelander applied loading to the Corolla at a 

higher level to that applied by the Corolla bullet 

vehicle, this was indicated by the deformation to 

the roof and door panel visible just below the 

height of the door handle. The loading applied by 

the Corolla was concentrated toward the lower 

edge of the door and around sill level, in these 

respective areas, were where the B-pillar was seen 
to receive most of its loading. There was more door 

deformation visible in the Freelander test where the 

lower edge over-rode the sill. There was little sill 

deformation visible after the Corolla test. 

Figure 2 Corolla impacted by the Corolla 

Figure 3 Corolla impacted by the Freelander 

Alfa Romeo 147 Test Observations 

The post test struck side vehicle deformation to the 

Alfa is shown in Figure 4 and Figure 5. The bullet 
vehicles applied loading to the Alfa in similar ways 

to those seen in with the Corolla. Note also that the 

vertical bend in the door, just rearward of the side 

mirrors, was pronounced in the Freelander impact, 

whereas the when impacted by the Corolla this 

deformation was not present. The form of 

deformation to the sill and rear panel, beneath the 

rear window, appeared to be quite similar. In both 
cases, the lower edge of the driver�s door remained 

engaged with the vehicle sill. But, the visible 

rotation of the sill about its primary axis and 

deformation to the underside, suggests that loading 

has also been applied to a large proportion of this 

area. 

Figure 4 Alfa impacted by the Corolla 

Figure 5 Alfa impacted by the Freelander 

All of the vehicles impacted by the Freelander 

indicated that most of the load was being applied 
approximately midway up the door(s), from 

observations of vehicle damage. However, the 

Mondeo and Corolla mostly loaded the target 

vehicles toward the lower edge of the door(s). With 

the Freelander, the presence of a high beam 

connecting the lower rails was evident on each 
target vehicle. A pre-test measurement of this beam 

showed it to be positioned approximately 560mm 

above ground level. With the family sized vehicles, 

the presence of such beams was not as clear, but 

measurements of the Mondeo and Corolla located 

the beams approximately 430mm and 480mm, 

respectively, above ground level. 

AE-MDB TEST PROGRAMME 

The current specification of AE-MDB face that has 

been published is version 2. The barrier version 

evaluated by WG13 and published at the 18th ESV 

conference was version 1, the only difference being 

the build specification to reflect the changes that 

had been included in the revised R95 barrier face. 

Prior to the vehicle tests with the AE-MDB V2, 

two LCW certification tests were performed at two 

different laboratories in order to ensure that the 

barriers used met the specification required. The 

results from the V2 tests, in bold black lines, are 
shown in Figure 6 alongside those of the V1 tests 

performed previously by WG13.  
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Figure 6 AE-MDB Certification tests 

The certification test results showed that the 

barriers did suitably meet the design specification, 

although block E was slightly stiffer than desired 
after approximately 200mm displacement. Further 

barriers were subsequently constructed and used 

for assessment of the specification. 

Toyota Corolla Test Observations 

The post test deformation of the Corolla after being 

impacted by the V2 AE-MDB is shown in Figure 

7. There was very little roof and upper B-pillar 

deformation visible. The loading from the barrier 

was applied over a greater area than that of the 

Freelander. The lower edge of the doors were 

deformed in a manner more like that of the 

Freelander than the Corolla, and subsequently the 

door over-rode the sill. The level of sill 

deformation appears to be between that seen in the 

baseline tests.  

Repeatability Evaluation 

In an assessment of repeatability; three AE-MDB 

V2 to Corolla tests were analysed. The results show 

comparable dummy and deformation results 

between all of the tests, which were performed at 

two different laboratories. However, a different 

trend in door velocity was recorded between 

laboratories, which can be attributed to different 

measurement methods. 

Figure 7 Corolla impacted by the V2 AE-MDB 

Alfa Romeo 147 Test Observations 

The post test deformation of the Alfa after being 

impacted by the V2 AE-MDB is shown in Figure 8. 

There was less roof and upper B-pillar deformation 

when compared to that of the Freelander impact, 

and in this area a closer comparison can be made 

with the Corolla impact. The most notable 

differences between the barrier and baseline 

vehicle impacts is the larger loading to the lower 

edge of the door, and the lower levels of loading to 

the sill seen with the AE-MDB. There was no 

engagement between the door and sill, which did 

 AE-MDB V2 

 AE-MDB V1 

          Disp    Force

mm        kN

1          0           25

2         135       182.5

3         135       210

4         300       367.5

5          58        0

6         165      145

7         165      175

8         300      307.5
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not rotate as it did in the baseline tests, allowing for 

greater levels of intrusion. In the area of the rear 
panel the form of deformation was comparable to 

that of the baseline tests. 

Figure 8 Alfa impacted by the V2 AE-MDB 

Vehicle intrusion profiles 

In all of the tests performed by WG13 the 

geometrical characteristics of each target vehicle 

were mapped before and after each impact. A grid 

was applied to each vehicle with rows at a height of 

300, 425, 550 675 and 800mm above ground level. 

Vertical columns, originating from the Driver�s R-

point, extended fore and aft at increments of 

125mm. The only exception to this was with the 

AE-MDB to Alfa test, where the grid was 
measured at 130x200mm increments and do not 

translate directly to the points measured in the 

baseline Alfa 147 tests. 

Toyota Corolla 

The marking scheme for the Toyota Corolla prior 
to impact is shown in Figure 9. The post test 

intrusion profile for each row is shown in Figure 10 
to Figure 15. The data set contains the two baseline 

results from the Corolla and Freelander impacts, 

and also three AE-MDB to Corolla tests.  

In general, the deformation produced by the AE-

MDB was between the levels of the two baseline 

tests for all rows. The vertical profile at the R-point 

position showed the AE-MDB to be mid-way 

between the baseline tests, which also reflected a 

similar shape. The B-pillar deformation for rows A 

to C was almost the same as that from the Corolla 

baseline test. However, the intrusion either side of 

the B-pillar was mid-way between that of the two 

baseline tests. The AE-MDB profiles for rows D 

and E were higher than that of the Corolla, and at 

the driver�s door the peak intrusion was at a level 

similar to that of the Freelander. The presence of 

the stiff B-pillar is clear in all of the AE-MDB 

profiles, but it is only just visible in the lower 

Corolla baseline profiles. The B-pillar is not visible 

for the Freelander profile, which produced �square 

shaped� intrusion with the maximum level at row 

C; 550mm above ground level. The peak level of 

intrusion for the Corolla test was at row D; 425mm 

above ground level.  The peak level for the AE-

MDB tests was at row C; 550mm above ground 
level. 

A comparison between the AE-MDB profiles 

shows very similar global and local intrusion 

levels, with similar shaped intrusion. 

Figure 9 Toyota Corolla Map 
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Figure 10 Corolla R-point profile 
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Figure 11 Corolla Row A profile 

Horizontal Row B profile - Corolla
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Horizontal Row C profile - Corolla
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Figure 13 Corolla Row C profile 

Horizontal Row D profile - Corolla
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Figure 14 Corolla Row D profile 

Horizontal Row E profile - Corolla
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Figure 15 Corolla Row E profile 

Alfa Romeo 147 

The marking scheme for the Alfa Romeo 147 prior 

to impact is shown in Figure 16. The post test 

intrusion profile for each row is shown in Figure 17 

to Figure 22. 

Rows A to C show the level of AE-MDB intrusion 

to be similar to that of the Freelander along the 

driver�s door. Toward the rear of the vehicle, the 

stiff B-pillar is visible in the barrier profile with 

lower levels of intrusion. Rows D and F show a 

similar level of intrusion between the two baseline 

tests. Whereas the intrusion from the AE-MDB was 

larger than both of the baseline tests for the full 
length of the profile. The largest difference was 

recorded mid-way along the lower edge of the door 

by 200mm above that of the Freelander. The peak 

intrusion for the Freelander was at row C; 550mm 

above ground level, and for the Corolla it was at 

row D; 425 mm above ground level. The peak 

intrusion for the AE-MDB was at row D. 

Figure 16 Alfa Romeo 147 Map 
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Figure 17 Alfa R-point profile 

Horizontal Row A profile - Alfa

-200

0

200

400

600

800

1000

-1500 -1000 -500 0 500 1000 1500

X Relative to the R-point Line (mm)

Front Rear

Figure 18 Alfa Row A profile 
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Horizontal Row C profile - Alfa
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Figure 20 Alfa Row C profile 

Horizontal Row D profile - Alfa
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Figure 21 Alfa Row D profile 

Horizontal Row E profile - Alfa
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Figure 22 Alfa Row E profile 

In reviewing all of the full-scale test data, it is 

possible to highlight some general trends as 

assessed by post impact deformation. The baseline 
tests to all of the vehicles showed that the post 

impact deformation caused by the Freelander was 

generally higher than of the Ford Mondeo. In the 

case of the Megane and Corolla the AE-MDB 

deformation was between the baseline results. With 

the Camry the AE-MDB deformation was, in 

places, above that of the baseline data for rows A, 

D and E, and for the Alfa this was the case for most 

rows. Higher levels of door intrusion, in 

comparison to the B-pillar, were more prominent 

with the Megane and Camry. A more homogeneous 

profile was observed with the Corolla and Alfa. 

The Freelander has been seen to induce peak 

intrusion levels at a height of around 550-675mm 
above ground level on all target vehicles, which is 

due to the higher level of frontal load paths. 

Conversely, the family sized vehicles generally 

loaded around 300-425mm above ground level. 
The height of AE-MDB peak loading was between 

that of the baseline vehicles at approximately 425-

550mm. 

Door intrusion velocity 

The importance of door intrusion velocity has 

previously been highlighted by WG13 as an 

important measure in determining impact severity 

as it is the generally door which contacts the 

occupant and causes injury. 

The measurement technique was changed from 

acceleration based measurement to suitable linear 
potentiometers, which are believed to be more 

accurate. Tests to the Megane and Camry used 

acceleration based measurements, apart from those 

with the AE-MDB V2, which used potentiometers. 

The baseline Corolla tests were also acceleration 

based, and all other Corolla and Alfa tests used 

potentiometers. One particular characteristic seen 

with the acceleration based data was higher levels 

of residual velocity toward the end of the impact. 

The measurements were taken from the inner door 

skins at positions close to the driver and rear seat 

passenger (RSP) dummy thoraxes, but not in a 

position to interfere with the dummy kinematics. 

No comparable data was available from the AE-

MDB to Alfa 147 test. 

The comparative door velocities for all impacts can 

be seen in Figure 23 to Figure 30. The velocities 

recorded in the Megane driver and Corolla driver 
doors show the AE-MDB velocities to be higher 

than those recorded in the baseline tests. Whereas, 

in all other positions the AE-MDB V2 barrier was 

generally between or lower than those of the 

baseline tests. Peak driver door velocities were not 
much above 12m/s in the baseline tests and the 

peak recorded with the AE-MDB V2 was 

approximately 9m/s using these techniques. For the 

rear seat passengers, again the largest velocity was 

recorded at around 12m/s, and 8m/s was recorded 

with the AE-MDB V2. 
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Figure 23 Megane driver door velocities 
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Megane RSP Door Inner Skin Velocity
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Figure 24 Megane RSP door velocities 

Camry Driver Door Inner Skin Velocity
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Figure 25 Camry driver door velocities 
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Figure 26 Camry RSP door velocities 

Corolla Driver Door Inner Skin Velocity
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Figure 27 Corolla driver door velocities 
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Figure 28 Corolla RSP door velocities 
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Figure 29 Alfa driver door velocities 
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Figure 30 Alfa RSP door velocities 

Driver and passenger dummy responses  

The test procedure is aimed at encouraging 

enhancements in occupant protection and reduction 
in injury risk. It is hoped that if the procedure were 

to move into a regulatory framework, improved 

dummies and associated injury criteria would also 

be adopted.  

Throughout the research programme WG13 have 

used the best �tools� available. In the Megane and 

Camry tests WG13 used the EuroSID-I and for the 

latter tests, to the Corolla and Alfa 147, the ES-2 

was used. In the case of all Alfa tests, the ES-2RE 

dummy was used in the driver�s seat and the ES-2 

in the rear. These measures can be used to predict 

the severity of the test based upon current 

predictions of injury risk. A summary of all WG13 

results is shown in Table 1. 
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DRIVER Mondeo Freelander AE-MDB V1 IIHS Mondeo Freelander AE-MDB V1 IIHS

HEAD (HIC) 72 250 214 454 98 144 121 266

Rib Deflection (mm) Upper 6 25 24 45 7 24 20 33

Middle 7 25 18 48 13 25 24 29

Lower 10 24 15 49 19 30 31 30

Viscous Criterion Upper 0.02 0.22 0.27 1.16 0.03 0.15 0.18 0.4

Middle 0.03 0.22 0.12 1.18 0.06 0.23 0.24 0.29

Lower 0.07 0.17 0.05 1.27 0.10 0.42 0.40 0.31

Abdomen (kN) 1.2 2.4 1.1 1.6 1.3 2.0 2.2 1.5

Pelvis (kN) 4.3 4.6 4.7 4.5 4.3 4.6 6.2 5.4

Rear Seat Passenger Mondeo Freelander AE-MDB V1 IIHS Mondeo Freelander AE-MDB V1 IIHS

HEAD (HIC) 706 107 38 60 476 39 53 446

Rib Deflection (mm) Upper 7 7 21 31 8 14 19 25

Middle 6 4 5 11 4 7 17 16

Lower 6 11 3 12 4 4 15 14

Viscous Criterion Upper 0.02 0.02 0.10 0.32 0.06 0.07 0.16 0.27

Middle 0.01 0.02 0.01 0.06 0.01 0.02 0.12 0.13

Lower 0.02 0.09 0.01 0.09 0.02 0.00 0.12 0.10

Abdomen (kN) 2.4 4.4 1.6 2.3 1.8 1.7 2.3 2.7

Pelvis (kN) 6.6 7.2 6.4 9.6 4.0 3.3 6.3 5.1

Renault Megane Target Vehicle (EuroSID-I) Toyota Camry Target Vehicle (EuroSID-I)

Toyota Corolla Target Vehicle (ES-2) Alfa Romeo 147 Target Vehicle (ES-2RE/ES-2)

DRIVER Corolla Freelander AE-MDB V2 AE-MDB V2 AE-MDB V2 J Corolla Freelander AE-MDB V2

HEAD (HIC) 138 444 353 309 144 68 361 230

Rib Deflection (mm) Upper 6 21 21 27 23 5 51 50

Middle 1 11 10 14 12 7 38 39

Lower 3 3 3 6 6 18 44 47

Viscous Criterion Upper 0.01 0.24 0.16 0.29 0.20 0.01 0.67 0.61

Middle 0.00 0.11 0.05 0.09 0.07 0.03 0.65 0.75

Lower 0.00 0.01 0.01 0.04 0.04 0.17 1.05 0.97

Abdomen (kN) 0.6 2.0 1.3 1.6 1.3 0.7 1.9 1.3

Pelvis (kN) 0.9 5.7 3.7 3.6 3.4 2.5 4.6 4.3

Rear Seat Passenger Corolla Freelander AE-MDB V2 AE-MDB V2 AE-MDB V2 J Corolla Freelander AE-MDB V2

HEAD (HIC) 183 215 394 294 209 86 253 177

Rib Deflection (mm) Upper 21 29 24 24 25 25 21 12

Middle 11 24 14 17 14 18 9 3

Lower 0 13 13 10 11 10 3 9

Viscous Criterion Upper 0.14 0.15 0.15 0.23 0.21 0.12 0.12 0.07

Middle 0.04 0.16 0.08 0.14 0.08 0.08 0.03 0.01

Lower 0.00 0.06 0.07 0.07 0.08 0.03 0.01 0.04

Abdomen (kN) 1.4 0.8 2.3 1.9 2.1 0.1 1.2 1.4

Pelvis (kN) 1.1 1.7 3.2 3.5 3.7 1.7 4.0 5.4

Table 1 EuroSID-I and ES-2 Dummy Results 

The driver and rear seat passenger dummy injury 
parameters for the Corolla and Alfa target vehicles 

are shown in Figure 31 to Figure 34. These have 

been calculated as percentages of the critical values 

as defined in ECE Regulation 95. These levels are 

as follows: 

 HIC   1000 

 Rib deflection 42mm 

 V*C  1.0m/s 

 Abdomen force 2.5kN 

 Pelvic force 6.0kN 

The head injury criterion (HIC) recorded by the 

driver dummy in the Corolla tests showed the 

response of the AE-MDB tests to be between that 

of the two baseline tests. This was also the case for 

abdomen and pelvis. The maximum rib deflection 

and viscous criterion were at a similar level to that 

of the Freelander baseline test. For the rear seat 

passenger, the maximum rib deflection was 

between that of the baseline tests and the viscous 

criterion was slightly above. In the case of the 

abdomen and pelvis, the barrier results were above 

those of the baseline tests. 
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Figure 31 Corolla driver dummy response 
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Toyota Corolla RSP
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Figure 32 Corolla RSP dummy response 

In the Alfa tests, the response of the driver dummy, 

when impacted with the AE-MDB, was always 

between the baseline car test results and generally 

closer to those of the Freelander. The chest 
deflection was above the critical level specified by 

R95, signifying a 30% risk of injury  AIS3. For 

the rear seat passenger, the HIC, rib deflection and 

viscous criterion of the barrier test were between or 

below the baseline values, whereas the abdomen 

and pelvis results were higher. 
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Figure 33 Alfa driver dummy response 
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Figure 34 Alfa RSP dummy response 

DISCUSSION 

The post test intrusion characteristics seen with the 

AE-MDB show that the barrier is able to replicate, 

to some extent, the form of deformation seen with 

the baseline vehicle tests. In the case of the Megane 
and Camry reported by Roberts et al, which were 

five and four door vehicles respectively, more 

intrusion was caused to the front and rear doors 

than to the B-pillars of the target vehicles. This 
trend was visible in both the barrier and baseline 

tests. However, the door deformation with the AE-

MDB was generally at a similar level to that of the 

most severe baseline test, whereas the loading to 

the B-pillar was similar to that of less severe 

baseline test. The tests to some of the target 

vehicles also showed that the form of intrusion 

with AE-MDB was similar to that of the baseline 

tests. Similar trends were visible to the deformation 

and the doors and B-pillar. 

In reviewing the biomechanical data from all of the 

available driver dummy results, the AE-MDB data 
was often between or slightly higher than that of 

the baseline data. The areas where the barrier 

results exceeded the baseline data, and in the case 

of the Alfa the critical value, were the pelvis in the 

Megane, the abdomen and pelvis in the Camry and 

the ribs in the Corolla and Alfa.  

For the rear seat passenger, the higher loading was 

generally seen in the abdominal and pelvic areas. 

The velocity profiles of all vehicles, where 

measured, suggest that the AE-MDB loaded the 

target vehicles at a similar rate to those of the 

Freelander baseline test, and in the case of the 

Corolla the peak velocity with the AE-MDB was 

slightly higher by approximately 1m/s. It should be 

borne in mind that the measurement method used 
for the Corolla baseline tests were different to those 

with the barrier, thus the magnitude of this 

difference may be less or greater than that 
recorded.  

Based upon the results seen so far, WG13 believes 

that modifications to the AE-MDB design 

specification may be needed in order to reduce the 
post test �differential intrusion� between the doors 

and B-pillar. The severity of the AE-MDB test 

procedure was either between that of the baseline 

tests. In some areas slightly more severe than the 

baseline tests, but this was not a trend that could be 

observed in all of the target vehicles. 

FUTURE RESEARCH 

In order to increase the amount of loading applied 

by the AE-MDB to the B-pillar, WG13 is 

considering various modifications to the design 

specification.  

One modification is based upon the application of a 

�beam� type element being applied across the lower 

row of blocks. The beam element would be 

constructed from high strength honeycomb 

sandwich, which would try to replicate the 

presence of significant lateral connections between 
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longitudinal frontal structures that are present in 

some vehicles. 

An alternative modification, would be to change 

the stiffness of block E to be more reflective of the 

rigid LCW data. The initial block stiffness could be 

increased along with the stiffness toward the end of 

the current corridor. 

Further modifications that have been discussed are 

based upon a change in stiffness distribution for the 

lower row of blocks, along with the inclusion of a 

beam element as described above. 

At the time of this report some numerical 
simulation of different AE-MDB modifications has 

taken place to provide guidance to future plans, but 

no barriers to a revised specification have been 

manufactured or tested. 

CONCLUSIONS 

1. The completed review of the stiffness of modern 

vehicle frontal structures has complemented the 

previous data studied and presented by WG13, 

which lead to the current stiffness distribution for 

the AE-MDB. 

2. From baseline vehicle testing, the AE-MDB has 

been shown to be representative of the baseline 

deformation profiles in some areas. 

3. The deformation produced by the AE-MDB is, 
in some cases, above that of the baseline tests in the 

softer areas of the target vehicles (mid doors). 

4. In the stiffer area of the target vehicles (B-pillar), 
the deformation caused by the AE-MDB was less 

than that applied by the most severe baseline test. 

5. Most of the dummy injury parameters were well 

below the critical values used in the current 

European regulatory procedure, even when 
localised intrusion is greater than that of the severe 

baseline test. 

6. The ongoing research may lead to some 

revisions of the existing AE-MDB design 

specification. However, no firm direction was 

available at the time of writing this paper. 
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ABSTRACT 
 
In-vehicle information systems (IVIS) have 

become popular; IVIS could be used to provide 
drivers with a variety of information (e.g., en-route 
guidance information and collision warning 
information) via different in-vehicle devices. In 
Taiwan, some aggressive driving behaviors are 
observed such as tailgating and violating traffic 
signals.  Intersection collision warning system 
(ICWS) provided by IVIS could be used for avoiding 
the accidents due to violating traffic signals. This 
study employed a driving simulator to investigate the 
influence of auditory collision warning messages on 
drivers’ perception-reaction times and workload 
when the drivers were visually or audibly distracted 
by secondary tasks via different IVIS devices. The 
secondary task was to solve simple mathematical 
problems displayed to the driver three different 
formats: voice, numbers shown on a liquid crystal 
display (LCD) panel, and number shown on a 
heads-up display (HUD). The most important finding 
of the study was that the auditory collision warning 
message was capable of decreasing drivers’ 
perception-reaction times when the drivers were 
visually distracted by the mathematical problems 
shown on the LCD panel or the HUD. However, 
when the drivers were distracted by an auditory task 
(i.e., hearing mathematical problems), the auditory 
collision warning message increased drivers’ 
perception-reaction times. 
 
INTRODUCTION 
 

The traffic conditions in Taiwan are very 
congested, and some aggressive driving behaviors 
such as tailgating, speeding and violating traffic 
signals are observed.  A collision avoidance 
warning system may help a driver to avoid a crash, 
but it could also contribute to an increase in driver 
distraction. Since driver distraction is always an 
important issue in driving safety, and analysis of 
accident reports shows that drivers violating traffic 
signals at intersections is the third leading cause of 
traffic accidents, this study focuses on whether or not 
an auditory ICWS could assist a driver in avoiding an 

imminent crash while he or she is visually and/or 
aurally and/or mentally distracted. 
 ICWS messages can be displayed in different 
formats via in-vehicle devices, such as auditory 
information and text or figure information shown on 
a heads-up display (HUD) or a liquid crystal display 
(LCD). An auditory display is a common means for 
providing collision warning messages. Several 
studies have found that an auditory display or 
multimodal display with auditory and visual warning 
information has positive effects on driving 
performance [1-4]. The major objective of this study 
was to investigate how auditory collision warning 
messages affect driving performance in the presence 
of other visual and auditory IVIS devices (i.e., 
distractions). A six-degree-of-freedom motion-base 
driving simulator was used for the experiment.  The 
secondary task was to solve mathematical problems 
displayed using three different types of IVIS devices: 
(1) auditory voice from a speaker, (2) numbers 
shown on a LCD screen, and (3) numbers shown on a 
HUD. Driving performance was measured by 
measuring driver perception-reaction time. 
Additionally, heart rate variability was used as a 
measure of driver workload, and eye movements 
were used as a measure of driver eye distraction. 
 
EXPERIMENT DESCRIPTION 
 

The participants were asked to drive the 
simulator, which depicted scenes from an urban area. 
The road conditions were as follows: there were two 
lanes in each direction; the lanes were 3.50 meters 
wide; the traffic flow on the roads was 700 vehicles 
per hour per lane, and the speed limit was 50 
km/hour. The participants were told before the formal 
experiment that the car (i.e., the host vehicle) was 
equipped with an auditory collision avoidance 
warning system (CAWS), and in case of urgent 
situations, such as a driver cutting in, the system 
would provide a short audio message, such as ‘watch 
your left-hand side’.  In addition, they were told that 
sometimes the CAWS system malfunctions, and thus, 
the system may not be able to sense all urgent 
situations. The purpose for telling the participants 
that the car was equipped with CAWS instead of 
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ICWS was to avoid participants’ expectations of 
dangerous situations occurring at intersections. An 
urgent situation was defined as one in which a 
collision was likely to occur in less than 4 seconds. 
The short female prerecorded voice message, ‘watch 
your right-hand side’ or ‘watch your left-hand side’, 
was 1 second in Chinese. Therefore, the driver had 3 
seconds left to respond to the urgent situation. 
Drivers’ perception-reaction times were of interest to 
measure driving performance, and heart rate 
variability was used to determine driving workload. 
Heart rate variability was defined as the difference of 
average heart rate (x2 - x1) 10 seconds after the 
urgent situation (x2) and 10 seconds prior to the 
urgent situation (x1). In addition, glance frequencies 
and glance durations at a LCD display were analyzed 
to determine the effects of different types of 
mathematical problems on drivers’ eye movements. 
The following factors were considered in the 
experiment: the provision of auditory ICWS, IVIS 
display formats, and complexity of mathematical 
problems (see Table 1). 
 

Table 1. 
Experimental Factors 

Factor 
Provision 

of auditory 
ICWS 

Display 
format 

Complexity of 
mathematical problem 

yes auditory 
simple addition (e.g., 
5+9) 

LCD 
medium difficult 
addition (e.g., 24+35) 

Factor 
Level 

No 

HUD 
repeating 3-digit number 
(e.g., 168) 

 
For the secondary task, participants were asked 

to solve mathematical problems. The tasks included 
solving one-digit mathematical addition (e.g., 5 + 7), 
adding two-digit numbers less than 40 (e.g., 32 + 15), 
and repeating three-digit numbers (e.g., 254).  
Before a problem was presented by auditory display 
(voice), or shown on a LCD screen or a HUD, 
different short beeping sounds were presented to 
notify the subjects that a problem was going to be 
displayed. These three short sounds were easily 
distinguishable from each other. The locations of the 
6-inch LCD and HUD are illustrated in Figure 1 and 
Figure 2, respectively, and the view angle from the 
eye to the center of the LCD display was 24.3 
degrees to the right of center. There were three 
blocks in the experiment design representing the 
three display formats, and the sequence of the three 
display formats was random. The height of the 
numbers shown on the 6-inch LCD display was 6.5 
cm, and the height of the letters shown on the HUD 
display was 31.5 cm.  

Each subject had ten trials to become familiar 
with the driving simulator (e.g., using the steering 

wheel, the accelerator and the brakes). Then the 
subjects were asked to practice with the IVIS devices 
three times to become familiar with the devices and 
to make sure they could easily distinguish between 
the three short beeping sounds before a mathematical 
problem was displayed.  

Young drivers were the focus of this study. The 
participants had to be licensed drivers between 20 
and 30 years of age with at least three years of 
driving experience. Nineteen undergraduate and 
graduate students (10 male, 9 female) participated in 
this experiment. 

 

 
Figure 1.  Heads-Up Display of a Mathematical 
problem 
 

 
Figure 2.  LCD Location 
 
EXPERIMENTAL DATA ANALYSIS  
 
 This study aimed to explore the effect of 
different IVIS interfaces as well as with/without 
ICWS voice messages on driving behavior, including 
the drivers’ perception-reaction times and the 
increase in hart rate while some unexpected 
imminent incident occurred such as a vehicle 
violating the traffic signal. Besides, this study also 
explored the drivers’ glance frequencies and glance 
durations while viewing LCD. Duncan multiple 
comparison and t test methods were used to 
determine the significant factors. 
 
Drivers’ Perception-Reaction Times 
 

Table 2 and Figure 3 show the effects of IVIS 
interfaces and provision of auditory warning 
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messages on drivers’ perception-reaction times, and 
there is an interaction between these two factors. 
When drivers were engaged in solving mathematical 
problems displayed on a LCD or a HUD, their 
perception-reaction times were shorter if an auditory 
collision warning message alerted them to an urgent 
situation at the intersection. If drivers were watching 
the LCD, the perception-reaction times of drivers 
with an auditory collision warning message were 
0.08 seconds shorter than the perception-reaction 
times of drivers without the auditory collision 
warning message. If drivers were watching the HUD, 
the perception-reaction times of drivers with an 
auditory collision warning message were 0.54 
seconds shorter than the perception-reaction times of 
drivers without an auditory collision warning 
message. However, if the driver’s were distracted by 
an auditory mathematical problems via voice 
interface, the perception-reaction times with an 
auditory collision warning message were 0.73 
seconds longer than perception-reaction times 
without an auditory collision warning message. This 
is possibly due to drivers’ sensory overload with two 
different voice messages (i.e., the collision warning 
message and the mathematical problem). Therefore, 
if ICWS warning messages are provided via voice 
interface, it is important to consider any other 
auditory distractions such as music or cellular phones. 
Drivers’ perception-reaction times by sex are shown 
in Table 3. There was no significant difference 
between the perception-reaction times of the male 
and the female participants (p = 0.54111).  

 
Table 2. 

Effects of IVIS Interfaces and Provision of 
Auditory Warning Messages on Drivers’   

Perception- Reaction Times  

Provision of warning 
message and types of 

IVIS interfaces 

Mean 
(sec) Std Dev 

Multiple 
comparison1 

(Duncan, 
α=0.05) 

Voice warning & voice  
Interface 

1.77 0.81 A  

Without voice warning 
& HUD interface 1.25 0.54 A   B 

Without voice warning  
& LCD interface 

1.20 0.55 A   B 

Voice warning  
& LCD interface 

1.12 0.83       B 

Without voice warning 
& voice interface 

1.04 0.64 B 

Voice warning 
& HUD interface 0.71 0.39 B 

Note: 1 The results in multiple comparisons with the 
same symbol indicate that the differences among the  
corresponding groups are not significantly different.  
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Figure 3.  Interaction Effects of IVIS Interfaces 
and Provision of Auditory Warning Messages on 
Drivers’ Perception- Reaction Times 

 
Table 3. 

Drivers’ Perception-Reaction Times by Sex 

Sex Mean 
(sec) Std Dev 

Male 0.87 0.73 
Female 1.01 0.59 

t-value=-0.61   df =73   p-value =0.5411 
 

Increase in Heart Rate 
 

Table 4 summarizes the effect of IVIS 
interfaces (i.e., distractions) and auditory collision 
warnings on the drivers’ heart rate variability (i.e., 
difference of average heart rate (x2-x1) between 10 
seconds after an urgent situation (x2) and 10 seconds 
prior to (x1) an urgent situation. Although the 
multiple comparisons show that there was no 
significant influence of the IVIS interfaces or 
auditory warnings on heart rate variability, the table 
indicates that the increase in heart rate was the 
highest (6.08 beats/minute) when the driver was 
distracted by auditory mathematical problems and 
received an auditory collision warning message at the 
same time. The effect of heart rate by sex is shown in 
Table 5. There was no significant difference in 
increase heart rate between the male and the female 
participants (p = 0.1286).   
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Table 4. 
IVIS Interfaces & Provision of Auditory 

Collision Warning Message on Increase in 
Heart Rate 

Provision of warning 
message and types of 

IVIS interfaces 

Mean 
(beats/
min) 

Std Dev 

Multiple 
comparison 

(Duncan, 
α=0.05) 

Voice warning message 
& voice interface 

6.08 5.46 A 

Without warning 
message  
& HUD interface 

4.79 3.89 A 

Without warning 
message  
& LCD interface 

4.47 4.59 A 

Voice warning message 
& LCD interface 

4.29 5.25 A 

Without warning 
message  
& voice interface 

3.31 4.95 A 

Voice warning message 
& HUD interface 

3.25 3.42 A 

 
 

Table 5.  
Increase in Heart Rate by Sex 

Sex Mean 
(beats/min) Std Dev 

Male 4.60 3.79 
Female 6.24 4.94 
t-value=-1.53   df =88    p-value =0.1286 

 
Eye Movements While Viewing LCD 
 

Drivers’ eye movements were recorded by a 
video-camera during the experiment in order to 
examine drivers’ glance frequencies and glance 
durations when different types of mathematical 
problems were posed on the LCD. As shown in Table 
6, the subjects glanced more frequently when 
required to repeat a 3-digit number or to solve more 
complicated mathematical problems than when posed 
with simple mathematical problems. In addition, the 
subjects took longer to repeat 3-digit numbers (1.87 
sec) than to solve more complicated mathematical 
problems (1.40 sec) or simple mathematical 
problems (1.21 sec) (Table 7). Based on these results, 
the complexity of mathematical problems displayed 
on the LCD influenced drivers’ glance frequencies 
and glance durations. The simple task of memorizing 
3-digit numbers caused the most driver visual 
distraction (i.e., largest mean glance frequency and 
longest mean glance duration). A similar situation 
could occur when a driver views and memorized the 
route guidance information displayed on a LCD 
panel. However, more research is required with 
respect to drivers’ information load and its effect on 

safety. Tables 8 and 9 show the results by sex in 
terms of glance frequency and glance duration, 
respectively.  There was no significant difference 
between glance frequencies or glance durations by 
the male and the female participants (p = 0.8438 and 
p = 0.2514, respectively). 
 

Table 6. 
Drivers’ Glance Frequencies by Mathematical 

Problems in Various Types 

Complexity of 
mathematical 

problem 

Mean 
(Frequency) Std Dev 

Multiple 
comparison 

(Duncan, 
α=0.05) 

repeating 
3-digit number 

1.47 0.51 A  

Medium-difficu
lty addition 

1.42 0.72 A  

Simple addition 1.06 0.24  B 
 

Table 7. 
Drivers’ Glance Durations by Mathematical 

problems in Various Types 

Complexity of 
mathematical 

problem 

Mean 
(min/one 

time) 
Std Dev 

Multiple 
comparison 

(Duncan, α=0.05) 
repeating 3-digit 
number 

1.87 1.30 A  

Medium-difficul
ty addition 

1.40 0.44 A B 

Simple addition 1.21 0.42  B 
 

Table 8. 
Drivers’ Glance Frequencies by Sex. 

Sex Mean 
(Frequency) Std Dev 

Male 1.36 0.64 
Female 1.33 0.58 
t-value=0.20   df=73    p-value =0.8438 

 
Table 9. 

Drivers’ Glance Durations by Sex. 

Sex Mean 
(min/one time) Std Dev 

Male 1.74 1.33 
Female 1.46 0.54 
t-value=1.16   df =45.6     p-value=0.2514 

 
CONCLUSIONS  
 

This study aimed to explore how the presence 
of IVIS information in a vehicle impacted driver 
workload (e.g., heart rate variability) and drivers’ 
perception-reaction times with auditory ICWS 
information in a simulated urban driving 
environment. The experimental data analysis results 
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revealed that the auditory collision warning messages 
were capable of decreasing drivers’ 
perception-reaction times when drivers were visually 
distracted by mathematical problems shown on a 
LCD panel or a HUD. However, when drivers were 
distracted by auditory mathematical problems, an 
auditory collision warning message increased 
perception-reaction times by 0.73 second.  In 
addition, increases in heart rate were highest in this 
situation (although not significantly different from 
the other situations).  

It was found in this study that the complexity 
of questions displayed on the LCD influenced 
drivers’ glance frequencies and glance durations. The 
simple task of memorizing 3-digit numbers increased 
drivers’ visual workload. This type of secondary task 
is similar to viewing and memorizing route guidance 
information from an IVIS. Further research is 
required with respect to drivers’ information load and 
its effect on safety. 
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ABSTRACT 
 

To minimize the injury of car occupants during a 
frontal crash not only the restraint system must be 
optimized, but also the crash pulse generated by the 
vehicle structure. It is clear that a low velocity crash 
with full overlap requires less structure stiffness than 
a high velocity offset crash. Ideally for each serious 
crash situation the whole available deformation 
length must be used and all the impact energy must 
be absorbed without deforming the passenger 
compartment. For compatibility it is necessary to 
have a stiffer structure in case of a heavy opponent 
and a softer structure in case of a lighter opponent. 
This paper discusses possibilities to design an 
adaptive vehicle structure that can change the 
stiffness real time for optimal energy absorption in 
different crash situations. Besides that all the energy 
is absorbed it is also important to manage the 
intensity during the crash time, because the resulting 
crash pulse has a large influence on the injury level. 
Especially at high crash velocities a stiff structure in 
the first phase of the crash followed by a softer part is 
effective but difficult to realize with traditional 
structures. Therefore a comparison between several 
energy absorbing methods is made and friction is 
found as the best controllable way for adaptable 
energy absorption. In a proposed new concept design 
the right amount of energy could be absorbed by 
means of friction generated by hydraulic brakes on 
two rigid backwards moving beams. In case of an 
offset or oblique crash a mounted cable system moves 
the missed beam backwards. With this new intelligent 
design with interactive control, an optimal vehicle 
deceleration pulse can be possible for each crash 
velocity independent on the struck car position, 
yielding the lowest levels of the occupant injury 
criteria, also in case of compatibility problems. 
 
INTRODUCTION 
 

The improved frontal crashworthiness of cars 
necessitates totally new design concepts, which take 
into account that the majority of collisions occur with 
partial frontal overlap and under off-axis load 
directions against other cars with much larger or 

smaller masses and structure stiffnesses. Realistic 
crash tests with partial overlap have shown that 
conventional longitudinal structures are not capable 
of absorbing all the energy in the car front without 
deforming the passenger compartment. For improved 
frontal car safety it is necessary to design a structure 
that absorbs enough energy in each realistic crash 
situation. To protect the occupants, the passenger 
compartment should not be deformed and intrusion 
must be avoided too.  

 
To prevent excessive deceleration levels, the 

available deformation distance in front of the 
passenger compartment must be used completely for 
a predetermined crash velocity. This implies that in a 
given vehicle concept the structure must have a 
specific stiffness. Normally, the two main 
longitudinal members have to absorb most of the 
crash energy with a progressive folding deformation 
of a steel column [1,2]. The main problem is that in 
real car collisions these two longitudinal members 
often are not loaded in a synchronous fashion. The 
majority of collisions occur with partial frontal 
overlap or with an oblique crash direction, in which 
only one longitudinal is loaded and often only a 
bending collapse occurs in stead of the much more 
energy absorbing progressive folding pattern. A 
design conflict is that the same amount of energy 
must be absorbed either with a single or with both 
longitudinals. This problem can not be solved by just 
definitively increasing the stiffness of the 
longitudinals in such a way that each longitudinal is 
capable of absorbing all of the energy. To absorb 
enough energy, a stiff longitudinal is needed for the 
offset crash or the oblique crash direction (also to 
have enough bending resistance) in which normally 
only one longitudinal is loaded. The same 
longitudinal must be suppler in case of a full overlap 
crash, since both longitudinals must not exceed the 
desired deceleration level.  

 
To absorb all the kinetic energy, which is 

proportional with the square of the velocity, the 
deformable structure length must have a specific 
stiffness. This stiffness results in an average mean 
force, which multiplied with the deformation 
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shortening gives the absorbed energy. For an 
acceptable injury level of the occupants, the total 
deceleration level must be as low as possible, using 
the maximum available deformation length without 
deforming the passenger compartment. This means 
that for example in a 64 km/h crash compared with a 
32 km/h crash, a four times longer deformation 
distance is needed for the same deceleration level. 
Although the stiffness normally increases during the 
crash and at higher crash speeds there is made use of 
the stiff engine; the only way to generate an optimal 
crash pulse at different collision speeds is variable 
structure stiffness. After detection of the crash 
velocity, the optimal stiffness of the frontal structure 
should be realized. 
 

The objective of the research project presented 
here was to design a concept structure that substitutes 
the conventional energy absorbing longitudinal 
members in a frontal vehicle structure and that yields 
optimized deceleration pulses for different crash 
velocities, overlap percentages and collision partners. 
If pre-crash sensing is used in future the system can 
be adjusted before the crash instead of during the 
crash. To this aim the structure must have a stiffness 
that can be varied in accordance with the specific 
crash situation. 

 
Also the increasing trend of deployment of short 

front-end cars makes adaptive structures a must to 
overcome the impossible task of improving 
crashworthiness while shortening the front-end crash 
zone. 

 
In the next section the problem is further 

analyzed, a summary is given on optimal crash pulses 
and finally a conceptual design will be presented 
which can fulfill the specifications of different 
deceleration levels for an optimal deceleration pulse 
in each crash situation. 
 
ANALYSIS OF THE CRASHWORTHINESS 
PROBLEM 
 

The novel design has to cope with the following 
four crashworthiness problems: 
 
1. Crash position: in the case of a full overlap crash 

(both longitudinals and engine involved) as in the 
case of an offset or oblique crash (at 40 per cent 
overlap only one longitudinal directly involved) a 
similar amount of energy must be absorbed by 
the front structure. 

2. Crash velocity: With a not much longer 
deformation length, much more energy must be 
absorbed at high crash velocities (resulting in less 

fatal injuries) and a lower injury level must be 
obtained at lower crash velocities. 

3. Crash pulse: A deceleration pulse must be 
obtained which is optimal (lowest injury level) 
for the concerning relative collision speed and 
the chosen dummy restraint parameters. 

4. Crash compatibility: The structure stiffness must 
also be optimized for the mass and stiffness of 
the struck object. 

 
To minimize the injury of car occupants during a 

frontal crash, the car structure must generate a 
predetermined optimal deceleration pulse (specific 
curve) on the assumed undeformable passenger 
compartment to absorb all the kinetic energy. 
However, this optimal pulse is dependent on the final 
relative crash velocity and the occupant properties 
(for example initial distance occupant to airbag). The 
crash pulse must be independent on the struck car 
position. The absorbed energy must be dependent on 
the own accompanying mass (including passengers 
and luggage) and the relative final crash velocity, 
which is dependent on the original velocities of both 
crash partners and their mass relation (compatibility). 
This complex problem can only be solved if all the 
necessary parameter values in front of the crash are 
present by means of pre-crash sensing and a vehicle 
structure stiffness that can be regulated by an 
intelligent system immediately before and also during 
the crash (necessary if the crash parameters change or 
the deceleration has not the level as programmed). 
Especially the structure stiffness can influence the 
deceleration level and the absorbed energy within the 
available deformation length.  
 

With this new intelligent design, an optimal 
vehicle deceleration curve must be possible for each 
crash velocity over the entire frontal collision 
spectrum, yielding the lowest levels of the occupant 
injury criteria, also in case of compatibility problems. 

 
The compatibility of vehicles is an important 

issue. There could be adverse effects on vehicle fleet 
compatibility after structural changes. A vehicle 
which has a stiffer or more aggressive front structure 
for his own increased frontal safety could be more 
dangerous for another car, especially if that other car 
is involved in a side impact crash. Also the use of the 
same fixed deformable barrier in crash tests for light 
and heavy cars could lead to less compatibility in 
crashes between small and large cars. The amount of 
energy absorbed by the barrier is for a light car a 
larger proportion of the total crash energy as for a 
heavy car. To achieve a level of performance 
comparable to a small car, the front structure of the 
large car must be designed to crush more or to crush 
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at a higher force level to absorb the additional energy. 
It is possible that a small car becomes softer because 
a lot of its energy was absorbed by the barrier. The 
increased crash velocity by Euro-NCAP from 56 
km/h to 64 km/h has also a negative influence on the 
compatibility. This velocity increase yields a 30 per 
cent higher amount of crash energy. That means that 
for the same deformation length the force level and 
thus the stiffness of all cars has to grow with 30 per 
cent. This effect increases the absolute difference in 
force levels between light and heavy cars, which 
deteriorates the compatibility. Otherwise the test 
velocity must be higher as where collision statistics 
ask for, because for a comparable vehicle deformation 
as in a car to car crash the initial kinetic energy must 
be higher to compensate the absorbed energy in the 
barrier. Another interesting test for the compatibility 
problem is a test with a moving deformable barrier. 
Such a test simulates much better collisions between 
cars and could improve the fleet compatibility. In this 
case the smaller vehicle is subjected to a harsher 
crash environment due to the higher energy 
absorption and a higher velocity change yielding a 
stiffer structure. On the other hand the large car 
would be subjected to a less severe crash environment 
in terms of velocity change, so a softer front structure 
gives a temperate crash pulse.  
 
OPTIMAL DECELERATION PULSES 
 

An occupant is primarily protected by the 
restraint system, so an optimal vehicle crash pulse 
must always be defined in combination with the 
restraint system characteristics. For structural 
adaptivity much effort is needed in finding the 
properties of a well-tuned seatbelt and airbag system 
combined with a proper crash pulse shape. For an 
adaptive frontal stiffness system an optimized set of 
restraint system and crash pulse parameters should be 
defined for all types of frontal collisions. From 
previous research [3] it is known that a traditional 
deceleration curve with an increasing deceleration 
level, from the beginning with a relatively soft 
structure to the end of the crash with a high force 
level, is far from optimal. For a low crash velocity a 
constant crash pulse is ideal while for higher crash 
velocities a high-low-high crash pulse is optimal. An 
active control of the structural response is necessary 
in order to minimize restraint system loads in low 
speed impacts and to create high-low-high pulses for 
higher crash velocities. 
 

Researchers Witteman [3], Motozawa and Kamei 
[4] studied the possibility of reducing occupant injury 
severity without increasing vehicle deformation by 
actively controlling the vehicle deceleration in a 

crash. The influence of the change in vehicle 
deceleration with time (the deceleration curve) on 
occupant injuries in crashes has been studied by 
modifying the deceleration curve of an actual vehicle 
and optimizing it in order to reduce occupant injury 
by using the sensitivity analysis method applied to 
dummy simulations.  

 
Witteman [3] gave a method to calculate an overall 

severity index based on bio-mechanical injury 
criteria. An integrated numerical model of dummy 
and car interior was described with corresponding 
restraint parameters yielding the lowest overall 
severity index (OSI). With an ideal not deforming 
passenger compartment, it is acceptable to use an 
uncoupled model of the dummy and the frontal 
deforming structure. A common method is, to 
predefine a deceleration pulse as input on the 
passenger cage. With the aid of this interior model, 
variations of the deceleration pulse are compared on 
basis of the OSI, and an optimal pulse is obtained for 
several crash velocities. The conclusions are 
comparable with Brantman [5] that the pulse can be 
described by three phases, ensuring minimal risk for 
the occupants: 

 
1. Crash initiation phase. In this phase, the sensor 
triggering for the belt pretensioners and airbags 
must take place. For optimal sensor triggering, the 
front-end of the car should be sufficient stiff to 
generate within a short time interval a velocity 
change that lies above the triggering value. The 
occupants are not directly connected with the car, 
because they are not yet captured by the restraint 
systems, so the deceleration can be high without 
causing unacceptable injury. Loss of valuable 
deformation shortening during a still high velocity 
is reduced. 
 
2. Airbag deployment phase. In this phase the 
airbags are inflated and the occupants tighten the 
belts while moving forwards with a relative 
velocity with respect to the car. This relative 
velocity should be sufficient low, because in 
practice many injuries are the result of reaching a 
still inflating airbag or hitting a full inflated bag 
with a relative high velocity. The deceleration 
should be low. 
   
3. Occupant contact phase. In this phase, the 
occupants have hit the airbags and there is stiff 
contact between the occupant and the car. High 
decelerations may occur because the occupants 
will not be subjected to further shock loads caused 
by contact with the interior, deceleration should be 
substantially in the remaining time.  
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The optimal deceleration pulse for this realistic 
interior at a crash speed of 56 km/h into a rigid full-
width barrier is given in figure 1, figure 2 illustrates 
the pulse of a normal realistic deceleration.  

 

 

 
Figure 1.  Optimal deceleration pulse. 
 
 

 

 
Figure 2.  Deceleration pulse of nowadays cars. 
 

From this research [3] it is concluded that the 
OSI of the optimal crash pulse, at this velocity, is 35 
per cent lower than the OSI of realistic pulses. As an 
example optimal pulses for 3 different velocities are 
shown in figure 3. For design reasons it is plotted as 
function of the deformation length. 
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Figure 3.  Three optimal decelerations curves in 
three phases [3]. 
 

This high-low-high pulse shape can also be found 
with the application of Newton’s second law for 
motion in the x-direction while modeling the 
mechanical relationship among the occupant, vehicle 
and seat belts as shown in figure 4. Consider the 
occupant as a point mass with a mass of m and the 
vehicle as a point mass with a mass of M, and the 
seatbelt as a linear spring with coefficient of k.  

 

 

Figure 4.  Two mass, one dimensional model.  

The moment at the start of the crash is the origin 
for the time axis (t=0). v0 is the initial velocity of 
each point mass, and the co-ordinates for each point 
mass are Xm and Xf (see figure 4), which are 
respectively measured from the position of each at the 
start of the crash. F is the crash load acting on the 
vehicle point mass. The equations of motion can be 
expressed by equation 1, 
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This gives as result that for a constant deceleration 
(C) of the vehicle the deceleration of the occupant is 
described by figure 5. 
 

 
Figure 5.  Typical occupant deceleration model for 
conventional vehicle. 
 

In order to smooth the peak in figure 5, the 
deceleration of the vehicle has to be altered and can 
no longer be constant. The mathematical solution 
gives a cosine type equation for the vehicle 
deceleration that leads to a smaller and smoother 
pulse for the occupant; both can be seen in figure 6. 

 

 
Figure 6.  Deceleration of vehicle and occupant. 
 

In the above figure it is seen that the vehicle 
deceleration pulse can be divided in to three phases; 
high, low and moderate level. This result is 
unanimous to the research described earlier [3]. 
Motazawa and Kamei [4] conclude the same. 
 

Regarding the feasibility of the “high-low-high” 
crash pulses, there is one major difficulty that a 
vehicle structure will always start buckling or 
bending at its weakest point. This means that even if 
the front structure is stronger in its most forward 
parts, but weaker in parts closer to the firewall, the 
weaker part will always buckle first. Thus a pulse 
with an initial deceleration peak can almost only be 
created by inertial effects or by actively controlling 
the stiffness of the energy absorbing members during 
deformation. A nice example of a fixed structural 
element is from Motazawa and Kamei [4]. They have 
designed a structural concept that is able to create a 

fixed high-low-high pulse. The fundamental model 
(see figure 7) is a hollow member designed to act as a 
longitudinal. It consists of a front zone for axial 
collapse, and a center zone for bending. The axial 
collapse zone incorporates a stress concentration in 
order to induce regular buckling deformation, while 
the bending zone has a mildly cranked shape to 
stabilize the bending deformation direction. Each of 
the cross-sections is set so that the deformation load 
of the axial collapse zone will be slightly less than the 
maximum load of the bending zone.  

 

 
 
Figure 7.  Fundamental model of a crash load 
control structure [4]. 
 

However, if this fundamental model is applied in 
an actual vehicle body, in a low speed crash, there is a 
possibility that the initial stage would not be 
completed and a large crash load is maintained until 
the vehicle stops. 
 

 
 
Figure 8.  Deformation process in the fundamental 
model [4]. 

 
Figure 8 illustrates the deformation process for 

this fundamental model. The A-section in the figure 
shows the first stage, during which the axial collapse 
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zone starts to deform immediately after the start of 
the crash due to its inherent stress concentration. 
After the axial collapse zone has started to deform a 
nearly constant load is maintained. When the regular 
buckling deformation has proceeded through the 
length of the axial collapse zone, the load increases 
and eventually reaches the maximum load for the 
bending zone. Figure 8B illustrates the second stage. 
When the maximum bending load is exceeded, the 
bending zone rapidly deforms, and the load drops to a 
fraction of its former level. Figure 8C illustrates the 
third and final stage after the bending deformation is 
completed. The load again starts to increase as the 
deformable members bottom out. 
 
ADAPTABLE ENERGY ABSORPTION BY 
FRICTION 
 

To design a structure from which the energy 
absorption can be varied depending on the crash 
situation, a traditional structure with crumpling beams 
with a fixed force level is not usable. Therefore 
alternative ways of energy absorption which can be 
influenced must be searched for. In figure 9 two 
interesting principles for frontal crash application are 
showed.  One possible solution is a hydraulic system 
(figure 9a), two cylinders (placed along or instead of 
the two longitudinal members) with controllable flow 
restriction valves could control the oil flow and 
therefore the force level required to move the pistons 
backwards during a frontal crash. These idea is also 
used by Witteman [6] and Jawad [7]. Disadvantage 
could be the weight and space requirements for 
automotive. 

a 
 

    b 
Figure 9.  Examples of energy absorption by a 
hydraulic cylinder with variable restriction (a) or 
by axial friction (b). 
 

The other practical method to absorb kinetic 
energy is by means of friction (figure 9b). Changing 
the pressure force on a friction block regulates the 
energy absorption. The well functioning idea of 
hydraulic vehicle brakes can be used during a crash 

on very stiff longitudinal beams moving backwards, 
which must be positioned in such a way that the 
profiles move under the vehicle floor.  
 

To determine the necessary friction force, the 
velocity information of the vehicle must be used. 
Since most modern cars use ABS which continuously 
detects the speed of each wheel, the current speed (or 
before the last 100 ms from memory to prevent crash 
influence) of the car is always well known.  

 
In a new designed front-end structure that can 

adapt its frontal stiffness during a crash, the crushable 
longitudinals have been replaced by (plastically) 
undeformable U-profiles, see figure 10. The beams 
have not to crumple to absorb energy so they can be 
made very stiff with a high bending resistance 
yielding no risk for a premature bending collapse in 
case of an oblique crash direction. In a crash the 
profiles are forced backwards and slide each along 
two active friction pads (supported by two break 
cylinders) absorbing the energy, the friction pressure 
can be hydraulically altered leading to variable 
stiffness. It is calculated that for a 1100 kg vehicle the 
pressure for the brake pads has to vary between 5 and 
25 bar. The temperature increase after a 64 km/h 
crash is only about 85 degrees for the pads and the 
profiles. This designed structure makes it possible to 
decelerate a car as described in figure 1. For the 
regulation process servo valves are available for the 
required pressure and volume flows, which can 
regulate within a few milliseconds, see figure 12 for 
the hydraulic circuit. In a crash the slant profiles slide 
under the occupant compartment or, in case of a Multi 
Purpose Vehicle, in the floor compartment without 
jamming the occupants. The system is equipped with 
a cable connection system, as designed by Witteman 
[8]. If only one side of the vehicle front is loaded 
(offset or oblique crash), the backwards moving 
profile takes the mounted cable that is guided along 
two cable guide disks to the other side also 
backwards. This cable generates a tensile force on the 
other profile which pulls that profile also backwards, 
yielding a symmetric force distribution. The designed 
structure is able to involve the whole frontal structure 
into an energy dissipation process, even in an offset 
crash. See figure 11. Because both profiles always 
slide together backwards, the same crash behavior is 
shown for the whole frontal part with the engine and 
other aggregates for each frontal crash position and a 
stiff bumper part can be mounted in front for a very 
high bending resistance of the whole frame and for a 
better car to car interaction. 

 



Witteman 7 

 
 
Figure 10.  Open view of frontal structure with cable and brake system. 
 
 

 
Figure 11.  Frontal structure with cable system to 
involve the not directly loaded beam in an offset 
crash. 
 

With this structure the car is able to adapt its 
frontal stiffness, depending on the crash velocity. The 
maximum length of the crumple zone can always be 
used, without intrusion of the occupant compartment. 
Of course the packaging of the engine and other stiff 
aggregates influence the available deformation length. 
High crash loads from these parts can be compensated 
by less friction force on the profiles. Now the front-
end is ‘as soft as possible, as hard as necessary’.  
 

An optimal regulation for the whole deformation 
length is of course with a computer controlled system, 
which measures continuously the actual deceleration 
level and adjusts at the same time the pressure for the 
friction pads to reach the programmed optimal 
deceleration pulse. In this way, it is also possible to 
compensate for the stiffness, velocity or weight of the 
colliding obstacle. This would be an ideal solution for 
the compatibility problem between small and large 
vehicles.  
 
 

 
 
Figure 12.  Schematic view of hydraulic regulation 
circuit. 
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CONCLUSIONS 
 

With the presented new frontal structure design 
the amount of absorbed energy for each crash 
situation (full, offset, oblique, high or low speed) can 
be adapted to fully utilize the available deformation 
length with an optimal deceleration curve without 
deforming the passenger compartment yielding the 
lowest injury values. This intelligent structure with 
adaptable stiffness based on very fast adjustable 
friction forces before and during the crash is also a 
solution for the compatibility problem between 
different vehicle masses and stiffnesses or for 
compensating the measured additional occupant and 
luggage masses.  
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ABSTRACT  
 
Seriously injured casualties in traffic collisions are 
frequently extricated from their vehicles by fire 
rescue services.  This is achieved by employing space 
creation techniques to create apertures to provide 
access to casualties for the administration of medical 
assistance and to facilitate extrication of the casualty. 
 
Data relating to a sample of 235 passenger car crashes 
was analyzed to identify the characteristics of such 
crashes.  The data were selected on the basis of a 
geographical area for which a sample of the occupant 
extrication data from the Fire Service in that area was 
also available. 
 
Analysis showed that there was a significant 
likelihood of rescue service involvement in crashes 
with an occupant with MAIS ≥ 3 injury severity.   
 
Rescue service intervention was significantly more 
likely to occur when the occupants had received an 
injury of AIS ≥ 2 severity to the head, face or 
upper/lower limb body regions.  Steering wheel 
intrusion, pedal disruption and front passenger 
compartment intrusion were also seen to significantly 
influence the need for rescue service intervention.  In 
side impacts, only compartment side intrusion was 
found to be significantly present when rescue service 
intervention took place. 
 
Fire service data are being analyzed to identify time 
intervals for extrication of casualties.  It is perceived 
that these will increase due to the influence of modern 
vehicle design features such cable routing, 
pyrotechnic device location and non deployment of  
 
Secondary Safety features.  The study also discusses 
the influence of such features on the likelihood of 
increased injury risk to the casualty and rescue 
personnel. 
 
 
 

 
1. INTRODUCTION. 
 
Entrapment of occupants in motor vehicles following 
a Road Traffic Collision (RTC) is a frequent 
occurrence in a modern industrialized society. Rescue 
Services are called to the scene of such incidents that 
present a unique and challenging environment in 
which those individuals work.  
 
Often there is an extremely short time frame during 
which the entrapped occupant has to be medically 
assessed, stabilised and freed from their damaged 
vehicle in order to be conveyed to hospital 
appropriately.  
 
The potentially hazardous nature of the rescue 
operation adds a further complication to this scenario, 
as crews are required to conform to Health and Safety 
legislation and work as safely as possible. 
 
It would appear that little has been published on the 
subject of inadvertent deployment of airbags during a 
rescue operation following a Road Traffic Collision. 
Some authors have identified the Post-Crash 
phenomena as the final part of an event comprising 
three major facets: accident causation, injury 
causation and post-crash circumstances.1  
 
The post-crash phenomena has been described as, “an 
event which occurs after (a collision) and is not 
related to the cause of the collision or impact induced 
injuries, but which can result an increase of the 
injuries incurred or the possibility of additional 
injury”1.  
 
Other studies describe the process of gaining access 
to entrapped individuals in order for a medic to 
evaluate their medical status and then describe a 
second phase of the rescue employing extrication to 
release them.2  Much  research thus far has studied the 
incidence of fuel leakage, vehicle fires or water 
submersion as an additional factor in such scenarios. 
 
Crawford3 refers to the frequency of rescues at Road 
Traffic Collisions annually performed by the British 



 

Hassan. 2

Fire Service; some 7500 in number. This compares to 
4300 rescues from fires and 1000 rescues from other 
dangerous situations. 
 
Purswell and Hoag4 describe vehicles in the context 
of their escape worthiness and have performed tests 
analysing Vehicle, Passenger and Environmental 
characteristics and Vehicle/Passenger Condition in 
relation to the extrication process. 
 
It would appear that few studies have been 
undertaken that investigate the length of entrapment 
time for occupants following a Road Traffic Collision 
or to establish the potential for inadvertently firing a 
Supplementary Restraint System Device as a 
consequence of the rescue operation.  
 
Therefore a study was undertaken to investigate these 
issues and to attempt to quantify the extent to which 
rescue crews need to be aware of such occurrences to 
ensure safe working practices at the scene of a Road 
Traffic Collision.   
 
2. METHODOLOGY 
 
The data used in this analysis form part of a study 
into vehicle crash performance and occupant injury 
undertaken between the years 1998 and 2002 in Great 
Britain.  The data form part of the Co-operative Crash 
Injury Study (CCIS) database which is maintained by 
the Transport Research Laboratory and is sponsored 
by a consortium of Motor Vehicle Manufacturers and 
the UK Department of Environment, Transport and 
Regions (DETR). The database only includes 
passenger cars, which were less than 7 years old at 
the time of the crash and were towed away to a 
garage or a vehicle dismantler.  A more 
comprehensive overview of the CCIS study can be 
found in references 7&8. 
 
The CCIS study requires a stratified sampling 
criterion to be applied for the crashes to be selected 
for further investigation.  Some 80% of serious and 
fatal and some 10 – 15% slight injury crashes 
according to the UK Government’s classification are 
investigated.  The resulting sample is biased towards 
more serious injuries.  Some 900 crashes were 
investigated annually. 
 
Details of injuries are obtained from the Accident and 
Emergency departments in the region and H. M. 
Coroners’ office.  Each injury is rated on the six point 
Abbreviated Injury Scale (AIS)9 

 

The CCIS database also contains some unique 
factors, such as delta – V.10  Delta – V, for example, 
permits analysis of occupant injuries by crash 
severity. 
 
The following criteria were used to select the data for 
the study: 
 

• Vehicles: The struck vehicle had to be a 
passenger car aged less than 7 years old at 
the time of the crash. 

• Severity: Only tow-away crashes are 
included. 

• Occupant: All passenger casualties are 
included. 

• Seat belts: Only drivers wearing a three 
point manual restraint system were included. 

• Injury: The casualty sustained a serious or a 
fatal injury according to the Department for 
Transport classification. 

• Crash location: Only collisions which 
occurred in the West Mercia region of UK 
are included. 

 
These selection criteria resulted in a sample of 235 
passenger car casualties. 
 
Additional separate set of data was obtained form the 
Hereford & Worcester fire brigade.  The data relates 
to collisions which occurred between the years 1998 
to 2002 in the West Mercia region of the UK 
 
The following 2 criteria were used to select the data 
for this study: 
 

• Only collisions which occurred in the same 
geographical are included. 

• Only collisions in which the casualty was 
trapped and needed extrication are included. 

 
3. HAZARDS PRESENTED TO RESCUE 
CREWS 
 
Quite often, casualties are trapped within the vehicle 
following a collision.  Entrapment can occur due to 
one or more of several reasons; door jamming, 
obstruction of the door way, seat belt jamming, 
intrusion of the passenger compartment leading to 
entrapment of casualty body parts, injuries requiring 
stabilisation which would entail enlarging the access 
area into the vehicle and other factors.   
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As the design of passenger vehicles evolves and 
becomes more complex, new hazards are presented to 
crews attending the scene of Road Traffic Accidents. 
The use of new lubrication fluids to make production 
processes more efficient and the introduction of 
Liquid Petroleum Gas as an alternative fuel source 
are just two examples of how new potential hazards 
have presented themselves by either contamination or 
explosive risk.  
 
Recent studies have shown that entrapment due to 
door jamming alone accounts for 25% in European 
cars5. Some 50% to 70% of the casualties suffer 
serious to fatal injuries.  The injuries are mainly AIS 

≥ 2 severities.  The majority of these injuries are 
internal and skeletal, located to the head, face, neck, 
thorax, abdomen and spine body regions6  
These casualties require immediate medical attention.  
This increases the urgency to gain access to the 
casualty and it is the Fire Service rescue teams who 
are responsible for providing access and extrication 
facilities to the casualty. It is imperative that this 
increased urgency does not put either the rescuers or 
occupants in further danger.   
 
 In doing so the rescue team has to be aware of the 
potential risks and guard their own safety while 
carrying out the operation and also ensure that there is 
no adding risk to the casualty at the same time. 
 
The increasing presence of airbags in passenger cars 
adds to the risk of injury to both the rescues team and 
the casualty.  The risk is mainly posed by undeployed 
airbags which may deploy as a during the rescue 
operation. 
 
However, as a function of the rescue operation and 
particularly the space creation techniques, i.e. cutting 
into the vehicle structure utilised by the Fire Service, 
the accidental activation of Supplementary Restraint 
Systems (SRS) presents arguably the greatest risk.   
 
Despite the frequency of occupant entrapment in 
modern vehicles fitted with multiple SRS devices, the 
amount of research into this developing phenomenon 
appears to be somewhat limited. At the time of 
publication, little appears to be known about the 
frequency of such events although undoubtedly there 
have been injuries caused to occupants and rescue 
personnel by inadvertent deployments. 
 
It is for this reason that this study has been 
undertaken to investigate the issues relevant to the 

safe working of rescue crews at road traffic collisions 
and in the future to quantify the scale of the problem 
as it exists now and how potentially it could become 
more significant in the future with the increase of new 
vehicles on the road fitted with multiple SRS devices.   
 
To that end, the Fire Service is developing new 
procedures to ensure the risk is minimized. Part of the 
problem appears to be the lack of information 
available to Rescue teams at the incident scene 
relevant to the varying discharge times of airbag 
capacitors (potentially in some cases up to 30 minutes 
post crash) which may provide the activation source 
for undeployed airbags and the positioning of 
pyrotechnic firing devices which may cause injury 
should they be transected by a cutting tool. 
 
This paper will investigate the incidence of 
entrapment using selected data from the West Mercia 
Police region of the United Kingdom collected by the 
Co-operative Crash Injury Study (CCIS) and the 
nature of the Entrapment from analysed data supplied 
by Hereford and Worcester Fire and Rescue Service 
for the same geographical area.  
 
4. FIRE AND RESCUE ATTENDANCE AT AN 
INCIDENT INVOLVING ROAD TRAFFIC 
COLLISION 
 
In general terms, when a road traffic collision occurs 
and all three rescue services attend the role of each 
service is broken down into the following areas of 
responsibility: 
 
The Police are responsible for closing off the scene 
and redirecting the traffic flow around it -or for more 
serious incidents will close a carriageway completely 
and divert traffic around the incident using alternative 
routes. The scene should also be “sealed” to ensure 
preservation of evidence. 
The Ambulance Service has responsibility for the 
well being of the casualties at the scene and will lead 
any activity based on casualty care or handling. 
Ultimately, they will have the greatest influence of 
the three Services on how long a casualty can be 
trapped for with reference to the casualty status. They 
will make the decision as to whether the casualty 
requires rapid extrication (due to the nature of their 
injuries) or whether the casualty can be stabilised 
more effectively within the vehicle while the Fire 
Service utilise space creation techniques to facilitate 
the extrication process more effectively. 
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Therefore the Fire Service is responsible for the 
management of the Health and Safety issues that arise 
as a consequence of the nature of and difficulties 
presented by the scene and the joint Rescue operation.  
They will protect the Incident scene and will assist 
the Ambulance in the extrication of the entrapped 
casualties. 
 
This paper utilises data from Hereford and Worcester 
Fire and Rescue Service, therefore it would seem 
apposite to outline the activities of that organisation 
in the extrication process at a typical Road Traffic 
Collision. It should be stressed that the following is 
an overview of a typical approach the Fire Service 
would adopt, but this may vary to encompass 
dynamic and unique nature of individual Road Traffic 
Collisions. 
 
5. THE PROCESS OF EXTRICATION 
 
Once a Fire and Rescue appliance has been mobilised 
to a Road Traffic Collision, the crew on board will 
have a clear understanding of the individual tasks 
required of them. There will be a basic plan of action 
agreed before arrival at the scene that will have the 
flexibility to adapt to the resources that may or may 
not be available when the crew attends.  
 
For example if the Fire Appliance arrives before an 
Ambulance, at least one crew member will be 
detailed to administer basic First Aid to any casualty 
in need of it, a task that will be taken over by the 
Ambulance when they attend. If, as is often the case, 
the Ambulance arrives first then the Fire Crew 
member will be able to assist with another 
predetermined task. 
 
5.1 Approach 
As the Fire Appliance approaches the scene and 
visual contact is made, the appliance will slow down 
and proceed with caution. There are two main reasons 
for this: firstly, it is possible that there are “walking 
wounded” vehicle occupants who are in a dazed and 
unsteady condition who maybe behaving in an 
unpredictable manner, around the outer extremities of 
the scene. Secondly, a slow approach over the last 
hundred metres towards the scene will allow the 
Officer in Charge of the appliance time to make his 
initial assessment of the incident and to formulate a 
Plan of Action and a Dynamic Risk Assessment, to 
ensure the safety of the crew and other individuals 
within the scene itself. 
 
 

5.2 Sectorising 
It’s at this point, with the scene clearly in view that 
the Officer in Charge will divide the incident into 
Sectors to facilitate an efficient Command and 
Control structure. Typically in a two vehicle RTC one 
vehicle will be referred to as Sector One, the second 
as Sector Two. This allows oncoming crews to fit into 
the rescue operation with minimal disruption and 
focuses the efforts of individual teams to dedicated 
tasks. 
  
5.3 Scene Safety 
The Fire Appliance adopts a “fend off” position as it 
comes to rest in close proximity to the incident. This 
means that the driver will park diagonally across the 
carriageway, protecting the scene if the traffic lanes 
around it are still “live”. The equipment lockers 
containing the RTC Extrication equipment are found 
on the front nearside of the Appliance and thus as the 
crew get to work at the scene they are automatically 
shielded from other moving vehicles/hazards. 
 
5.4 Vehicle Stabilisation 
The first step in the Extrication process is to stabilise 
the scene and the vehicles involved. Initially, the 
crew will get a charged hose reel and a Carbon 
Dioxide Fire Extinguisher off the Pump as a 
precaution, so that if for some reason a damage 
vehicle catches fire, a prompt reaction will extinguish 
the flames and prevent the incident becoming more 
serious. 
 
Given that a paramedic crew is already attending to 
an entrapped occupant, the Fire Crew will 
immediately stabilise the vehicle before any further 
Extrication work is done. This means preventing the 
vehicle from moving forwards or back and taking it 
off its suspension thus giving rescuers a stable 
platform to work on. This is achieved by “Blocking 
and Chocking” the vehicle with wedges and blocks 
on all four corners and wedging under each tyre to 
ensure stability, assuming that vehicle is still upright 
on all four wheels. In terms of Extrication the Fire 
Service consider there are three main scenarios – that 
where the vehicle is on its wheels, that were it is on 
its side and that when it is on its roof. Each scenario 
requires some form of Blocking and Chocking to 
achieve vehicle stability.    
 
As this work is in progress the Officer in Charge of 
the Appliance will be liaising with the medics to 
decide upon which course of action to take in the 
extrication process. This will depend upon the 
severity and nature of the occupant’s injuries and 
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which of the three scenarios, mentioned above, the 
vehicle is in. A decision at this stage may include 
spending more time at the scene to stabilise a casualty 
who is not in a life threatening condition or to 
perform a rapid extrication, if the casualty is in urgent 
need of more specialised care (i.e. surgery). 
 
5.5 Glass Management 
Whichever decision is taken the vehicles glazing is 
removed to make the cutting and space creation 
techniques utilised easier and safer, with the 
casualties being protected during this process by 
either plastic sheeting or a thin teardrop shaped 
shield.  
 
5.6 Cutting and Space Creation Techniques 
At this stage Fire crews are now ready to start the 
process of cutting and using space creation free 
entrapped occupants. This process is now beginning 
to present a significant problem potentially to Fire 
Crews if they are working on newer vehicles that are 
fitted with numerous passive SRS devices.  
 
It has been noted that there have been incidences of 
SRS being inadvertently activated through rescue 
operations, despite a vehicle’s power supply being 
isolated for a considerable amount of time prior to the 
accidental activation. (See appendix 1). It would 
appear that cutting through the wiring between the 
ECU and the device (that may typically run through 
an ‘A’, ‘B’ or ‘C’ pillar for a Side Impact Airbag or 
an Inflatable Tubular Structure) could potentially 
cause a short circuit in the system and result in an 
inadvertent activation.  
 
Some Brigades in the United Kingdom are devising 
strategies to combat this problem. Often the 
protective plastic facia cladding within the vehicle 
interior is being removed to expose wiring for the 
supplementary restraints, gas generators for the cant 
rail inflatable structures or the pyrotechnic firing 
assemblies fitted in the ‘B’ Pillars of some vehicles to 
activate the pretensioning devices of the seatbelts. 
Inevitably, this will lengthen extrication times as the 
crews work to remove these facia. 
 
In most cases if the vehicles on its wheels, as rescue 
teams go to work, the roof will be removed to allow 
the medics easier access to their charges. This will 
usually be facilitated by use of dedicated hydraulic 
cutting equipment (widely known as the “Jaws of 
Life). In some instances however, some Rescue 
Crews are now being instructed to remove the 
internal plastic facia from the internal surfaces of the 

‘A’, ‘B’ and ‘C’ pillars to expose pyrotechnic firing 
devices, SRS gas generators and associated wiring, 
thus allowing the crews to avoid (wherever possible) 
cutting through these items. Inevitably, this necessary 
process will extend entrapment times for the 
occupants. 
 
Once the roof has been removed, other techniques 
and tools can be employed to create space within the 
vehicle to release trapped occupants and allow medics 
to get spinal boards into the vehicle and adjacent to 
the casualties to ensure their safe removal from it. 
Spreading tools or hydraulic rams (the latter powerful 
enough to move vehicle bulkheads away from an 
entrapped occupant) are utilised in this process, as are 
pedal cutters and reciprocating saws if required. This 
part of the extrication is arguably the point at which 
the rescue crews and medics need to work absolutely 
in unison and adopt a “casualty centred” approach. 
 
6. CASE STUDY: INADVERTENT FIRING OF 
SRS SYSTEM FOLLOWING RTC.  

Following a recent road traffic collision incident 
attended by Appliances from both South Yorkshire 
and Nottinghamshire Fire and Rescue Services an 
inadvertent firing took place as a consequence of 
rescue operations. 

An Alfa Romeo 147 (2003 registration) was involved 
in a front offside collision with a Mitsubishi Gallant.  
During the initial impact both the driver and 
passenger airbags on the Alfa Romeo activated and 
the vehicle had come to rest on its offside. 

Whilst undertaking a roof fold down on this vehicle 
the rear `C` post airbags activated as hydraulic tools 
were in operation making a final (2nd) release cut in 
this post.  This was some 30 minutes into the 
extrication - post impact, the ignition keys had been 
removed from the vehicle and both the `A` and `B` 
posts had already been cut. 

ENTRAPMENT 

The data from the CCIS database was interrogated to 
identify the entrapment status of the 235 casualties 
available in this analysis. 
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ENTRAPMENT 

There were 129 casualties who were trapped and 
required extrication from the vehicle. This amounts to 
over half of the sample. 

Table 1: Sample Size 

The injury distribution of the 235 casualties is shown 
in Table 2. It is observed that casualties who are 
trapped suffered more severe injuries. 

Table 2: Injury Distribution of Casualties in 
Sample. 
 

Rescue Damage 
No Rescue Rescue 

 
MAIS 

Number Percentage Number  Percentage 
    0 1 1 3 2 

1 21 20 12 9 
2 48 45 28 22 
3 19 18 29 22 
4 8 7 24 19 
5 4 4 20 16 
6 3 3 11 8 
9 2 2 2 2 

Total 106 100 119 100 
 
 
 
7. EXTRICATION 
 
It is seen from Table 3 that persons trapped are 
significantly more likely to require to be extricated 
from the vehicle.  Some 86% of the casualties who 
were trapped required to be extricated from the 
vehicle compared to 45% of the casualties who were 
not trapped. 
 
Most of the casualties requiring extrication are likely 
to have received severe injuries. In fact, nearly three 
quarters (72%) of the casualties received an injury of 
MAIS≥3.The distribution of body regions suffering  
 
 

Table 3: Extrication Status  
 

 

injuries of AIS ≥ 2 severity are shown in Fig 1.  It is 
seen that three quarters of the casualties received an 
injury to the extremities.  However these injuries are 
not of a life threatening nature since they are of AIS 

≤ 3 severities.  The concern is for casualties with 
injuries to the head, thorax and abdomen body 
regions.  Injuries to these body regions include life 
threatening injuries.  Therefore safe and speedy 
access to these casualties is paramount.  In attempting 
to affect extrication of these casualties, the rescue 
personal have to consider the presence of undeployed 
restraints.  The inadvertent deployment of such 
restraints can be hazardous to both the rescue 
personnel and the casualty.  Such risk is likely to 
increase with the development and installation of 
more restraints. This is likely to increase casualty 
entrapment and entrapment times as greater care will 
be needed to effect extrication. 
 
 Fig 1: Body Regions Injured 
 
 
 
 
 
 
 
 
 
 
 
 
 
7.1Entrapment Times 
The distribution of entrapment times is shown in 
Fig2. It is observed that nearly 38% of the casualties 
are trapped in the vehicle for up to an hour. Some 
33% of the casualties are trapped for 30 minutes and 
only about 14% of the casualties are trapped for less 
than 15 minutes. This would suggest that there is a 
potential risk posed by undeployed restraints to the 

 No 
Rescue 

Rescue Total 

Number of 
Incidents 

84 90 174 

Number of 
Casualties 

106 129 235 

Extrication Required 
Entrapment 
Status No 

 
Yes 

 
 N % Nr % 
No 
Yes 

98 
79 

55.4 
44.6 

8 
50 

13.8 
86.2 

Total 177 100% 58 100% 
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majority of the casualties for up to an hour, since it is 
known that SRS systems can stay live for up to that 
time. 
 
Fig 2: Entrapment Time 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7.2 Extrication Times 
Rescue personnel are also exposed to a similar risk 
whilst carrying out extrication procedures. The 
distribution of extrication times is shown in Fig 3. 
Some 37% of the extrications are completed within 
15 minutes, whilst a further 28% are completed 
within 30 minutes. A quarter of the Extrications are 
completed within one hour. Therefore, a large 
majority of the rescue personnel are also exposed to 
this risk.    
 
Fig 3: Extrication Times 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CONCLUSIONS 
 
Firm conclusions cannot be drawn from this limited 
study. However, the study shows that there is a 
potential risk of injury to the casualty and rescue 
teams with the increasing use of Supplementary 
Restraints. 
 

A more in depth study currently being carried out will 
help to establish firm findings.    
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ABSTRACT 
 

The objective of the BOSCOS (BOne SCanning 
for Occupant Safety) project was the development 
of a system that can make an assessment of the 
bone characteristics of each vehicle occupant in 
order to estimate their skeletal strengths. The 
seatbelt and airbag characteristics can then be 
adjusted to deliver optimum levels of protection 
specifically for each occupant. A system 
introduced into every vehicle has the capacity to 
save lives and reduce injury levels across the whole 
spectrum of vehicle occupants. This paper 
describes the contributions from academic and 
industrial partners to this UK Department for 
Transport funded project. 

 
Commercial pressure focuses restraint design 

on meeting legal requirements for vehicle approval, 
but legal requirements use dummies which do not 
represent the range of car occupant shapes, sizes, 
and driving positions. A person with lower skeletal 
characteristics may not be able to withstand the 
current fixed levels of restraint without sustaining 
injuries. Conversely, a person with greater skeletal 
characteristics may be capable of withstanding 
greater levels of restraint. 

 
Possible technologies that are available have 

been assessed for their suitability for an in-vehicle 
monitoring system. Accident studies have been 
conducted to create a baseline of statistics in terms 
of casualties and their injuries. Initial bone 
scanning studies have utilised different types of 

equipment and a new prototype scanner has been 
developed for use in a vehicle environment using 
ultrasound technology. 

Computer based occupant mathematical 
modelling has been used to establish the potential 
gains from a working system and also the 
requirements needed of the restraint systems to 
achieve these gains. In addition, bone scanning has 
been conducted, to determine a method to read 
across from scan values to skeletal condition to 
provide data for the optimisation of the restraint 
system. 
 
BOSCOS OBJECTIVES 
 
Background 

 
Over the last decade the quest to improve the 

levels of vehicle safety has intensified dramatically 
and is now used as a sales feature by marketing 
departments.  But as the criteria for vehicle 
crashworthiness have changed from vehicle 
deformations and decelerations to occupant related 
parameters (body accelerations, forces, deflections, 
etc.) a recognition of the implications of human 
diversity has been slow.  This is illustrated by the 
fact that whilst there are child and adult 
anthropometric devices (dummies) available for 
use in vehicle testing, in the case of vehicle type 
approval (certification) test requirements are 
defined solely for a 50th percentile adult male 
driver representation.  Consequently, it is easy to 
perceive that the safety systems in motor vehicles 
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are developed, tested and approved for optimum 
use by a narrow band of the driver population 
whose physical characteristics are not 
representative of the whole of the driver 
population.  

 
With the mass of sensors that are now 

beginning to appear in motor vehicles, the ability to 
determine information about the driver, e.g. an 
indication of their mass, the position of the seat 
and the position of the driver on the seat, is much 
greater.  However, even those parameters that can 
now be quantified give only limited information 
that can be used to extend the narrow optimum 
occupant protection band to a greater proportion of 
drivers. To successfully extend this band we need 
to have more information about the individual 
occupants of each car if they are also to be better 
protected.  The type of information that is needed 
concerns the physical injury tolerance limits of 
each individual so that the restraint systems can be 
‘tuned’ by on-board processing to deliver the 
optimum protection for a specific crash/impact 
event. This means that the maximum levels of 
protection can be delivered for each vehicle 
occupant improving the likelihood, not merely of 
survival, but of minimal injuries.  

 
A preliminary assessment of technologies such 

as a “smart personal card” or a button transponder 
reveals considerable opportunity for misuse and 
inappropriate settings of the restraint system.  The 
BOSCOS project (BOne SCanning for Occupant 
Safety) focuses on the development of a fully 
passive system which will ideally operate without 
the positive action of the seat user. The BOSCOS 
project is a Foresight Vehicle Project funded by the 
UK Department for Transport (DfT). 

 
The intention of the Foresight programme is to 

bring together UK resources and expertise to create 
components and systems for the vehicles of the 
future.  Within this programme, the specific aim of 
the BOSCOS project is to initiate development of a 
new product that will improve vehicle occupant 
safety (reducing fatalities and lowering the severity 
of injuries) and also have a direct influence on UK 
Health and Societal costs (hospital costs, 
rehabilitation costs, pain and suffering and industry 
costs associated with loss of personnel). 

 
Overview of Phase 1 

 
In the first Phase, the possible technologies that 

are available were assessed for their suitability to 
an in-vehicle monitoring system. Accident studies 
were conducted to create a baseline of statistics in 
terms of casualties and their injuries, followed by 

an extrapolation of this data, taking into account 
the effect of technologies already in vehicles but 
not yet providing sufficient statistics to quantify 
their effectiveness.  Initial bone scanning studies 
began to build a database for use in later tasks. 
Further studies established the correlation between 
the scanning value and bone properties and the 
correlation between the bone properties and bone 
strength.   

 
Overview of Phase 2 

 
In the second Phase the technology was 

reviewed for its use in an in-vehicle application and 
the actions needed to achieve this were identified 
and followed through to establish the methods of 
accomplishing the objective. Computer based 
occupant mathematical modelling established the 
potential gains from a working system but also the 
requirements needed of the restraint systems to 
achieve these gains - these will serve as part of the 
specification for a successful system.  Further bone 
scanning was conducted, leading to the 
specification of the most suitable car occupant 
bone(s) that can be scanned in a vehicle 
environment to provide data of the best quality to 
the electronic control unit (ECU) for optimisation 
of the restraint system. 

 
SKELETAL PROPERTIES  
 

Existing biomechanical data relating to human 
bone, has shown that with old age, there are 
statistically significant reductions in load carrying 
capability, when compared with youth [1]. Yamada 
showed that bones were only able to resist 78% of 
the mechanical forces applied to them by the age of 
70-79, in comparison to their peak at 20-29. 

 
This reduction in biomechanical competence is 

supported by data from cadaver crash tests, which 
show that increasing age leads to greater 
probability of injury in the thorax and abdomen [2, 
3, 4 ]. 

 
The reason for this reduction in the mechanical 

properties is due to a multitude of factors 
combining a reduction of the overall density, and 
structural competence (See Figure 1), combined 
with changes in the biochemical makeup of the 
bone.  

 
The easiest parameter for assessment of bone 

status is the reduction in density. This is the 
parameter used in the clinical environment for the 
diagnosis of low bone density and osteoporosis. 
There are different systems clinically available for 
the measurement of the bone density, the technique 
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considered to be the gold standard is dual energy 
X-ray absorptiometry (DXA). Others are available 
such as radiographic absorptiometry (RA), single 
photon absorptiometry (SPA), dual-photon 
absorptiometry (DPA), single X-ray 
absorptiometry (SXA), quantitative ultrasound 
(QUS), magnetic resonance imaging (MRI) and 
quantitative computed tomography (QCT). 

 

 
 
Figure 1.  Bone structure of 54 year old female 
(top) and a 74 year old female (below), spongy 
bone from the hip, showing the degeneration of 
both the structure and density. 
 

The ultimate aim was to establish specific 
algorithms and relationships between one of the 
clinically available techniques so as to accurately 
predict the condition of the bone based solely on 
non-invasively acquired data. Existing bio-
mechanical data was used as a reference point; 
however it was anticipated that this was not related 
quantitatively to the measurements gained from the 
selected technologies. The aim was to complete 
collecting data and material after two winter and 
one summer seasons followed by the material 
studies on the collected tissue, and correlation of 
the material properties with the clinical work. 
 
Non-invasive Bone Assessment 

 
To ensure the accurate measurement of bone 

quality, the subjects bone needs to be assessed 

directly. Of the techniques mentioned previously, 
DXA, SXA, SPA, DPA, RA and QCT are either 
out-dated, too inaccurate or require the use of X-
rays, and therefore contribute too great a risk to the 
health of the subjects. The remaining two 
techniques are quantitative ultrasound (QUS) and 
magnetic resonance imaging (MRI). The 
practicality of placing a MRI machine into a motor 
vehicle renders it unsuitable for use. The system 
best suited to the BOSCOS design is quantitative 
ultrasound (QUS). 

 
Health Concerns 

 
According to popular belief ultrasound is 

relatively risk free. However, ultrasound waves are 
a form of energy, and in order for the wave to be 
absorbed, and the amplitude reduced, this energy 
has to be dissipated.  

 
The two problems arising from this are heating 

and cavitation. Despite mineralised bone having 
the highest absorption coefficient (10dB/cm.MHz) 
[5] the intensity level of the ultrasound used in the 
assessment of bone is below the levels outlined by 
the Food and Drug Administration as being safe 
from heating effects. The mechanical index 
indicates the risk of cavitation; the higher the 
mechanical index the greater the probability of a 
biological effect. The values published for the 
ultrasound of bone are between 0.22-0.28, with 
values below 1 considered to be safe [6].  

 
Ease of Use 

 
In order to ensure that occupants use the 

system it must cause minimal inconvenience to the 
driver. For this reason the BOSCOS scan needs to 
be preformed on a readily accessible bone site, that 
is generally free from both clothing and jewelry. 
The finger, and in particular the proximal phalanx 
bones, are used in clinical tests as a means of 
assessing a patient’s bone status, and have been 
shown to have an ability to predict fracture risk [7, 
8, 9, 10].  

 
The BOSCOS Device 

 
The ultrasound system has been developed by 

McCue plc. using technology from their 
commercially available CUBA ClinicalTM system. 
The BOSCOS system is designed to measure the 
proximal phalanx of the index finger on the non-
dominant side of the subject (See Figures 2 and 3). 
The system works by positioning two ultrasound 
transducers either side of the finger and an 
ultrasound pulse is transmitted between the two 
transducers through the finger. The system takes a 
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measurement of the separation of the transducers 
and the time taken for the ultrasound pulse to 
travel this distance. From this information, the 
speed of sound can be calculated. The speed of the 
ultrasound pulse is affected by the quality of the 
bone it passes through, with good quality bone 
enabling the pulse to travel faster. 

 
The BOSCOS system compared the newly 
measured speed to a reference database, allowing 
for a quantitative evaluation of the subject’s bone 
status in comparison to an expected normal. When 
the result indicated the subject’s measured bone 
speed of sound was below normal, the subject is 
deemed to have low bone quality and was therefore 
at higher risk of sustaining a fracture. 
 

 

 
 

Figures 2 and 3.  The BOSCOS Ultrasound 
Device. 
 
Initial Results 
  

The best we can aim for is for the prototype to 
perform as well as the commercially available 
portable QUS scanners. We have therefore 
conducted extensive studies on the 

precision/accuracy and the sensitivity and 
specificity of two commercially available QUS 
scanners, the Sunlight Omnisense and CUBA 
Clinical along with the BOSCOS prototype. 

 
The precision error of a bone scanning 

technique refers to its ability to produce the same 
result, when no change, apart from re-assessment, 
has occurred. [11] For the BOSCOS system the 
precision error needs to be minimal to ensure 
repeat measurements do not cause different 
restraints reaction scenarios. The perfect technique 
would present a precision error of 0% to show that 
measurements had no difference between them. 
Assessment of precision error showed the 
commercially available finger scanner was capable 
of a precision error of 0.55%, in comparison to the 
other techniques that ranged from 0.29-2.88%. 
 

   
Figure 4.  The speed of sound (SOS) 
measurement values from a commercially 
available finger scanner versus age for 295 
volunteers, showing how the system could be 
used to sub-classify the population into at least 
three groups. 

 
Using data obtained from 295 subjects, the 

finger showed the highest correlation with age 
0.533 (p value < 0.001) (See Figure 4). The p-value 
is the level of statistical significance; a value below 
0.05 (95% confidence) is considered to be of 
statistical significance.   

 
The prototype system was used along side 

DXA assessment of the total hip and lumbar spine 
(Hologic QDR-4500C; Hologic Inc. Bedford, MA, 
USA); QUS assessment of the calcaneal (heel) 
bone (CUBA Clinical; McCue plc. Winchester, 
UK), proximal phalanx and distal radius (Sunlight 
Omnisence; Sunlight Medical, Rehovot, Israel), in 
a study on a group of 102 subjects (7 males, 95 
females) aged between 24 and 85 years of age 
(mean: 57 years). The correlation between the new 
phalangeal assessments and age gave a correlation 
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of r = -0.597 (p value < 0.001), and regression 
analysis (See Figure 5) gave the relationship: 

 
Phalanx SOS = 4604.66 – 9.15609 age  
R2 = 35.7% 
 

 
Figure 5.  Regression plot of age vs phalangeal 
SOS  

 
Not knowing the actual condition of the bone 

the performance of the prototype was assessed 
against a ‘composite’ parameter by combining the 
average of scaled values of the CUBA clinical, 
Sunlight Omnisense and DXA. 

For each individual patient the proximal 
phalanx of the index finger was assessed using the 
BOSCOS system, and 10 waveforms with results 
were saved (See Figure 6).  

 

 
Figure 6.  A representative ultrasound pulse 
after transmission through bone. 
 

The pulses were converted to absolute values in 
relation to the baseline and the time and amplitude 
of the four greatest peaks was noted (See Figure 7). 
The ultrasound pulse was analysed by retrieving 
information about:  
- The time incident of the first of the four greatest 
peaks assessed. 
- The time and amplitude difference between the 
first and second peaks. 

- The time between the first and fourth greatest 
peak  
- The area under the waveform.  
- The amplitude of the biggest of the four peaks. 
(The maximum amplitude) 
 

 
Figure 7.  The ‘extrapolated’ parameters 
produced from the positive waveform. 
 
These parameters were used alone and in 
combination with weight and age for the 
assessment of the composite measure. 
 

The results showed that a combination of the 
ultrasound parameters with weight and age enabled 
the BOSCOS system to predict the status of a 
persons bone with an R2 of not better than 50% 
(the R2 represents the coefficient of determination, 
which is a measure of how well the regression 
model defines the data). However, by making use 
of available superior technology, the predictive 
ability of the system may well be improved, which 
could enable the differentiation of individuals into 
groupings according to their bone status. Further 
work is required to enable an understanding of 
what the measurement value (taken from the 
phalanx) means, in terms of actual bone properties, 
with respect to the rest of the skeleton. 

 
REAL-WORLD INJURY ASSESSMENTS 
 
Real-world data 

 
The primary reasons for the use of accident 

data in BOSCOS were to identify the types of 
crashes and occupants who would most likely 
benefit from the system in order to address 
conditions where real people in real crashes were 
being injured. The accident data was to provide a 
basis for the modelling of the current injury 
situation. This baseline was the starting point from 
which to assess the potential effectiveness of 
modifying restraint system performance 
parameters based upon an estimate of occupant 
skeletal strength. The real-world data used within 
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the BOSCOS project was collected by the UK Co-
Operative Crash Injury Study (CCIS), which 
samples accidents based on vehicle age, vehicle 
damage and injury outcome.  To be included in the 
database, the accident must have included at least 
one car that was at most seven years old at the time 
of the crash, was towed away from the accident 
scene and in which an occupant of the car was 
injured.  The data are also collected within a 
stratified sample which is biased towards ‘fatal’ 
and ‘serious’ injury outcome crashes.  Of all 
crashes occurring in the geographical sampling 
regions, approximately 80% of all fatal and serious 
accidents, and 10-15% of slight injury crashes 
were investigated.   

 
Because of the bias within the CCIS data 

towards serious and fatal injury outcomes, it was 
necessary to weight the data so that it was 
representative of the whole population of injury, 
tow-away accidents.  To do this, weighting factors 
were calculated which correct the under-
representation of slight injury accidents. 

 
Problem Definition 

 
     Impact Type 

 
During the initial stages of the project it was 

intended to examine as many different impact 
types as possible.  73% of belted front seat 
occupants who sustained an AIS 2+ injury were 
involved in either frontal or side impacts.  Impacts 
such as rollovers and under-runs were not 
considered, since not only is occurrence of these 
impact types low, but mathematical modelling of 
such impacts is very difficult due to their inherent 
variability. 

 
Although side impacts make up around 23% of 

injured (MAIS 2+) occupants, it was decided not to 
attempt to apply the BOSCOS system to side 
impacts at this stage for the following reasons: 

 
• Side restraint systems have far less time in 

which to operate, hence the extent to 
which their deployment can be adjusted to 
differing scenarios and occupant types is 
limited. 

• Due to it’s retrospective nature, the CCIS 
data contained relatively few crashes with 
cars fitted with side airbags, hence making 
an assessment of the effectiveness of the 
BOSCOS device compared to current 
technology is difficult. 

 
Therefore, at this stage it was decided to 

restrict the investigation to frontal crashes only, 

which still covered 57% of the occupants in the 
database.  However, it was anticipated that the 
application of BOSCOS to side impacts could 
provide the basis for further development work in 
the future.  

 
Body Regions and Types of Injury 

 
The next stage of problem definition was to 

identify the body regions and types of injury that 
were most likely to be mitigated with the 
introduction of a BOSCOS system.  Since the basis 
of such a device was to adapt the restraint system 
according to the skeletal strength of the occupant, 
it follows that skeletal injuries are those most likely 
to be reduced.  Obviously a reduction in skeletal 
injury resulting from “softer” restraints is also 
likely to be accompanied by a reduction on the 
occurrence of soft tissue injuries, although the 
exact influence on these types of injuries will be 
harder to determine.   

 
Figure 8 shows the location of skeletal injuries 

for belted drivers with airbags.  It is clear that the 
body regions of concern in this context were the 
chest and upper and lower extremities.  Since 
injuries to the chest are likely to pose a higher 
threat to life than those to the extremities, chest 
injuries provided the focus for the initial 
development of BOSCOS.   

 

 
Figure 8.  Location of skeletal injury for belted 
drivers with airbags. 

 
71% of all serious (AIS 2+) chest injuries for 

belted drivers were fractures to the ribs or sternum.  
Of these skeletal injuries, 66% were considered to 
have been caused by the restraint system (either 
belt or airbag), whilst 53% of all AIS 2+ chest 
injuries were attributed to the restraint system.  In 
crashes where the crash severity is known, as 
determined by an ETS calculation, 75% of injuries 
occurred at speeds lower than 56km/h, the current 
basis for legislative testing.  ETS is the vehicle 
delta v, calculated on the assumption that 
deformation was caused by impact with a fixed 
rigid barrier [12]. Since 96% of these cases below 
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56km/h sustained little or no facia intrusion 
(<4cm) it is clear that there is the potential for an 
adaptive restraint system to provide significant 
benefit to chest injury risk. 

 
Occupant Types  

 
It is widely accepted that human bone strength 

decreases with age, and as such it is expected that 
the benefits of a BOSCOS system will be of greater 
magnitude to the elderly. With the aging population 
of the UK, the societal benefit as a whole will 
increase as more and more older drivers and 
passengers become exposed to the increased risk of 
injury attributable to a decrease in bone strength.  

Figure 9.  Distribution of maximum chest AIS 
of belted drivers by age group. 

 
Figure 9 shows the distribution of maximum 

chest AIS for belted drivers of varying age groups.  
It is apparent that injury risk remains constant for 
the 17-39 and 40-64 age groups, but that there is a 
clear shift towards more AIS 3+ injuries for the 
65+ age group However, it is expected that a 
BOSCOS system will also be of benefit to younger 
occupants. 
 

Although risk of chest injury in AIS terms is 
similar for ages 17 to 64, a number of clinical 
studies [13, 14] show that morbidity from rib 
fractures can increase from a much younger age, 
possibly as young as 40 onwards.  As such, 
although the risk of specific injuries may not 
increase in the 40-64 age group, the risk of 
complications and associated increased costs of 
treatment (and ultimately cost to society) can 
increase. 
 

The ability of the BOSCOS system to measure 
bone strength means that sufferers of conditions 
such as osteoporosis will be detected and the 
restraint system tailored to them as much as is 
practicable.  
 
 
 
 

Development of Accident Matrix 
 
Analysis of the real-world data presents an 

obvious target group, for which a BOSCOS system 
should provide an improvement in occupant 
protection.  This group was broadly defined as 
belted drivers and front seat passengers in vehicles 
fitted with pre-tensioners and who sustained an 
injury attributed to the restraint system.  Whilst it 
is likely that others outside this target group would 
also benefit from BOSCOS, this group was the 
most appropriate on which to base the next stage of 
the work – development of a matrix of accident 
scenarios. 

 
One of the limitations of mathematical 

modelling is that models have to be validated by 
full-scale crash tests to ensure that the results 
produced are valid.  Since the motor industry has a 
need to optimise performance for legislative and 
consumer tests, there is no guarantee that 
extrapolating the models outside these types of 
impact will produce valid results.  For this reason, 
the BOSCOS target group was categorised into the 
following impact types: 

 
• Full overlap – This type of model will be 

used to represent all the real-world 
impacts with an overlap greater than 85%.  
The ETS selected for this group were 
25km/h and 45km/h, since these were the 
25% percentile and 75% percentile 
respectively of the real-world full overlap 
crashes.  

 
• Offset – Since an offset test is designed to 

test the crash performance assuming that 
one longitudinal member absorbs the 
majority of the impact energy, this type of 
model will represent all real-world 
impacts with an overlap up to 55%. 
However, 90% of the real-world offset 
crashes fell between 23km/h and 33km/h 
and therefore a median speed of 28km/h 
was chosen to represent this group. 
Impacts to poles and trees only 
represented 4% of the BOSCOS group. 
The data was insufficient to develop a 
scenario for modelling. Improving safety 
in a small offset impact should, however, 
also address some of these narrow object 
impacts. 

 
• The remaining group consists of crashes 

where only one of the vehicle’s 
longitudinals was directly loaded, but a 
significant proportion of the energy was 
absorbed by loading of the engine block. 
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In effect, a wide overlap impact but 
directly impacting only one longitudinal. 
An overlap of 75% and ETS of 40km/h 
was deemed suitable to model this group 
of crashes. 

 
BASIS OF COST BENEFIT STUDY 
 
Background to Cost Benefit Study 

 
In order to assess the potential benefits of 

BOSCOS, it was necessary to evaluate changes in 
injury risk and their associated costs. In this way, 
any benefits can be shown clearly as monetary 
values, which are directly comparable to costs 
incurred by proposed BOSCOS systems.  

‘Willingness to Pay’ Approach 
 
Several cost benefit scales were considered 

including the HARM concept developed in the US 
by Malliaris et al in the early 1980s [15] and Miller 
et al, 1991 [16]. HARM was considered 
inappropriate for use in BOSCOS because injury 
costs in Europe do not exist in a form usable by 
HARM. For this reason, it was decided to consider 
the ‘Willingness to Pay’ approach, which was 
developed by the UK Department for Transport 
(DfT) to calculate costs of injury in the UK. 

 
The Willingness to Pay approach to injury 

costing was first used in 1988 by DfT to value the 
cost of road accident fatalities. The concept behind 
it is to consider what people would be prepared to 
pay in order to reduce the risk of being killed in a 
road accident. According to TRL Report 163 [17] 
this approach is ‘consistent with cost benefit 
analysis, in that decisions reflect the preferences 
and attitude to risk of people who are likely to be 
affected by them.’ In 1993 the same method was 
used to revise the values for non-fatal road 
accidents and in 1994 other accident costs were 
also derived. There are two areas of costs which 
have been defined; casualty related costs which 
include lost output, human costs and medical and 
support costs and accident related costs which 
encompass property damage, insurance 
administration and police costs.  

 
Severity of an accident is defined as fatal, 

serious or slight. A serious injury is defined in TRL 
Report 163 as covering a wide range ‘from a 
fractured finger, to those resulting in severe 
permanent disability, or death more than 30 days 
after the accident.’  

 

Serious injuries were divided into sub-groups 
according to treatment length, extent and duration 
of pain and recovery time. 

 
Table 1. 

 Injury State Descriptors, Hopkirk & Simpson, 
1995 

 
Injury 
Code 

Injury State 

F Recover 3-4 months (Out-patient) 
W Recover 3-4 months (In-patient) 
X Recover 1-3 years 
V Mild permanent disability (Out-patient) 
S Mild permanent disability (In-patient) 
R Some permanent disability with scarring 
N Paraplegia/Quadriplegia 
L Severe head injuries 
 
 

The Willingness to Pay approach was 
implemented to determine the ‘human cost’ of an 
accident. A Standard Gamble questionnaire was 
used to carry out a survey of 450 people, asking 
them how much they would be willing to pay to 
reduce the risk of injury, relative to the cost of a 
fatality.  

 
The respondents ranked the injury states and 

placed each one on a scale from 0-100. The 
majority regarded injury state L as being as bad as 
or worse than death and injury state N as only 
slightly better than death. The respondents were 
also asked to specify the level of risk at which they 
would opt for treatment of an injury. It was then 
possible to convert the survey results into values 
relative to the value of death and as a percentage 
value of death. Therefore the human cost of each 
injury state can be expressed as a percentage of the 
human cost of a fatality. The cost for a slight 
injury, including whiplash, has also been 
determined. 
 
New injury costing method – VSRC 

 
Medical researchers at the VSRC have mapped 

300-400 trauma injuries from the CCIS database 
from the AIS level (AIS 1990 revision), [18] to the 
injury states defined by Hopkirk and Simpson in 
TRL Report 163. This enables the calculation of 
the human cost of a trauma injury according to its 
AIS code. In TRL Report 163, complete lists are 
given for slight and serious injury costs as a 
percentage of the overall value of a fatality in 
1994. The 2003 figure for a fatal casualty is given 
in Road Casualties Great Britain 2003: Annual 
Report and therefore all 2003 human costs for an 
injury can be calculated [19]. 
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Cost benefit calculations 

 
Using the injury costs defined by the VSRC, it 

is possible to give a monetary value to reductions 
in injury risk achieved by the BOSCOS project. 

 
For example, if simulations are performed 

using increasing load limiter settings, on a strong 
and a weak occupant (in terms of skeletal strength), 
then the different chest injury risks can be assessed 
for each occupant using appropriate risk curves. 
The risk of head injury with the differing load 
limiter values can also be simulated. The costs can 
be derived for each type of injury, according to 
occupant strength and load limiter. The optimum 
load settings can then be determined for each type 
of occupant depending on skeletal strength. Using 
the proposed BOSCOS system, it would be 
possible to adjust the level of the load limiter as 
required, depending on what is most beneficial in 
terms of occupant injury, therefore reducing 
potential injury costs. 

 
NEW TECHNOLOGIES OF RESTRAINT 
SYSTEMS 
 

The present protection system on front seats 
features a belt system, incorporating a 
pretensioner, a load limiter, and an airbag. This 
protection system is not capable of changing its 
performance characteristics during a crash event. 
The ability of an occupant protection system to 
adapt itself to dominant crash condition 
parameters, such as impact speed and type, 
occupant size and mass, bone characteristics offers 
a great improvement in occupant protection for a 
wider range of crash conditions, as well as 
occupants. 

 
New technologies are being rolled out to 

address these issues. These technologies will 
require new sensors in order to detect certain 
parameters e.g. the BOSCOS scanner and new 
actuators in order to protect the occupant. 

 
The car occupant restraint industry has so far 

mainly focused on “In-crash systems” aimed at 
mitigating the consequences of an accident. 
However, for example, Autoliv’s Total Safety 
System concept has widened the scope of safety 
enhancing areas to include both “pre-crash 
systems” and “post-crash systems”. The pre-crash 
systems are often active systems that are aimed at 
preparing the safety systems for an imminent crash 
or, preferably, avoiding the crash altogether. Post-
crash systems are devised to increase the 

occupant’s chances of surviving after a serious 
accident.  

 
Components and sub-systems must therefore be 

designed to interact with each other as one system. 
Seat belt pretensioner and frontal airbags, for 
instance, are tuned to complement each other via 
the same electronic control unit to give the best 
possible protective effect. In addition, the 
deployment of the frontal airbags should be 
adjusted depending on crash severity, seat belt use 
and occupant characteristics. 

 
Future restraint systems should provide 

protection for all kinds of occupants in various seat 
positions with or without seat belts (infants, elderly 
people, petite females, and large males).  

 
In real life, crashes are almost never "head-on" 

frontal collisions into a rigid unmoveable object at 
one specific speed (as in most crash tests required 
by the government regulators). Consequently, 
future safety systems should be able to do more 
than just determine if an accident is a frontal crash, 
a side impact, a rear-end collision or a rollover. 

 
An ideal system should be able to identify and 

provide protection to car occupants in collisions 
with various types of vehicles and objects (car-to-
car, car-to-truck, etc.) up to a collision speed where 
there is still a survivable space in the vehicle’s 
compartment. New technologies may include the 
concepts described below. 

 
Smart Seat Belt 
 

In a crash, a smart belt starts by tightening the 
belt, using a pyrotechnic pre-tensioner. This 
eliminates slack and makes it possible to release 
some webbing at a later stage, if the load on the 
occupant becomes too high. The airbag is instead 
used to absorb more load.  

 
In a traditional system, the loads to the 

occupant from the seat belt and the airbag are 
added to each other, when the airbag also starts to 
restrain the occupant. But in the smart belt, the 
system just shifts into the second lighter gear so 
that the load on the occupant’s body can be 
maintained at a relatively constant level. 

 
Equally important is the fact that the force of 

the combined systems – and thus the load on the 
occupant – can be tuned to the severity of each 
crash. Many future vehicles will have advanced 
occupant weight sensing systems. In those 
vehicles, a smart belt could be tuned to each 
occupant individually. This will be particularly 
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important for occupants who are more susceptible 
to high chest loads.  

 
Pre-Pretensioning 
 

The pre-pretensioner will give a more gentle 
load distribution on the occupants chest in the 
event of a car crash. The device will tighten the 
seat belt as early as one tenth of a second before a 
likely crash, using a fast electrical motor.  

 
The elimination of slack in the belt system can 

therefore start earlier, even before a crash and the 
system can be made reversible. Consequently, it is 
possible to "strap in" the occupant more gently. It 
also makes it possible to tighten the belt, as a 
precaution when it is difficult to predict whether 
there will be a crash or not. The new system will be 
especially effective in preventing occupants from 
being thrown forward during severe braking. 

 
Pre-Crash Sensing 
 

In a few tenths of a second before a crash, radar 
sensors are capable of identifying the relative 
speed towards an object and the estimated time of 
impact. This will allow better discrimination of the 
crash severity and events identified in the 
BOSCOS accident studies. 

 
Secondly, this will enhance the detection 

capability and timing of existing safety systems, 
particularly for relatively small, narrow objects, 
such as a corner of another vehicle, or pole or 
lamppost. The pre-crash sensing system will be 
especially useful in combination with pre-pre-
tensioning.  

 
Even if this pre-crash system gives just a few 

more milliseconds to inflate the airbags, it could 
open the possibility to make the airbags “softer” 
during deployment without compromising their 
protection capability. 

 
PARAMETRIC MODELLING 
 

In phase 2 of the project a series of 
mathematical modelling parametric studies were 
conducted to investigate different accident 
scenarios. The different scenarios were generated 
from the accident analysis performed by VSRC 
and have identified crash configurations where 
there are AIS 2+ chest injuries attributed to the 
seat belt. These injuries are in the form of broken 
bones as well as other soft tissue injuries. Dummy 
models were used to develop a generic seating and 
interior design to enable comparisons between 
different models to be evaluated. 

 
The dummy models are able to predict the 

levels of acceleration, belt loads and trajectories of 
certain body parts. For each different configuration 
these criteria indicate the severity of the crash 
pulses. Parameters such as the seat belt tension and 
pre-tensioners were incorporated into the model to 
represent the range of safety restraint systems 
which are currently available. An airbag was 
included in the model, as they play an important 
role in the protection of vehicle occupants.  

 
Initial simulation results with the selected 

accident scenarios predict injury indices below 
those allowed in the higher speed legal or 
EuroNCAP tests.   
 
CONCLUSIONS 
 

The BOSCOS project to-date has set out to 
identify the best means of calculating the bone 
strengths of vehicle occupants. The ultrasound 
technology has been selected as the most effective 
and safe tool to use and highlighted its benefits 
through scans of human subjects. Different 
ultrasound devices have been evaluated and a new 
prototype devise has been built which could be 
adapted for in-car use. Real world vehicle accident 
data has been assessed to determine which 
accidents are causing rib fractures. New restraint 
technologies have been identified which could be 
enhanced with the addition of BOSCOS type 
technology. A number of accident scenarios have 
been selected and they have been used in the initial 
mathematical modelling.  
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FUTURE WORK 
 

In the last phase of the BOSCOS project the 
technical issues that need to be addressed in the 
use of the bone scanning technology in a vehicle 
will be investigated to provide input to the 
development of the system.  During the course of 
this Phase this process will be reviewed as other 
tasks define particular aspects of the technology.  
Final bone scanning will be completed leading to 
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the definition of the bone property ranges that can 
be successfully identified by the scanning 
techniques chosen. A study will establish the 
sensitivity of the scanner device in a vehicle 
environment as influenced by factors such as the 
bone selected for scanning, the possible locations 
of the device in the vehicle, ambient conditions in 
the vehicle and occupant diversity. Mathematical 
modelling will predict occupant injury indices with 
the new technologies.  A cost benefit study will 
utilise these results to deliver an indication of 
change in injury risk and the potential gains from a 
BOSCOS system.  
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ABSTRACT 
 

This paper presents personalized simulations of 
eleven isolated pelvic bones under lateral impact 
and a generic 50th percentile male pelvic bone 
model based on these simulations. Eleven pelvises 
were solicited by metallic spheres in the 
acetabulum, which were impacted by a falling mass 
of 3.68 kg at a speed of 4 m/s. Each pelvis test was 
then modeled individually, taking into account its 
proper geometry and mass. Damageable material 
law was used to simulate the bone stiffness and 
fracture. For each pelvis test were determined 
equivalent elastic modulus, yielding stress and 
damage plastic strain representing combined 
contributions of material properties and cortical 
bone thickness to pelvis bone resistance. Based on 
these personalized simulations a generic 50th 
percentile male pelvic bone model was defined and 
integrated into a full body model to simulate 
cadaver tests on pelvis where bone fractures were 
documented. Three material laws were then 
identified and associated with this model, 
representing respectively a fragile, a medium and a 
resistant pelvis bone. The mechanical behavior of 
this pelvis model was also compared to 
experimental data on cadavers. It showed that the 
pelvis model developed is globally relevant with 
respect to experiments in terms of pelvis loading 
prediction, this for a large range of impact energy 
from 130 to 1150 Joules. This paper provides new 
data and insights for pelvis bone fracture modeling 
in lateral impact. The resulted model is consistent 
with available impactor test data on pelvis and 
constitutes a useful tool for lateral impact injury 
research. 
 
INTRODUCTION 
 

Side impacts represent 15 to 20% of the 
automotive collisions in which at least one of the 
occupants was injured but are the cause of 25 to 
30% of serious and fatal injuries encountered in all 
car accidents. Protection of occupants in side 
impact remains a big challenge despite of progress 
made in the past years. In fact the very limited 
space between car door and occupant make very 
difficult to dissipate the engaged impact energy in a 
smooth manner. In order to optimize protection 

strategy and to improve protection equipments 
more biomechanical knowledge is needed on pelvis 
tolerance of different population groups, for 
example, a vulnerable 50th percentile male. 

 
The pioneer work of Césari et al. [1980, 1982] 

led the basis for pelvis loading based injury 
criterion definition. 55 cadaver tests on 22 subjects 
were performed by impacting the great trochanter 
with a spherical rigid impactor. Césari concluded 
that the value of tolerance in terms of impact force 
is close to 10 kN for a time period of 3ms for the 
50th percentile male subjects and close to 4 kN for 
the 5th percentile female. However it is to be noted 
that less than 30% of subjects tested have mass 
included between 77±10kg. Moreover, average age 
of subjects tested rises to 70 years. 

 
More impactor tests on pelvis have been 

performed and published ever since. Viano [1989] 
performed 10 cadaver tests with a circular but flat 
impactor of 23.4 kg. Subjects tested were relatively 
younger than those of Césari. Tolerance in terms of 
impact force revealed to be higher. Bouquet et al. 
[1994] performed cadaver tests also with an 
impactor of 23.4 kg. The impact surface was 
nevertheless a rectangular rigid plate of 200x100 
mm2. They showed a lower tolerance level in terms 
of impact force: around 8 kN. Bouquet et al. [1998] 
performed more cadaver tests but with a larger 
impact surface (200x200 mm) in order to include 
the contribution of iliac wing. Impactor mass and 
impactor velocity were designed in such a way so 
that they can examine which one, between mass 
and velocity, is dominant for a given energy level. 
In fact they found that to represent car crashes, the 
impacting masses should be lower than the famous 
23.4 kg impactor, and considered essential to know 
the pelvis behavior in new impact conditions. Based 
on their new cadaver tests, they concluded that for a 
given impactor energy, neither its mass nor velocity 
seemed to be dominant. 

 
Side impact dummies were evaluated with 

respect to some configurations of above cadaver 
tests. Both SID and EuroSID were demonstrated to 
have a too stiff pelvis with respect to cadaver 
responses. WorldSID shows more close responses. 
However its load path showed big difference with 
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respect to EuroSID when comparing symphysis 
contribution to total loading sustained by pelvis. It 
is important to understand the mechanism of force 
path and to determine the consequence of these 
differences when dummies are used to develop 
protection systems. 

 
Also to define injury criteria thresholds, it is 

usual to normalize cadaver test responses while 
keeping always the same injury outcome. No 
elements were showed to support such an approach. 

 
A mathematical model of the pelvis, capable of 

injury prediction, should constitute a valuable tool 
to address the different problems listed above. 

 
Numerous models of pelvis can be found in the 

literature. Many of them were developed to 
simulate the pelvis behavior during the walk cycle 
or to study the interaction of the pelvic bone with 
hip prosthesis [Goel et al.1978; Oonishi et al.1983; 
Dalstra et al.1993, 1995]. Models dealing with 
pelvis behavior and injuries under car related 
impact conditions remain a minority. 

 
Chamouvard et al. [1993] developed a spring-

mass model of pelvis for lateral impact. However, it 
was limited to give only a global response in terms 
of force, displacement, or acceleration, in mono-
axial conditions. Renaudin et al. [1993] developed 
a finite element model of pelvis. Considering that 
the trabecular bone had a low influence in terms of 
overall stiffness of the pelvis [Dalstra et al. 1993], 
they represented pelvis bone by only shell elements, 
corresponding to the external surface of the 
structure. The model was designed from a metallic 
model of the 50th percentile of Reynolds. Moreover, 
thickness from 1 to 4 millimeters, measured on 
experimented pelvis, were attributed to the shell 
elements. Nodal masses were distributed to 
correspond to the global characteristics of a pelvis. 
The Young’s modulus in this model was low, 
around 3000 MPa. Static tests [Guillemot et 
al.1995] were first conducted under side loading 
conditions, in order to validate this model. Besnault 
et al. [1998] improved this model by adding 
geometrical parameters to adapt it to different 
tested bones, using a kriging technique. Plummer et 
al. [1996] proposed a modified version of a model 
of Bidez, built from CT scan slices, which aimed at 
the study of pelvis fracture etiology, in the context 
of automotive side impact conditions. Nevertheless, 
this model did not represent a whole pelvis: a coxal 
bone was modeled, but the sacrum and the 
contralateral ilium were not taken into account. 
Finally the acetabulum was fitted with a hip 
prosthesis. Dawson et al. [1998] proposed a model, 
also dedicated to lateral impacts in the field of car 
accidents. The model was created from 74 CT scan 
slices, and distorted by scale factors to correspond 

to the 50e percentile of Reynolds. The two coxal 
bones and the sacrum were built by 8-node 
elements, and connected to each other by 32 springs 
for the sacro-iliac joints and 8 springs for the pubic 
symphisis. Joint properties were established from 
the literature [Fung 1965; Mak 1986]. Bone 
characteristics were given element by element, 
from CT scan density levels, and range from 250 to 
1500 MPa for the trabecular bone Young’s 
modulus. The meshing included 1511 8-node 
elements and 3769 nodes. The complete model was 
validated by using a modal analysis. However, the 
pelvis mass (0,534 kg) is lower than a real one. 

 
In spite of numerous models reviewed above, 

there is still a need of a pelvis model, capable of 
simulating pelvis bone fracture in lateral pelvis 
impact, relevant with respect to currently available 
cadaver impactor test data, and sufficiently 
validated to represent human pelvis behavior and its 
variation versus different groups of car occupant 
population. 

 
This paper intends to develop such a model. 

Based on the work performed by Besnault et al. 
[1998], where was developed a kriging technique 
and allows taking into account particular geometry 
of each pelvis simulated, 11 impactor tests on 
isolated pelvis bone have been individually 
simulated and corresponding mechanical properties 
and its range of variation determined. Then a 
generic model of pelvis was constructed and 
integrated to a whole human body model [Lizée et 
al. 1998]. With this model, impactor tests on 
cadavers presented above were simulated and 
material laws derived to represent different levels 
of resistance due to individual variation. Finally 
model responses were evaluated with respect to 
impactor test data. 

MODEL DEVELOPMENT 

Geometry 
 

The reference FE mesh of pelvis bone (See 
Figure 1 represents the shape of a 50th percentile 
male.  
 

 
 
Figure 1.  Reference FE mesh of pelvis bone 
representing the shape of a 50th percentile male. 
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This shape was based on the data of Reynolds et 

al. [1981]: their statistical study concerning 3000 
pelvic bones of north Americans has allowed the 
design of a pelvis casting corresponding to the 50th 
percentile male. This pelvis casting was digitalized 
and then meshed by shell elements to represent 
cortical bone. Trabecular bone was not taken into 
account in reason of its low influence on overall 
stiffness of pelvis. The two acetabula, missing in 
the casting, were included by two spherical 
segments positioned at each hip centre. 

 
Stiffness and fracture of pelvis bone are 

conditioned by thickness of its cortical bone. 
Examination of five pelvis bone [Guillemot 1992] 
showed considerable variation of thickness from 
one location to another: it passes from several 
tenths millimeter in the centre of iliac wing to 
nearly 4 mm for the iliac spine. This variation 
clearly suggests that it is not relevant to use a 
uniform thickness repartition through pelvis bone, 
in particular when cortical bone fracture simulation 
is aimed at, since yielding and rupture occurrence 
of a plate is directly linked to its thickness for a 
given local loading. To take into account this 
variation of thickness through pelvis bone, each 
element was attributed a thickness according to its 
position based on data obtained from these five 
pelvises. 

Mechanical properties 
 
Few experimental data are available on pelvic 

bone. Only data found were given by Kuhn and 
Goldstein [1989] on iliac crest, with an elastic 
modulus varying between 3.0 and 5.3 GPa. In this 
study our objective was to develop a pelvis model 
with bone fracture simulation. To do this, an 
elastoplastic law with damage was attributed to 
cortical bone. As showed by Figure 2, the 
parameters of this law are the elastic modulus, the 
elastic threshold, the maximum stress and the 
damage plastic strain. 

 
Due to the lack of experimental data on these 

parameters for pelvis cortical bone, Guillemot tests 
on isolated pelvis [1997] were used: the simulation 

of these tests should allow estimating these 
parameters. 
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Figure 2.  Elastoplastic material law with 
damage (Radioss-Mecalog). 
 
However we know that pelvis bone stiffness and 

fracture are conditioned by thickness of pelvis 
bone. So it is no use focusing on real material 
parameters for simulating an individual pelvis while 
the thickness and its repartition are unknown. 

 
The following approach was adopted for the 

definition of mechanical properties: thickness and 
its repartition remain constant from one pelvis to 
another while the elastic modulus, the elastic 
threshold, the maximum stress and damage plastic 
strain vary to present dispersion of pelvis bone 
across occupant population. It means that these 
mechanical parameters should be considered as 
equivalent ones which assume, together with 
cortical bone thickness, similitude between the 
model and corresponding pelvis simulated in terms 
of dynamic responses and injury outcome for 
considered configuration. 

 
Although few experimental data are available 

on pelvis bone, many experiments have been done 
on long bone, in particular on femur and tibia. 
Review of these experiments by Viano [1986] 
showed that cortical bone can undergo yielding up 
to 3-4% before ultimate failure and elongation 
above 0.5% strain generally causes microstructure 
damage in the material and inelastic behaviour. 
Table 1 is an example of experimental data 
obtained by Burstein et al. [1976] for tibia tensile 
properties, and indicates that: 1) the ratio σy/E is 
around 0.5%; 2) the difference σu – σy is around 28 
MPa

 
Table 1. 

Tensile properties of tibia for different age groups according to experiments of Burstein et al. 
 

Age (yrs) E (MPa) σy (MPa) σu (MPa) σy/E σu-σy (MPa)
20-29 18900 126 161 0,0067 35
30-39 27000 129 154 0,0048 25
40-49 28800 140 170 0,0049 30
50-59 23100 133 164 0,0058 31
60-69 19900 124 147 0,0062 23
70-79 19900 120 145 0,0060 25
80-89 29200 131 156 0,0045 25
Moyen 23829 129 157 0,0054 28
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Based on these literature data, further 
specifications were added to the target material law 
of cortical bone of pelvis: 

 
σy = 0.005*E 
σu – σy = 30 MPa 
εp = 3% 

 
In order to determine the magnitude of these 

mechanical parameters, simulations of experiments 
on isolated pelvis bone were performed, giving thus 
a first estimation of E, σy, σu and εp. 

Simulations of tests on isolated pelvis bone 
 
Guillemot et al. [1997] performed dynamic tests 

on isolated pelvis bone. 11 pelvis bones were 
extracted from fresh cadavers. A drop tower was 
used to impact these bones. It consisted of a falling 
mass guided between two rails which enables 
impact speeds up to 4 m/s. Each pelvis was fixed up 
to the external edge of the left ischial tuerosity. A 
falling mass of 3.68 kg impacted a metallic ball 

fitted into the right acetabulum which distributes 
the load all around the joint surface. 

 
Besnault et al. [1998] developed an automatic 

procedure in order to adapt a unique reference FE 
mesh to different morphologies. This procedure 
was based on the Kriging technique and a study on 
pelvis geometry with determination of 
characteristic dimensions. With this procedure, the 
reference FE mesh was transformed into the 
morphology of each pelvis bone tested while 
thickness and its repartition were kept unchanged 
between different pelvises. The mass density was 
adjusted in order to get the mass of the simulated 
pelvis bone. The model was loaded by imposing the 
displacement of the ball, according to experiment 
recording. The reaction force of the pelvis bone was 
compared to the experimental measurement to 
determine the appropriate parameters. 

 
Figure 3 shows an example of simulation for the 

test 9707.  

 
 

  
Figure 3a.  Simulation of test 9707 : 0 ms. Figure 3b.  Simulation of test 9707 : 5 ms. 
 

 

Test 9707: Pelvis loading vs time
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Figure 3c. Simulation of test 9707 :  8 ms. Figure 3d.  Cotyle force and symphysis force. 
 

Table 2 summarizes material laws determined 
by simulating the isolated pelvis tests. Figures in 
the appendix give a comparison of model responses 

with experiments. Table 3 summarizes injury 
outcome of experiments and injury reproduced by 
models.

fracture 

fracture
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Table 2. 
Mechanical parameters determined for 11 

isolated pelvis bone tested 
 

Tests E σy σmax εp 
9603 11500 57.5 87.5 3% 
9604 10000 100 100 3% 
9605 50000 250 280 3% 
9607 20000 100 130 3% 
9701 15000 75 105 3% 
9702 29000 145 175 3% 
9703 3000 60 60 3% 
9704 25000 125 150 0.5% 
9705 12000 60 90 3% 
9706 30000 150 180 3% 
9707 22000 110 140 3% 

 
Table 3. 

Injury outcome of experiments and simulation 
results 

 
 9603 9604 9605 9607 

Experiment Bone 
fracture 

Bone 
fracture 

No 
bone 

fracture 

Bone 
fracture 

Simulation Bone 
fracture 

Bone 
fracture 

No 
bone 

fracture 

Bone 
fracture 

 9701 9702 9703 9704 
Experiment Bone 

fracture 
No 

bone 
fracture 

Bone 
fracture 

Bone 
fracture 

Simulation Bone 
fracture 

Bone 
fracture 

Bone 
fracture 

Bone 
fracture 

 9705 9706 9607  
Experiment Bone 

fracture 
Bone 

fracture 
Bone 

fracture 
 

Simulation Bone 
fracture 

Bone 
fracture 

Bone 
fracture 

 

 
For a total of eleven tests, nine have been 

successfully simulated with material laws where: 
σy = 0.005*E 
σu – σy = 30 MPa 
εp = 3% 

 
Material laws determined for tests N9604 and 

N9703 do not satisfy the relation σy = 0.005*E 
while one test urged an εp of 0.5%. 

 
Globally we can see that a damageable 

elastoplastic law with σy = 0.005*E, σu – σy = 30 
MPa, εp = 3% allows representing the majority of 
pevis bone tested by Guillemot et al. 

Establishing relationship between material law 
and injury risk 

 
Guillemot tests on isolated pelvis bone and its 

simulation have permitted to have a first estimation 
of different mechanical parameters. But alone, they 

do not allow establishing relationship between 
material laws and probability of pelvic fracture 
occurrence. One way to achieve this objective is to 
simulate impactor tests on cadavers. In fact data 
from this type of tests are the most abundant and 
cover largely configurations with and without 
pelvis injuries. Furthermore the test set-up is easy 
to be duplicated by model, thus avoiding confusion 
due to error on boundary conditions. Following is a 
brief description of the most commonly used 
impactor test configurations on pelvis. 

 
Césari tests – Césari et al. [1980, 1982] 

performed 55 tests on pelvis, using 22 fresh human 
cadavers. The impactor is 17.3 kg and the 
impacting system is the portion of a sphere (r = 600 
mm, R = 175 mm). The impact speed was increased 
progressively in order to reach the pelvic fracture at 
a level as close as possible to the tolerance. 
However 5 cadavers were fractured at the first 
impact. Subjects were seated in a low friction 
surface. The impactor was guided in its impact 
direction. 

 
Bouquet tests – Bouquet et al. [1994, 1998] 

performed 20 tests on pelvis, using 10 fresh human 
cadavers. The impactor was 23.4 kg and the 
impacting system was a flat, rectangular rigid plate 
(200 x100 mm2). Each cadaver was impacted firstly 
at a low speed (around 3.5 m/s) and then at a higher 
speed (around 6.7 m/s). The subjects were seated in 
a low friction surface. The impactor was guided in 
its impact direction. 

 
Iso-energy tests – Bouquet et al. [1998] 

perfomed 11 new cadaver tests on pelvis, using 11 
fresh human cadavers. But this time the impactor 
was  a flat, rectangular rigid plate of a larger size 
(200x200 mm2). Furthermore the impactor mass (12 
and 16 kg) and impact speed (from 9.5 to 13.7 m/s) 
were disigned in such a way to know the respective 
role of impactor mass and its velocity for a given 
level of energy. 

 
Viano tests – Viano [1989] perfomed 14 

cadaver tests on pelvis, using 8 unembalmed human 
cadavers. Impact was realized by a 150 mm flat 
23.4 kg pendulum. Impact speeds varied from 3.98 
to 10.1 m/s. The cadaver was suspended upright 
with hands and arms over head. 

 
Injury risk curve in terms of impact force were 

drawn (see Figure 4) respectively for Césari tests 
and Bouquet tests. No injury curve was drawn for 
Viano tests since the number of cases with injury 
(only 2 cases) are too low . Iso-energy tests contain 
only 2 cases without injury, too low also to 
calculate injury risk curve. It can be observed that 
Césari tests and Bouquet tests lead to very close 
risk curve.  
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Impactor PMHS tests - Injury risk curve

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

0 2000 4000 6000 8000 10000 12000 14000 16000 18000

Fimpact (N)

In
ju

ry
 P

ro
ba

bi
lit

y

Césari Bouquet Césari points Bouquet points

 
Figure 4.  Risk curves on pelvis in terms of 
impact force according to Césari tests and 
Bouquet tests. 

 
From these data we can see that: 

•  20% of the subjects are exposed to injuries 
under an impact of 5250 N. 

•  50% of the subjects are exposed to injuries 
under an impact of 8000 N 

•  80% of the subjects are exposed to injury 
under an impact force of 10800. 

 
By simulating Césari tests and Bouquet tests, 

material laws corresponding respectively to these 
three levels of tolerance can be determined. 

 
In order to simulate these impactor tests, a 

human body model was used [Lizée et al.1998]. 
The pelvis model developed above was integrated 
to this whole body model. Material laws for pelvis 
bone were expected to be determined in the 
variation range of laws given by simulations of 
Guillemot tests. Figure 5 shows the model set-up 
for simulation of Césari test configuration. 

 
Figure 5.  Model set-up for Césari test 
configuration. 

 
Figure 6 shows results of simulations 

corresponding to these three levels of loading on 
pelvis. For each loading level two simulations are 
presented, one leading to pelvis bone fracture and 
another not. Table 4 shows material laws used for 
these simulations. For example no bone fracture 
was observed with material law  Medium-U for an 
pelvis loading of 8000 N. With a material law 
slightly less resistant (Medium-L) bone fracture 
was observed. So we can fix a threshold material 
law situated between laws Medium-U and Medium-
L to represent population with medium resistance.  
In same way threshold material laws can be defined 
to represent more fragile and more resistant groups 
of population. Table 5 gives threshold material laws 
representing these three groups of population.

0

2000

4000

6000

8000

10000

12000

0,0 2,5 5,0 7,5 10,0 12,5 15,0

Time (ms)

Im
pa

ct
 fo

rc
e 

(N
)

Fragile-U Fragile-L Medium-U

Medium-L Resistant-U Resistant-L

0

1000

2000

3000

4000

0,0 2,5 5,0 7,5 10,0 12,5 15,0

Time (ms)

Sy
m

ph
ys

e 
fo

rc
e 

(N
)

Fragile-U Fragile-L Medium-U

Medium-L Resistant-U Resistant-L

Figue 6a.  Impact force time history. Figure 6b.  Symphysis force time history. 
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Table 4. 
Material laws used to identify threshold for each population group (fragile, medium and resistant) 

 
 E σy σmax εp Fracture 

Fragile-L 18000 90 120 3% Y 
Fragile-U 19600 98 128 3% N 
Medium-L 29000 145 175 3% Y 
Medium-U 30000 150 180 3% N 
Resistant-L 40000 200 230 3% Y 
Resistant-U 41000 205 235 3% N 

 
Table 5. 

Material laws representing three population groups (fragile, medium and resistant) 
 

 E σy σmax εp 
Fragile 19000 95 125 3% 

Medium 29500 147 177 3% 
Resistant 40500 202 232 3% 

DISCUSSION 
 

It is important to evaluate the relevance of 
pelvis model to predict forces applied to the pelvis 
at different impact energy levels. To do this it is 
essential to select adequate experimental data. One 
factor to consider is the mass of impacted subject 
due to its importance for dynamic test, especially 
when impact velocity is high.  Model developed in 
this study representing a 50th percentile male, it 
would be misleading to compare it with data 
affected by the use of cadavers too different from a 
50th percentile male in terms of body mass. No 

evidence showing relevance of existing techniques 
of normalization, it is preferable to use raw data 
while eliminating tests performed with subjects too 
light or too heavy (i.e. not included between 77±10 
kg). Age is another influent factor since it is 
correlated globally with the mechanical resistance 
of cadaver. 

 
Figure 7 shows characteristics of cadavers used 

in the experiments listed in the precedent sections.
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                                   Figure 7.  Characteristics of subjects used in different impactor tests. 
 

It can be observed that: 
- Among 20 cadavers used in Césari tests, 

only 7 had a mass between 77kg±10kg. 
They were only 4 over 11 for iso-energy 
tests. Subjects used in Bouquet tests and 
Viano tests were generally closer to the 
mass of the 50th percentile male. 

- Most of subjects tested are old, 
concentrated between 60 and 80 years. 

In the following section, the model responses in 
terms of pelvis loading and bone fracture are 
compared to experiments. Only tests performed 
with subjects with mass between 77kg±10kg were 
used. 

 
Césari tests - Figure 8 compares impact force 

between model and experiments. The three material 
laws used correspond to respectively a fragile bone, 
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a medium bone and a resistant bone.  One can 
observe that model responses are situated on the 

upper limit of impact force distribution given by 
experiments.

 
 

 

Impact Force versus Impact Energy
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Figure 8a.  Zoom of model set-up for Césari 
configuration. 

Figure 8b.  Comparison of model responses to 
Césari tests. 

 
Bouquet tests and Viano tests - Since all these 

tests used an impactor of 23,4 kg, they were 
combined and examined together. Figure 9 
compares impact force between model and 
experiments. The three material laws used 
correspond to respectively a fragile bone, a medium 
bone and a resistant bone. One can observe that 

pelvis model matches well with Viano tests. 
However Viano tests showed no injuries for all 
impact energy while pelvis model fractured even 
with resistant material law at an impact energy of 
1150 J. With respect to Bouquet tests, pelvis model 
responses are situated in the lower limit of 
experimental data. 

 

  
Figure 9a.  Zoom of model set-up for Viano 
configuration. 

Figure 9b.  Zoom of model set-up for Bouquet 
configuration. 
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Figure 9c.  Comparison of model responses to Viano 
tests and Bouquet tests. 

 
 
Iso-energy tests - Figure 10 compares impact force 
between model and experiments. The three material  
 
 

 
 
laws used correspond to respectively a fragile bone, 
a medium bone and a resistant bone. 
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One can see that pelvis model shows good 
responses for high energy. In terms of injury 

outcome, pelvis model fractured as its experimental 
counterpart. 
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Figure 10a.  Zoom of model set-up for Iso-energy 
configuration. 

Figure 10b.  Comparison of model responses to Iso-
energy tests. 

 
 

Elements presented above show that pelvis 
model is globally relevant with respect to 
experiments in terms of pelvis loading prediction, 
this for a large range of impact energy from 130 to 
1150 Joules. 

 
Many experiments on pelvis were also 

performed under sled configurations. Simulation of 
these tests is much more difficult than that of 
impactor tests since test set-up is generally more 
complex and there are more risks of confusion due 
to error on boundary conditions. Before 
undertaking simulations of this type of experiments 
it is necessary to identify tests with reasonable 
clarity on boundary conditions and adequate 
measurements allowing comparison with results of 
simulations. 

 
CONCLUSIONS 

 
Eleven experiments on isolated pelvis bone 

under lateral impact have been simulated 
individually by taking into account proper 
geometry of each pelvis. These simulations showed 
that by keeping a constant pelvis cortical bone 
thickness distribution for all pelvis bones tested and 
by using a damageable elastoplastic material law, 
the behavior of these eleven pelvis bones in terms 
of stiffness and bone fracture can be reproduced by 
defining an equivalent elastic modulus, a yielding 
stress and a damage plastic strain. Based on 
impactor tests on cadavers, a generic pelvis model 
for a 50th male was defined. Three material laws 
were associated with this model, representing 
respectively a fragile, a medium and a resistant 
pelvis bone. The mechanical behavior of this pelvis 
model was compared to experimental data of 
impactor tests on cadaver pelvises. It showed that 
pelvis model is globally relevant with respect to 
experiments in terms of pelvis loading prediction, 

this for a large range of impact energy from 130 to 
1150 Joules. 
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APPENDIX 
 
Model responses compared to isolated pelvis bone tests 
 
 

Test 9603: Pelvis loading vs time
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Test 9603: Pelvis loading vs impactor displacement
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Test 9604: Pelvis loading vs time
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Test 9604: Pelvis loading vs impactor displacement
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Test 9605: Pelvis loading vs time
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Test 9605: Pelvis loading vs impactor displacement
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Test 9607: Pelvis loading vs time
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Test 9607: Pelvis loading vs impactor displacement
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Test 9701: Pelvis loading vs time

0

500

1000

1500

2000

2500

0 1 2 3 4 5 6 7 8

Time (ms)

Fo
rc

e 
(N

)

Test

Simu

Test 9701: Pelvis loading vs impactor displacement
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Test 9702: Pelvis loading vs time
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Test 9702: Pelvis loading vs impactor displacement
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Test 9703: Pelvis loading vs time
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Test 9703: Pelvis loading vs impactor displacement
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Test 9704: Pelvis loading vs time
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Test 9704: Pelvis loading vs impactor displacement

0

500

1000

1500

2000

2500

3000

3500

0 2,5 5 7,5 10 12,5 15

Displacement (mm)

Fo
rc

e 
(N

)

Test

Simu

 

Test 9705: Pelvis loading vs time
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Test 9705: Pelvis loading vs impactor displacement
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Test 9706: Pelvis loading vs time
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Test 9706: Pelvis loading vs impactor displacement
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Test 9707: Pelvis loading vs time
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Test 9707: Pelvis loading vs impactor displacement
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Vehicle Aggressiveness in Real World Crashes 
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ABSTRACT 
 
The National Highway Traffic Safety Administration 
(NHTSA) has identified vehicle compatibility as one 
of its five priorities.  One important component of 
vehicle compatibility in head-on and side impact 
crashes is vehicle aggressiveness.  Aggressivity of a 
vehicle is defined as the fatality or injury risk for 
occupants of other vehicles with which it collides.  
More aggressive vehicles are more likely to produce 
serious injuries to occupants of the vehicles with 
which they collide than less aggressive vehicles. 
NHTSA has studied the variation in vehicle 
aggressiveness for over twenty five years.  One 
recent effort using police reported crashes to 
understand vehicle aggressiveness was contained in 
the technical report “Vehicle Weight, Fatality Risk, 
and Crash Compatibility” by Kahane.  This paper 
aims to validate the compatibility findings of 
Kahane’s report by including additional years of 
crash data and by employing a different 
methodology.   
 
Vehicle aggressiveness is determined using five 
years of police reported crashes from seven states in 
NHTSA’s State Data System (SDS).  The injury 
status of drivers in head-on crashes between a light 
truck or van (LTV) and a passenger car and in 
nearside crashes where a passenger car was struck on 
the left (driver’s) side by another light duty vehicle 
are examined separately.  The results demonstrate 
the relationship between a vehicle’s aggressiveness 
and its body style, mass, and other physical 
characteristics.  The robustness of the results is 
tested using controls for driver and crash 
characteristics.  For the most part, the results 
confirm the importance of physical characteristics 
for understanding vehicle aggresiveness measured 
from police reported crashes. 
 
INTRODUCTION 
 
In June 2003, NHTSA released the report, 
“Initiatives to Address Vehicle Compatibility” [1].  
This report presented an in-depth examination of 
the safety problem represented by vehicle 
incompatibility and provided strategies to improve 

vehicle compatibility.  In addition, the background 
section documented over twenty five years of 
NHTSA research to understand and control vehicle 
aggressiveness.  The safety problem section 
addressed current concerns regarding the increased 
exposure of car occupants to collisions with LTVs, 
the large and growing fatalities in collisions 
involving a car and an LTV, and the greater 
fatality risk for the car driver than the LTV driver 
in these collisions. 
 
The safety assessment conclusions were further 
confirmed in a NHTSA report, “Vehicle Weight, 
Fatality Risk and Crash Compatibility of Model 
Year 1991-99 Passenger Cars and Light Trucks,” 
released in October, 2003, by Charles Kahane [2].  
According to Kahane’s report, LTVs were more 
aggressive to car drivers than other cars in head-on 
and nearside (left or driver’s side) crashes, even 
when controlling for differences in vehicle weight.   
 
Kahane also evaluated two physical parameters of 
vehicles derived from NHTSA’s New Car 
Assessment Program (NCAP) frontal impact testing 
[3].  In nearside crashes involving an LTV and a car, 
Kahane found that the difference between the 
average height of force (AHOF) of the struck car and 
the striking LTV had a statistically significant 
negative effect on the car driver’s fatality risk.  Thus 
the more negative the difference, due either to a 
lower AHOF for the struck car or a higher AHOF for 
the striking LTV, the greater the fatality risk for the 
car driver.  In head-on crashes involving a car and an 
LTV, Kahane found that the frontal stiffness of the 
LTV had a statistically significant positive effect on 
the fatality risk for the car driver.   
 
This present study is different from Kahane’s in 
many ways.  In particular, this study predicts the 
probability of a serious injury or fatality given that 
a crash occurred rather than the fatality risk per 
billion miles.  Instead of national fatality counts, 
this study focuses on police-reported crashes in 
seven states.  Finally, the model years include 
vehicles from 1985 through 2002 although the 
analysis of physical characteristics includes mostly 
newer vehicles because of data availability.  This 
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study does not aim to replace or to update the 
“Vehicle Weight, Fatality Risk and Crash 
Compatibility” report but aims to serve as a 
complement that furthers our understanding of 
vehicle compatibility and aggressiveness.   
   
DATA  
 
This analysis uses police reported crashes from 
seven states in NHTSA’s State Data System (SDS).  
The states were selected based upon the availability 
of vehicle identification numbers (VINs) and of 
initial impact points.  The most recent five years of 
the SDS (1998 to 2002) were used in five of the 
states.  Four years of Pennsylvania crashes were used 
because the 2002 file was not yet available.  Three 
years of Kentucky crashes were used because the 
initial point of impact was added in 2000. 
 
The analysis includes only light duty vehicles 
(vehicles with a Gross Vehicle Weight Rating of 
10,000 pounds or less) as indicated by a valid VIN.  
Light duty vehicles include passenger cars, compact 
and standard pickups, utility vehicles, minivans, and 
large vans.  Pickups, utility vehicles, and vans are 
also referred to as light trucks and vans or LTVs.  
For consistency with the VIN decoding programs 
decribed below, the analysis was restricted to 
vehicles of model year 1985 through 2003.  Head-on 
impact crashes are defined as two vehicle crashes 
where the initial point of impact for both vehicles 
was the front (including front corners).  Nearside 
impact crashes are defined as two vehicle crashes 
where the initial impact point was front for the 
striking vehicle and the left (driver’s) side for the 
struck vehicle.  Crashes involving a rollover or an 
overturned vehicle are excluded from the analysis.    
 
Finally, the crashes of most interest in this analysis 
involve a car struck by a pickup, utility vehicle, or 
van, but the analysis includes cars struck by cars for 
comparative purposes.  Head-on and nearside 
crashes involving two LTVs as well as nearside 
crashes where a car struck an LTV in the side are 
excluded.  Table 1 lists the states and the years used 
in the analysis.  The number of crashes across states 
differs in part because the states do not have a 
standard definition of impact points.  These 
differences are controlled in later analysis by using 
state indicator variables. 
 
The state files provided information about all of the 
drivers involved in the crash including injury 
severity, age, and gender.  While the definition of 

injury severity differed across the states, this paper 
defines seriously injured drivers to include fatalities 
as well as survivors with injuries of the highest 
severity level noted on the police report (usually 
incapacititating injuries).  Age is divided into four 
categories for analysis purposes: 14 to 29 years old, 
30 to 49 years old, 50 to 69 years old, and 70 years 
old or older.  These categories are the same as those 
used in the “Vehicle Weight, Fatality Risk and Crash 
Compatibility” report.  
 

Table 1. 
State Data System (SDS) files used in analysis 

  
State Years Head-

on 
Crashes 

Nearside 
Crashes 

LTV strikes Car   
Florida 1998-2002   22,818  15,054 
Illinois 1998-2002   39,790  9,438 
Kentucky 2000-2002   11,791  3,259 
Maryland 1998-2002     7,845  4,305 
Missouri 1998-2002   12,649  8,947 
Pennsylvania 1998-2001 16,752  5,925 
Wyoming 1998-2002 1,622  546 
Car strikes Car   
Florida 1998-2002 28,512  45,692 
Illinois 1998-2002 56,844  29,807 
Kentucky 2000-2002   12,421  8,747 
Maryland 1998-2002   11,010  14,173 
Missouri 1998-2002   14,066  25,680 
Pennsylvania 1998-2001   21,546  17,911 
Wyoming 1998-2002     1,219  1,173 
    
TOTAL  258,885  190,657 

 
Two additional crash variables are derived from the 
state files.  First, an indicator variable was created 
that identifies crashes where the speed limit was 50 
miles per hour (mph) or higher.  In Pennsylvania, the 
variable indicates whether any of the roads had a 
speed limit of 50 mph or higher.  A second indicator 
variable identifies crashes where any of the drivers 
involved may have been impaired by alcohol or 
drugs. 
 

One variable that is not used in this analysis is 
restraint or belt use.  Belt use derived from police-
reported crashes is believed to have large 
measurement error.  The belt use in police-reported 
crashes in these states is larger than the estimates of 
belt use based upon  observations from NHTSA’s 
National Occupant Protection Use Survey (NOPUS).  
Furthermore, many of the states report more cases of 
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unknown belt usage than cases of unbelted drivers.  
Finally, uninjured and less severely injured drivers 
may be more likely to overreport belt usage than 
more severely injured drivers.  Given the large and 
potentially non-random measurement error in belt 
usage, it is not included in this analysis. However, 
many of the other explanatory variables (age, sex, 
crashes involving impaired drivers, and even state) 
may partially capture the effects of belt usage 
because they are correlated with restraint use [4].   
 

NHTSA staff developed a series of programs to 
identify a vehicle’s make, model, model year, LTV 
type, and air bag availability based upon the VIN.  
This analysis uses the latest version of these 
programs, which decode VINs of light duty vehicles 
from model year 1985 through 2003.  The output 
from these programs was used to create an indicator 
for the presence of a driver-side front airbag, to 
calculate the age of the vehicle at the time of the 
crash, and to assign a vehicle type of car, compact 
pickup, standard pickup, minivan, full-size van, or 
utility vehicle.  
 
These programs also assign a four-digit code that 
identifies a fundamental vehicle group.  These 
groups contain all vehicles of the same type and 
wheelbase that run for several model years until they 
are redesigned.  These vehicle groups are important 
for identifying when a vehicle parameter for one 
model year may be applied to other model years of 
the same make and model as well as across similar 
vehicles with different names (corporate twins).  
 
This analysis also makes use of three vehicle 
parameters from NHTSA’s compliance and crash 
tests to help explain the likelihood of a serious 
injury: curb weight, average height of force (AHOF), 
and front-end stiffness.  The vehicle weights are 
from Federal Motor Vehicle Safety Standard 
(FMVSS) No. 208 and No. 301 compliance tests as 
well as U.S. New Car Assessment Program (NCAP) 
crash tests.  The vehicle weights were supplemented 
by curb weights for model year 1991 through 1999 
from the “Vehicle Weight, Fatality Risk, and Crash 
Compatibility” report.  The additional curb weights, 
which predominatly came from manufacturers’ 
reports, were adjusted to adjust for differences 
between reported and actual curb weights as 
described in Kahane’s report [3, p. 19]. 
 
Average height of force and front-end stiffness are 
derived from frontal NCAP barrier testing.  AHOF is 
the weighted average of the height of the applied 

force measured by load cells at various height levels.  
Front-end stiffness is the average slope of the force-
deflection profile measured by the load cells.  Table 
2 contains some descriptive statistics for curb 
weight, AHOF, and stiffness. 
 

Table 2. 
Vehicle parameters by vehicle type 

Vehicle Type Curb 
Weight 

(pounds) 

AHOF 
(mm) 

Stiffness 
(Newtons 
per mm) 

Car 3,072 442          1,124  
Compact  
  Pickup  3,316 511 2,299  
Standard  
  Pickup 4,927 528      2,244  
Utility 3,985 531       2,200  
Minivan 3,917 491          1,854  
Full-size Van 5,057 551        2,628  

 
METHODS 
 
The unit of analysis in this study is the two vehicle 
crash.  For nearside crashes, the dependent or 
prediction variable is whether the car driver, struck 
on the nearside by either another car or an LTV, 
experienced a serious injury (fatal or 
incapacitating).  For head-on crashes, there is no 
clear struck or striking vehicle.  In a head-on crash 
involving an LTV and a car, the dependent 
variable is whether the car driver experienced a 
serious injury.  For head-on crashes involving two 
cars, one of the drivers was selected at random, 
and the dependent variable is whether the 
randomly chosen driver experienced a serious 
injury.   
 
The decision to select one driver at random 
involves both disadvantages and advantages.  The 
major disadvantage is that it discards the injury 
data for the other driver.  The advantage is that it 
simplifies the statistical modeling.  The injury 
information for both drivers in a head-on crash 
does not represent two independent observations 
but rather two outcomes from the same event.  
Therefore, the error structure of the prediction 
model would need to account for the expected 
correlation of unmeasured factors that are 
experienced by both drivers in the same crash.  
Choosing one driver eliminates the need to adopt a 
more complicated, and potentially less robust, 
statistical model.  Additionally, the focus of this 
paper is LTV versus car crashes with the car to car 
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crashes, of which there are a relatively large 
number, included only for comparison purposes.  
 
The statistical method employed in this paper is 
logistic regression.  Logistic regression parallels 
linear regression analysis where the dependent 
variable is a linear function of the explanatory or 
independent variables.  However, the dependent 
variable in a logistic regression is the natural log 
of the ratio of the probability of an event occurring 
to the probability of the event not occurring, which 
is also called the log odds ratio.  In this study, the 
dependent variable is the natural log of the ratio of 
the probability of the car driver experiencing a 
serious injury to the probability of the car driver 
not experiencing a serious injury.   
 
The coefficients produced by the model estimation 
provide an estimate of the effect of a one unit 
change in the independent variable on the natural 
log of the odds ratio of experiencing a serious 
injury, which is not a conventional way of framing 
effects.  However, the odds ratio can be found by 
taking Euler’s constant (e) raised to the power of 
the coefficient, which is easier to interpret because 
it indicates how the odds of an event occurring 
change as you change the independent variable by 
one unit.  If an odds ratio is less than one, it 
suggests that an increase in the independent 
variable decreases the odds of the event occurring 
by decreasing the probability of the event.  If the 
odds ratio is greater than one, it suggests that an 
increase in the independent variable increases the 
odds of the event occurring by increasing the 
probability of the event.  If the odds ratio is equal 
to one, it indicates that the independent variable 
has no effect on the likelihood of the event 
occurring because the probability of the event 
occurring did not change.  Odds ratios for each 
independent variable are presented in the tables of 
results.   
 
Logistic regression also enables tests of whether 
the effect of an explanatory variable on the 
likelihood of a serious injury is statistically 
significant (unlikely to have occurred by chance or 
randomness).  The test statistic is Chi-square, and 
statistical significance (stat. sig.) is the probably of 
a Chi-square of a particular value occurring given 
the null hypothesis assumption that the 
independent variable has no effect.  A sufficiently 
low probably, usually below 0.05, would lead us to 
reject the null hypothesis in favor of the 

alternative that the independent variable has some 
effect. 
 
RESULTS 
 
This section contains the results of logistic 
regression models that predict serious injury to car 
drivers.  The results for head-on crashes are 
presented first, followed by the results for nearside 
crashes.  For both types of crashes, the results 
begin with the most simple statistical model 
involving only the type of other vehicle and the 
state controls.  The second model includes the type 
of other vehicle, the state variables, and driver and 
crash characteristics.  The third model contains all 
of the variables in the second model plus the 
difference of logged vehicle weights to test 
whether the type of other vehicle remains a 
statistically significant factor.  The fourth model is 
slightly different from the previous models 
because it only contains crashes involving a car 
and an LTV.  The purpose of the fourth model is 
to explore vehicle parameters other than weight 
that may explain differences in the aggressiveness 
across LTV body types. 
 
Head-on Crashes 
 
The first logistic regression model predicts the 
likelihood of a serious injury to a car driver in a 
front to front crash with another car or an LTV.  
The independent variables include indicator 
variables for the body type of the other vehicle and 
for the state where the crash occurred.  The results 
are presented in Table 3.   
 
Cases where the other vehicle is a car were set as 
the base or comparison case so that the odds ratios 
reflect the difference in the risk of a serious injury 
from a crash involving an LTV relative to a car.  In 
all cases, the car driver in a head-on crash has a 
statistically significant higher risk of a serious 
injury when the other vehicle is an LTV compared 
to a car.  The increased risk ranges from a 30 
percent higher risk when the other vehicle is a 
minivan to almost twice as large a risk when the 
other vehicle is a standard pickup.  Florida was 
selected as the base case for the states, and the 
fact that most of the state variables indicate a 
significantly different risk confirms the importance 
of including state identifiers.  
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Table 3. 
Logistic regression of serious injuries to car 

drivers in head-on crash by other vehicle type  
Variable Coef-

ficient 
Chi-

Square 
Stat. 
Sig. 

Odds 
Ratio 

Intercept -2.822 19013 0.001  
Car 0.000   1.00 
Compact 
Pickup 0.461 192.32 0.001 1.59 
Standard 
Pickup 0.677 475.91 0.001 1.97 
Utility 
Vehicle 0.335 138.08 0.001 1.40 
Minivan 0.263 58.67 0.001 1.30 
Full-size 
Van 0.434 71.08 0.001 1.54 
Florida 0.000   1.00 
Illinois -0.792 966.25 0.001 0.45 
Kentucky -0.591 253.26 0.001 0.55 
Maryland -0.038 1.23 0.267 0.96 
Missouri -0.505 210.91 0.001 0.60 
Pennsylvania -1.076 820.18 0.001 0.34 
Wyoming -0.741 53.51 0.001 0.48 
Note: N = 258,885; Seriously Injured = 10,956 
 
While the above estimates provide a starting point 
for understanding compatibility, they do not 
control for other driver and crash characteristics 
that may explain the differences across vehicle 
types.  The next logistic regression contains 
several explanatory variables in addition to the 
vehicle type and state indicators.  The statistical 
model includes age categories separately for males 
and females.  The age-gender categories of both 
the case vehicle and the other vehicle are likely to 
capture some aspects of crash severity.  The age-
gender categories for the case vehicle also reflect 
the effect of these variables on the likelihood of 
experiencing a severe injury [5].  Additional 
explanatory variables include indicators for the 
presence of a front driver’s side airbag, for 
whether any of the drivers were impaired by 
alcohol or drugs, and whether the speed limit was 
50 mph or higher.  The age of the case vehicle was 
originally included in the model of head-on 
crashes, but it was dropped because its effect 
never achieved statistical significance.  The 
complete results are contained in Table 4. 

 
All of the control variables achieved statistical 
significance in the expected direction in the 
logistic regression of serious injuries to car drivers 
in head-on crashes by vehicle type and driver and 
crash characteristics.  The risk of serious injury to 
the car driver was more than three times greater 
when the speed limit was 50 mph or greater and 
when the crash involved one or more impaired 
drivers.  The presence of an airbag in the case car 
decreased the probability of a serious injury.  A 
female driver was more likely to experience a 
serious injury than a male driver at all age levels, 
and older drivers of both genders were more likely 
to experience a serious injury than younger 
drivers.  In fact, car drivers in the oldest age group 
(70 years old and older) were about twice as likely 
to experience a serious injury than the youngest 
age group (14 to 29 years old).  The signs on the 
age-gender categories of the other driver were all 
negative and were usually statistically significant.  
The negative sign indicates a lower probability of 
a serious injury compared to the other driver being 
a male aged 14 to 29.  This result may reflect some 
aspect of crash severity due to the driving behavior 
of the youngest males. 
 
Even when controlling for these driver and crash 
characteristics, the car driver in a head-on crash 
still has a statistically significant higher risk of a 
serious injury when the other vehicle is an LTV 
compared to a car.  The increased risk ranges from 
about a 30 percent higher risk when the other 
vehicle is a minivan to 60 percent higher when the 
other vehicle is a standard pickup.  The lower 
range of risk than in the previous model is due to 
the explanatory power of the additional control 
variables. 
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Table 4. 
Logistic regression of serious injuries to car 

drivers in head-on crash by other vehicle type 
and driver and crash characteristics  

Variable Coef-
ficient 

Chi-
Square 

Stat. 
Sig. 

Odds 
Ratio 

Intercept -3.088 7040.8 0.001  
Car 0.000   1.00 
Compact 
Pickup 0.298 73.9 0.001 1.35 
Standard 
Pickup 0.470 202.2 0.001 1.60 
Utility 
Vehicle 0.325 123.4 0.001 1.38 
Minivan 0.273 59.7 0.001 1.31 
Full-size Van 0.396 55.9 0.001 1.49 
Speed limit 50 
or over 1.198 2555.4 0.001 3.31 
Impaired 
crash 1.228 1667.8 0.001 3.42 
Airbag -0.295 212.4 0.001 0.74 
This driver     
Male 14-29 0.000   1.00 
Male 30-49 0.118 10.9 0.001 1.13 
Male 50-69 0.221 24.9 0.001 1.25 
Male 70+ 0.534 109.6 0.001 1.71 
Female 14-29 0.264 66.9 0.001 1.30 
Female 30-49 0.459 187.2 0.001 1.58 
Female 50-69 0.518 164.9 0.001 1.68 
Female 70+ 0.756 243.3 0.001 2.13 
Other driver     
Male 14-29 0.000   1.00 
Male 30-49 -0.078 6.9 0.008 0.93 
Male 50-69 -0.077 4.4 0.036 0.93 
Male 70+ -0.077 1.8 0.175 0.93 
Female 14-29 -0.174 24.6 0.001 0.84 
Female 30-49 -0.185 29.7 0.001 0.83 
Female 50-69 -0.085 3.5 0.063 0.92 
Female 70+ -0.082 1.3 0.254 0.92 
Florida 0.000   1.00 
Illinois -0.729 784.3 0.001 0.48 
Kentucky -0.767 399.7 0.001 0.46 
Maryland -0.070 3.9 0.047 0.93 
Missouri -0.609 288.8 0.001 0.54 
Pennsylvania -1.214 1007.2 0.001 0.30 
Wyoming -0.712 48.3 0.001 0.49 
Note: N = 258,885; Seriously Injured = 10,956 
 
One explanation for the higher risk of serious 
injury for a car driver in head-on crashes with an 
LTV than another car is the difference in the 
vehicles’ masses.  To test this proposition, the 
difference between the logged curb weight of the 
case vehicle and logged curb weight of the other 

vehicle was added to the model.  (This difference 
is also the log of the curb weight ratio.)  The 
natural log transformation, which was used in 
Kahane’s study, creates a more linear relationship 
between weight and injury risk.  The complete 
results are contained in Table 5. 
     

Table 5. 
Logistic regression of serious injuries to car 

drivers in head-on crash by other vehicle type, 
crash characteristics, and weight difference 

Variable Coef-
ficient 

Chi-
Square 

Stat. 
Sig. 

Odds 
Ratio 

Intercept -3.102 5710.16 0.001  
Difference in 
logged weight -0.842 310.46 0.001 0.43 
Car 0.000   1.00 
Pickup 0.171 29.28 0.001 1.19 
Utility 
Vehicle 0.090 6.84 0.009 1.09 
Minivan 0.080 3.78 0.052 1.08 
Full-size Van -0.058 0.60 0.440 0.94 
Speed limit 50 
or over 1.201 2112.24 0.001 3.32 
Impaired 
crash 1.222 1310.69 0.001 3.39 
Airbag -0.274 146.06 0.001 0.76 
This driver     
Male 14-29 0.000   1.00 
Male 30-49 0.137 11.62 0.001 1.15 
Male 50-69 0.312 40.43 0.001 1.37 
Male 70+ 0.604 111.35 0.001 1.83 
Female 14-29 0.218 37.29 0.001 1.24 
Female 30-49 0.472 162.22 0.001 1.60 
Female 50-69 0.560 159.18 0.001 1.75 
Female 70+ 0.825 237.83 0.001 2.28 
Other driver     
Male 14-29 0.000   1.00 
Male 30-49 -0.120 13.65 0.000 0.89 
Male 50-69 -0.143 12.24 0.001 0.87 
Male 70+ -0.152 5.89 0.015 0.86 
Female 14-29 -0.182 22.25 0.001 0.83 
Female 30-49 -0.217 33.67 0.001 0.81 
Female 50-69 -0.134 7.13 0.008 0.88 
Female 70+ -0.114 2.14 0.143 0.89 
Florida 0.000   1.00 
Illinois -0.732 659.55 0.001 0.48 
Kentucky -0.756 327.00 0.001 0.47 
Maryland -0.056 2.08 0.149 0.95 
Missouri -0.639 256.39 0.001 0.53 
Pennsylvania -1.251 834.66 0.001 0.29 
Wyoming -0.776 45.14 0.001 0.46 
Note: N= 218,649, Seriously Injured = 9,041 
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The difference in curb weight has the expected 
strong effect.  After controlling for the differences 
in curb weight, car drivers in a head-on crash still 
have a statistically significant greater risk of a 
serious injury when the other vehicle is a pickup or 
a utility vehicle than another car.  The risk is also 
greater when the other vehicle is a minivan, but it 
is significant at the 0.10 level rather than the 
conventional 0.05 level.  The difference in risk 
when the other vehicle is a full-size van compared 
to a car disappears with the addition of the curb 
weight variable. 
 
The last model of the risk of serious injury to a car 
driver in a head-on crash includes only crashes 
involving a car and an LTV.  The LTV body type 
variables are replaced with two physical LTV 
characteristics.  One is the frontal stiffness of the 
LTV.  The other is the difference between the 
average height of force of the car and the LTV.  
The sample size drops considerably compared to 
the previous models, but it remains large enough 
for meaningful analysis.  This statistical model 
focuses exclusively on car-LTV head-on collisions 
because these variables have been shown to have 
different effects in car-LTV crashes than in car-car 
crashes.  Also, full-size vans are excluded to make 
the results more comparable to those reported in 
“Vehicle Weight, Fatality Risk and Crash 
Compatibility.”  The results therefore help explain 
why some LTVs, particularly pickups, present a 
higher fatality risk to a car driver in head-on 
crashes than other LTVs, such as minivans, even 
when controlling for differences in vehicle weight.  
Table 6 contains the complete set of results. 
 
Consistent with Kahane’s results, LTV stiffness 
has a positive effect on the probability of a serious 
injury for the car driver in a head-on crash.  The 
result, though, is statistically significant at the 0.10 
level but not the conventional 0.05 level.  The 
odds ratio for LTV stiffness may appear too small 
to indicate any explanation of LTV aggressiveness, 
but by definition the odds ratio indicates the 
change in the odds from a one unit, in this case 
one Newton per millimeter, increase in stiffness.  
If stiffness were increased 200 Newtons per mm, 
about 10 percent for most LTVs, the odd ratio 
increases to 1.01 or about a 1 percent higher risk 
of a serious or fatal injury.  The difference in the 
average height of force did not have a statistically 
significant effect.   

 
 

 
 

Table 6. 
Logistic regression of serious injuries to car 
drivers in head-on crash with pickup, utility 
vehicle, or minivan by LTV characteristics 

Variable Coef-
ficient 

Chi-
Square 

Stat. 
Sig. 

Odds 
Ratio 

Intercept -3.023 583.51 0.001  
Difference in 
logged weight -0.682 26.94  0.001 0.51 
LTV stiffness 0.000055 2.71    0.100 1.0001 
Difference in 
AHOF -0.000300 0.47 

 
0.491 1.00 

Speed limit 50 
or over 1.133 353.87 

 
0.001 3.11 

Impaired 
crash 1.257 272.51 

 
0.001 3.52 

Airbag -0.223 17.14    0.001 0.80 
This driver     
Male 14-29 0.000   1.00 
Male 30-49 0.069 0.57 0.450 1.07 
Male 50-69 0.156 1.75 0.187 1.17 
Male 70+ 0.376 7.19 0.007 1.46 
Female 14-29 0.160 3.61 0.057 1.17 
Female 30-49 0.484 33.01 0.001 1.62 
Female 50-69 0.439 17.70 0.001 1.55 
Female 70+ 0.719 32.61 0.001 2.05 
Other driver     
Male 14-29 0.000   1.00 
Male 30-49 -0.202 8.12 0.004 0.82 
Male 50-69 -0.295 10.62 0.001 0.75 
Male 70+ 0.038 0.08 0.783 1.04 
Female 14-29 -0.254 5.99 0.014 0.78 
Female 30-49 -0.235 7.87 0.005 0.79 
Female 50-69 -0.184 1.90 0.168 0.83 
Female 70+ -0.379 1.06 0.303 0.68 
Florida 0.000   1.00 
Illinois -0.731 105.09  0.001 0.48 
Kentucky -0.722 59.82 0.001 0.49 
Maryland 0.040 0.19 0.664 1.04 
Missouri -0.635 46.13 0.001 0.53 
Pennsylvania -1.115 126.00 0.001 0.33 
Wyoming -0.495 3.89 0.048 0.61 
Note: N = 32,640, Seriously Injured = 1,615 
 
Nearside Crashes 
 
Statistical models similar to those used to predict 
serious injuries to a car driver in head-on crashes 
were also applied to estimating the probability of a 
serious injury for a car driver struck on the left 
side (nearside) by the front of another vehicle.  
The first model contains the type of striking 
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vehicle and the state indicators.  Once again the 
car is the base or comparison striking vehicle type.  
The results are contained in Table 7. 
  

Table 7. 
Logistic regression of serious injuries to car 

drivers in nearside crash by other vehicle type  
Variable Coef-

ficient 
Chi-

Square 
Stat. 
Sig. 

Odds 
Ratio 

Intercept -2.784 24215 0.001  
Car 0.000   1.00 
Compact 
Pickup 0.670 244.86 0.001 1.96 
Standard 
Pickup 1.020 780.95 0.001 2.77 
Utility 
Vehicle 0.712 411.50 0.001 2.04 
Minivan 0.378 62.17 0.001 1.46 
Full-size 
Van 0.748 163.86 0.001 2.11 
Florida 0.000   1.00 
Illinois -0.758 565.31 0.001 0.47 
Kentucky -0.723 203.30 0.001 0.49 
Maryland -0.046 1.93 0.164 0.96 
Missouri -1.001 768.19 0.001 0.37 
Pennsylvania -1.095 614.42 0.001 0.34 
Wyoming -1.118 56.06 0.001 0.33 
N = 190,657, Seriously Injured = 9,059 
 
In all cases, the car driver in a nearside crash has a 
statistically significant higher risk of a serious 
injury when the striking vehicle is an LTV 
compared to a car.  The increased risk ranges from 
about a 50 percent higher risk when the other 
vehicle is a minivan to almost three times as large 
a risk when the other vehicle is a standard pickup. 
 
The next statistical model includes the various 
driver and crash characteristics.  There is only a 
small change from the model of the likelihood of 
serious injury in head-on crashes to the model in 
nearside crashes.  The airbag variable, which 
indicated a front airbag for the driver, is dropped, 
but the presence of side impact airbags is not 
readily available.  Instead, the age of the struck 
vehicle is added to the models.  This variable, 
which was not included in the head-on models 
because it never achieved statistical significance, 
does achieve statistical significance in the nearside 
models.  Otherwise, the explanatory variables are 
the same as those described previously.  The 
complete results for the logistic regression model 
of serious injuries to car drivers struck on the 

nearside by vehicle type and driver and crash 
characteristics are included in Table 8. 

 
Table 8. 

Logistic regression of serious injuries to car 
drivers in nearside crash by other vehicle type 

and driver and crash characteristics 
Variable Coef-

ficient 
Chi-

Square 
Stat. 
Sig. 

Odds 
Ratio 

Intercept -3.327 5935.27 0.001  
Car 0.000   1.00 
Compact 
Pickup 0.530 143.90 0.001 1.70 
Standard 
Pickup 0.862 500.68 0.001 2.37 
Utility 
Vehicle 0.681 361.91 0.001 1.98 
Minivan 0.366 55.80 0.001 1.44 
Full-size Van 0.706 139.07 0.001 2.03 
Speed limit 50 
or over 0.929 1149.44 0.001 2.53 
Impaired 
crash 

 
0.801 

 
403.95 

 
0.001 

 
2.23 

Vehicle age 0.027 101.81 0.001 1.03 
This driver     
Male 14-29 0.000   1.00 
Male 30-49 0.041 0.97 0.325 1.04 
Male 50-69 0.202 17.46 0.001 1.22 
Male 70+ 0.907 350.12 0.001 2.48 
Female 14-29 0.375 96.04 0.001 1.46 
Female 30-49 0.451 136.32 0.001 1.57 
Female 50-69 0.690 244.10 0.001 1.99 
Female 70+ 1.048 439.58 0.001 2.85 
Other driver     
Male 14-29 0.000   1.00 
Male 30-49 -0.130 16.42 0.001 0.88 
Male 50-69 -0.204 24.10 0.001 0.82 
Male 70+ -0.289 22.98 0.001 0.75 
Female 14-29 -0.239 43.54 0.001 0.79 
Female 30-49 -0.196 29.02 0.001 0.82 
Female 50-69 -0.291 33.63 0.001 0.75 
Female 70+ -0.266 15.28 0.001 0.77 
Florida 0.000   1.00 
Illinois -0.737 521.29 0.001 0.48 
Kentucky -0.858 277.14 0.001 0.42 
Maryland -0.091 7.15 0.008 0.91 
Missouri -1.094 881.74 0.001 0.34 
Pennsylvania -1.222 747.15 0.001 0.30 
Wyoming -1.112 54.96 0.001 0.33 
Note: N = 190,657, Seriously Injured = 9,059 
 
Table 8 indicates that the age-gender categories, 
the impaired crash indicator, and the speed limit of 
50 mph or higher all have the expected statistically 
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significant effects.  Vehicle age also has a 
statistically significant effect such that the struck 
driver in an older vehicle has a higher risk of 
serious injury than a struck driver in a newer 
vehicle.  Even with these additional control 
variables, the struck car driver still has a 
statistically significant higher risk of a serious 
injury when the other vehicle is an LTV compared 
to a car.  The increased risk ranges from about 44 
percent higher risk when the other vehicle is a 
minivan to over twice the risk when the other 
vehicle is a standard pickup than a car.  The 
control variables do not appear to diminish the 
estimated aggressiveness of LTVs in nearside 
impacts as much as it was diminished in head-on 
crashes.     
 
The third statistical model of the risk of serious 
injury to car drivers struck on the nearside adds 
the difference in the logged curb weights.  The 
complete results of the model are contained in 
Table 9.  The difference in curb weight has a 
strong effect on the probability of the struck driver 
experiencing a serious injury.  Once the control for 
the difference in the weights is included, both 
striking minivans and full-size vans are no longer 
statistically different from striking cars in terms of 
the risk of serious injury experienced by the 
nearside struck car driver.  However, car drivers 
struck on the nearside still have a statistically 
significant greater risk of a serious injury when the 
other vehicle is a pickup or a utility vehicle than a 
car. 
 
The final model contains just car drivers struck on 
the nearside by pickups, utility vehicles, and 
minivans for the reasons discussed in the head-on 
crash section.   The complete results are in Table 
10 and are again consistent with the findings in 
Kahane’s report.  While the striking vehicle’s 
stiffness did not have a statistically significant 
effect on the probability of serious injury for the 
struck car driver, the striking vehicle’s average 
height of force did have a statistically significant 
effect.  The odds ratio for AHOF may appear too 
small to indicate any explanation of LTV 
aggressiveness, but by definition the odds ratio 
indicates the change in the odds from a one unit, in 
this case one millimeter, increase in AHOF.  An 
increase in the average height of force of 50 mm, 
about 10 percent for most LTVs, increases the risk 
of serious injury by about 7 percent.  This 
relationship may be even stronger if the statistical 
model accounted for characteristics of the side of 

the struck vehicle such as side sill height, but it is 
still a strong predictor even without this additional 
information. 
 

Table 9. 
Logistic regression of serious injuries to car 
drivers in nearside crash by other vehicle type, 
crash characteristics, and weight difference 
Variable Coef-

ficient 
Chi-

Square 
Stat. 
Sig. 

Odds 
Ratio 

Intercept -3.237 4714.84 0.001  
Difference in 
logged weight -1.059 478.96 0.001 0.35 
Car 0.000   1.00 
Pickup 0.390 112.14 0.001 1.48 
Utility 
Vehicle 0.337 65.66 0.001 1.40 
Minivan 0.047 0.69 0.405 1.05 
Full-size Van 0.112 1.94 0.163 1.12 
Speed limit 50 
or over 0.965 1047.25 0.001 2.63 
Impaired 
crash 0.838 361.61 0.001 2.31 
Vehicle age 0.026 71.78 0.001 1.03 
This driver     
Male 14-29 0.000   1.00 
Male 30-49 0.104 5.24 0.022 1.11 
Male 50-69 0.319 36.12 0.001 1.38 
Male 70+ 0.999 349.00 0.001 2.71 
Female 14-29 0.302 51.82 0.001 1.35 
Female 30-49 0.453 114.67 0.001 1.57 
Female 50-69 0.734 233.38 0.001 2.08 
Female 70+ 1.110 411.82 0.001 3.03 
Other driver     
Male 14-29 0.000   1.00 
Male 30-49 -0.202 32.77 0.001 0.82 
Male 50-69 -0.281 37.88 0.001 0.76 
Male 70+ -0.419 40.09 0.001 0.66 
Female 14-29 -0.217 30.42 0.001 0.81 
Female 30-49 -0.257 41.38 0.001 0.77 
Female 50-69 -0.352 42.02 0.001 0.70 
Female 70+ -0.317 19.03 0.001 0.73 
Florida 0.000   1.00 
Illinois -0.770 479.26 0.001 0.46 
Kentucky -0.864 240.96 0.001 0.42 
Maryland -0.136 13.32 0.001 0.87 
Missouri -1.110 756.01 0.001 0.33 
Pennsylvania -1.247 626.41 0.001 0.29 
Wyoming -1.151 46.22 0.001 0.32 
Note: N = 159,477, Seriously Injured = 7,623 
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Table 10. 

Logistic regression of serious injuries to car 
drivers in nearside crash with pickup, utility 
vehicle, or minivan by LTV characteristics 

Variable Coef-
ficient 

Chi-
Square 

Stat. 
Sig. 

Odds 
Ratio 

Intercept -3.646 120.07 0.001  
Difference in 
logged weight -0.911 46.53 0.001 0.40 
Striking LTV 
stiffness 0.00003 0.82 0.365 1.000 
Striking LTV 
AHOF 0.00133 4.75 0.029 1.001 
Speed limit 50 
or over 1.044 224.06 0.001 2.84 
Impaired 
crash 0.983 91.90 0.001 2.67 
Vehicle age 0.023 9.23 0.002 1.02 
This driver     
Male 14-29 0.000   1.00 
Male 30-49 0.067 0.35 0.556 1.07 
Male 50-69 0.471 13.43 0.000 1.60 
Male 70+ 1.112 74.63 0.001 3.04 
Female 14-29 0.272 7.32 0.007 1.31 
Female 30-49 0.322 9.38 0.002 1.38 
Female 50-69 0.545 21.07 0.001 1.72 
Female 70+ 1.007 61.08 0.001 2.74 
Other driver     
Male 14-29 0.000   1.00 
Male 30-49 -0.191 6.01 0.014 0.83 
Male 50-69 -0.304 9.03 0.003 0.74 
Male 70+ -0.278 2.56 0.110 0.76 
Female 14-29 -0.380 9.62 0.002 0.68 
Female 30-49 -0.163 2.98 0.084 0.85 
Female 50-69 -0.232 2.26 0.133 0.79 
Female 70+ -0.547 1.88 0.170 0.58 
Florida 0.000   1.00 
Illinois -0.810 83.39 0.001 0.45 
Kentucky -0.721 36.36 0.001 0.49 
Maryland -0.248 6.83 0.009 0.78 
Missouri -0.999 115.76 0.001 0.37 
Pennsylvania -1.134 102.86 0.001 0.32 
Wyoming -1.623 10.03 0.002 0.20 
Note: N = 18,105, Seriously injured = 1,316 
 
CONCLUSIONS 
 
The findings in this paper are consistent with 
many of NHTSA’s previous studies regarding 
vehicle compatibility and aggressiveness in head-

on and nearside crashes [2, 3, 6, 7, 8] even though 
the methodology is quite different.  The risk of a 
serious injury to a car driver struck head-on or 
struck on the nearside by an LTV is higher than 
when struck by another car even when controlling 
for driver and crash characteristics.  
Aggressiveness differs across LTVs with minivans 
at the lower end, utility vehicles in the middle, and 
standard pickups at the high end.  These results are 
similar but do not exactly correspond to previous 
agency research.  For example, the order from 
least to most aggressive LTV type in head-on 
crashes from “NHTSA’s Research Program for 
Vehicle Compatibility” was compact pickup, 
minivan, small utility, large utility, large van, and 
large pickup [6, p. 2].  For side impact crashes, the 
order from least to most aggressive was minivan, 
compact pickup, small utility, large van, large 
pickup, and large utility [6, p. 3].  In this present 
study, the compact pickups tended to look more 
similar to utility vehicles than minivans in terms of 
aggressiveness.   
 
When taking differences in curb weight into 
account, the aggressiveness of minivans and full-
size vans disappears in nearside crashes and 
almost disappears in head-on crashes.  This 
finding is similar to results presented in Kahane’s 
study, which found that the higher aggressiveness 
of minivans compared to cars was no longer 
statistically significant when controlling for 
differences in vehicle weight.  However, Kahane 
found that utility vehicles were more aggressive 
than pickups after controlling for weight while this 
study generally indicates that pickups were the 
most aggressive LTV category [2, pp.254-55]. 
 
For pickups and utility vehicles, curb weight alone 
does not explain the higher risk of serious injury to 
car drivers struck head-on or on the nearside.  
Among pickups, utility vehicles, and minivans, the 
average height of force explains why some of 
these vehicles are related to a higher risk of 
serious injury for a car driver struck on the 
nearside, and the stiffness of the LTV explains 
why some of these vehicles are related to higher 
risk of serious injury for a car driver struck head-
on.  These findings are consistent with the results 
presented in Kahane’s report even though they are 
not exactly the same.  In head-on crashes between 
an LTV and a car, Kahane found that the natural 
log of the LTV stiffness was a statistically 
significant predictor of the car driver’s fatality 
risk.  In nearside crashes where the front of an 
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LTV struck the left side of a car, Kahane found 
that the difference in the average height of force of 
the two vehicles was a statistically significant 
predictor of car driver’s fatality risk [6, p.268].  
This paper indicates similar results with the 
exception that the LTV stiffness itself, rather than 
the natural log of stiffness, was statistically 
significant.  This paper also uses the LTV’s AHOF 
in the nearside impact models rather than the 
difference in AHOF because of questions raised 
(and noted in Kahane’s report) about the use of the 
car’s AHOF as a surrogate for sill height.    
 
Although these results do reinforce many of 
Kahane’s findings, the results from a paper by 
Stephen Summers and Aloke Prasad prepared for 
the 19th Technical Conference on the Enhanced 
Safety of Vehicles (ESV) do not validate the 
findings in the laboratory.  Summers and Prasad 
describe the results from three sets of vehicle-to-
vehicle crash tests (full frontal, frontal 50% offset, 
and side impact) involving an LTV striking a car.  
According to their paper, “none of the three test 
series provided significant insight or 
understanding to explain the fleet correlations with 
stiffness and AHOF metrics” [9, p. 14].   
 
Summers and Prasad suggest a couple of reasons 
why the results from statistical studies using police 
reported crashes, such as this paper and Kahane’s 
study, may not be supported by laboratory crash 
tests.  One reason may be that the crash severity in 
the laboratory tests may not be representative of 
the crash severity necessary for compatibility to 
play a significant role in the fleet data.  It may be 
the case that aggressiveness is more apparent in 
high delta-V crashes, which are also the crashes 
that are most likely to produce serious injuries and 
fatalities, than in lower delta-V crashes.  Another 
reason may be that the laboratory testing used a 
model year 2004 car while the statistical studies 
use historical data that includes vehicles as old as 
model year 1985.  Therefore, statistical studies 
such as this one may not capture the most recent 
changes in vehicle design.  In particular, changes 
in restraint systems, such as the addition of side 
curtain air bags, may help explain why the most 
current laboratory testing do not explain the fleet 
differences.  Another reason not mentioned in the 
Summers and Prasad paper may be that the 
laboratory testing involved only one car model.  It 
may be the case that LTV aggresiveness is more of 
an issue for some cars than for others.   
   

Even in the crash data, the relationships between 
vehicle metrics and aggressiveness appear to be 
only part of the explanation.  One reason is that 
the statistical noise in real world crashes may 
never be perfectly captured by explanatory 
variables.  At the same time, increased attention to 
the accurate measurement and perhaps refinement 
of the physical characteristics of the vehicles, as 
well as the exploration of additional parameters, 
may increase our understanding of vehicle 
aggressiveness.  Finally, future statistical studies 
should, as much as possible, explore the role 
played by vehicle design changes and 
improvements in restraint systems in predicting  
vehicle aggressiveness.    
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ABSTRACT 

      This paper reports on the status of the evaluation 
of several lane change collision avoidance systems 
(CAS) types using the National Advanced Driving 
Simulator (NADS).  The goal of this evaluation is to 
examine driver behavior with a variety of lane 
change CAS to determine what leads to the safest 
driver behavior, and to investigate if the use of a lane 
change CAS with only a proximity warning system 
(i.e., blind spot detector) provides sufficient warning 
to drivers.  The study begins with a comprehensive 
review of literature in this area.  Then, simulator test 
scenarios are developed for the NADS to examine 
and compare five lane change CAS types, namely a 
representative commercially available proximity 
warning system, the TRW proximity only CAS, the 
TRW comprehensive system, a nonplanar mirror on 
the left (driver’s) side of the vehicle, and a baseline 
with standard passenger vehicle mirrors.  The test 
scenarios are based on Sen, Smith, and Najm [1] lane 
change crash data analysis.  Preliminary results on 
the driver’s acceptance of the lane change CAS and 
decision to use CAS information in making lane 
change decisions are presented.  This research is still 

in progress and is planned to be completed in mid 
2005. 

INTRODUCTION 

     Lane change collision avoidance systems (CAS) 
are designed to prevent crashes in lane change 
maneuvers by alerting the driver to hazards in the 
adjacent lanes of traffic.  From previous studies, it 
has been determined that many crashes during a lane 
change occur when drivers are unaware of hazards 
around their vehicle.  A CAS can detect surrounding 
vehicles that are in zones on the sides and behind the 
vehicle and notify the driver through the use of a 
warning signal such as an auditory message or a 
visual symbol in the side or rear view mirrors.  Lane 
change crashes account for approximately 5 percent 
of the total of all reported crashes in the General 
Estimates System (GES) data.  To the extent that a 
CAS helps drivers avoid unsafe lane changes, it has 
the potential to reduce crashes.  

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

LANE CHANGE CAS 

     Five types of lane change CAS were tested: 1) 
TRW proximity only system, 2) TRW proximity and 
fast approach system, 3) commercially available 
proximity warning system, 4) nonplanar mirror (left 
side), and 5) baseline (standard left and right side 
mirror). 

TRW Proximity Only System 

     The first lane change CAS is TRW’s Space and 
Electronics Group proximity-warning subsystem that 
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detects vehicles in a defined proximity zone on the 
side of the vehicle including the region referred to as 
the blind spot.  The proximity zone, also known as 
the keep-out zone, is adjacent to and 30 feet behind 
the vehicle [3].  The system does not warn drivers 
about stationary objects but does monitor vehicles in 
the blind spot.  A red triangle appears right in the 
field of view in the rearview and side-view mirrors 
when another vehicle is in a vehicle’s path (see 
Figure 1).  This CAS has been designed to warn 
drivers about vehicles not in the mirror, i.e., in the 
blind spot.  The red triangle has been also used in the 
Buick XP2000 concept car [4].  The display 
associated with this system simulation in NADS is 
presented in Figure 2 for driver’s side mirror and 
Figure 3 for the passenger side mirror. 

 

Figure 1.  TRW view from driver’s seat of 
warning icons in and next to mirrors [2]. 

 

Figure 2.  View from driver’s seat of TRW CAS 
simulation in NADS. 

 

Figure 3.  View from driver’s seat of passenger’s 
side mirror of TRW CAS simulation in NADS. 

TRW Proximity and Fast Approach System 

     TRW also developed a fast approach subsystem, 
which detects vehicles further behind the vehicle than 
the proximity zone that are at high closing speeds 
approaching the proximity zone.  Specifically, this 
system has a three second time to arrival into the 
proximity zone for fast approaching vehicles [3].  
This second TRW system comes packaged with the 
proximity warning system in an integrated package.  
This CAS has been designed to overcome driver’s 
inability to accurately perceive closing times.  This 
system has a maximum relative velocity detection 
limit of 50 km/h (31.07 mph). 

Limited Proximity Warning System 

     The third lane change CAS tested is a limited 
proximity warning system (LPWS).  The LPWS 
system is mounted on the side mirrors and flashes 
when it detects an obstacle in the blind spot (see 
Figure 4 for both versions 1 and 2).  The detection 
fields of view are arranged so that the tires of the 
vehicle in the blind spots are detected (see Figure 5).  
This typically covers an area approximately 3.5 to 4.2 
m (12 to 14 ft.) to the side and up to 7.6 m (25 ft.) 
back from the external side view mirrors.  The LPWS 
uses signal to noise processing methodologies of two 
sensors to measure the same field of view at two 
points in time.  The system is operational when the 
vehicle is traveling at 20 or more mph.  LPWS’s 
sensor enables the detection of an object that is 
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stationary or moving relative to the sensor but 
moving with respect to the background (or road 
surface).  It can detect over one or more lane widths 
and back from the side view mirrors 8 to 20 meters 
(24 to 66 ft.) or further (using different lenses).  It 
detects other vehicles with relative velocities of 0 to 
64 km/h (40 mph).  Over 10,000 units have already 
been sold.  The display automatically adjusts to 
lighting conditions and works in all weather.  This 
CAS has been designed to warn drivers about 
vehicles that are close but not in the mirrors (like the 
TRW Proximity Only System), vehicles with high 
closing speeds (like the TRW Proximity and Fast 
Approach System), and potential hazards not seen 
(such as stationary objects in the adjacent lane).  The 
LPWS warns of a vehicle entering the blind spot 
under the following circumstances: 1) the participant 
automobile overtaking another automobile, 2) 
another automobile entering from the rear of the 
blind spot in the adjacent lane, and 3) another 
automobile entering laterally from the second lane 
over.  These algorithms have been included in the 
NADS simulation.  The display associated with this 
system simulation in NADS is presented in Figure 6.  
The triangular symbol is lit when it is unsafe to 
change lanes. 

 

Figure 4.  LPWS side mirror display [showing 
version 1 (top) and version 2 (bottom)]. 

 

 

Figure 5.   LPWS blind spot detection (note: 
warnings are provided for blind spots on both 
sides of the test vehicle). 
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Figure 6.  View from driver’s seat of LPWS CAS 
simulation in NADS (same as TRW systems). 

NonPlanar Left-Side Mirror 

     A fourth lane change CAS is a nonplanar mirror 
attached to the left side of the vehicle.  The fields of 
view for both the right and left side mirrors are those 
illustrated in Figure 7.  The implementation in NADS 
is presented in Figure 8.  A spherical convex mirror 
with 1400 mm (55.1 in) radius of curvature on the 
passenger side has been used in this study.  The 
radius of curvature is the common radius [5].  This is 
the low-cost proposed solution for blind spot 
collisions.  Performance can be compared against the 
baseline to determine safety benefit and against the 
CAS to determine cost effectiveness.   

 

Figure 7.   Required field of view main exterior 
rearview mirrors [5]. 

 

Figure 8.  View from driver’s seat of convex 
mirror in NADS. 

Baseline (Standard Side Mirrors) 

     This is the baseline against which the performance 
of all the lane change CASs are being compared.  
This is critical in determining the benefit of each 
CAS.  The baseline is standard U.S. vehicle mirrors: 
planar on the driver’s side, and a standard convex 
passenger side mirror.  

SIMULATED LANE CHANGE CONDITIONS 

     The lane change scenarios occur on nonjunction 
segments of roadway without traffic control with 50 
mph speed limits.  The status of the blind spot, the 
actions of the lead vehicle(s), and the direction of 
lane change defined the lane change scenarios.  All 
three blind spot conditions have been combined with 
both sets of lead vehicle actions (described in the 
next section) and both left and right lane changes. 

Blind Spot Status 

     There are three possible conditions of the blind 
spot.  In the first, there is no vehicle in the blind spot.  
In the second, there is a vehicle in the blind spot and 
it is traveling at the same speed as the test vehicle.  In 
the third, there is a fast approaching vehicle in the 
blind spot and it is traveling at speed 30 mph (48 
km/h) greater speed than the test vehicle.  It is timed 
to be in conflict with the test vehicle during the lane 
change.  This third condition for the blind spot status 
occurs only in the last trial.  This limitation has been 
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imposed in keeping with estimates for the frequency 
of occurrence of fast approach vehicles since no on 
road or simulator data are available for actual driver 
behavior.  These estimates are based on naturalistic 
driving data collected in Virginia by Olsen and Lee.  
Specifically, naturalistic lane change data were 
reviewed [6,7] to see how many cases fit the fast 
approach criteria.  Their data included 8,677 lane 
changes (including some that were full passing 
maneuvers).  They chose 500 lane changes for in-
depth review.  The 500 chosen for further analysis 
included all of the more severe and urgent cases (the 
fast approach criteria would definitely have been 
classified as a severe case and thus all cases fitting 
these criteria would have been included in the 500 
lane changes analyses).  There were 16 drivers who 
drove the instrumented vehicles for 20 days each (10 
days in the sedan and 10 days in the Sport Utility 
Vehicle (SUV)).  These drivers logged almost 25,000 
miles in the course of the study.  Drivers commuted 
in interstates and US highways in southwest Virginia 
(commutes of at least 40 km (25 mi.) each way).  In 
the 500 cases, there was only one case in which a 
vehicle was approaching at >30 mph in the adjacent 
lane during the lane change (so this means 1 out of 
8,776 lane changes).  Olsen and Lee were unable to 
distinguish cases in which a driver was just 
considering making a lane change, checked the side 
mirror, saw a fast approaching vehicle, and decided 
to wait.  For all of the lane changes, there was at least 
some lateral movement observed.  Related data are 
available in reference [2].  These authors collected 
passing speed data from highway driving in Southern 
California. 

     In a recent study, Smith, Glassco, Chang, and 
Cohen [8] tested metrics defining last-second lane-
change characteristics against data collected on a 
closed course, on the road, and in a simulator.  The 
closed course data were collected as part of the Crash 
Avoidance Metrics Partnership (CAMP) between 
General Motors and Ford.  The scenarios are more 
fully described in reference [9].  Drivers approached 
a stopped lead vehicle, a lead vehicle moving at a 
constant slower speed, or followed a decelerating 
lead vehicle.  They were asked to either pass the lead 

vehicle “at the last second they normally would to go 
around a target representing a vehicle in the adjacent 
lane” or “at the last second they possibly could to 
avoid colliding with the target”. 

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

Simulated Lead Vehicle Actions 

     There are two sets of lead vehicle actions as 
summarized below. 

Lead Vehicle Braking 

     The vehicle ahead in the same lane as the test 
vehicle slows to a distance 50% of the CAMP drivers 
selected as the hard steering distance to a stopped 
vehicle.  Pre-testing was used to determine the timing 
to ensure that the stimulus for initiating a lane change 
is similar across. 

Uncovered Slower Lead Vehicle 

     The vehicle ahead in the same lane as the subject 
vehicle makes a lane change to the adjacent lane and 
reveals (uncovers to the driver’s view ahead) a 
slower lead vehicle when the test vehicle is at the 
distance 50% of the CAMP drivers selected as the 
hard steering distance to a slower moving vehicle 
(driver at 60 mph and slower lead vehicle at 30 mph).  
Again, pre-testing was used to determine the timing 
to ensure that the stimulus for initiating a lane change 
in the simulator is as similar to collected test data as 
possible. 



Svenson 6 

     Several outcomes to these lead vehicle actions are 
possible.  In the event that the participant comes to a 
stop, traffic in the adjacent lane continues to flow by 
until the lane is cleared.  In this case, the participant 
was asked by the researcher to go around the vehicle 
in front when the lane clears.  If the participant does 
not change lanes, the slowing/stopped vehicle turns 
off the roadway.  In the event that the participant 
waits for the lane to clear, the vehicle in the 
participant’s blind spot moves past the participant 
thereby clearing the lane and enabling the participant 
to complete the lane change. 

Lane Change Direction 

     The direction of the lane change is based on the 
participant making successful left and right lane 
changes in response to the lead vehicle actions.  
Participants are given instructions to change lanes 
when forced by traffic conditions and to stay in the 
new lane until forced again by traffic.  Lane changes 
have been in either the right or the left direction.  The 
active lane-change CASs provide similar warnings 
for either direction.  The test convex mirror is 
mounted only on the left side.  The baseline has 
standard U.S. vehicle mirrors: planar on the driver’s 
side, and a standard convex passenger side mirror.   

EXPERIMENTAL DESIGN 

     The experiment is a split plot (i.e., combination 
between and within subject design).  The between 
subjects independent variables are age and CAS.  
There are two levels of age based on crash data and 
the NHTSA Research Goals: 16-21 years old, and > 
65 years old.  Subjects must have valid driver’s 
licenses and were all recruited from the vicinity of 
Iowa City or Cedar Rapids, Iowa.  All must meet 
NADS medical requirements.  Subjects are paid $10 
per hour for their participation.  In addition, all 
subjects were selected for visual acuity, color vision, 
and contrast detection in the normal range.  This 
criterion is based on work by Johnston, Cole, Jacobs, 
and Gibson [10].  There are four CAS systems to be 
compared to the baseline: TRW proximity (TRW), 
TRW proximity and fast approach (TRWF), LPWS, 

and convex mirror.  There are 4 participants per age 
by CAS condition.  Each participant has driven 
baseline and one of the four CASs.  The within 
subjects variables have been trial, blind spot status, 
lead vehicle actions, and lane change direction. 

     Trial 1 is a baseline and is used for comparison 
against the four remaining trials of CAS (trials 2-5). 
All other independent variables (e.g., where forcing 
events occur) will be random with equal occurrences 
across subjects.  To decrease predictability of events, 
each trial will begin at a different point in the driving 
database. 

     The remaining trials vary from 2 through 5 for the 
four CAS systems to be evaluated.  Blind spot status 
is no vehicle in the blind spot (no), vehicle in the 
blind spot moving at the same speed as the test 
vehicle (same), or vehicle in the blind spot moving at 
30 mph greater speed than the test vehicle (fast).  
Since this last blind spot condition occurs in less than 
10% of lane changes (engineering estimate since no 
on-road crash data are available for this specific 
case), the fast approach vehicle is a threat only during 
this last trial (trial 5).  Lead vehicle actions include 
lead vehicle brakes (brakes) and slow lead vehicle 
uncovered (uncovered).  Lane change direction is left 
or right. 

NADS 

     The NADS is located at the University of Iowa’s 
Oakdale Campus.  It consists of a 24-foot dome in 
which an entire car, SUV, or truck cab can be 
mounted.  All participants use the same vehicle, a 
passenger automobile (Chevrolet Malibu).  The 
vehicle cabs are equipped electronically and 
mechanically using instrumentation specific to their 
make and model.  At the same time, the motion 
system, on which the dome is mounted, provides 400 
square meters of horizontal and longitudinal travel 
and ±330 degrees of rotation.  The driver feels 
acceleration, braking, and steering cues as if he or she 
were actually driving a real vehicle.  Each of the 
three front projectors has a resolution of 1600 x 1200; 
the five rear projectors 1024 x 768.  The edge 
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blending between projectors is 5 degrees horizontal.  
To enhance the resolution of the side and rear view 
mirrors, a 63-inch plasma panel has been mounted on 
the rear bumper to provide higher resolution images 
to the driver side, rear, and passenger side mirrors.  
The panel resolution is 1366 x 768. 

DATA COLLECTION SOURCES, TIMING, 

REDUCTION, AND “QUICK LOOK” 

VERIFICATION 

     There are four data collection sources: lane 
change characteristics and crash severity and pre-
crash behavior from the NADS digital data, video, 
eye tracking over –60 to +170 degrees field of view 
with accuracy of one degree and 30 Hz update rate, 
and interview and questionnaire data.  All digital data 
have been recorded at 120 or 240 Hz.  Video is at 60 
Hz.  These sampling frequencies are based on 
previous driving simulator research.   

PRELIMINARY RESULTS 

     Sample driver responses to lane change scenarios 
are presented in Figures 9 through 15.  On the plots 
of the steering wheel angle, a vertical dashed line 
indicates a lane change left (line points upward) or 
right (line points downward).  A solid line indicates a 
crash occurred.  One of the most common responses 
to the events is the driver braking in response to the 
action of the lead vehicle.  Figure 9 illustrates a 
typical driver response to a braking lead vehicle.  As 
can be seen from the figure, the participant applies 
the brake at a moderate level, thus allowing the 
vehicle in the blind spot to drive past and then 
changes lanes once the right lane is clear.  Figure 10 
illustrates a typical response to an uncovered slower 
moving lead vehicle.  As can be seen in the figure, 
the driver applies the brakes slightly to slow down, 
and changes lanes once the adjacent lane is clear.   

     Another typical response to the event would be for 
the driver to slow down without changing lanes.  This 
type of response was more common for an uncovered 
slow moving vehicle than for a braking lead vehicle.  

A typical response of this type is illustrated in Figure 
11.  

 

Figure 9.   Driver response to a braking lead 
vehicle in the form of braking followed by a slow 
speed lane change to the right. 

 

Figure 10.  Driver response to an uncovered slow 
moving lead vehicle in the form of slight braking 
followed by a lane change to the left. 
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Figure 11.   Driver response to an uncovered slow 
moving lead vehicle in the form of braking 
without changing lanes. 

 

Figure 12.  Driver response to a braking lead 
vehicle in the form of changing lanes to the right 
without slowing.  

     Although slowing in response to the actions of the 
lead vehicle was a common response, not all 
participants responded in that manner.  Some 
participants would change lanes at speed without 
slowing down.  Figures 12 and 13 illustrate lane 
changes to the right and left, respectively, without 
any application of the brakes by the driver. 

     Another response, although even less common, 
was that the driver would make multiple lane changes 

during the event.  Figure 14 provides an example of 
this type of response.  As can be seen in the figure, in 
this case the participant changed lanes to the right 
without slowing and then changed lanes back to the 
left after negotiating around the braking lead vehicle. 

     Another outcome was a collision with the vehicle 
in the adjacent lane.  Figure 15 illustrates a typical 
situation where the driver changes lanes to avoid 
colliding with the lead vehicle, but does not see the 
vehicle in the blind spot.  As a result the participant 
cuts off the driver and a collision results. 

     At the time of publication of this paper, data 
collection has been completed only for participants in 
the age group ≤ 21.  Therefore the results presented  

 

Figure 13.   Driver response to a braking lead 
vehicle in the form of changing lanes to the left 
without slowing. 
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Figure 14.   Driver response to a braking lead 
vehicle in the form of changing lanes to the right 
and then back to the left without slowing. 

 

 

Figure 15.   Driver collides with vehicle in blind 
spot while responding to a braking lead vehicle. 

here are preliminary and will be expanded to include 
the > 65 age category in the final report of this study. 

CONCLUSIONS 

     From the preliminary results presented here, 
drivers in this study with an age of ≤ 21 when 
confronted with either a lead vehicle braking or an 
uncovered slower lead vehicle scenario, had one of 

two typical responses: 1) braking followed by a lane 
change or, 2) driver changes lanes by entering into 
the gap between vehicles in the adjacent lane and 
crashes into another vehicle.  The first outcome was 
the more common and this result was not expected 
for drivers in this age group.  The outcome that 
resulted in a crash was rare and occurred as a 
consequence of the driver changing lanes to avoid 
colliding with the lead vehicle, but did not see (or 
notice) the vehicle in the blind spot.   

     Additional analysis needs to be conducted to 
establish the limitations to their effectiveness and 
whether drivers will heed their warnings.  A complete 
analysis will be presented in the final report at the 
completion of this study. 
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ABSTRACT 
Current finite element (FE) models of the human 
lower extremity lack accurate material properties of 
the soft tissues (flesh, fat, and knee ligaments), which 
are needed for computational evaluation of pedestrian 
injuries. Medial collateral ligament (MCL) is the 
most frequently injured ligament in lateral impacts. 
Therefore, the accuracy of the viscoelastic 
mechanical properties of the MCL FE model is of 
crucial importance in modeling pedestrian impacts. 
During automotive impacts, the flesh and fat get 
compressed, absorb part of the impact energy, and 
transfer and distribute the rest of energy to the 
skeleton. Therefore, the compressive response of 
these soft tissues can affect the accuracy of bone 
fracture predictions and as a result the overall 
kinematics of the FE pedestrian model.  Quasi-Linear 
Viscoelastic (QLV) constitutive material models 
were assumed for MCL, flesh, and fat.  Their global 
properties in terms of material parameters were 
derived using uni-axial step and hold tests on 
cadaveric specimens.  The material models 
coefficients were derived by optimization.  The 
flesh/fat models were validated in lateral leg impact 
tests at 2.5 m/s.  The force-deflection results of the 
impactor, compared to other models, showed more 
biofidelity with respect to the cadaveric and volunteer 
data. 

INTRODUCTION 

 In the past decade, several finite element 
(FE) lower limb models have been developed in 
order to reproduce lower limb injuries in the car-to-
pedestrian collisions (CPC). Initially (e.g. Bermond 
et al. [1]) the surrounding muscles and the skin were 
neglected, and the knee ligaments were modeled 
usually by spring elements. Recently, due to rapid 
and continuously increasing of the speed of 

computers, more sophisticated FE lower limb models 
have been developed. These models have accurate 
geometry obtained from CT and MRI scans from 
human volunteers (Beillas et al. [2], Takahashi et al 
[3]) or from Visible Human Database (Untaroiu et al. 
[4]), and the flesh and knee ligaments were meshed 
with shell and solid elements.  However, the accuracy 
of FE models depends not only on the quality of the 
model geometry (e.g. anatomical surfaces, the 
number of components modeled, or mesh quality), 
but also on the biofidelity of the material properties 
assigned to the FE components.  

Flesh and skin (fat) cover long bones of the 
lower limb.  During automotive impacts, these soft 
tissues get compressed, absorb part of the impact 
energy, and transfer and distribute the rest of energy 
to the skeleton.  Therefore, the compressive response 
of these soft tissues affect the severity of bone 
injuries and as a result the overall kinematics of the 
FE pedestrian/occupant model.  McElhaney [5] 
conducted in-vitro compression tests of bovine 
muscle along the direction of the fibers.  He 
published the loading stress-strain curves at various 
strain rates, but the strain data was limited to strains 
above 35%.  The loading in a pedestrian impact is 
typically transverse to the muscle fiber direction. 
Therefore, the material properties derived in [5] may 
not be applicable.  However, due to the lack of 
additional test data, in human FE models reported in 
the literature (e.g. [2]), it was assumed that the 
muscle and fat were linear elastic with Young’s 
modulus about 1 MPa based McElhaney’s stress-
strain curves. In lower extremities of the H-Model [6] 
the flesh properties were estimated using impact tests 
on anterior and posterior thigh and the greater 
trochanter of human volunteers.  The flesh material 
properties were expressed in the form of a nonlinear 
viscoelastic model that consisted of a nonlinear 
elastic stiffness in parallel with a viscous damper.  
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The nonlinearity of spring and damper depended on 
the ratio of the current to the initial volume.  
Considering the fact that soft tissues are almost 
incompressible (volume ratio is almost one) and 
highly viscoelastic, this material model could 
simplify their behavior. Snedeker et al. [7] and Ruan 
et al. [8] used the linear viscoelastic materials for 
flesh FE models and elastic material for skin models, 
but significant differences (more ten times) appear 
between their parameters.  All these facts suggest the 
need for further investigation of the material 
properties of lower limb flesh and skin. 

Medial collateral ligament (MCL) is the 
most frequently injured ligament in lateral impacts.  
Therefore, the accuracy of the viscoelastic 
mechanical properties of the MCL FE model is of 
crucial importance in modeling pedestrian impacts. 
MCL, as all knee ligaments, is highly anisotropic 
material consisting of a ground substance material 
reinforced by collagen and elastin (Weiss and 
Gardiner [9]). Collagen provides the major resistance 
in tension and negligible resistance in compression. 
In the literature, the mechanical properties of 
ligaments are provided as structural properties 
(derived from tensile test of the bone-ligament-bone 
structures), or material properties (derived from tests 
on isolated ligaments tissues). Structural properties 
depend on the global material properties, the 
direction in which the ligament is pulled, and the rate 
of loading. In FE models, the structural properties 
can be used only if the ligaments are modeled with 
one-dimensional elements (linear or non-linear 
springs). However, this approach is incapable of 
simulating the bone-ligament and ligament-ligament 
contacts, cross-sectional variation of ligament, and 
the stress distribution around the insertion sites. For 
two-dimensional (shell) or three-dimensional (solid) 
representations of ligaments, the material constitutive 
properties are needed.  However, in the literature 
only one study reported material property data of 
MCL. Quapp and Weiss [10] conducted tensile tests 
at a strain rate of 1% sec-1 on dog-bone shaped 
samples taken from the anterior-central two-third 
regions of ten human MCLs along the collagen fiber 
direction (longitudinal).  The material properties 
obtained along the collagen axis were close to the 
average data reported by Butler et al. [11] (average of 
LCL, PCL, and ACL), and it was twenty times stiffer 
than the properties found in the transverse direction.  
Anisotropic hyper-elastic constitutive models were 
used to describe the tensile properties in both 
directions.  The material coefficients were obtained 
by optimization. MCL is also a viscoelastic material, 
but its viscoelasticity in the domain of milliseconds, 
characteristic to the car crashes, is poorly understood.  
Woo et al [12] determined the material properties of 

rabbit MCLs at five strain rates, from 0.008 mm/sec 
to 113 mm/sec. Tensile strength and ultimate strain 
increased slightly with increasing strain rate, whereas 
tangent modulus remained essentially unchanged.  
Based on this Weiss and Gardiner [9] concluded that 
the strain rate dependency had relatively small effects 
on ligament material properties.  Yamamoto et al. 
[13] conducted dynamic tensile tests with femur-
MCL-tibia complex obtained from female Japanese 
white rabbits.  The strain rate was changed from 0.01 
mm/sec to 300 mm/sec and a significant strain rate 
dependency was observed for the entire region of the 
stress-strain curve. The brief review of the reported 
material properties for MCL shows that its material 
properties, especially the viscoelastic ones, are poorly 
understood and need for further investigation. 
 The objectives of this work were to 
determine the material properties of lower limb soft 
tissues (flesh, fat, and MCL) and to evaluate their 
ability to describe the global response of the 
corresponding human tissues.  To achieve these 
objectives, step and hold uniaxial tests on cadaveric 
specimens were performed.  According to the main 
loadings which appear in the soft tissues during the 
pedestrian accidents, the flesh and fat samples were 
loaded in compression, while bone-MCL-bone 
complex was loaded in tension.  The quasi-linear 
viscoelastic theory (QLV) [14] was selected to 
characterize the properties of the soft tissues under 
study. The material model coefficients were derived 
by optimization. 

MATERIAL IDENTIFICATION 

Quasi-Linear Viscoelastic (QLV) Theory 

Soft tissues have a time-dependent behavior 
which can arise from fluid flow in and out of the 
tissue, or from inherent viscoelasticity of the solid 
phase (Weiss and Gardiner [9]). Fung [14] has 
proposed the QLV theory which had been widely 
used in mechanics in order to describe the soft tissue 
behavior.  The main assumption of this theory is that 
the elastic response and the relaxation function are 
separated in the convolution integral representation 
of the stress, as shown in the following expression for 
a uniaxial loading condition: 

∫ ∂
∂

−=
t e

dtGt
0

)]([)()( τ
τ
τλστσ   (1). 

where  is the elastic response,  the relaxation 
function, and 

eσ ( )tG
( )tλ  is the stretch ratio time history. A 

material model with this formulation implemented in 
Ls-Dyna was used in the material identification 
processes. A brief description of this material model 
is provided in this section. 
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The soft tissue is considered as a composite 
material which consists of collagen fibers embedded 
in a softer isotropic (ground) material. The strain 
energy function of the soft tissue material, as was 
formulated by Weiss [15], has three terms: 

321 WWWW ++=   (2). 
The first term models the ground substance matrix as 
a Mooney-Rivlin material: 

( ) ( )33 22111 −+−= ICICW  (3). 
where and  are the invariants of the right 
Cauchy deformation tensor. The second term 
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( )λFW =2  is defined to capture the behavior of 
crimped collagen in tension and it works only in the 
fiber direction defined in the model.  Its derivative 
(i.e., stress) has an exponential function which 
describes the straightening of the fibers and a linear 
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The role of the last term in the strain energy function 
is to ensure nearly-incompressible material behavior: 

( )[ ]2
3 ln

2
1 JKW =   (5). 

where is the third invariant of the 
deformation tensor (change in volume) and K is the 
bulk modulus.  It is recommended that the bulk 
modulus should be two-three orders of magnitude 
larger than . The reduced relaxation function 

Fdet=J
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was represented by a Prony series: 
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where  and  terms are the spectral strengths and 
characteristics times. Thee terms were used for MCL 
and two terms for flesh and skin, 
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MCL Material Identification 

A representative bone-MCL-bone specimen 
was extracted while its ends were potted in the fully 
extended position. The proximal potting cup was 
rigidly fixed and the distal cup was pulled along the 
longitudinal axis of tibia. First, the specimen was 
subjected to a ramp-and-hold test with constant 
tensile ramp of 3 mm in 30 ms and approximately 

600 seconds hold time. The second test was a quasi-
static test to failure on the same specimen. In both 
tests the time histories of force and displacement 
were recorded. For MCL material identification, the 
components of the UVA-GM FE model [4] were 
used (Figure 1).  

 
The MCL specimen had geometrical characteristics 
(length and medial cross-section) close to the MCL 
FE model. The insertion sites in the model were 
created using tied contact between bones and 
ligament. The direction of anisotropy (of collagen 
fibers) was defined in the material definition as the 
element normal in the longitudinal direction as 
illustrated in Figure 2. 

 
First, the quasi-static test was simulated.  The 
material coefficients were optimized, assuming the 
quasi-static test data as the target values and defining 
minimization of the root-mean-square (RMS) error as 
the objective function.  The optimization process was 
performed using the response surface methodology 
(RSM), a statistical method implemented in LS-Opt 
[16], used usually in design optimization.  The 
hyperelastic coefficients (C1-C5) were considered as 
design variables (independent parameters).  The 
design space (a multi-dimensional space) was defined 

Tibia

FemurMCL

Figure 1.  FE Simulation of the MCL Tensile 
Tests. 

MCL-Tibia 
insertion site 

MCL- Femur 
insertion site 

The direction of collagen fibers 

Figure 2.   The insertion sites of MCL FE 
model and the direction of collagen fibers. 
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as the ranges of hyperelastic coefficients, which were 
based on the data reported in [10].  The “best” design 
point (the set of hyperelastic coefficients provided in 
Table 1) were determined iteratively based on the 

responses (RMS errors) at the design points, which 
were optimally distributed throught the design space.  

The viscoelastic properties of the ligament 
were then determined from the dynamic ramp and 
hold test.  A three-term Prony series was considered 
to characterize the MCL relaxation behavior.  The 
long-term Prony coefficients (S3 and T3) were 
estimated directly from the relaxation data.  The two 
additional Prony coefficients (S1, T1, S2, and T2) were 
determined by considering both the ramp and hold 
periods and the same FE optimization procedure 
described above was conducted.  All MCL material 
coefficients obtained by FE optimization are 
provided in Table 1.  

The results of the simulations of quasi-static 
failure tests and dynamic ramp-and-hold tensile tests 
of MCL in comparison with experimental data are 
shown in Figures 3, and 4 respectively.  The elastic 
stress-strain relationship in a cubic sample of MCL in 
tension along the collagen fibers with optimized 
parameters was compared with the corridor provided 
in Quapp and Weiss [10]. 
 
Flesh and Fat Material Identification 

 The dynamic passive properties of flesh and 
fat were determined from step and hold unconfined 
compression tests on cadaveric samples, as shown in 
Figure 6.  Rectangular samples (20mm length and 
width, and 7 mm thickness) were excised 
perpendicular to the longitudinal axis of the leg from 
anterior thigh muscles and fat.  Four flesh sample and 
one fat sample were tested.  Approximately 20% 
compression was applied in 60 ms. 
 Structurally, fat tissue has no preferred 
direction and therefore can be considered to be 
isotropic.  Muscle tissue however can be assumed to 
be transversely isotropic with the axis of anisotropy 
being along the longitudinal axis of the muscle.  
Since compression tests were performed 
perpendicular to this axis, the muscle samples were 
assumed also to be isotropic.  As most of the other 
soft tissues, both muscle and fat were assumed to be 
nearly incompressible.  The material properties were 

Table 1. Optimized MCL material properties. 
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Figure 5.  MCL stress-strain relationship; 
comparison between the material model 
determined from FE optimization and data 
reported by Quapp and Weiss [10]. 
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assumed to be visco-hyperelastic with a Mooney-
Rivlin strain energy function (Equation 3). 
 

Based on the boundary conditions on the unloaded 
faces (X2 and X3) of the sample and the 
incompressibility condition, the elastic stress in the 
compression direction (X1) can be derived as: 

)(
)1(2

2112
1

3
1

1 CCe
m +

−
= λ

λ
λ

σ   (7). 

Where λ1(t) is the stretch ratio history that was 
derived from the actuator displacement.  The 
experimental Cauchy stress history was calculated 
based on the compression force history F(t) measured 
by the load cell and the initial cross-sectional area A0 
with the following formula: 

( ) ( )
( )tA

tFte
2
10

exp1 λ
σ =   (8). 

Assuming a relaxation function of exponential form 
as shown in (6), the model and experimental Cauchy 
time histories were derived recursively from the 
convolution integral (Equation 1).  The actual ramp 
and hold inputs were used as arbitrary inputs and the 
convolution integral of Equation (1) was carried out 
numerically as in Puso and Weiss [17].  The material 
coefficients Ci and the coefficients of Prony series Si 
and Ti were optimized, assuming the experimental 
Cauchy stresses (Equation 8) as the target values and 
defining minimization of the root-mean-square 
(RMS) error as the objective function.  Minimization 
was carried out using the Solver package of 
Microsoft Excel, which uses a quasi-Newton search 
algorithm.  A comparison between the Cauchy stress 
obtained from experimental data and the stress 
calculated from the model using the optimized 
parameters is shown in Figure 7.  The average 
reduced relaxation function of flesh (muscle) and the 
reduced relaxation function of fat are shown in 

Figure 8. The average material properties obtained 
from flesh tests and fat data are provided in Table 2. 
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FLESH VALIDATION AT LATERAL IMPACT 

 In order to verify the global response of the 
QLV material models of flesh and skin developed in 
this study, the lateral impact tests to the leg 
performed by Dhaliwal et al. [18] were simulated. 
The optimized material properties were assigned to 
the flesh and skin in the lower limb finite element 
(FE) model of the 50th percent male developed by 
Untaroiu et al [4].  

0.1 1 10 100 1000

time (ms)

Fat
Flesh

Figure 7.  Comparison between the 
experimental and model results for flesh. 

Table 2. Material Properties of Flesh and Fat. 

Tissue 
C1

(kPa) 

C2

(kPa) 

S1

 

S2

 

T1

ms 

T2

ms 

K 

MPa 

Muscle 0.12 0.25 1.2 0.8 23 63 20 

Fat 0.19 0.18 1.0 0.9 10 84 20 

Figure 8.  The reduced relaxation functions 
of flesh and fat.

Sample 

Actuator 

Stationary 
Load Cell 

X

Figure 6. The apparatus for unconfined 
compression tests with a muscle sample. 
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The femoral head, distal fibula/tibia, and the skin 
nodes in contact with rigid foam blocks (on the 
opposite side of the impact) were rigidly constrained.  

The free flying impactor was a plate (45 mm by 142 
mm – impact area) with 1.84 kg mass and 2.5 m/s 
initial velocity, as illustrated in Figure 9.  The impact 
direction was inclined 30 degrees from the lateral 
direction as in [18] to protect the fibula. The densities 
of muscle and fat were assigned as 1000, and 800 
kg/m3 respectively.  In simulations, the impactor 
force and displacement of one point of the impactor 
were calculated.  The ratio of the energy lost by the 
impactor was obtained based on the initial velocity 

 and the rebounded velocity , as in [18]: initialV reboundV

1001
2

⋅
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

initial

rebound

V
V

E   (9). 

Several simulations of the lateral impact test were run 
with other published flesh/skin material models 
mentioned before. Their simulation results, the 
results of the FE model with QLV skin/flesh models, 
typical test data of cadavers, Hybrid III dummy, and 
volunteers with relaxes and tensed muscles [18] were 
compared in terms of force-deflection response and 
the impact force histories in Figures 10, and 11 
respectively. Some characteristic parameters reported 
in [18] and their range from test data were compared 
to FE simulation results in the Table 3. 

Figure  10.   Force-deflection response; 
Comparison between FE simulation with QLV 
skin/flesh material models, other published 
models, and typical test data [18]. 
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Figure 11.  Impact Force time histories; 
Comparison between FE simulation with 
QLV skin/flesh material models, other 
published models, and typical test data [18]. 

Figure 9.  The impactor hitting the 
FE model. 

Flying impactor 

FE lower limb 
model [4] 
Table 3.  Comparison between test data [18] and 
FE simulation results for different flesh/skin 

material models used in the FE lower limb model. 
(Numbers in paranthesis indicate S.D.) 

 
Specimen/

FEM - 
skin/flesh 
material 
models 

Max. 
Force 

(N) 

Max. 
defl. 
(mm) 

Impact 
Time 
(ms) 

Energy 
Lost 
Ratio 
(%) 

Relaxed 
Volunteer 

498 
(52) 

21 
(3) 

24 
(2) 

82 
(4) 

Tensed 
Volunteer 

521 
(62) 

20 
(4) 

24 
(1.8) 

74 
(4) 

Cadaver 596 
(168) 

22 
(3) 

24.2 
(5.6) 

82 
(2) 

Dummy 535 
(8) 

24 
(0.1) 

34.2 
(0.5) 

60 
(1) 

FEM – [2] 802 14 18 45 

FEM – [6] 617 17 24 56 

FEM – [7] 1114 8.7 12.2 64 

FEM – [8] 702 15.3 21.5 41 

QLV 

material 592 20 24 64 
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DISCUSSION 

 The QLV material model developed in this 
study for MCL showed good agreement with 
experimental data in tensile tests.  In the dynamic test 
with 0.1 mm/ms displacement rate, approximately 
15% increase in the peak dynamic force was 
observed, which suggests that tissue viscoelasticity 
plays an important role in the response during impact 
scenarios.  The elastic stress-strain relationship of the 
model in tension along the collagen fibers was 
compared with the corridor provided in Quapp and 
Weiss [10].  The current material model was slightly 
stiffer at strains above 13% (Figure 5). This material 
model was determined by assuming a homogeneous 
anisotropic material for the whole MCL and 
optimizing its global tensile properties. However, 
MCL is inhomogeneous, particularly at the insertion 
sites, which could explain the difference observed in 
its local and global properties.   
 The global responses of the QLV skin/flesh 
material models developed in this study and other 
material models from the literature were compared 
with the published experimental data [18] for 
cadavers, Hybrid III dummy, and volunteers with 
relaxes and tensed muscles.  The model results using 
the identified material properties showed good 
agreement with the cadaver data in terms of the 
maximum force and displacement.  The ratio of 
energy loss (calculated based on the initial and 
rebound velocities) was 64%, which was smaller than 
the volunteer data (70-86%), but larger than the 
dummy data (60%), or other published material 
models (41-64%).  Such difference could appear due 
to inaccuracies in the determination of the Pony 
series coefficients as a result of the optimization 
procedure, the number of relaxation terms (three), the 
hold time (500 ms), and the limited number of 
cadaveric specimens tested.  Also friction at the 
impactor/skin interface contributes to the energy loss 
whereas in the FE simulation no friction was applied 
at the contact interface.  Overall, the model with 
QLV material property showed significantly better 
biofidelity than the model with linear elastic property 
in low speed impact tests.  
 The main limitation of the QLV soft tissues 
material models developed in this study is determined 
by the small number of samples used in the material 
identification processes.  Since the MCL geometry is 
not identical in all subjects, it is advisable that an FE 
model should be developed for each specimen based 
on its surface digitization.  In case of compressive 
material properties of flesh/skin, more validations are 
needed especially at high speed impacts.  

CONCLUSIONS 

 The global viscoelastic material properties 
of a representative MCL specimen were derived by 
FE optimization.  Results showed a higher stiffness at 
high strain values than the local properties derived in 
a previous study.  The viscoelastic properties 
obtained from the stress relaxation tests showed that 
tissue viscoelasticity increases the peak dynamic 
force by 15% at 0.1 mm/ms displacement rate.  
Studies of more specimens are underway and will be 
reported in the future. 

The passive material properties of muscle 
and fat were identified from unconfined compression 
tests on cadaveric samples using a QLV constitutive 
material model.  The global validation performed 
against published lateral impact test data using actual 
flesh/skin models showed more biofidelity than other 
material models used in the literature.  The high 
stiffness of several published muscle/skin models 
poses a question over the accuracy of the global 
validation results in which the skin was impacted.  
More validations tests are needed for the wide range 
of impact speeds observed in car-to-pedestrian 
collisions. 
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ABSTRACT  
Understanding injury severity patterns in roadway 
crashes is important not only from the view point of 
treating crash victims, but also for directing the crash 
avoidance efforts of traffic safety agencies and motor 
vehicle manufacturers. The factor that is most 
discussed in this context is vehicle incompatibility. 
However, there are other vehicle-, occupant-, and 
roadway-related factors, too, that play roles in injury 
severity.  
 
In order to investigate these factors in relation to the 
injury severity, this paper considers a two-vehicle 
crash as a ‘system’ with its elements: vehicles, 
drivers, and roadway. Some of the possible inputs 
(contributing factors) to this system are considered 
with a focus on injury severity of the driver as an 
outcome. The differences in weights, heights, and 
shapes, etc. of the crash-involved vehicles, vehicle 
speed, drivers’ ages and genders are the factors in 
question. Data mining the crash databases compiled 
by the National Highway Traffic Safety 
Administration (NHTSA) makes many important 
revelations. The association between the subject 
variables and driver injury severity is studied through 
contingency analysis. Configuration frequency 
analysis helps to identify patterns of injury severity. 
The main objective of the study is achieved by 
building a logit model that can be used to predict the 
likelihood of injury severity from a given set of 
vehicle-, driver-, and roadway-related crash 
characteristics.  
 
INTRODUCTION AND RATIONALE 
 
Reducing crashes on the roadways is of paramount 
importance, as is the reduction in crash injury 
severity. Many studies have been conducted on injury 
severity [e.g., 5,9]. Most of them are based on 
controlled experimentation and look at the 
phenomenon purely from an engineering or medical 
point of view.  One of the reflections of these studies 

is that vehicle incompatibility contributes to injury 
severity in a crash [6]. In other words, the larger 
differences in the sizes and weights of the crash-
involved vehicles are likely to result in more serious 
injuries to occupants of the smaller vehicle.  
 
Injury and its severity is the resultant effect of 
collision between two bodies (vehicles). Therefore, in 
order to study the magnitude of this effect, crash 
phenomenon must be looked at as an impact, i.e., the 
effect of transfer of energy from one vehicle to the 
other [7]. This results in change of relative velocity. 
As kinetic energy [=½(Mass*Speed2)] increases with 
square of velocity, the energy of motion of the 
striking vehicle dissipated to the other vehicle 
increases not only with the increasing mass but also 
with the increasing velocity.   
 
The vehicle occupants acquire the same velocity as 
the vehicles they are riding. Thus, while the colliding 
vehicles undergo changes due to conservation of 
momentum generated by the impact, their occupants, 
too. Also, the roadway conditions, to a large extent, 
govern the last moment changes, such as velocity 
change, etc. This makes it imperative in an injury 
severity related study to consider the vehicle, 
occupants, and roadway together. Following this 
rationale, a crash is considered as a system with 
interacting elements: Vehicles, Occupants, and 
Roadway.  
 
An object with small inertial mass changes its motion 
more readily than an object with large inertial mass. 
This argument applies to both the vehicles in crash 
and their occupants. This shows that for injury 
severity, if vehicle mass is a contributing factor, so is 
the occupant body mass. In fact, each element of the 
crash system has certain associated characteristics 
that contribute to the outcome (injury severity) of this 
system. Using multivariate statistical methods, this 
paper explores factors that contribute to injury 
severity. Injury severity patterns are identified as well 
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as a model is developed to predict the likelihood of 
injury severity.  
 
The current analyses focus only on the injury severity 
of the drivers involved in two-vehicle frontal crashes. 
In the subsequent discussion, the term crash will refer 
to such crashes only. Also, the term ‘occupant’ and 
‘driver’ will be used interchangeably, though always 
referring to driver and the term ‘car’ will be used for 
a ‘passenger car.’ 
 
DATA SOURCE AND MANIPULATION  
 
NHTSA compiles data on automated, comprehensive 
national traffic crashes and maintains: National 
Automotive Sampling System (NASS)- 
Crashworthiness Data System (CDS) database. The 
NASS-CDS database provides detailed information 
about vehicle-, driver-, and roadway-related 
variables. In the subsequent discussion, this database 
will be referred to as CDS. The results presented in 
the following sections are based on the CDS data for 
the years 1995 through 2003.  
 
The data used in the subsequent analyses is extracted 
from the CDS database by including only the frontal 
crashes (manner of collision=head-on) and using 
other restrictions: the number of crash involved 
vehicles (=2) and the occupant role (=driver).  
 
ANALYSIS VARIABLES  
 
Once injury severity is considered as an outcome of 
the crash system, many variables become candidates 
for evaluation. From the earlier discussion, however, 
it follows that vehicle body type, speed and change in 
velocity are important vehicle factors. Similarly, in 
order to take into account the driver’s response to 
changes that occur due to impact, occupant’s body 
mass (weight and height), age, and sex need to be 
considered, too. Road surface condition is another 
possible contributing factor. Thus, the crash system 
can be considered as an input/output system as 
presented in Figure 1, with the above factors as 
inputs and injury severity as outcome. 
 
As an aid to select appropriate CDS variables and for 
the sake of clarity in the subsequent discussion, some 
terms are explained below. 
 
Vehicle Incompatibility: Vehicle incompatibility 
between two colliding vehicles is defined in terms of 
the difference between their weights, heights, and 
shapes, etc. 
Using this definition in the context of impact, it may 
be inferred that the difference between masses of two 

colliding vehicles is one of the factors contributing to 
the extent of vehicle damage. For example, a sports 
utility vehicle or a light truck with large mass is 
likely to cause much more serious damage in a crash 
to a vehicle of smaller mass such as a sedan.  
 

 
Figure 1. Crash as an Input-Output System 

 
The variable in the CDS crash database that takes 
into account such vehicle parameters is the vehicle 
body type. Accordingly, the difference in the body 
types of crash vehicles is used to account for vehicle 
incompatibility. The two vehicle body types colliding 
in a crash will be referred to as ‘crash configuration.’ 
For example, a passenger car colliding with a light 
truck defines a crash configuration: car vs. light 
truck. 
 
Body Mass Index: Body Mass Index (BMI) is a 
composite number assigned to a driver based on 
his/her weight and height and is given by [3] 
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Based on these two driver characteristics, this 
number accounts for the response of the driver to 
forces that occur due to instant changes in an impact. 
 
Injury Severity Score: Injury Severity Score (ISS) of 
an occupant is an anatomical scoring system that 
provides an overall score for patients with multiple 
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injuries [2]. This scoring system depends on 
Abbreviated Injury Score (AIS). Of the six body 
regions, head, face, chest, abdomen, extremities, and 
external, AIS values for the three most severely 
injured body regions, say, 321 B,B,B , are used in 

calculating ISS.  Specifically, Injury Severity Score 
of a driver is given by 
 

2
B

2
B

2
BD )AIS()AIS()AIS(ISS

321
++= . 

 
Driver Injury Severity: Driver Injury Severity (DIS) 
in a two-vehicle crash is the larger of the two ISS 
values assigned to drivers, 1D , 2D  and is given by  
 

 )ISS ,(ISSMax   DIS D2D1= . 
 
Based on these definitions, the following CDS 
variables associated with the three crash system-
elements are considered in the analysis. 
 
Vehicle-related variables: In order to take into 
account the impact-related vehicle characteristics, the 
CDS variables: Body type, Travel speed, and Total 
Delta-V are considered. 
 
Driver-related variables: Since the response variable 
DIS is considered as the resultant effect of impact, 
the possible driver-related CDS variables: Age, Sex, 
Height, and Weight are used in the analysis.  
 
Roadway-related variables: In this category, the CDS 
variable thought to have some bearing on the crash 
and hence on injury severity is the Road Condition.    
 
To establish association of the selected variables with 
DIS and identify its patterns, these variables are 
categorized as shown in Table 1. This table presents 
the CDS variables, the categorization criteria and the 
resulting categories. 
 

 
ANALYSIS AND RESULTS 
 
Depending on the hypothesis of interest, mainly three 
methods are used in the analysis: Configuration 
Frequency Analysis (CFA), Contingency Analysis 
(CA), and Logistic Regression (LR). CFA is 
conducted to statistically assess the extent to which 
vehicle incompatibility (in terms of body type) can 
explain the differences in injury severity that are 
observed in the data [1]. LR provides estimates of the 
relative likelihood of injury severity [4].  For building 
an LR model, the predictor variables are initially 
screened by CA [8]. Statistical software SAS 8.2 and 
SUDAAN 8 are used for these analyses. 

Table 1. 
Categorization of Analysis Variables 

 

 

† C: Car, UV: Utility Vehicle and Van, LT: Light Truck 
 
Configuration Frequency Analysis 
  
CFA is a multivariate statistical technique that 
identifies those sectors of the data where the local 
associations are prominent. The method compares the 
observed to expected frequencies in a cross-
tabulation. The goal of this comparison is to 
determine whether the difference between the 
observed and expected frequency for a given cell 
configuration is larger than some critical value and is 
statistically significant. Any significant difference 
between the observed and expected frequency for a 
configuration indicates that in that particular sector of 
the data space, the variables are (locally) associated 
with each other, thereby showing patterns in the data. 
 
Table 7 (Appendix) shows the observed (weighted) 
and expected frequencies for each combination of 
crash configuration and DIS. Based on this joint 
frequency distribution, CFA results presented in 
Table 2 show that for driver injury severity of the 
lower order (DIS=1), the observed frequency of 
crashes involving two cars is much higher than the 
expected. This shows that on the average a driver of a 
car involved in a crash with another car: Car vs. Car  
would mostly sustain minor injuries. This pattern is 
also observed for the crash configuration: Utility Van 
vs. Light Truck, where the incompatibility is 
relatively low. In contrast, the difference between the 
observed and expected frequencies for crash 

VARIABLE CRITERION CATEGORIES 

DRIVER 
INJURY 
SEVERITY 

Injury 
Severity Score 

1: 0-5, 2: 6-10, 3: 11-30, 
4: 31-50, 5: 51 and above 

SEX Pregnancy (P) 
Male, Un-pregnant 
Female, Pregnant Female  

AGE 
Driver age in 
years 

14-25, 26-35, 36-45, 46-
54, 55-64, 65 and above 

HEIGHT 
WEIGHT 

Body Mass 
Index (BMI) 

0-18.5, 18.6-24.9, 25 and 
above 

VEHICLE 
INCOMAPTIB-
LITY 

Body Types 
of vehicles  

†
C-C, C-UV, C-LT, UV-

UV, UV-LT, LT-LT 

TRAVEL 
SPEED 

Vehicle 
Travel Speed 

0-60, 61-75, 76-90, 
91 and above 

VELOCITY 
CHANGE 

Total Delta-V 
5-25, 26-35, 36-45, 46-55, 
56-65, 66 and above 

ROAD 
CONDITION 

Road Surface 
Condition 

Dry, Wet, Snow/Slush, 
Ice,  
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configuration: Car vs. Utility Van or Car vs. Light 
Truck is higher for higher DIS. Thus, the results of 
CFA (Table 2) show that as body type of the vehicle 
colliding with a Car changes from a Car to UV and 
from UV to LT, more than expected crashes are 
observed to be resulting in higher DIS. The deviation 
from this pattern for some configurations as observed 
in the CFA results is indicative of the possible effects 
of other driver- and roadway-related factors. The 
selection of such factors for predictive modeling is 
done by CA in the following section. 
 

Table 2.  
Configuration Frequency Analysis: 

Driver Injury Severity vs. Vehicle Incompatibility 
(Crash Configuration)  

 

†
C: Car, UV: Utility Van, LT: Light Truck 

 Data Source: NASS-CDS (1995-2003) 
 
Contingency Analysis   
 
CA is conducted to test associations between the 
response variable, Injury Severity and other variables 
mentioned earlier. DIS as assessed by ISS is 
categorized in five categories, while for other 
variables the categories defined in Table 1 are used in 
the analysis. The results are presented in Table 3. 
These results provide strong statistical evidence, with 
significant χ2 (95% confidence level), that DIS is 
closely associated with Vehicle travel speed and 
velocity change; Driver age, sex, and body mass; and 
Road surface condition. 
 
Logistic Regression Model 
 
 Finally, a model is developed using LR modeling. 
This is a technique by which a functional relationship 
is established between a categorical response variable 
and the covariates.  

 

Table 3   
Contingency Analysis:  

Significance of Association Between Injury 
Severity and Vehicle-, Driver-, and Roadway-

Related Variables 
 

*Degrees of Freedom 
 Data Source: NASS-CDS (1995-2003) 

 
LR applies maximum likelihood estimation after 
transforming the dependent variable into a logit 
variable (the natural log of the odds of the dependent 
variable value occurring or not). In this way, LR 
model estimates the likelihood of a certain event 
occurring.  
 
In the context of LR model, it is important to note 
that, based on ISS, the response variable DIS is 
polytomous, i.e., it assumes five values, depending 
on the range of ISS (Table 1), rather than two values 
as in the case of a dichotomous variable. Added to 
this is its ordinal (scale-based) nature. Therefore, an 
appropriate model for the current situation would be 
what is called Baseline Logit model [4]. Under this 
model, the logits are given by  
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In this model, the coefficients provide log-odds 
comparing category Y=k to a baseline category, Y=0, 
where Y represents the response (DIS in the present 
study).  
 
Logit Model 
All predictor variables found to be significantly 
associated with DIS and all possible two-way 
interactions are considered for fitting the logit model.  

DRIVER INJURY SEVERITY VEHICLE 
INCOMPA-
TIBILITY 1 2 3 4 5 

C
†
 x  C 

(1, 1) 
5014 -1072 -2484 -859 -599 

C x  UV
†
 

(1, 2) 
-3176 2238 377 -50 611 

C x  LT
†
 

(1, 3) 
-1341 -1896 2217 774 247 

UV  x  UV 
(2,2) 103 132 -235 73 -73 

UV  x LT 
(2, 3 

1122 -387 -566 -63 -106 

 LT  x  LT 
(3, 3) 

-1722 985 691 126 -80 

VARIABLE 
CHISQR 

(D. F.) * 

ASSOCIATION  
WITH DIS 

SEX 
23.70 

(7) 
Highly significant 
(95% confidence) 

AGE 
1.09 x 104 

(15) 
Highly significant 
(95% confidence) 

BMI 
68.24 

(8) 
Highly significant 
(95% confidence) 

TRAVEL SPEED 
7.2 x 103 

(11) 
Highly significant 
(95% confidence) 

VELOCITY CHANGE 
1.55 x 104 

(15) 
Highly significant 
(95% confidence) 

ROAD CONDITION 
2.07 x 104 

(12) 
Highly significant 
(95% confidence) 
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The results of LR modeling are presented in Table 4, 
5, and 6. All test statistics provide strong evidence of 
goodness of fit of the model (Table 4).  

 
Table 4.   

Logistic Regression Results 
 

  MODEL FIT STATISTICS 
         CRITERION          INTERCEPT AND COVARIATES 
                   AIC             9.29 x 104 
                    SC                    9.30 x 104 
             -2 Log L               9.28 x 104 

TESTING GLOBAL NULL HYPOTHESIS: BETA=0 
       TEST                        CHISQR         DF      P-VALUE 
       LIKELIHOOD RATIO         4.9 x 104           22         0.000 
       SCORE                             3.7 x 104           22         0.000 
       WALD                             2.8 x 104           22         0.000 

 
Table 5. 

Logistic Regression: 
Analysis of Effects and Interactions 

 

†
Degrees of Freedom        

<< much less than  
Data Source: NASS-CDS (1995-2003) 
 
Results in Table 5 show that of all the variables 
considered in the model, the main effects: Vehicle 
Incompatibility (in terms of body type), Travel 
Speed, Total Delta V, Driver Age, Sex, and BMI are 
found to be highly significant predictors (with p-
values much less than 0.05). However, among all 
possible interactions considered in the model, the 
only interactions that are found significant (95% 
confidence level) are: Age* BMI, Age*Sex, and 
Vehicle Incompatibility*Total Delta-V. Finally, the 
estimates of the model coefficients and their 

interpretation based on log odds are presented in 
Table 6. Along with these interpretations for 
significant main effects and interactions, this table 
also provides standard errors and p-values of the 
model coefficients. 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
The baseline logit model with Injury Severity as the 
response variable and Body Type, Velocity Change, 
Body Mass Index, Age, Sex, and Road Condition as 
explanatory variables passed the adequacy test. The 
significance of all main effects in the model and 
some interactions provides strong evidence that 
driver injury severity can be explained by considering 
the vehicle-, driver-, and roadway-related variables 
together. In other words, the characteristics of these 
crash system elements are the contributing factors for 
the maximum injury severity of a driver in a two-
vehicle frontal crash.  
 
As regards patterns of injury severity, there are large 
sectors of the data space where driver injury severity 
is low for small or no body type difference, such as 
Car * Car, or UV * LT. Significantly large sectors of 
the two-vehicle frontal crash data are also identified 
where higher levels of DIS are observed for greater 
body type differences.  
 
Restricting an injury severity study only to colliding 
vehicles, to their drivers, or to roadway can provide 
only partial information about crash injuries and their 
severity. The interactions between these crash 
elements, too, are significant. In order to fully 
understand the reason why in certain situations 
drivers sustain more severe injuries as compared to 
others, a study must consider all these elements 
together. 
 
The results reported in this paper are relevant for 
driver injury severity in frontal two-vehicle crashes. 
More research is required, using the same system 
study approach, to investigate occupants’ injury 
severity depending on their seating positions in the 
vehicle. Similarly, injury severity in multiple vehicle 
crashes and that resulting from other types of 
collisions such as rear-end, sideswipe, etc. can 
provide more insight into the phenomenon of crash 
injury. Due to incomplete information for some 
categories of vehicles and the sample size problem 
arising therefrom, the model built in this study is 
based on the crash level information (i.e., the driver 
with maximum ISS and the corresponding vehicle in 
a crash). However, it may be worthwhile to develop a 
model at the individual level using other information 
sources.  

VARIABLE/ 
INTERACTION 

CHISQR 
(D. F.) † 

SIGNIFICANCE  
IN THE MODEL 

VELOCITY CHANGE 
*  VEHICLE 

INCOMPATIBILITY 

8.3 x 103 
(5) 

p-value << 0.05  
Highly significant 

AGE  * SEX 
6.5 x 103 

(2) 
p-value << 0.05 

Highly significant 

AGE  *  BMI 
6.6 x 103 

(1) 
p-value << 0.05 

Highly significant 

VEHICLE 
INCOMPATIBILITY 

8.0 x 103 
(5) 

p-value << 0.05 
Highly significant 

SEX 
5.8 x 103 

(2) 
p-value << 0.05 

Highly significant 

AGE 
120.4 

(1) 
p-value << 0.05 

Highly significant 

BMI 
5.0 x 103 

(1) 
p-value << 0.05 

Highly significant 

TRAVEL SPEED 
163.0 

(1) 
p-value << 0.05 

Highly significant 

VELOCITY CHANGE 
7.7 x 103 

(1) 
p-value << 0.05 

Highly significant 

ROAD CONDITION 
2.9 x 103 

(3) 
p-value << 0.05 

Highly significant 
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Table. 6 
Analysis of Maximum Likelihood Estimates of Parameters in the Fitted LR Model 

 
EFFECT/ 

INTERACTION 
ESTIMATE 

(SE) P-VALUE INTERPRETATION 

INTERCENPT 1 
-0.1499 
(0.5741) 

0.7940 
Log odds of getting injury (at DIS=1) versus DIS=2,3,4, or 5 for pregnant female 
driver in a crash with VEHICLE INCOMPATIBILITY (LT-LT) on icy road 
condition (=LO1)  

INTERCENPT 2 
0.9495 

(0.5741) 
0.0981 

Log odds of getting injury (at DIS=2) versus DIS=1,3,4, or 5 for pregnant female 
driver in a crash with VEHICLE INCOMPATIBILITY (LT-LT) ) on icy road 
condition (=LO2) 

INTERCENPT 3 
4.5836 

(0.5748) 
0.0000 

Log odds of getting injury (at DIS=3) versus DIS=1,2,4, or 5 for pregnant female 
driver in a crash with VEHICLE INCOMPATIBILITY (LT-LT) ) on icy road 
condition (=LO3) 

INTERCENPT 4 
6.4596 

(0.5775) 
0.0000 

Log odds of getting injury (at DIS=4) versus DIS=1,2,3,or 5 for pregnant female 
driver in a crash with VEHICLE INCOMPATIBILITY (LT-LT) ) on icy road 
condition (=LO4) 

AGE  * SEX (male) 
0.0951 

(0.0163) 
0.0000 Increment for all types of log odds (LO1, LO2, LO3, LO4) males of all ages 

AGE  * SEX (female) 
-0.0131 
(0.0163) 

0.4216 
Decrement for all types of log odds (LO1, LO2, LO3, LO4) due to females of all 
ages 

AGE  * BMI 
-0.0103 
(0.0001) 

0.0000 
Decrement for all types of log odds (LO1, LO2, LO3, LO4) due to AGE and 
BMI 

VELOCITY CHANGE * 

VIC
†

 (C-C) 
-0.019 

(0.0016) 
0.0000 

Decrement for all types of log odds (LO1, LO2, LO3, LO4) due to VELOCITY 
CHANGE and VEHICLE INCOMPATIBILITY (C-C) 

VELOCITY CHANGE * 
VIC (C-UV) 

0.1142 
(0.0015) 

0.0000 
Increment for all types of log odds (LO1, LO2, LO3, LO4) due to VELOCITY 
CHANGE and VEHICLE INCOMPATIBILITY (C-UV) 

VELOCITY CHANGE * 
VIC (C-LT) 

0.0389 
(0.0015) 

0.0000 
Increment for all types of log odds (LO1, LO2, LO3, LO4) due to VELOCITY 
CHANGE and VEHICLE INCOMPATIBILITY (C-LT) 

VELOCITY CHANGE * 
VIC (UV-UV) 

-0.014 
(0.0027) 

0.0000 
Decrement for all types of log odds (LO1, LO2, LO3, LO4) due to VELOCITY 
CHANGE and VEHICLE INCOMPATIBILITY (UV-UV) 

VELOCITY CHANGE * 
VIC (UV-LT) 

-0.223 
(0.0048) 

0.0000 
Decrement for all types of log odds (LO1, LO2, LO3, LO4) due to VELOCITY 
CHANGE and VEHICLE INCOMPATIBILITY (UV-LT) 

VELOCITY CHANGE 
-0.1118 
(0.0013) 

0.0000 
Decrement for all types of log odds (LO1, LO2, LO3, LO4) due to VELOCITY 
CHANGE 

TRAVEL 
SPEED 

-0.00651 
(0.0005) 

0.0000 
Decrement for all types of log odds (LO1, LO2, LO3, LO4) due to TRAVEL 
SPEED 

AGE 
0.1816 

(0.0166) 
0.0000 Increment for all types of log odds (LO1, LO2, LO3, LO4) due to AGE  

SEX (male) 
-3.3883 
(0.5581) 0.0000 Decrement for all types of log odds (LO1, LO2, LO3, LO4) due to male SEX 

SEX 
(female) 

1.1846 
(0.5595) 

0.0342 Increment for all types of log odds (LO1, LO2, LO3, LO4) due to females  

BMI 
0.389 

(0.0055) 
0.0000 Increment for all types of log odds (LO1, LO2, LO3, LO4) due to BMI 

VIC (C-C) 
-0.1956 
(0.0788) 

0.0130 
Decrement for all types of log odds (LO1, LO2, LO3, LO4) due to  
VEHICLE- INCOMPATIBILITY (C-C) 

VIC (C-UV) 
-5.2768 
(0.0737) 

0.0000 
Decrement for all types of log odds (LO1, LO2, LO3, LO4) due to  
VEHICLE- INCOMPATIBILITY (C-UV) 

VIC (C-LT) 
-3.3836 
(0.0740) 

0.0000 
Decrement for all types of log odds (LO1, LO2, LO3, LO4) due to  
VEHICLE INCOMPATIBILITY (C-LT) 

VIC (UV-UV) 
0.9458 

(0.1429) 
0.0000 

Increment for all types of log odds (LO1, LO2, LO3, LO4) due to  
VEHICLE INCOMPATIBILITY (UV-UV) 

VIC (UV-LT) 
13.2949 
(0.2741) 

0.0000 
Increment for all types of log odds (LO1, LO2, LO3, LO4) due to  
VEHICLE INCOMPATIBILITY (UV-LT) 

ROAD CONDITION 
(dry) 

0.1339 
(0.0267) 

0.0000 
Increment for all types of log odds (LO1, LO2, LO3, LO4) due to dry ROAD 
CONDITION  

ROAD CONDITION 
(wet) 

-1.1806 
(0.0299) 

0.0000 
Decrement for all types of log odds (LO1, LO2, LO3, LO4) due to wet ROAD 
CONDITION 

ROAD CONDITION 
(snow/slush) 

-0.6407 
(0.0503) 

0.0000 
Decrement for all types of log odds (LO1, LO2, LO3, LO4) due to snow/slush 
ROAD CONDITION 

             †VIC: Vehicle Incompatibility 
Data Source: NASS-CDS (1995-2003)



 

 
Singh, 7

REFERENCES 
 
 [1] Alexander von Eye. 2002. Configuration 
Frequency Analysis, Lawrence Erlbaum Associates, 
Publishers. 
 
[2] Baker S. P. et al. 1974. “The Injury Severity 
Score: A Method for Describing Patients With 
Multiple Injuries and Evaluating Emergency Care,” 
Journal of Trauma, 1974. 
 
[3] Centers for Disease Control and Prevention, 
http://www.cdc.gov/nccdphp/dnpa/bmi/bmi-adult-
formula.htm, April 2004. 
 
[4] David W. Hosmer and Stanley Lemeshow. 2000. 
Applied Logistic Regression. John Wiley & Sons. 
 
[5] Edwards, J., Happian-Smith, J., Byard, N., and 
Davis, C. 2000. “Compatibility–the Essential 
Requirements for Cars in Frontal Impact.” IMechE, 
Conference Transactions, Vehicle Safety 2000. 
 
[6] Evans, Leonard, 1991, Traffic Safety and the 
Driver, Van Nostrand Reinhold, New York. 
 
[7]  Haddon, W. Energy damage and the ten counter-
measure strategies, Journal of Trauma 4:321-331, 
1973. 
 
[8] Kendall, M.G. and Stuart, A. 1967. The 
Advanced Theory of Statistics, Vol. 2, Hafner 
Publishing Company, New York. 
 
 

[9] Summers, S., Prasad, A. 1999. Hollowell, W.T., 
NHTSA’s Vehicle Compatibility Research Program.  
 
APPENDIX 
 

Table. 7 
Joint Frequency Distribution of Driver Injury 
Severity and Vehicle Incompatibility (Crash 

Configuration) with the Corresponding Expected 
Frequencies 

 

DRIVER INJURY SEVERITY VEHICLE 
INCOMP- 

ATIBILITY 
FREQ 

1 2 3 4 5 

Total 

Obsrvd. 83773 7686 10355 1030 838 C
†
 x  C

 

(1, 1) Expctd. 78759 8758 12839 1890 1437 
103682 

Obsrvd. 48316 7964 8771 1186 1550 C x  UV
†
 

(1, 2) Expctd. 51492 5726 8394 1236 940 
67787 

Obsrvd. 47829 3571 10232 1953 1145 C x  LT
†
 

(1, 3) Expctd. 49171 5468 8015 1180 897 
64731 

Obsrvd. 4100 577 417 169 0 UV  x  UV 
(2,2) 

Expctd. 3998 445 652 96 73 
5263 

Obsrvd. 17096 1389 2037 320 186 UV  x LT 
(2, 3 

Expctd. 15974 1776 2604 383 292 
21028 

Obsrvd. 4196 1643 1656 268 28 LT  x  LT 
(3, 3) 

Expctd. 5918 658 965 142 108 
7791 

Total 205311 22830 33468 4926 3747 270281 
 

†
C: Car, UV: Utility Van, LT: Light Truck 

Data Source: NASS-CDS (1995-2003) 
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ABSTRACT

In rollover crashes there is a high risk for occupants to
suffer severe injuries. The number of rollovers tends to
increase at present presumably because of the increasing
number of cars with a relatively high COG (Minivans,
MPVs). Therefore there is a great potential for injury
reduction in that area. Available dummies are designed and
validated for front, side or rear impacts but not for complex
events like rollovers. So the question comes up which
Dummy should be used to assess safety systems for rollover
accidents.

The aim of the study was to get a detailed information of
the dummy behaviour compared to human behaviour in the
first phase of a rollover accident.

Series of measurements with volunteers and dummies
(Hybrid III and EuroSID) were carried out by using a current
car seat mounted on a sled with additional tilting mechanism.
Two types of motion were imposed to the sled that
represented different rollover scenarios: a pure translational
motion and a pure rotational motion. Two different
acceleration levels from the range found in real world crashes
were used. The kinematics of dummies as well as kinematics
and muscle activity of volunteers were analysed.

The results show a significant difference between the
kinematics of dummy and volunteer. In the rotational sled
motion the volunteer movement was directed to the opposite
side compared to  the dummy. Thus, the dummies do not
represent human occupants very well. Furthermore, the
kinematics of both dummies is very similar, so no preference
regarding the dummy type can be recommended. The EMG
revealed activity of all observed muscles in all test
configurations, the muscle activity influences evidently the
movement of human occupants. This results are suposed to
be useful for the development of rollover dummies and
advanced numerical occupant models.

INTRODUCTION

The objective of this work was to assess the kinematics of
the occupant in the first phase of roll. The knowledge of
occupant kinematics is essential for the design of new
restraint systems or for the trimming of current systems for
rollover accidents. Current restraint systems like curtain
airbags and belt pretensioners have the potential to prevent
severe injuries in rollover accidents. But these systems need
a correct timing of triggering to be effective. If the occupant
is already out of position when the restraint system is
triggered the system may have no effect or even worse may
lead to injuries of the occupant. This demonstrates the

importance of the occupant kinematics during the first phase
of the roll for the assessment of possible out of position
issues.

As opposed to most frontal, rear or side crashes the
accelerations acting on the occupants in rollover accidents
are usually lower and the duration of the crash is much longer
(up to several seconds). Thus, the kinematics of the
occupants can be influenced by muscular actions (both
reflexive and voluntary).

Series of experiments with volunteers and dummies were
carried out on a motion base that simulated the first phase of
a roll. The kinematics were measured by a 3D motion
capturing system, the activity of selected muscles of the
volunteers was measured via surface EMG.

The experiments were designed to answer following
questions:

• Do the occupants exert active muscle forces during the
first phase of roll?

• In what regions are muscles activated?

• Is the muscle reaction side-specific (i.e. are there
differences between the left and the right hand side of the
same muscles)?

• Does the muscle activation clearly influence the
kinematics of the occupant? How and to what extent?

• Does muscle activation (its level or time pattern) depend
on the magnitude of the accelerations the body is exposed
to? 

• Does the occupant kinematics depend on the magnitude of
the acceleration the body is exposed to?

• Are there interindividual differences in the occupant
kinematics?

• Are there differences between the kinematics of
volunteers and dummies (HybridIII and SID)?

• Which of the two used dummies is more suitable for the
usage in rollover-like scenarios?

METHODS

Experimental Setup

In order to imitate the car motion in the first phase of roll
a special sled facility with a mounted motion base has been
constructed by TUG in co-operation with LMU. The sled was
allowed to move on rails fastened firmly to the ground. A
motion base (i.e. a steel frame with wooden platform) was
anchored to the sled by a hinge so that tilting movement of
the platform was possible. A current make of a car seat with
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integrated seat belt was firmly screwed to the motion base.
For safety reasons a safety frame with tight net was attached
on both sides of the motion base (see Figure 1).

Two motion types were simulated by using the motion
base that represent the dominant features of different rollover
scenarios – translational movement (rollover scenarios with
dominant lateral acceleration in the first phase – trip over,
turn over, collision with another vehicle) and tilting
movement (rollover scenarios in which the roll is not
accompanied by significant lateral acceleration – flip over,
fall over).

The translational movement was imitated by using the
principle of inverse motion. It means that instead of inducing
an initial velocity to the sled and braking it as it would be in
the real car, the sled was exposed to the same lateral
acceleration (originally deceleration of the car) in a resting
position. The sled thus moved in the opposite direction than
the (assumed initial) movement of the car, but the effects on
the occupant are exactly the same. The translational
movement of the sled was driven by a bungee rope, the
acceleration of the sled was trimmed by adjusting the initial
pull-strength of the rope.

Figure 1.  The motion base with a seated volunteer.

The tilting movement of the motion base was driven by a
pneumatic piston; the tilting velocity was determined by the
initial air pressure. In this configuration the motion base
stood still and only the tilting movement was induced.

The whole experimental set-up was designed to minimise
all potential hazards for the volunteers. An approval of the
ethics commission of the LMU was obtained in advance.

Prior to the experiment, each volunteer got an explanation
of all procedures and signed an informed consent. His basic
anthropometric data were collected and he put on a tight non-
reflective dress.
The skin over chosen muscles was shaved and rubbed with
EGM-preparation gel for better conductivity. The Blue
Sensor electrodes were positioned over the thickest part of
the selected muscles (overview see Table 1).

Fourteen reflective markers for the kinematical analysis
were positioned on the volunteers body as depicted in Figure
2. Please note that the list contents only the markers needed
for the analysis, some more were used to facilitate the
automatic tracking process. The same set of markers was
used for the dummies as well.

Table 1.
Muscles selected for the EMG analysis.

Muscle Function

m. sternocleidomastoideus left head rotation to the right, head
tilt to the left

m. sternocleidomastoideus right head rotation to the left, head
tilt to the right

m. trapezius left adduction, stabilisation of the
shoulder girdle

m. trapezius right adduction, stabilisation of the
shoulder girdle

m. obliqus externus abdominis
left

lateral flexion of the torso to the
left

m. obliqus externus abdominis
right

lateral flexion of the torso to the
right

m. rectus femoris left knee extension, hip flexion 

m. rectus femoris right knee extension, hip flexion 

Based on the position of the real marker, the position of
the so-called virtual markers was computed automatically.
These points enhanced the analysis of the subjects
movements.

Figure 2.  Positions of the reflexive markers
on the volunteer’s body.

Because of time and cost limitations, experiments were
carried out with two volunteers, a HybridIII and a EuroSID
dummies only. The test matrix showing the overview of
experiments carried out in the movement science lab is
depicted in Table 2.

The variants slow and fast in table 1 are stated in inverted
commas because we were not able to reproduce exactly the
quickness of the translational and rotational motion for all
occupants. Though both bungee rope and pneumatic piston
enabled the regulation of the motion to a certain degree, the
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Marker

Markers on the body:
head top
head left
head right
sternum middle
shoulder left
shoulder right
elbow left
elbow right
chest left
chest right
pelvis left
pelvis right
knee left
knee right

Markers on the motion 
base:
sled right 1
sled right 2
sled left

Virtual markers:
chest middle
pelvis middle



kinematics of the sled motion were not exactly reproducible.
On the other hand, a construction of a sled facility with a
high degree of reproducibility would have been much more
consuming in terms of time and resources and the results
achieved with our motion base proved to be meaningful. The
acceleration levels in the experiments were chosen so that
they comply with two requirements – they should represent
the accelerations observed in the first phase of real rollover
accidents and at the same time the experiment had to be safe
for the volunteer. The peak lateral (inertial y-) accelerations
achieved during the translational movement as well as the
peak roll-rates achieved during the rotational movement are
listed in table 3.

Table 2.
Experimental matrix.

Occupant
translational movement rotational movement

„slow“ „fast“ „slow“ „fast“

volunteer 1 X X X X

volunteer 2 X X X X

Hybrid III X X X X

EuroSID X X X X

Table 3.
Peak accelerations/roll-rates of the motion base in the

experiments.

Occupant
y- acceleration peak (g) roll-rate peak (grad*s-1)

„slow“ „fast“ „slow“ „fast“

Volunteer 1 0.8 0.9 56 62

Volunteer 2 0.7 0.9 36 60

HybridIII 0.6 1.0 44 58

EuroSID 0.9 1.0 55 64

The peaks stated in table 3 were found from filtered
kinematical data (low-pass filter with cut-off frequency
15Hz). It should be noted that acceleration data are computed
as second derivative of marker positions and as such they are
extremely sensitive to filtering. Different filter may have lead
to different peak values.

Our experimental values are comparable to real data.
However, one has to keep in mind that rollover accidents
distinguish themselves with a very wide variety of kinematics
(not only the heights of the accelerations vary in time, but
also their directions) and as a result only a small part of
possible scenarios has been dealt with.

The experimental peak values correspond well with the
lower values of reconstructed accidents and are thus realistic.
Higher accelerations and/or roll rates would have been
dangerous for the volunteers. 

In all experiments the occupant was seated and the seat
belt properly fastened. After a check-up of all safety
measures and a proper function of all measurement devices
the propulsive devices were loaded (bungee rope pulled or
pneumatic piston filled with air). The motion of the sled
followed after a countdown, the volunteers were aware of the

motion onset.
For each occupant at least two measurements were carried

out for each motion, i.e. the slower and the faster modus.

Instrumentation

The surface EMG was measured by using an 8-channel
telemetric measurement device (NORAXON, Scottsdale,
Arizona). The measurement was triggered simultaneously
with the kinematical analysis system by the same external
trigger.

For the kinematical analysis the EVa Real Time 2.1
(Motion Analysis, Santa Rosa, California) motion capturing
system was used with 8 Falcon cameras. The recording
frequency was set at 240Hz. The positioning of the cameras
as well as the calibration of the measurement space was done
according to the recommendations of the system
manufacturer.

Evaluation and Analysis

The EMG Data were rectified and plotted at the same
time and voltage scale in order to facilitate the assessment of
the total amount of muscle activity. Because the position of
the electrodes did not change between various test runs, it is
possible to evaluate activation differences of the same
muscles in various situations. However, a comparison
between various muscles of the same subject is not possible
because of likely differences in the amounts of muscle units
recorded.

The trajectories of the markers on the subject’s body and
on the motion base were tracked by using the EVa software
and low-pass filtered with a cut-off frequency set at 15Hz.
The positions of the virtual markers were computed in the
system as defined by the investigator.

For the presentation of the occupant kinematics,
screenshots from the animations have been made in the
overall (near to frontal) view and in the top view (xy plane).

RESULTS

Translational Movement

Muscle Activity Analysis 
Both subjects showed a considerable amount of muscle

activity during the simulated first phase of roll in the slow as
well as in the fast variant of the test. Active were apparently
all the considered body regions – the neck, abdomen as well
as the legs.

The onset time of muscle activity does most likely not
depend on the quickness of the movement of the sled – we
have found approximately the same values for the slow and
the fast variants in both tested subjects. The fastest response
show the neck muscles (sternocleidomastoideus) with the
onset at approx. 0.1sec. A little bit slower reaction time has
been found for the abdomen muscles and the upper leg
muscles followed with a minor delay (reaction time up to
0.2sec). The response of the trapezius muscle was
inconsistent and varied between 0.1sec and 0.2sec.

These findings correspond to our expectations – the neck
muscles react first because the head is accelerated with
respect to the torso and the muscular actions are presumably
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aimed at its stabilisation. The stabilisation of the torso
follows and because the legs are supported on the floor, no
actions are needed until the torso has deviated from its
upright position.

Though the translational movement of the sled was
oriented from the left to the right hand side of the sitting
subject, relatively little lateral differences in the muscle
activation were found. The abdominal muscles showed about
the same reaction on both sides in both subjects. It means that
the muscles stabilise the torso regardless of the direction of
acting forces (accelerations). The neck muscles showed
concurrent activation as well. However, in the first subject
there was completely the same activation onset time on both
sides of the body whereas in the second subject there was a
shift towards the right hand side (i.e. the right muscle was
activated earlier and a concurrent activity followed, see
Figure 3). It is apparent as well that there is more activation
on the right hand side at the beginning of the movement – the
muscle counteracts the tendency of the head to move to the
left. After approximately 0.2sec there is no difference
between the left and the right hand side of the neck
musculature.

Also evident from Figure 3 is a higher amount of muscle
activity in the faster variant of the movement. Though it is
impossible to quantify the force exerted by the muscles (that
is only to a certain degree possible in isometric contractions),
the amount of muscle activity can be compared because the
positions of the electrodes were exactly the same for both
measurements. These results are also plausible, because
higher sled accelerations bring about higher accelerations of
the head and therefore more muscle force is required for
stabilising.

Similar tendency (i.e. more muscle activation in case of
higher accelerations) has also been observed in other muscles
except for the upper leg muscles.

Figure 3.  EMG of m. sternocleidomastiodeus left (red)
and right (blue); top row: Volunteer 1, slow (left) and fast
(right) motion of the sled; bottom row: Volunteer 2; left
column: slow (left) and fast (right) motion of the sled.

Occupant Kinematics Analysis
The kinematics of all measured occupants (volunteers as

well as dummies) recorded as 3D – Trajectories of selected
points on the surface of various body segments is a very
complex phenomenon. A simple synchronisation of all trials
does not make sense because accelerations induced to the
sled vary and the sled position as well as acceleration level in
various trials differ one from another at the same point of
time. Thus, two space locations of the sled were chosen and
the positions of the occupant at these configurations were
evaluated. The sled locations were chosen approximately at
the beginning and at the end of the sled acceleration phase,
the sled travelled 0.76m between the two screenshots. In the
following, only the most interesting screenshots are
presented, the complete set of pictures from all measurement
runs can be found in the attachment.

It is apparent from the figures that only very little
movement of the head and shoulder relative to the hip and
chest occurs. Volunteer 1 as well as both dummies stayed
with their trunk and head upright, only volunteer 2 showed
some bending in the trunk. It means that there is most
probably a high degree of interindividual variability in the
response of human subjects to low lateral accelerations.
Different kinematics of both volunteers corresponds well
with the deviations found in the EMG singnal as discussed
above.

The dummy response met our expectations – both
dummies are too stiff in the neck and shoulder region and tip
over without bending the neck. With higher accelerations the
trend observed in volunteer 2 would probably become more
apparent in both volunteers whereas the dummy response
would most probably stay the same. Because of safety
reasons it was impossible to expose the volunteers to higher
accelerations.

No noticeable rotation about the longitudinal axis was
found in any of the evaluated segments in all occupants, no
signs of movement forward or backward of the upper torso or
the head were recorded. Thus, in this scenario the movement
of the occupant can be considered planar in the frontal plane.

With respect to crash testing there is no preference
regarding the dummy type to be used – both Hybrid III and
EuroSID show the same (very stiff) behaviour.

Rotational Movement

Muscle Activity Analysis 
Similarly to the translational movement, all the selected

muscles responded to the rotational motion of the sled.
However, some differences in the response have been
observed.

The onset of the muscle activity corresponded roughly to
the one found in the translational movement except for the
upper leg muscles which were activated significantly later in
the second volunteer. The most striking difference between
the two volunteers has been found in the activation of the m.
obliquus externus abdominis as shown in Figure 4.

Whereas the first volunteer activates the muscles on the
left hand side of the body much sooner than on the other side,
there is no lateral difference in the response of the abdominal
muscles in the second volunteer. These reactions show two
different strategies of the human subjects:

• An active effort to stabilise the trunk by means of
concurrent muscular actions on both sides of the trunk
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(the second volunteer).

• Bending of the torso actively back to the vertical position
after its deviation due to the sled rotation (the first
volunteer). The tilting motion of the sled was oriented
clockwise from the point of view of the subject so the left
hand side of the abdominal musculature was employed in
the correction.

In spite of the huge difference between the left and right
side found in the first volunteer in the abdominal muscles, all
other muscles have shown exactly the same activation timing.
The effort of the subject was possibly concentrated on the
straightening of the torso whereas other body regions were
stabilised.

The concurrent activity of abdominal muscles of the
second volunteer was in turn followed by higher activity of
the left hand side musculature of the neck (m. trapezius) and
legs (m. rectus femoris). Thus, this subject corrected
presumably the position of the head more in the shoulder
region as opposed to the first volunteer.

A minor increase of the activation volume can be
observed with higher sled acceleration in all measured
muscles.

As mentioned above, it is impossible to assess
quantitatively the amount of muscle activation in various
muscles. Any conclusion regarding the exerted muscle forces
and their influence on the kinematics of the subjects would
therefore be misleading. However, the measurements provide
valuable information about the response of human subjects to
the movements in the first phase of roll.

Figure 4.  EMG of m. obliquus externus abdominis left
(red) and right (blue); top row: Volunteer 1, slow (left)
and fast (right) motion of the sled; bottom row: Volunteer
2; left column: slow (left) and fast (right) motion of the
sled.

Occupant Kinematics Analysis
It is important to note that though the rotational

movement of the motion base represented the first phase of
other rollover types as discussed above, the overall rollover
direction stayed the same (i.e. if a car would slide laterally as
simulated by the translational movement, it would roll in the
same direction as simulated by the rotational movement).

The kinematics of both dummies were according to our
expectation the same as in the translational movement – their
whole bodies just tipped over in the direction of the motion
base rotation without any relative movement in the torso or
neck regions. As apparent from the figures, there are no
differences between the two dummies. Consequently, no
preference regarding the usage in a rollover crash-testing can
be recommended.

There were significant differences found in the kinematics
of human subjects between the translational and rotational
movement of the motion base. The bending of the torso and
neck is oriented opposite to the one found in the translational
movement. Figure 5 shows the comparison between the two
movement types in volunteer 2.

In the fast variant of the test the bending of the upper
torso and neck becomes even more pronounced.

Figure 5.  Bending in the torso and neck regions in
volunteer 2 in the translational (up) and rotational
(down) movement of the motion base, the early (left) and
late (right) phase of the measurement, fast variant.

Though the above described lateral flexion of the upper
torso and the neck occurs in both volunteers, the situation is
similar to the one found in the translational movement, i.e.
volunteer 1 tends to stay more in an upright position and the
bending is only slightly indicated whereas volunteer 2 shows
a much higher range of flexion. This fact is probably
interrelated with the differences found in the muscle
activation as described above and it indicates a huge
interindividual variability of the response in human subjects.

The orientation of the shoulder, chest and hip regions did
not change. The initial positions of the head markers were
checked as well and deviations of the marker placement were
excluded. The head of both volunteers rotates from the initial
position and the rotation angle increases with time and/or
rotation angle of the motion base. 

Figure 6 shows the difference in the head/neck and upper
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torso bending between the volunteers and the dummies in the
late phase of the rotational movement. Evidently, the
volunteers exert lateral flexion so that the head bends against
the direction of the roll whereas the head of the dummies
stays in parallel with the longitudinal axis of the body. The
relative movement of the head shows thus opposite direction.
Please note that for practical reasons the positions of the
markers on the volunteers differ slightly from the dummies
so the points on the top view do not overlap completely.
However, the relative movement of the segments of interest
is demonstrated very clearly.

Figure 6.  Difference in the lateral flexion of the head and
upper torso of the volunteers and the dummies – late
phase of the fast rotational movement. Top left
volunteer1, top right volunteer 2, bottom left Hybrid III,
bottom right EuroSID

CONCLUSIONS

• Both volunteers exerted in all tests active muscle forces,
i.e. active movements of the occupants in the first phase
of roll are very likely.

• Muscle activity was registered in all regions taken into
account

• Differences between the activity of the left and the right
hand side of the same muscles were found, i.e. the
direction of the movement influences the muscle
activation pattern.

• The muscle activity influences the kinematics of the
occupant. The response to various movements (rotational
versus translational movement) is different.

• With increasing accelerations the response pattern does
not change significantly, but the volume of muscle
activity increases.

• The relative movement of the shoulder and head/neck
regions (i.e. lateral flexion) in the rotational and
translational motion differ substantially from each other –
the directions of the lateral flexion are opposite. The
occupant kinematics is thus highly dependent on the
rollover type.

• The occupant kinematics does not change substantially
with increasing acceleration (i. e. the same trends can be
observed), but the trends become more apparent.

• There is a high degree of interindividual variability in the
occupant kinematics.

• Relevant differences were found between the kinematics
of human subjects and the dummies.

• Both the Hybrid III and the SID dummies show the same
kinematics in the first phase of roll. Therefore, there is no
preference with respect to their usage in rollover
scenarios.
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ABSTRACT INTRODUCTION 

The International Harmonized Research 

Activities (IHRA) Side Impact Working Group is 

proposing a 15-degree oblique pole test as part of a 

comprehensive side impact evaluation protocol. 

Since collision data from around the world indicate 

that young males are overrepresented in single 

vehicle collisions into fixed objects (women tend to 

be over-represented in vehicle-to-vehicle crashes), a 

side impact anthropometric test device representative 

of a 50th percentile adult male is believed to be the 

most appropriate dummy size to evaluate the 

protective capabilities of vehicles subjected to pole 

impacts.   

 The Transport Canada Side Impact Research 

Program was initiated in 1999 to identify factors 

contributing to serious injuries among women 

involved in vehicle-to-vehicle side impact crashes 

and to evaluate the appropriateness of new barrier 

designs and crash configurations. In the latter half of 

2003 members of the IHRA Side Impact Working 

Group (SIWG) identified that laboratory data 

comparing oblique to perpendicular pole impacts 

were needed to  help the SIWG define a harmonized 

test protocol for pole impacts that could be 

scientfically corroborated. Transport Canada began a 

pole test program in 2004 to compare the effects of 

oblique and perpendicular strikes. This paper 

presents the results of three paired oblique and 

perpendicular pole impacts conducted with the 50th

percentile world harmonized side impact dummy, 

WorldSID. Two additional paired oblique pole tests, 

carried out to compare the response of the WorldSID 

and ES-2re in oblique pole testing conditions, are 

presented. Given the preliminary character of these 

results, parameters to be monitored and 

recommendations for further testing are discussed.  

In support of the IHRA Side Impact working Group 

activities, Transport Canada conducted a series of 

paired vehicle tests to compare the responses of 

WorldSID in 15-degree oblique pole tests to those 

observed in a perpendicular pole test. Vehicles 

included small North American vehicles equipped 

with head-thorax seat mounted side airbags and mid-

size and SUVs equipped with both seat mounted 

thorax airbags and curtain technology.

While the oblique test configuration tended to 

result in more elevated responses a number of test 

parameters including side airbag deployments, 

dummy arm kinematics and dummy position were 

found to significantly affect dummy responses. 

WorldSID performance and thoracic measurement 

sensitivity in the oblique loading environment 

observed in the 15-degree pole test are discussed 

and compared to that of the ES-2re.  

METHODOLOGY 

Vehicle Selection 

Three different model year 2004 vehicle types 

were selected for the comparison. These included a 

small North American 4-door sedan with seat 

mounted combination (head/ thorax) side airbags 

identified as ‘model A’; a mid-size Japanese 4-

door sedan with seat mounted thorax side airbags 

and curtain identified as ‘model B’ and a European 

SUV with seat mounted thorax side airbags and 

curtain identified as ‘model C’.  Vehicles selected 

for the WorldSID and ES2-re comparison included 

two model year 2003 vehicles identical to ‘model 

A’ but without side airbags and two small 4-door 

German sedans equipped with seat mounted thorax 
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airbags and curtains and identified as Model ‘D’. 

The test matrix is presented in Table 1. 
Dummy Positioning 

The WorldSID and ES-2re were both positioned in 

the driver seat as per the University of Michigan 

Transportation Research Institute (UMTRI) 

procedure, now referred to as the IIHS/UMTRI 

seating procedure. This procedure places the dummy 

in a seat track location and in a seat orientation 

believed to be statistically representative for a mid-

size male and just forward of the B-pillar [2]. A 

common seating procedure was required for both 

dummies to facilitate comparison. Precautions were 

taken to ensure that the outboard arm was in place at 

45º to the spine prior to impact.

Table 1: Test Matrix 

Impact Angle Vehicle Test 

Mass 

kg 90º 15º 

Model A 1427 WS  

Model A 1427  WS 

Model B 1642 WS  

Model B 1662  WS 

Model C 2521 WS  

Model C 2520  WS 

Model A �03 1429  WS 

Model A �03 1430  ES2-re 

Model D 1752  WS 

Model D 1772  ES2-re 

Vehicle Preparation and Launch 

Uni-axial accelerometers are generally installed in 

the driver-side door sill, in the four quadrants and 

centre of the driver door, at the base of the B-pillar 

and at the side rocker panel on the passenger side. 

A tri-axial accelerometer is installed at the vehicle 

centre of gravity. The driver-side window is taped 

to prevent glass splatter from interfering with 

camera views. 

The tires are removed and the wheels placed on 

small trolleys as shown in Figure 1. The vehicle is 

aligned with the dummy head CG and launched at 

29 km/h for perpendicular impacts. The 15º 

oblique impacts are aligned through the driver’s 

head cg and launched at 32 km/h.

Data Acquisition and Videography 

The WorldSID dummy instrumentation included a 

nine accelerometer cluster in the head; a 6-axis load 

cell at the upper and lower neck; an InfraRed 
Telescoping Rod for Assessment of Chest Compression 
(IRTRACC)  (Rouhana, 2002) at the shoulder, each of 

the three thoracic and two abdominal ribs; tri-axial 

accelerometers at the upper, mid and lower spine and 

pelvis; accelerometers at each rib and on the spine 

box opposite each rib; and single axis load cells at 

the acetabulum, pubic symphysis and iliac.   

The ES-2re included a tri-axial accelerometer at the 

head CG; a 6-axis load cell at the upper and lower 

neck; a linear potentiometer at the shoulder and each 

of the three thoracic ribs; tri-axial accelerometers at 

the upper, mid and lower spine and pelvis; 

accelerometers at each rib and on the spine box 

opposite each rib; and single axis load cells at the 

acetabulum, pubic symphysis and iliac.

All data recording and filtering was performed in 

accordance with SAE J211. Collisions were filmed at 

1000 frames / second from multiple views.

Figure 1: Photo of test set-up.
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RESULTS BY TEST CONFIGURATION The results for the vehicle acceleration and 

intrusion profiles are presented first and followed 

by the WorldSID responses. Airbag Performance There were two incomplete 

deployments of the seat mounted head torso airbag 

in model ‘A’; one instance of a curtain deploying 

behind the B-pillar trim in the perpendicular 

impact of model ‘C’ and one occurrence of punch 

through during the oblique impact of model ‘B’. In 

both the perpendicular and oblique modes, the 

head thorax bag became entrapped by the intruding 

door trim and was deviated rearwards behind the 

driver seat. Timing during the perpendicular crash 

was such that the upper portion of the bag had just 

enough inflation to cradle the neck as the head 

rotated outboard and to prevent head contact with 

the pole. During the oblique crash, the impact 

point was 128 mm forward of the perpendicular 

impact point and though the bag became entrapped 

in a similar way, it was ineffective in preventing 

the head from striking the pole. Given the airbag 

deployment problems in the perpendicular mode, it 

is likely that the impact point alone (independent 

of the angle) affected the dummy head kinematics.  

Vehicle accelerations for the center of gravity of the 

vehicle are presented in Figures 2 through Figure 4. 

It should be noted that the oblique configuration was 

characterized by higher impact energies: model ‘A’ 

was exposed to approximately 3% more energy in 

the oblique test; model ‘B’ to approximately 10% 

more energy and model ‘C’ had 5 % more energy in 

the oblique test. 

Acceleration comparisons could only be carried out 

for models ‘B’ and ‘C’. During the oblique test of 

model ‘A’ the undercarriage of the vehicle was 

struck by the towing cables causing eroneous 

measures to be recorded in all 3 axes.  

Longitudinal accelerations at the cg of model ‘B’ and 

‘C’ were not significant. As illustrated in Figure 2, 

the longitudinal component of acceleration during 

the first 22 msec of pole crush in the oblique loading 

condition was of the order of 3 g, indicating that 

there was very limited forward motion of the vehicle. 

In comparison, the perpendicular test vehicle 

acceleration trace displays a flat profile until 

structural deformation of the vehicle has been 

initiated.  

In model ‘B’ there were no problems with 

deployment path or timing; however punch-

through occurred because the head impact was 

centered on a seam between two fully inflated 

chambers. Again, the more anterior impact point, 

located 132 mm forward of the perpendicular 

target affected the head trajectory.  
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Incorrect deployment of the curtain as observed in 

the perpendicular test of model ’C’ has also been 

observed in other testing involving the IIHS 

barrier. It would appear that early onset 

deformation of the roofline causes disruption of 

the interior roof and/ or B-pillar trim leading to 

entrapment of the curtain. It was not possible to 

accurately compare deployment timing in oblique 

and perpendicular modes due to instrumentation 

and measurement limitations. Unlike frontal or seat 

mounted airbag openings, which can be accurately 

tracked with a simple filament switch the length of 

the curtains and variety of deployment patterns 

preclude the use of these non-intrusive 

methodologies.  

Figure 2: Longitudinal acceleration traces at the 

CG of Model �B� for the two test conditions. 

Lateral accelerations for model ‘B’ in the two test 

conditions are shown in Figure 3. The oblique pole 

test trace displays a 10 msec delay in onset compared 

to the perpendicular test and a greater magnitude 

reflective of the increased energy associated with this 

impact. 
At present it is not possible to employ more 

accurate techniques without tampering with the 

trim and electrical conduits. The extent to which 

deployment timing is affected by the pole impact 

angle is therefore not quantifiable at this time.  

A comparison of the vertical acceleration 

components for Model ‘B’ is presented in Figure 4. 

Vertical accelerations were more prominent in the 

oblique test condition. This was observed for both 

Models ‘B’ and ‘C’ where peak vertical accelerations 
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were of the order of 21 to 23 g in oblique compared 

to 9 to 10 g in the perpendicular mode. 

Figure 3: Lateral CG acceleration traces for Model 

�B� in the two test conditions. 

Figure 4: Vertical CG acceleration traces for Model 

�B� in the two test conditions. 

Vehicle intrusion patterns measured at the mid-door 

are shown for Model ‘B’ in a full size plot in 

Appendix A. The impact point for the perpendicular 

pole impact is aligned with the WorldSID lateral 

head CG and is located approximately 100 mm 

forward of the B-pillar. In the oblique alignment the 

target impact point was obtained by passing a plane 

through the true CG of the head at a projected angle 

of 15 degrees; placing the actual impact point 135 

mm forward of the perpendicular impact point or 235 

mm forward of the B-pillar. Peak intrusion at the 

mid-door for ‘Model ‘B’ in the oblique mode 

attained 450 mm compared to a peak intrusion value 

of 410 mm in perpendicular. The oblique intrusion 

pattern was shifted some 100 mm forward of the 

perpendicular intrusion trace. The intrusion profiles 

were similar for all three model types. The oblique 

pole always resulted in greater intrusion where peak 

intrusion at the mid-door ranged from 352 to 431 

mm for Model ‘C’ and ‘A’ respectively. In contrast, 

peak intrusion for the perpendicular mode ranged 

from 310 mm for Model ‘C’ to 361 mm for ‘Model

‘A’ 

WorldSID responses  are presented for the head, 

thorax and abdomen.  The elevated head 

accelerations observed for the oblique tests and 

shown in Figure 5 were due to the punch through 

that occurred with the Model ‘B’ curtain and the 

unsuccessful deployment of the seat mounted 

combination airbag in Model ‘A’ described earlier. 

Since both curtain and seat mounted airbag 

entrapment have been observed in IIHS tests and in 

SUV-to-car tests the inflation problems illustrated 

here can not readily be attributed entirely to impact 

angle. Given the insignificant longitudinal 

component of acceleration detected in the vehicle it 

is assumed that the forward motion of the head, 

defined by the longitudinal head acceleration trace 

illustrated in Figure 6, was due to the shift of the pole 

impact point, 132 mm forward, rather than the 15 

degree impact angle. This forward displacement of 

the head towards the pole was sufficient to cause the 

head to impact a seam in the curtain located 20 mm 

beyond the fully inflated section impacted during the 

perpendicular crash.  
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Figure 5: Peak resultant head acceleration for the 

WorldSID in three paired tests perpendicular and 

oblique. 
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Figure 6: Longitudinal component of the WorldSID 

head acceleration in Model 'B'. 

The WorldSID shoulder, thorax and abdominal peak 

rib deflections for models ‘A’ ‘B’ and ‘C’ are 

presented in Figures 7 though 9 respectively. 

Deflections were generally higher in the oblique pole 
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impacts than in the perpendicular impacts. Shoulder 

and rib 1 deflections were twice as high in the 

oblique condition for both Model ‘A’ and ‘B’; while 

the increase in deflections for the remaining thoracic 

and abdominal ribs was greatest in the oblique test of 

model ‘B’.  

Figure 7: WorldSID thorax and abdominal responses 

for Model 'A'. 

Figure 8: WorldSID thorax and abdominal 

responses for Model 'B'. 

Figure 9: WorldSID thorax and abdominal 

responses for Model 'C'. 

In the Model ‘A’ perpendicular test a peak 

deflection of 42 mm was recorded at the second 

thoracic rib dropping off on either side at rib 1 

and rib 3 and rising again slightly in the second 

abdominal rib. In the oblique mode the loading 

pattern was similar however, the peak 

deflections were greater, 68 mm and were 

localized at rib 1. The seat mounted airbags in 

models ‘A’ and ‘B’ became entrapped by the 

door trim and could not be seen interacting 

with the driver in any camera view. They are 

therefore not considered to have influenced the 

deflection pattern of the thorax to any great 

extent. 
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The airbag performance and dummy kinematics 

observed in Model ‘C’ were quite different than 

the outcomes recorded for the other 2 models. In 

the perpendicular mode the seat mounted airbag 

was not obstructed and had sufficient force to 

rotate the driver arm upwards just high enough 

for the intruding door to dislodge the shoulder 

and arm complex into the window opening, 

further exposing the chest to the intruding 

structure. In the oblique mode, the thorax airbag 

initiated arm rotation as well, however the 

motion of the arm was stopped when the 

intruding door structure, now more forward, 

entrapped the arm and the shoulder. The shoulder 

became wedged in the rear lower corner of the 

window trim.  
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Examination of remaining responses including T1, 

T4 and T12 accelerations indicated that the peak 

values in all three axes were all greater in the oblique 

mode with Model ‘C’ being the exception. 

RESULTS BY TEST DUMMY 

WorldSID (WS) and ES-2re comparison in Oblique 

Test Conditions is based on two vehicle models 

which included a pair of 2003 Model ‘A’ vehicles 

without side airbags and a pair of 2004 Model ‘D’ 

vehicles equipped with both curtain and seat 

mounted airbags. 
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The dummies were seated using the same seating 

procedure as described for the previous analysis 

except that special attention was given to matching 

key landmark locations to ensure that placement was 

comparable. All four dummy comparison tests were 

conducted in the oblique configuration. 
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Table 2: Overview of test parameters 

0

10

20

30

40

50

60

70

80

ES-2re Model 'A' WS Model 'A' ES-2re Model 'D' WS Model 'D'

X Y ZMODEL MASS 
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T 
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mm 

�A� WS 1428.8 32.61 12 right 

�A� ES-2re 1429.9 32.54 0 

�D� WS 1752.1 32.7 7 right 

�D� ES-2re 1771.5 32.99 18 right 
Figure 11: Comparison of peak head accelerations 

measured in the WS and the ES-2re. 
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Figure 10: Comparison of paired vehicle cg 

accelerations. 

Test mass, impact velocity and impact points were 

matched as closely as possible. The impact point 

measurements shown in Table 2 reflect the distance 

from the intended target. For example in the test of 

Model ‘A’ with the ES-2re the intended vehicle 

target was struck, however in the test with Model ‘D’ 

the actual impact point was 18 mm to the right of the 

intended location. 

Figure 12: Comparison of peak shoulder force 

measured in the WS and ES-2re. 

Figure 10 illustrates a comparison of the 

accelerations measured at the cg of each vehicle. 

Both tests of Model ‘A’ had comparable responses in 

all three axes. The large vertical acceleration 

recorded for the Model ’D’ test with the WS was 

actually due to the towing cables striking the 

undercarriage of the vehicle. 
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Figure 13: Comparison of peak thoracic rib deflections 

measured in the WS and ES-2re. 
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The previous test results indicated that for the WS 

dummy, shoulder, thorax and abdominal response 

were influenced by the impact location and airbag 

interaction with the arm. The results obtained from 

the comparitive dummy testing help to quantify the 

effect that dummy design, specifically shoulder 

design, can have on shoulder and thoracic rib 

responses. Figure 12 illustrates the components and 

resultant shoulder force measured in both dummies. 

It should be noted that while the resultants are 

equivalent, the components of force are quite 

different for the ES-2re and the WS. In Model ‘A’ 

for example, the ES-2re longitudinal force 

component is almost equal to the lateral component, 

suggesting that the peak load is being transmitted at 

an angle aproaching 45 degrees. The peak value of 

the longitudinal force in the ES-2re is three times the 

magnitude of the longitudinal forces measured in 

WS. In contrast, the WS shoulder is characterized by 

a predominantly lateral force component. A similar 

observation can be made in Model ‘D’ where the ES-

2re shoulder response is characterized by strong 

longitudinal and vertical components whereas the 

WS shoulder response is again predominantly lateral. 

The measured shoulder deflection for WS attained 

the maximum excursion of 70 mm in both Models 

‘A’ and ‘D’ signaling the location of an important 

load path at the shoulder complex. 
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Figure 14: Comparison of T12 lower spine

acceleration measured in the WS and ES-2re. 
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Figure 15: Comparison of the normalized 

abdominal responses for the WS and ES-2re. 

Deflections for the upper, mid and lower thoracic 

ribs are shown in Figure 13. In Model ‘A’ the ES-2re 

deflections were characterized by a flat profile, 

ranged from 36 mm to 39 mm and were all lower 

than the corresponding WS rib deflections. In Model 

‘D’ the first and third ribs of the ES-2re deflected 47 

mm while the centre rib deflected marginally less at 

40 mm. In WS the first rib tracked the shoulder and 

deflected 57 mm while the remaining lower ribs 

deflected between 31 mm and 36 mm. Based on the 

combined load and deflection measures it appears 

that in Model ‘D’ the load was transferred primarily 

through the shoulder and first rib, essentially sparing 

the remaining ribs of significant contact with the 

door. While the deflections measured in the ES-2re 

ribs were elevated it was not able to localize the load 

path.  

Abdominal response in the ES-2re is measured with 

3 load cells located in the anterior, mid and posterior 

pelvic cavity. In the WorldSID abdominal injury risk 

is determined from two abdominal rib deflections. 

Figure 15 compares the ES-2re abdominal force 

response normalized to the NHTSA Notice of 

Proposed Rulemaking abdominal injury criterion of 

2,500 N. The WS response represents the maximum 

abdominal rib deflection normalized to 42 mm. 

Though injury criteria have yet to be specified for 

WorldSID abdominal responses a value of the order 

of 42 mm of deflection is anticipated. Based on the 

normalized responses of Figure 15, the ES-2re 

predict an acceptable level of injury risk for both 

Model ‘A’ and Model ‘D’; the WorldSID rib 

deflections however, predict an unacceptable level of 

abdominal injury risk for Model ‘A’ where the 

maximum deflection, occuring in rib 2, surpassed 60 

mm. Indeed it appears that the ES-2re is not 

sufficiently sensitive to differentiate between an 

aggressive armrest and a more compliant armrest 

combined with an effective thorax airbag. 

The components and resultant lower spine (T12) 

accelerations for the ES-2re and WS are shown in 

Figure 14. In Model ‘A’ the WS accelerations are 

lower than those of the ES-2re whereas they are 

equivalent in Model ‘D’. In all cases the resultant 

accelerations fall below the proposed limit of 82 g 

cited in the Notice of Proposed Rulemaking. 
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DISCUSSION 

Oblique and Perpendicular Tests. WorldSID 

responses were generally higher in the 15 degree 

oblique pole impact test when compared to a paired 

perpendicular pole test. Besides the obvious 

difference in orientation of the vehicle with respect 

to the pole, an oblique pole test differs from a 

perpendicular pole test in three ways: 

a) The impact location is dependant on a plane 

drawn through the true cg of the dummy head 

and projected 15 degrees onto the curved 

surface of the vehicle door and therefore quite 

sensitive to dummy positioning;  

b) The impact point is shifted forward of the 

perpendicular impact point by a distance of 

approximately 130 mm. 

c) The impact energy is 2% higher due to the 

increased impact velocity. However when 

combined with test track accuracy, oblique 

pole tests were up to 10 % higher in this small 

sample.  

The analysis of the vehicle acceleration response 

describes an impact event principally characterized 

by a lateral component of force suggesting that the 

approach angle alone is not sufficient to cause 

observable differences in the vehicle motion. 

Dummy kinematics are nevertheless affected by the 

three differences cited above. Video analysis and 

accelerometer data suggest the occurrence of a small 

but important forward motion of the dummy toward 

the impact point. This displacement influences the 

location of head strike as well as the exposure of the 

shoulder and thorax ribs. In the Model ‘B’ 

comparison for example, the impact point was 

situated 132 mm forward, which corresponded to less 

than a 20 mm shift in the head contact point and was 

just enough to place the head beyond the protective 

limits of the curtain. The forward motion added to 

the inertial loading of the dummy and placed the 

chest in an area of greater intrusion. 

In the interest of future harmonized side impact test 

protocols it may be advantageous to consider a 

perpendicular pole test with an impact location 

defined by a specified distance forward of the 

dummy head CG. This way the complexity of 

alignment is removed. 

The kinematics of the dummy arm and shoulder in 

Model ’C’ were sufficiently unique to warrent 

further study. At present, little is understood of the 

interaction between an inflating thorax bag and the 

arm (human or otherwise) in the crash environment. 

Is it possible that the airbag contribute to injury by 

exposing the chest? Would a human arm stay in 

place during the loading phase and protect the chest? 

The need for in-depth field accident investigations 

and further laboratory crash testing is clear. 

WorldSID and ES-2re Responses

Vehicle impact conditions and acceleration responses 

were sufficiently comparable to assume that the 

paired tests were equivalent and amenable to the 

comparitive analysis of dummy responses. Important 

differences were observed in the shoulder responses 

of the ES-2re, designed to rotate out of the way when 

struck, and the compliant WorldSID shoulder. The 

components of force measured at the shoulder of the 

ES-2re describe a combined loading characterized by 

equivalent longitudinal and lateral forces whereas the 

WorldSID forces are purely lateral. The non-

compliant shoulder of the ES-2re is seen to lead to a 

rotation of the thorax, displacing the side of the 

dummy inboard. This inherent rigidity of the 

shoulder was observed to cause a reduced excursion 

of the head when compared to the WorldSID head 

kinematics. The rotation of the chest was also 

responsible for altering the deflection pattern of the 

ribs, resulting in lower rib deflections that were 

evenly distributed across the three ribs.  In the case 

of WorldSID the shoulder flexes and shrugs and 

stabilizes in position to transmit the lateral load 

through the thorax.  

Comparative tests of the ES-2 and ES-2re carried out 

within the WorldSID Task Group activities found 

that the oblique test configuration led to reduced rib 

deflections when compared to the perpendicular 

configuration. Simulations carried out by Subaru in 

support of the IHRA side impact working group 

actvities suggest that the performance of the ES-2 is 

more sensitive to the location of the impact point 

than to the angle of impact. This finding is consistent 

with the findings reported for the oblique and 

perpendicular comparison with WorldSID. 

The measurement capability of the WorldSID 

shoulder rib in combination with the rib deflection 

measurements of the three thoracic ribs and two 

abdominal ribs provides a continuous region of 

measurement capability making it possible to identify 

and localize load paths, an advantage not available in 

the ES-2re. This was demonstrated in the responses 

of Model ‘D’ where an important load path present at 

the shoulder went undetected by the ES-2re. The 

spine accelerations at T1 and T12 the upper and 

lower levels of the spine, respectively were 

insensitive to the shoulder loads described. 
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In the pelvis the load plates of the ES-2re were 

unable to detect abdominal penetrations caused by 

the intruding armrest of Model ‘A’. Video analysis 

of the pole tests show evidence of the intruding door 

penetrating into a region of the ES-2re dummy 

abdomen, above the pelvis, that is devoid of 

instrumentation. The corresponding region in the 

WorldSID is encompased by two abdominal ribs and 

instrumented by IRTRACCs and accelerometers. As 

a result abdominal deflection response in Model ‘A’ 

signaled the potential risk of serious injury to the 

abomen where the ES-2re did not. 

CONCLUSION 

Three paired pole tests were conducted to compare 

the differences between a perpendicular pole test 

and a 15-degree oblique test. Vehicle acceleration 

responses were not significantly affected by the 

15-degree angle though the intrusion profile and 

maximum residual deformation were exacerbated 

by the forward shift of the impact point and the 

increase in impact energy.  

The WorldSID head was observed to display 

slightly greater forward displacement in the 

oblique tests prior to contact with the curtain or 

pole. Shoulder, thorax and abdominal rib 

deflections were greater in two of the three oblique 

tests conducted. The forward shift of the impact 

point, which was up to 135 mm forward of the 

seating reference point in the oblique tests, played 

a significant role in the overall response of the 

dummies. In the single paired test where the 

perpendicular test responses were greater than the 

corresponding oblique condition the seat mounted 

thorax airbag deployment was found to adversely 

affect the protection of the ribs by rotating the arm 

upwards and exposing the chest to the intruding 

door. 

Further testing is necessary to investigate the 

interaction between complete airbag deployment 

and the dummy arm during the loading phase of 

door intrusion. The feasibility of replacing the 

angled pole test with a perpendicular pole test 

shifted forward may well be a viable option for a 

world harmonized pole test procedure. 

Two paired oblique pole tests were conducted to 

compare the WorldSID and ES-2re responses. The 

inherently stiff shoulder design of the ES-2re 

caused rotations of the shoulder and thorax, 

influencing both the head trajectory and the 

deflection pattern of the thorax ribs. In contrast the 

WorldSID shoulder design responded in a 

humanlike fashion, shrugging and deflecting to a 

maximum stroke of 70 mm.  

The ES-2re failed to identify principal load paths 

through the shoulder and elevated intrusions in the 

abdomen producing dummy response values below 

the proposed injury criteria. Further investigation 

should be conducted to more completely quantify 

the ES2-re limitations prior to adopting this 

dummy into regulation. 
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ABSTRACT 

Regulations and vehicle design optimization 
have traditionally focused on the occupants of 
front seats. Stringent requirements exist for the 
driver and front right passenger but there are no 
dynamic crash test requirements for rear seat 
occupants. The introduction of frontal airbags 
and the concurrent increased incidence of child 
fatalities in low speed frontal collisions brought 
urgency to the public health message advising 
parents to place children 12 years and under in 
the rear seat.  

Anthropometric test dummies representative of a 
5th percentile adult female or 12-year-old child 
were used together with the recently introduced 
Hybrid III 10-year-old dummy and the Hybrid III 
6-year-old dummies to evaluate rear seat 
occupant protection in full frontal rigid barrier 
tests and frontal offset deformable barrier tests. 
The 6-year-old dummy was restrained with a 
belt-positioning booster while the 10-year-old 
was restrained with either a belt positioning 
booster or the vehicle 3-point seatbelt. Dummy 
responses were examined as a function of seat 
position and in the case of child dummies, 
booster seat type.  

Successful restraint of the chest was associated 
with high belt loads and pronounced chest 
deflections while slippage of the belt from the 
shoulder led to extreme flexion of the torso, head 
strikes and elevated neck loads. Booster seats 
had no effect on shoulder belt translation during 
the dynamic event but were observed to maintain 
the abdominal portion of the belt in place, over 
the pelvis. Opportunities for rear seat occupant 
protection and child dummy enhancements are 
discussed. 

 

INTRODUCTION 

In 2003 Transport Canada began adding dummy 
occupants to the rear seating positions of 
vehicles being tested in Full Frontal Rigid 
Barrier (FFRB) compliance tests (CMVSS 208) 
and Offset Deformable Barrier (ODB) research 
tests to evaluate rear seat restraint performance. 
Testing began with an evaluation of booster seat 
performance for the Hybrid III 6-year-old 
dummy and evolved to include a comparison of 
the Hybrid III 5th female dummy seated in the 
front and rear seats of different vehicle models. 
The Hybrid III 10-year-old dummy, being a 
relative newcomer to the family of frontal 
dummies, was included in a small number of 
tests to try and gain a better understanding of this 
dummy’s attributes. Furthermore, because this 
dummy represents an older child it provided an 
opportunity to compare the response of a dummy 
restrained with the lap/shoulder belt with and 
without of a booster seat.  

The paper will first describe the results of the 
small female as this will quantify the differences 
observed between the front and rear seats in the 
context of a dummy that is familiar to most and 
highlight certain key measurement parameters. 
Trends and responses observed with the Hybrid 
III 6-year-old will be presented and compared to 
the responses of the 6-year-old in two modified 
restraint configurations. The results of the paired 
comparison for the 10-year-old with and without 
a booster seat will complete the analysis and 
illustrate the importance of including a suite of 
measurement parameters in the dynamic testing 
of rear seat performance. 
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TEST MATRIX 

The vehicle sample for this study included 77 
vehicles shared with the frontal compliance test 
programme and the frontal protection research 
programme. The vehicles were of model year 
2003 through 2005, included passenger cars, 
minivans, crossover vehicles and SUV’s ranging 
in test mass from 1400 to 2900 kg. All were 
equipped with a three-point lap shoulder belt in 
the centre rear seating position and the majority 
had LATCH anchors in place. 

The child restraints were purchased from local 
retail outlets and were selected on the basis of 
seat geometry, advertised weight limits, tether 
attachment and internal harness configuration 
and belt guide design. In vehicles where three 
adjacent booster seats needed to be fitted to the 
vehicle, selection was based exclusively on the 
width of the seat as even in the largest of SUV’s, 
the fitment of three child restraints across one 
bench seat was found to be a challenge.  

Selection of the child seat for a particular test 
was dependent on seat placement and intended 
comparison. For example, if two outboard 
positions were being compared and the test was a 
FFRB with evenly distributed loads to the front 
of the vehicle, the options were either to select 
two identical seats and vary the attachment 
configuration or to select two different seat types 
but retain identical attachment methods. A 
number of comparisons were carried out 
including: 

• Centre rear VS rear outboard with 
identical booster seats; 

• High back booster with tether/latch 
attachments VS high back with only the 
lap/shoulder belt in two outboard 
positions; 

• Second row VS third row with identical 
booster seats.  

An overview of the different restraint types and 
the attachment configurations employed in the 
study are presented in Table 1. The sample 
contained a total of 20 high back models and 2 
low back models. Each of the above comparisons 
was carried out with a minimum of 2 different 
model types. The booster seats with LATCH and 
tether attachment were convertible child seats. 
These are forward facing child seats, which can 
be converted to a booster seat by removing the 
harness.  

Table 1: Test Matrix with Hybrid III Child 
Dummies and Small Female. 

 6 

Year 

Old 

10 

Year 

Old 

5th 

Female 

CRS X   

Low back booster X   

High back booster X X  

High back booster 
with harness latch 
& tether 

X   

Lap & shoulder 
belt X  X 

TEST METHODOLOGY 

Vehicle preparation was conducted as per the 
FMVSS/CMVSS 208 procedure for the full 
frontal rigid barrier tests. A small number of low 
and high speed offset deformable barrier (ODB) 
tests were also conducted by following the ODB 
procedure in FMVSS 208. Tests for the small 
female front to rear comparison and for the 10-
year-old were carried out at 48 km/h FFRB, 
while tests with the 6-year-old were conducted at 
speeds ranging from 40 km/h to 60 km/h in 
FFRB and ODB. 

Positioning Procedures 

The Hybrid III 5th female dummy was seated in 
the front right passenger seat as per the FMVSS 
208 procedure. In the rear seat, since there is no 
regulatory procedure in place, the dummy was 
seated in the rear right passenger seat by aligning 
the mid-saggital line of the dummy with the seat 
centerline. The head level and thorax orientation 
of the dummy were dependant on the vehicle 
seat back angle and the arms and legs were 
placed in a neutral position. A piece of surgical 
tape was placed on the dummy thorax to record 
pre-test shoulder belt position and to assist in 
identifying belt position at peak load with the 
indentations left on the tape. 

The Hybrid III 6-year-old dummy was placed in 
a booster seat and restrained with the vehicle 
seatbelt. The seatbelt was deployed, as one 
would expect a child to deploy the belt that is 
without engaging the locking mechanism. The 
booster seat itself was either used as a traditional 
booster seat using the vehicle seatbelt alone or 
by attaching the booster seat to the vehicle seat 



   Tylko 3 

with the LATCH and upper tether anchor and 
then using the vehicle seatbelt to restrain the 
child. When used as a forward facing child 
restraint the seat was installed in the vehicle as 
per manufacturer’s instructions and the upper 
tether always used.  
Instrumentation and Filtering 

The dummy instrumentation included a tri-axial 
accelerometer at the head CG, a 6-axis load cell 
at the upper and lower neck; a potentiometer at 
the sternum, a lumbar load cell and numerous 
linear accelerometers on the sternum, spine box 
and in the pelvis. All data recording and filtering 
was performed in accordance with SAE J211. 

Rear occupant motions were filmed at 500 to 
1000 frames/second, depending on light quality, 
from the front and side. 

RESULTS 

Small female front and rear. The vehicles used 
for this comparison included a Japanese mid-
sized sedan, a small SUV and a large SUV/truck. 
The two females were seated one behind the 
other with the front female seated in the foremost 
track position. The mid-sized sedan (Model ‘A’) 
was the only test where the rear occupant femurs 
were observed to contact the seat back. The 
relative timing of the dummy kinematics was 
such that the effect of this loading on the front 
dummy responses was undetectable in the front 
occupant lumbar or seatbelt force responses. 

The responses of the Hybrid III 5th female seated 
behind the right front passenger were more 
elevated than those of the front passenger in all 
three FFRB 48 km/h tests. Kinematic responses 
sharply contrasted the kinematics of the front 
occupant as the abdominal belt translated up and 
penetrated the abdominal cavity in two of the 
three tests.  

The comparison of sternum deflections, 3 ms 
chest clips and the corresponding seatbelt forces 
for the front and rear dummies are presented in 
Figures 1 through 3 respectively. The order of 
presentation is the same for all plots such that the 
sedan is Model ‘A’ and is always the first pair of 
bars; the large SUV/truck or Model ‘B’ is 
represented by the middle bars and the small 
SUV, Model ‘C’, is the final set. 

Chest deflections were always greater in the rear 
seat. The difference for Model ‘A’ was of the 
order of 7 mm; however in Model ‘B’ deflection 
increased from 17 mm in the front to 41.7 mm in 

the rear. Similarly in model ‘C’ deflections in the 
rear almost doubled by increasing 22mm over 
the front passenger response.  

The 3 ms chest clips were also more elevated in 
the rear, though the increment did not reflect the 
deflection trends. For example, in Model ‘B’ 
where deflections more than doubled, the clipped 
chest accelerations were essentially identical. 

Figure 1: Deflection measures for the front & 
rear seat occupant in Models A, B and C 
respectively. 

Figure 2: Chest clip for the front and rear 
seat occupant in Models A, B and C 
respectively. 

Both lap and shoulder belt loads increased in the 
rear seat position, as did the proportion of shared 
load between the lap and shoulder belt. In Model 
‘A’ the lap and shoulder belt loads are 
comparable but in the rear seat the relative 
distribution of load changes rather significantly 
as the shoulder belt attains three times the peak 
load of the lap belt. A similar change but in the 
reverse was observed in Model ‘C’ where both 
the shoulder and lap portions of the seatbelt 
attain values that are of the order of 7 kN.  

0

5

10

15

20

25

30

35

40

45

50

D
EF

LE
C

TI
O

N
 [m

m
]

FRONT SEAT REAR SEAT

0

10

20

30

40

50

60

3 
m

se
c 

C
H

E
S

T 
C

LI
P

 [g
]

FRONT SEAT REAR SEAT



   Tylko 4 

Figure 3: Lap and shoulder belt force 
measures for the front and rear seat occupant 
in Models A, B and C respectively. 

Video analysis of the rear passenger kinematics 
suggests that lap belt migration into the 
abdominal cavity is most pronounced in Model 
‘A’ and occurs in Model ‘B’ but to a lesser 
extent.  In Model ‘C’ the lap belt appears to 
remain in place as the belt is loaded. These 
findings are consistent with the resultant lumbar 
forces shown in Figure 4. The elevated lumbar 
force resultant in Model ‘A’ correlates well with 
belt intrusion into the abdominal cavity and the 
associated forward pivoting motion that was 
observed for the rear passenger. In contrast the 
resultant lumbar forces are lowest for Model ‘C’ 
where the belt remained in place and pivoting 
was minimal. 

Figure 4: Resultant lumbar force for the front 
and rear seat occupant in Models A, B and C. 

Hybrid III 6-year-old booster results: In all of the 
testing conducted to date, the Hybrid III 6-year-
old restrained by the vehicle lap/torso belt in a 
booster seat, behaved in one of two ways. Either 
the torso belt would translate up towards the 
neck; or the torso belt would slide down towards 
the shoulder as the dummy was pitched forward.  

As soon as the child dummy begins to load the 
shoulder belt, the webbing extends in the 
direction of the seatbelt anchor points. Upward 
motion of the belt into the neck, results in 
compression of the extreme upper quadrant of 
the chest, off-loading onto the neck and sternum 
deflections that are uncharacteristically low for 
the observed belt loads. Downward movement of 
the shoulder belt is associated with increased 
dummy excursion as the dummy slips out of the 
belt. At the moment of peak loading, the belt 
passes directly over the sternum or in very close 
proximity, producing high deflections. In some 
tests the dummy was found to slip out of the belt 
entirely, pivoting forward until the dummy head 
and thorax struck its lower extremities resulting 
in elevated head accelerations and chest 
deflections. 

Figure 5 displays peak resultant head 
accelerations obtained in 48 km/h FFRB tests. 
There was one head strike into a seat frame 
resulting in a peak resultant acceleration of 324 g. 
A number of head contacts with the lower 
extremities resulted in accelerations that were as 
high as 225 g while accelerations arising from 
strikes with the upper extremities or chin to chest 
contacts were closer to 100 g. In the absence of 
head contact no head accelerations in excess of 
80 g were observed. Accelerations above 80 g 
were not observed on rebound.  

Figure 5: Peak head resultant accelerations 
for the HIII 6-yr-old in a booster seat 48 km/h 
FFRB. 
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Neck tension surpassed the Injury Assessment 
Reference Value (IARV) of 1490 N in all but the 
40-km/h ODB tests. Peak upper neck tensions as 
high as 4500 N were observed and tended to be 
highest in those cases where the child dummy 
torso flexed forward and the head was projected 
to the feet.   

Chest deflections ranged between 17 mm and 52 
mm. Low thoracic deflections, below 25 mm, 
were associated with shoulder belts that 
translated up into the neck while the higher 
deflection values were observed in cases where 
the belt slipped off the shoulder. 

Shoulder belt loads were high for all rear seating 
positions, irrespective of booster seat model and 
ranged from between 2000 N and 3000 N for 
low speed offset deformable barrier tests and 
between 4000 N to 6000 N for full frontal rigid 
barrier tests conducted at 40 to 56 km/h. Figure 6 
displays the relationship between vehicle 
longitudinal acceleration at the CG and shoulder 
belt loads (R2 = 0.68). 

Figure 6: Correlation between rear seat 
shoulder belt force and longitudinal vehicle 
acceleration at the CG. 

Six tests comparing dummy responses in 
outboard seating positions to responses in the 
centre seat position were carried out. The results 
of this comparison were inconclusive. Belt loads 
were equivalent while chest deflections were 
higher for three of the six centre positions and 
equal in one.  

A preliminary comparison between second and 
third row seating suggests that dummy responses 
were equally elevated in the second and third 
row seats. In one case the third row centre seated 
child was launched upward towards the tailgate 
window during rebound. In another vehicle, the 

distance between the third and second row seat 
was less than between the first two rows and lead 
to a head strike with the second row seat frame.  

Two alternative restraint configurations were 
explored in an attempt to reduce the dummy 
responses observed in lap/shoulder booster seats. 
The first was to place the 6-year-old dummy 
weighing 24 kg (52.5 lbs) into a CRS rated to 21 
kg (47 lbs) or 21.3 kg (48 lbs) so that restraint 
now relied on the child seat 5-point harness 
instead of the vehicle seatbelt; and the second 
was to rigidly attach the convertible booster seat 
by way of the available LATCH and tether while 
still using the vehicle seatbelt to restrain the 
child dummy. 

Figure 7 displays the normalized responses for 
one high speed ODB test at 60 km/h represented 
by the first set of bars, and 6 FFRB tests carried 
out at 48 km/h. The vehicle accelerations for 
these tests were of the order of 27 to 30 g, with 
the second and third sets of bars representing the 
results two different child seats in a single 
vehicle crash test. Chest deflections (Dx) were 
dramatically reduced though neck loads 
remained elevated. The two occurrences of 
elevated head acceleration were due to head 
strikes into the seatbacks of the front seats when 
the harness system failed. There were no failures 
of the LATCH or tether anchoring systems.  

Figure 7: Normalized responses for the HIII 
6-year-old in a forward facing 5-point harness 
CRS. 

The effects of anchoring a booster seat to the 
vehicle seat by way of the LATCH and tether 
were compared to the conventional attachment 
method of a lap/shoulder belt and booster seat. 
Head accelerations, axial neck forces, chest 
deflections, seatbelt loads, lumbar forces and 
moment responses were examined as were the 
overall dummy kinematics. 

There were no significant differences in head 
acceleration responses. The occasional 90 g to 
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100 g peak responses were typically due to upper 
extremity or chest to chin strikes and could not 
be definitely associated to seat attachment 
method.  

Peak axial and shear neck loads were typically 
higher for the shoulder/lap belted booster seat. In 
the three cases where the latched booster seat 
produced higher responses the differences ranged 
from 5 to 15 % whereas in the remaining cases 
the increase in axial force for the shoulder/lap 
belted booster ranged from 5% to 68%.  

Figure 8: Comparison of axial neck force for 
the 6-yr-old in booster seat anchored with 
latch & tether and booster seat with belt only. 

Figure 9: Comparison of peak chest deflection 
for the 6-yr-old in booster seat anchored with 
latch & tether and booster seat with belt only. 

Chest deflections were consistently higher in the 
shoulder/lap belted booster. Figure 9 presents the 
comparative deflections for FFRB tests 
conducted at 40, 48 and 56 km/h. Consistent 
with the increase in deflection, shoulder belt 
loads were found to be higher for seven of the 9 
shoulder/lap belt restrained boosters. Chest 
acceleration was unaffected by seat attachment 
method.  

Peak resultant lumbar forces for the latched and 
shoulder/lab belted booster seat comparison are 
shown in Figure 10. The peak resultant lumbar 
forces found to be associated with greater 
abdominal penetration and rotation about the 
pelvis, in the small female, were more elevated 
in the shoulder/lap belt restrained booster. There 
were two tests wherein the lumbar forces were 
marginally higher (5 % to 8%) for the latched 
booster seat however, for the remaining tests, 
lumbar forces were 15 % to 90 % greater for the 
shoulder/lap belted boosters.  

Figure 10: Comparison of peak lumbar forces 
for the 6-yr-old in booster seat anchored with 
latch & tether and booster seat with belt only. 

The kinematics of the dummies in the two 
booster seat attachment configurations differed 
in their loading and rebound behaviours. During 
the loading phase, the shoulder/lap belted 
booster seats displayed greater forward 
excursion, rotation and vertical displacement 
than did the latched boosters. The dummy 
rebounded more rapidly and exhibited greater 
vertical displacement. Generally motion in the 
shoulder/lap belted booster seat was less 
controlled. 

The armrests in one booster seat model sheared 
during impact in four tests with the LATCH 
attachment and once for the lap/shoulder belted 
both attachment configurations. There were no 
failures of the LATCH, or tether anchorages in 
the latched booster seat. 

Hybrid III 10-year-old with and without booster:   
Two comparative tests were carried out to gain a 
better understanding of the Hybrid III 10-year-
old responses and to compare responses for a 10-
year-old dummy restrained in a booster seat and 
by the lap/shoulder belt alone. The comparison 
included two crash tests of identical model 
vehicles tested in a FFRB at 48 km/h. The 
longitudinal accelerations at the vehicle CG were 
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26 g for the non-booster seat test and 27 g for the 
booster seat test. 

Chest deflection responses and associated 
shoulder belt force measurements are shown in 
Figure 12. The belt loads were equivalent for 
both test conditions, yet the deflections for the 
booster-seated dummy far exceeded the 
deflections recorded for the shoulder/lap belted 
dummy, both in magnitude and duration.  
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Figure 11: Comparison of upper and lower 
chest deflections for the Hybrid III 10-year-
old with and without of a booster seat. 
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Figure 12: Comparison of resultant chest 
accelerations for the Hybrid III 10-year-old in 
and out of a booster seat. 

The chest acceleration resultant shown in Figure 
13 was primarily the result of a 121 g 
longitudinal component and a 71 g lateral 
component, which occurred 108 ms into the 
event. Video analysis failed to identify any 
external causes for this noise. Sternum and spine 
accelerometers failed to provide further 
information on the possible source of the noise. 

The comparison of the Hybrid III 10-year-old 
dummy underlines the importance of including a 
variety of measurement parameters including 
video analysis in the evaluation of restraint 
performance. In the case of the shoulder/lap 
belted 10-year-old, the shoulder belt translated 
up into the neck placing the belt high on the 
chest while the lap belt penetrated the abdominal 

cavity. The resulting deflections which occurred 
in the uppermost quadrant of the chest were too 
remote to be detected by either of the two 
sternum IRTRACCs .   

In the booster seat, the belt slipped off the 
shoulder of the 10 year-old dummy and was 
directly over the sternum at the moment of peak 
load, resulting in high upper and lower sternum 
deflections. There was significant excursion as 
the dummy rotated out of the shoulder belt. The 
lap belt remained on the pelvis throughout the 
event.  

Limiting the analysis to the chest responses 
could lead to the false conclusion that the 
shoulder/lap restraint is better when in fact 
neither condition is desirable.  

DISCUSSION 

All booster seats effectively retained the lap 
portion of the seatbelt in the pelvic region and 
prevented the upward translation of the lap belt 
into the abdominal cavity. In contrast, the small 
female and 10-year-old dummies restrained with 
the shoulder/lap belt in the rear seat, all 
experienced abdominal penetration of the lap 
belt with one exception.  

Lumbar force measurements in the small female 
were well correlated to lap belt migration in this 
small sample of six tests. Deflection should be 
evaluated in conjunction with the belt loads, 
particularly for rear seat occupancy where the 
dummy undergoes much less controlled 
displacements than the front occupant. This 
motion, which can in some cases be rather 
extreme, increases the potential for a redirection 
of the load application, away from the 
instrumented sternum. Analysis of shoulder and 
lap belt loads, in particular the proportion of lap 
to shoulder belt load should also be monitored. 
This can provide further insight into the relative 
distribution of forces between the thorax and 
pelvis, important in the detection of belt 
penetration or partial ejection of the thorax from 
the shoulder portion of the belt.  

Booster seats were found to influence the pre-test 
belt placement but had insignificant effect on the 
kinematics of the upper body during the dynamic 
event.  The motion and compressive response of 
the child dummy thorax was controlled almost 
exclusively by the vehicle seatbelt geometry. The 
belt loads generated in FFRB tests were simply 
too large and could not be redirected by way of 
plastic clips fastened to fabric or other non-
structural seat components.  
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Other seat parameters, which may have 
influenced the booster seated dummy responses, 
include seatbelt webbing length, the relative seat 
pan and seatback angles, the seat stiffness and 
the upholstery. Such analysis was beyond the 
scope of this study but may be considered in 
future work.  

The elevated chest responses for the booster 
seated child dummy are consistent with findings 
by Durbin et al. In a study investigating crashes 
of insured vehicles involving children the 
reduction of chest injury resulting from booster 
seat use was not statistically significant. The 
Transport Canada crash investigation teams will 
be intensifying their search for frontal crashes 
involving rear seated, restrained children for 
future crash reconstructions and dummy 
validation. 

Restraining the dummy in a CRS rated to the 
appropriate weight limit may be a viable option 
for children between the ages of four and six. 
The chest is restrained by a 5-point harness, 
which distributes the loads well and effectively 
couples both the upper and lower torso of the 
dummy to the vehicle. Though the neck loads 
remained elevated, the level of injury risk that 
may be associated with these values is not 
known and further investigation, through 
accident reconstruction is needed to validate the 
biofidelity of the dummy neck. In a 2002 study 
Sherwood et al conducted sled testing with the 
Hybrid III 6-year-old dummy and compared the 
responses to a cadaver test. The authors 
concluded that the stiffness of the dummy spine 
contributed to high neck forces and moments 
that were not representative of the injury 
potential. 

Larger children can benefit from the abdominal 
protection provided by booster seats. The results 
of this study, though still preliminary, suggest 
that protection, specifically of the chest, may be 
enhanced if the booster seat is anchored to the 
vehicle seat, as one would attach a CRS. Use of 
the LATCH and tether produce a more effective 
coupling than typically produced by the vehicle’s 
lap/shoulder belt.  

Child seat manufacturers are introducing more 
products designed for the upper weight limits 
and are exploring design options to improve 
booster seat performance. Testing of the rear seat 
continues to identify significant measurement 
parameters, test protocols and ultimately 
appropriate safety interventions. 

CONCLUSION 

Transport Canada began evaluating rear seat 
occupant protection in 2003 by introducing the 
Hybrid III 5th percentile female dummy and the 
Hybrid III 6 and 10-year-old child dummies in 
the rear seats of compliance and research test 
vehicles.   

Balancing energy management and kinematic 
control of the small female dummy in a high-
speed crash appeared to be problematic as either 
abdominal penetration occurred or very high 
chest responses developed.  

The booster seat effectively prevented the lap 
belt from penetrating the abdominal cavity. 
However, restraint of the dummy and control of 
the kinematics was very strongly dependant on 
the vehicle seatbelt geometry and not the booster 
seat model type. 

The evaluation of booster seat performance 
should be conducted during dynamic crash 
testing. Multiple test parameters such as head 
accelerations, neck forces, chest deflections and 
lumbar forces must be considered to obtain an 
accurate interpretation of the potential for injury. 
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ABSTRACT 
 
 A methodology was developed for evaluating 
enhanced powered two wheeler (PTW) conspicuity in 
a driving simulator environment.  In order to evaluate 
the methodology, a driving simulator experiment was 
conducted involving n = 10 European car drivers.  
Testing involved full-task, "blind" experiments in 
which the driver subjects did not know the true 
purpose of the experiment, which was to measure 
differences in behavior due to various PTW frontal 
lighting treatments.  Realistic driving was performed 
in urban and rural conditions, with drivers 
performing various realistic primary and secondary 
driving tasks.  Drivers navigated a road circuit that 
included several real PTW accident sites and 
scenarios from MAIDS (Motorcycle Accidents In 
Depth Study) that were accurately modeled in the 
driving simulator.  The lighting treatments included 
the baseline PTW lighting treatment, which was a 
single dipped-beam headlamp of a typical sport 
motorcycle, and three hypothetical lighting treatment 
examples.  The effects of car daytime running lamps 
were also evaluated, with either 10 or 90% of cars 
operating with headlights on.  The following 
parameters were measured: detection distance of 
opposing vehicle (OV), decision as to whether to turn 
in front of OV, and minimum distance to OV.  From 
these data, the probability of collision with an OV 
was calculated.  Based on this, the potential reduction 
in the overall number of accidents was estimated 
based on the subjective relevance of the experimental 
findings to each of 129 accident configurations in the 
MAIDS database.  In addition, the driving simulator 
was validated by performing a vehicle detection task 
in both simulator and full-scale environments.  The 
validation tests indicated similar motorcycle 
detection rates between the simulator and the full-

scale environments.  Overall, the simulator 
methodology was found to provide a powerful tool 
for researching differences in driver behaviour and 
collision probability due to daytime lighting 
treatments in this sample of real accident scenarios. 
 
INTRODUCTION 
 
Background 
 
 The current study comprises one part of 
ACEM's overall safety programme, which is aimed at 
improving powered two wheeler (PTW) active safety 
(i.e., accident avoidance).  This programme is based 
on increasing the understanding of how and why 
PTW accidents occur, in particular by means of the 
recent "Motorcycle Accidents In Depth Study" 
(MAIDS) of n = 921 accidents in 5 EU countries 
(ACEM, 2004). 
 
 The topic of PTW conspicuity as a strategic 
means for improving PTW safety had been identified 
by ACEM during MAIDS and in previous years, by 
reference to several findings: 

- The relatively high frequency at which 
"Other vehicle (OV) driver perception 
failures" had been identified in PTW in-
depth accident research (e.g., Hurt et al., 
1981; Vis, 1995; ACEM, 2004); 

- Prior research indicating that many 
vulnerable road users (e.g., pedestrians, 
bicyclists and PTWs) have relatively low 
conspicuity in traffic due to their small sizes 
and relatively low exposure frequencies; 

- Increasing, and possible future mandatory, 
use of specialized daytime running lights on 
cars (e.g., as indicated in ECE R87, with 
amendments); 
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- Worldwide harmonization of lighting 
regulations (e.g., as in ECE/WP29/GRE), 
including discussions of PTW amber 
position lights, among other topics. 

 
 Together, these have led to ACEM's current 
policy in regard to enhancement of PTW conspicuity.  
Namely, the first step: automatic headlamp on 
(AHO); second step: research of enhanced PTW 
conspicuity; third (more long term) step: use of 
ITS/Telematics.  It is on one part of the second step 
of these that the current paper is focused. 
 
Objectives 
 
 Against the background in Europe of the 
overall objective of reducing road casualties, 
accidents between cars and powered two wheelers 
(PTWs) are being studied.  PTWs are expected to be 
increasingly operating in a car daytime running light 
(DRL) and PTW automatic headlamp-on (AHO) 
environment, and many stakeholders are considering 
further increases in the conspicuity of PTW lighting 
systems. 
 
 The objective of the work reported in this 
paper was to develop a methodology that was capable 
of scientifically measuring increases in active (i.e., 
sensory, visual performance, photometric) and 
passive (i.e., behavioural, task performance, 
cognitive) conspicuity in realistic traffic, lighting and 
accident scenarios. 
 
Previous Accident Research 
 
 There have been several in-depth accident 
investigations culminating with the recent MAIDS 
report (ACEM, 2004), which have helped to identify 
"primary contributing factors" in PTW accidents.  
Several examples are mentioned here that provide 
impetus to this study on PTW conspicuity. 
 
 Table 1 gives a distribution of which vehicle 
had priority in n = 259 PTW accidents in the 
Netherlands (NL) reported by Vis (1995).  This data 
suggests that the PTW had priority in the great 
majority of cases (211 of 259 cases, or 81%). 
 

Table 1.   
Priority by road user (Vis, 1995) 

Priority by: Sign / Rule Traffic Lights 
 PTW  190  21 
 Car  18  14 
 Unknown  7  9 
 Total  215  44 

 

 Table 2 lists the collision avoidance action of 
PTWs and cars in these same accidents.  As can be 
seen, in 72% of the cases the car driver took no 
evasive action before the PTW was struck.  This 
suggests several possible contributing factors: a lack 
of driver perception of the PTW, improper speed-
distance perception, or disregard for PTWs.  It is 
important to attempt to further clarify the relative 
frequencies of these different mechanisms in order to 
devise suitable countermeasures, and this was a goal 
of the current research. 
 

Table 2.   
Collision avoidance action (Vis, 1995) 

 PTW Car 
Nothing  26%  72% 
Braking  51%  17% 
Steering  12%  5% 
Accelerating  2%  1% 
Other  9%  5% 
Total  100%  100% 

 
 Table 3 indicates the distribution of whether 
the car driver or PTW rider saw the other party prior 
to the crash, in the same NL study.  The drivers 
reported that in 50% of cases they did not see the 
PTW, and in 20% of cases that they saw the PTW 
"too late" (versus 5% and 20% for the PTW rider, 
respectively).  The same data indicate that the PTW 
rider saw the car in 70% of cases, but the driver saw 
the PTW in only 25% of cases. 
 

Table 3.   
Did you see the other party? (Vis, 1995) 

 PTW Car 
Yes  70%  25% 
But, too late  20%  20% 
Not at all  5%  50% 
Unknown  5%  5% 
Total  100%  100% 

 
 Table 4 summarizes the frequency of various 
PTW accident conditions for the two larger in-depth 
PTW "regional census" studies (Hurt et al., 1981; 
ACEM, 2004).  These are two of the best-known in-
depth investigations of motorcycle accidents.  The 
data from both studies indicate that the majority of 
accidents occurred in daylight (75 and 73%, 
respectively); clear weather (84 and 90%); involved 
two-vehicle collisions (75 and 80%); with an "other 
vehicle" bearing from the PTW of 11 to 1 o'clock (77 
and 71%); and light to moderate traffic (85 and 85%).  
In addition, the Hurt data indicated that the other 
vehicle violated the PTW priority in 51% of cases 
and the PTW was considered to have "low" or "no" 
conspicuity in 46% of cases.   
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Table 4.   
Accident conditions (Hurt, 1981; ACEM, 2004) 

% of all PTW accidents 

Accident Condition 
Hurt et al. 
(n=900) 

ACEM 
(n=921) 

Daylight 75 73 
Clear weather 84 90 
Two-vehicle collision 
(MC-OV) 

75 80 

Other vehicle (OV) 
violates PTW priority 

51 NR 

PTW “low” or “no” 
[sensory] conspicuity 

46 NR 

OV “low” or “no” 
[sensory] conspicuity 

5 NR 

Bearing of OV from 
PTW, 11 to 1 o’clock 

77 71 

Light or moderate 
traffic, no congestion 

85 86 

Headlamp off 
(daylight) 51 

moped: 41 
MC: 11 

NR = Not reported 
 
 The two-vehicle (MC-OV) collision was the 
largest category of collision type, as noted in Table 4.  
Within the two-vehicle collision category, the highest 
percentage of collisions was due to "other vehicle 
driver perception failures" (n = 337 or 37% of all 
accidents from MAIDS).  Other relevant types of 
two-vehicle PTW accidents within and outside this 
category include: OV turning in front of PTW from 
perpendicular path (n = 57 or 6%); PTW background 
or clothing contributed to lack of conspicuity (n = 35 
or 4%); OV/MC paths perpendicular (n = 60 or 7%); 
and MC/OV traveling in opposite directions (n = 73 
or 8%).  In addition, other conspicuity-related 
accident types as coded by the investigators included 
"driver comprehension failures" (n = 13 or 1%) such 
as speed-distance misjudgment; other driver decision 
failures (n = 91 or 10%) which involve improper 
judgment of PTW collision threat; and partial, 
moving or complete view obstructions (n = 31 or 3%) 
where low PTW conspicuity (as it re-appeared) may 
have worsened the outcome.  Together, these 
conspicuity-related accident typologies form a very 
sizeable fraction (i.e., the majority) of PTW 
accidents. 
 
Conspicuity Research and Applications 
 
 A comprehensive review of daytime running 
lights was provided by Rumar (2003).  Overall, the 
review indicates a rapidly increasing trend toward 
"daytime lighting" on both cars and PTWs in Europe 
as well as in other regions. 
 

 For cars, a standard for universal daytime 
running lights has been proposed, and 
implementation plans are considering "automatic 
dipped beams-on" versus "dedicated DRL's" in the 
mid-term, and "adaptive lighting systems" in the 
longer term. 
 
 For PTWs, ACEM members already equip 
PTWs with "automatic headlamp-on" (AHO).  In 
addition, riders are required to use headlamps during 
daytime in Denmark, Spain, France, Germany, Italy, 
Lithuania, Poland, Sweden and Finland. 
 
 A typical PTW asymmetric beam pattern that 
meets ECE R20 (today R112) provides high 
illumination in nighttime, mostly in below horizontal, 
forward-road zones.  The illuminance at the opposing 
driver's eye point (DEP: located at the eye of the 
driver in a car at 25 m distance in the opposing lane) 
is required to be less than 0.4 lux.  However, there 
are several important considerations surrounding this 
fact.  First, there is a wide variation in the market of 
illuminance values at the DEP (usually far below the 
maximum), and also in the areas surrounding this 
point (because they are unregulated).  Second, this 
zone is of primary importance for "daytime 
conspicuity" of the PTW to the opposing driver.  
Third, the legal maximum intensity for dipped beams 
at the DEP is far below the minimum recommended 
by Rumar (2003) for daytime lighting.  This means 
that dipped beams, which are designed for nighttime, 
may not be optimal for daytime conspicuity 
improvement applications. 
 
 The vehicle lighting industry has reported in 
numerous publications that current and new 
technology provides many solutions for "dedicated 
DRLs" for cars which are designed to be visible at 
the DEP, and which are not required to project very 
great levels of illumination on the roadway at night.  
For this reason, such "dedicated DRLs" are claimed 
to have advantages of very low energy consumption, 
low cost, as well as flexible packaging alternatives.  
At the time of initiation of this study there were no 
production dedicated DRLs in the EU market. 
 
 Most prior research on PTW conspicuity has 
focused on various treatments for the PTW and the 
rider, often with limited or greatly simplified 
methodologies and unclear or conflicting findings.  
Since rider preferences for clothing and helmet 
colour should not be standardized or regulated, it may 
be more feasible to focus on enhancement of 
conspicuity (and in particular in daytime lighting) 
improvements for the PTW itself.  Due to the 
relatively high frequency of "11 to 1 o'clock" 
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opposing vehicle "bearings" in PTW accidents, the 
most promising area for PTW treatment enhancement 
may be in forward directions, which could consist of 
a combination of headlamps, position lamps and 
running lamps, or any other technology that would 
improve PTW perception and conspicuity.  These 
lighting treatments have numerous characteristics that 
could be varied including size, number, location, 
intensity, and colour and possibly modulation rate 
and level, in order to determine the most effective 
combinations. 
 
 Past research has been done regarding the 
behaviour of typical car drivers interacting with 
PTWs in hypothetical or laboratory conditions.  
Understanding the behaviour of the opposing driver 
in real traffic situations helps guide efforts for 
increasing PTW conspicuity.  Therefore, placing 
drivers in realistic potential accident situations using 
simulated PTWs can help to better define the 
problem from the perspective of driver behaviour. 
 
 Driving simulator experiments have been 
recommended by various researchers to be the most 
desirable means to study PTW conspicuity.  The 
simulator can be used to re-create accident situations 
for comparison with the real-world situations.  The 
simulator allows these accident re-creations to depict 
real accident situations, a feature that full-scale 
testing cannot provide.  The high levels of 
experimental control and repeatability of the 
simulator environment are also key benefits.  A 
naturalistic, blind driving experiment can be readily 
performed in a simulator with no risk to the driver 
subject and can involve real life distractions and 
workload.  The conspicuity (enhancing) technologies 
can be (photometrically) calibrated to match the real 
world, and validation can be made against full-scale 
PTW detection tests.  Simulator tests are safer, and 
also typically require fewer research team members 
to participate in the testing.  Finally, the human and 
vehicle input and output variables are more easily 
measured in driving simulators. 
 
METHODOLOGY 
 
Driving Simulator 
 
 All pilot testing and main testing was 
performed in the Dynamic Research, Inc. (DRI) 
moving-base Driving Simulator.  The Driving 
Simulator is a research grade, dynamically realistic, 
moving base, "driver-in-the-loop" device.  The 
application takes advantage of the experimental 

control, flexibility, measurement ease and safety that 
are provided thereby. 
 
 Driver subjects sat in a vehicle cab equipped 
with instrumented controls and displays.  The vehicle 
dynamic model used in the simulator for these 
experiments was a BMW 3-series car with automatic 
transmission, which had been used routinely in 
previous driver/vehicle response and performance 
studies.  The driver interactively applied all steering, 
braking, and throttle actions needed to control the 
vehicle.  The Driving Simulator utilized complex 
high texture computer-generated roadway scenes, 
which were displayed on a 180-degree forward field-
of-view in front of the driver, projected to display the 
view from the driver's eye point.  The roadway 
graphics consisted of photographically realistic, 
texture-mapped images and suitably calibrated 
ambient and vehicle lighting.  Buildings and other 
objects used digital photographic images that were 
"wallpapered" onto 3D polygons.  An ambient (solar) 
lighting model was used and standardized to be 
representative of typical motorcycle operating 
conditions in Europe.  Simulator motion was 
provided by a 6 degree-of-freedom hexapod motion 
system.  A synthesizer generated traffic noise, 
including the Doppler effect, in order to be as 
realistic as possible.  A research assistant was present 
in the cab with the driver subject at all times. 
 
 All driver and vehicle motion and control 
measures were recorded for data analysis.  The 
simulator has the capability to measure and record 
virtually all motion and control states.  The driver's 
line-of-sight in the visual field was also recorded, by 
means of an ISCAN eye tracking system (Razdan et 
al., 1988). 
 
Road Circuit 
 
 The road circuit used for this study consisted 
of a total of 5 intersections from the MAIDS accident 
database, each presented two times during one lap, in 
different orders.  The 5 sampled cases were those in 
which combinations of conspicuity factors were 
identified by the MAIDS investigation teams.  These 
were: "Opposing vehicle driver perception failure" 
plus "motorcycle background or rider clothing 
contribution to lack of conspicuity."   
 
 The road circuit, shown in Fig 1, was about 7 
kilometers in length.  Two-lane roads connected each 
of the intersections (one lane in each direction).   



Brooks 5 
 

Subject 
vehicle

Dist racter 
vehicle

Lead 
vehicle

Opposing 
vehicle 

(car or PTW)

Trailing 
vehicle

4 sec2.7, 3.7, or 4.7 sec

Figure 1.  Simulator road circuit. 

 
Accident Scenarios 
 
 At each of the intersections, and based on the 
conditions coded by the accident investigation teams, 
several vehicles were situated and moving such that 
the subject vehicle would be presented with a 
random-appearing but exactly repeatable sequence of 
events.  The general scenario at each intersection was 
one in which a platoon of vehicles approached the 
intersection (from a direction that depended on the 
intersection and real accident), and the driver subject 
had to decide when it was appropriate to proceed 
through that intersection, in view of the positions and 
speeds of the opposing vehicles.  In order to ensure 
that the vehicle platoon was at the proper location 
each time, the vehicle platoon matched the speed of 
the subject vehicle until the subject vehicle was very 
close to the intersection.  Once it was close to the 
intersection, the vehicle platoon speed was set to the 
speeds encoded in the actual accident.  To the driver 
subjects, the platoon spacing, position and speeds 
appeared to be effectively random. 
 
 Of the five different intersections, there were 
two general types: "left-turns" across oncoming 
traffic (3 intersections), and "crossings" of 
perpendicular traffic (2 intersections).  The three left-
turn intersections were MAIDS cases NL081, 
NL132, and IT074.  The two crossing intersections 
were MAIDS cases NL035 and NL040.  The platoon 
speeds were those actually recorded in each accident.  
The inter-vehicle gap sizes were selected so as to 
appear to be randomized overall, but also to present 
to the driver a so-called "medium risk" gap size in 
front of each opposing vehicle lighting treatment, to 
be described subsequently. 

 
 The general left-turn scenario is shown in 
Fig 2.  As the subject vehicle approached the 
intersection, the vehicle platoon approached in the 
on-coming lane.  The vehicle platoon included a lead 
vehicle, an opposing vehicle, and a trailing vehicle, 
with a distracter vehicle positioned on a cross street.  
When the lead vehicle passed the distracter vehicle, 
the distracter vehicle proceeded and turned left.  The 
opposing vehicle was positioned at a fixed gap size 
behind the lead vehicle.  If the opposing vehicle was 
a PTW, the gap size (bumper-to-bumper) was 3.7 
seconds.  If the opposing vehicle was a car, the gap 
size was 2.7, 3.7, or 4.7 seconds, randomized and 
equally distributed in frequency.  The trailing vehicle 
was always 4.0 seconds behind the opposing vehicle.  
If the opposing vehicle was not present, the trailing 
vehicle was located 4.0 seconds behind where the 
opposing vehicle would have been, thus creating a 
gap of 7.7 seconds between the lead vehicle and the 
trailing vehicle. 
 

Figure 2.  General left-turn scenario (NL081, 
NL132, IT074). 
 
 There were two different types of crossing 
intersections: a left-turn across perpendicular traffic 
(MAIDS case NL035), and crossing perpendicular 
traffic with a slight jog to the right (MAIDS case 
NL040).  "Yield" signs were located at both 
intersections, so the subject vehicle usually came to a 
full stop before proceeding. 
 
 The first crossing intersection scenario type is 
shown in Fig 3 (left-turn across perpendicular 
traffic).  As the subject vehicle approached the 
intersection, the vehicle platoon approached from the 
left.  Again, the vehicle platoon included a lead 
vehicle, an opposing vehicle, and a trailing vehicle, 
with a separate distracter vehicle approaching from 
the right (the opposite direction).  First, the distracter 
vehicle passed in front of the subject vehicle.  Then 
the lead vehicle passed the subject vehicle shortly 
thereafter, as the subject vehicle was positioned at the 
"Yield" sign.  The opposing vehicle was positioned at 
a fixed gap size behind the lead vehicle.  If the 
opposing vehicle was a PTW, the gap size (bumper-
to-bumper) was 3.0 seconds.  If the opposing vehicle 

Start � 
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was a car, the gap size was 2.0, 3.0, or 4.0 seconds, 
randomized and equally distributed in frequency.  
The trailing vehicle was always 4.0 seconds behind 
the opposing vehicle.  If the opposing vehicle was not 
present, the trailing vehicle was located 4.0 seconds 
behind where the opposing vehicle would have been, 
thus creating a gap of 7.0 seconds between the lead 
vehicle and the trailing vehicle. 
 

Figure 3.  General crossing intersection scenario 
type 1 (NL035). 
 
 The second crossing intersection scenario type 
is shown in Fig 4 (crossing perpendicular traffic with 
a slight jog to the right).  As the subject vehicle 
approached the intersection, the vehicle platoon 
approached from the right.  The vehicle platoon 
included a lead vehicle, an opposing vehicle, and a 
trailing vehicle, with a separate distracter vehicle 
approaching from the left (the opposite direction).  
First, the distracter vehicle passed in front of the 
subject vehicle.  Then the lead vehicle passed the 
subject vehicle shortly thereafter, as the subject 
vehicle was positioned at the "Yield" sign.  The 
opposing vehicle was positioned at a fixed gap size 
behind the lead vehicle.  If the opposing vehicle was 
a PTW, the gap size (bumper-to-bumper) was 3.0 
seconds.  If the opposing vehicle was a car, the gap 
size was either 2.0, 3.0, or 4.0 seconds, equally 
distributed.  The trailing vehicle was always 4.0 
seconds behind the opposing vehicle.  If the opposing 
vehicle was not present, the trailing vehicle was 
located 4.0 seconds behind where the opposing 
vehicle would have been, thus creating a gap of 7.0 
seconds between the lead vehicle and the trailing 
vehicle. 
 

Figure 4.  General crossing intersection scenario 
type 2 (NL040). 

 
Subject Protocols 
 
 All driver subjects were given the same 
specific instructions at specific times.  In general, 
subjects were instructed to drive "as quickly and 
safely as possible through the road course."  Subjects 
were asked to follow road signs to a hospital while 
following speed limits for various portions of the 
road circuit: 50 km/h in "built-up" areas (the areas 
surrounding the intersections), and 80 km/h in all 
other places.  The sound of a car horn was heard each 
time a speed limit was exceeded.   
 
 In order to provide a suitable and realistic 
driver workload, subjects were also asked to perform 
a radio tuning task at various intervals while driving.  
At various locations along the road circuit, a voice 
prompt told the subject to tune to a randomized radio 
station frequency.  Tuning was accomplished by 
rotating a tuning knob located on the right side of the 
radio.  The tunings were a simple, single-station 
tuning, with less than 10 MHz of movement between 
radio channels.  Tunings were performed between 
most intersections, at seven different locations along 
the road circuit.   
 
 A structure of small monetary penalties and 
rewards was also implemented in order to encourage 
realistic driving behaviour.  Subjects were told that 
they started each run with USD 4 and that each speed 
limit violation incurred a penalty of USD 1.  In 
addition, a reward of USD 2 was given for road 
circuit completion within a certain time limit, and a 
penalty of USD 2 was incurred for exceeding the 
time limit.  The actual time limit was arbitrary, 
although a typical circuit time would be about 8 
minutes for realistic, "quick but safe" driving. 
 
 Drivers were encouraged, by means of 
controlled comments from the Experimenter, to adopt 
a moderate rate of choosing to "GO" in front of the 
opposing vehicle, since no useful information would 
be gained from drivers always going or never going 
in front of the opposing vehicles.  This was found to 
be necessary because it was observed during the Pilot 
Tests that, over long periods of time, drivers 
behaviour tended to "drift" gradually toward either an 
"always GO" pattern (representing a very high level 
of risk, or so-called "video game" behaviour); or 
toward a "never GO" pattern (or "zero risk") 
behaviour.  Whilst such behaviors may or may not 
occur in the real world, the objective of the research 
was to examine the so-called "medium risk" 
situations most typical of real accidents, namely, 
those situations in which there is roughly an equal 
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probability of "GO" or "no GO."  These are situations 
that require conscious sensing, recognition, speed-
distance estimation and decision-making by drivers, 
which was the main objective of these experiments. 
 
 In view of these objectives and factors, the 
following protocol was implemented in the last Pilot 
Test and in the Main Tests.  If and when drivers did 
not choose at least 1 "GO" in the most recent 5 
intersections, they were read the following statement: 

"In order to receive your time bonus, you may 
need to take more risk at the intersections." 

 
If and when drivers chose at least 4 "GOs" in the 
most recent 5 intersections, they were read the 
following statement:   

"You can still receive your time bonus even if 
you do not take quite so much risk at the 
intersections." 

 
In this way, the subjects were allowed (but not 
forced) to adjust their risk level.  This was done in 
such a way, in the presence of randomized gap size 
and treatment, that the subjects tended to choose a 
"medium risk" level, overall.  No other coaching or 
discussion in relation to this was given. 
 
Example Treatments 
 
 Overall, a total of 15 lighting treatments were 
used in various phases of the study.  Pilot Test 1 
examined the greatest number of treatments, while 
Pilot Tests 2 and 3 were used to refine the final 
selections for the Main Tests. 
 
 Figure 4 illustrates the approximate appearance 
of the baseline lighting treatment selected for use in 
the Main tests.  This comprises a "sport" type moped 
with a sport type motorcycle headlamp of 186 mm 
diameter and 273 cd at the opposing driver's eye 
point (DEP) location. 
 
 Ultimately, hypothetical treatments were 
selected for use in the Main Tests based in part on: 

- Total intensity (detection theory) 
- Multi-lamp separation (speed-distance 

estimation theory) 
- Signature/pattern and signature/colour 

(recognition theory) 
 
 These criteria and the results of pilot testing 
were used to select the final treatments for the Main 
Tests. 
 
 
 

Figure 4.  Appearance of baseline lighting 
treatment. 
 
Photometric Calibration 
 
 Photometric calibrations of the lighting 
treatments were conducted in order: 

- To compare simulated and real-world 
daytime contrast ratios for treatments; 

- To determine the feasible contrast ratio for 
the Driving Simulator; 

- To establish a maximum simulated 
luminance value for the simulator tests. 

 
 The first step was to examine luminance 
measurements that would occur at a typical Driver 
Eye Point (DEP) for the various lighting treatments 
that would be used in the testing.  Next, laboratory 
measurements of an existing headlamp were made.  
Then real-world daytime luminance and contrast ratio 
measurements were taken.  Then the maximum 
luminance to be simulated was established from the 
various lighting measurements that had been made.  
Finally, luminance measurements were made in the 
Driving Simulator of the implemented lighting 
treatments, and contrast ratios were calculated and 
compared to those from real-world conditions. 
 
 Generally speaking, for this series of daytime 
lighting experiments, it was found that a simulated 
maximum contrast ratio (i.e., saturated white-to-18% 
horizontal grey card surface) of 6.4 to 1 was 
sufficient to capture the real-world contrast ratios 
present with current typical car and PTW normal 
headlamps under typical "bright" daylight conditions.  
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The ambient lighting of the scene was therefore 
adjusted to achieve this contrast ratio with the 
brightest of the treatments set to saturated (pure) 
white.  The contrast ratio as used here is defined as 
the ratio of the luminance of the lighting treatment as 
measured at the DEP minus the luminance of the 
background as measured at the DEP, divided by the 
luminance of the background.  The standard 
luminance of the background was taken to be 1750 
cd/m2 based on mid-day luminance measurements 
using a horizontal 18% grey photographic reference 
card, recorded outdoors at 35 degrees north latitude 
during several weeks around the vernal equinox, 
under a wide variety of cloud conditions.  This was 
considered to represent typical worst-case "bright" 
conditions.  Darker daytime ambient lighting (as in 
more northern latitude and/or winter conditions) 
would be expected to lead to higher detection and 
effectiveness of the lighting treatments studied, and 
in addition are less representative of typical 
motorcycle operating conditions. 
 
 The screen luminance of all of the simulated 
scenes as measured at the DEP were in the photopic 
(i.e., greater than 1 cd/m2) region, and therefore, 
although they were 1000 times (i.e., 60 decibels) 
dimmer than full-scale, they involved the same 
human sensory apparatus (i.e., photopic luminance 
contrast) as full-scale. 
 
 In all other regards, the simulated luminance 
of each headlamp was modeled in the Simulator in 
accordance with the lighting manufacturer data, as a 
function of the vertical and horizontal angles from 
the driver's eye to the headlamp central axis, and the 
distance-squared from the headlamp to the driver's 
eye. 
 
Experimental Matrix 
 
 The Main Tests involved 10 driver subjects 
and examined 4 different PTW lighting treatments.  
The overall experimental variables included the 4 
PTW lighting treatments, 5 unique intersections, 2 
DRL mixes, and 2 repeats.  A single gap size was 
used when the PTW was the opposing vehicle.  The 
experimental variables and the total runs required are 
shown in Table 5.  The experimental variables 
resulted in a total of 24 road circuit loops per subject. 
 
 
 
 
 
 
 

Table 5.   
Main test experimental variables and total runs 

required 
Number of intersections 5 

PTW Lighting treatments 
(baseline and 3 others) 

x  4 

Gap size (PTW as Opposing 
vehicle) 

x  1 

Percentage of Cars having lights 
on (10 or 90%) 

x  2 

Repeats x  2 

PTW exposures per subject: =   80 

(33% occurrence rate of PTWs) x  3 

Intersections required per subject: = 240 

Intersections per road circuit loop: /  10 

Total number of road circuit loops 
per subject: 

=   24 

 
Measurements 
 
 For each run (i.e., one lap of the circuit), 
several different types of data were collected.  
Continuous time history data were collected, 
including: 

- Positions of all vehicles 
- Speed 
- Brake pedal force 
- Throttle pedal position 
- Lateral and longitudinal acceleration 
- Steering wheel angle 

 
 Driver eye fixations on the opposing vehicle 
were also collected from a head-mounted eye tracker.  
The time of the driver's first fixation on each 
opposing vehicle was recorded in post-processing of 
the video data, and the resulting variable was the 
distance to the opposing vehicle at the time of the 
first fixation.   
 
 Two video recordings were made.  One 
recording was of the split images of the driver's face, 
forward road scene, and cab interior, shown in Fig 6.  
Note that the driver is wearing the eye tracking 
equipment; the area around the eye that appears to be 
lit is infrared wavelength light and therefore not 
visible to the driver.  The second video recording was 
from the head-mounted wide angle camera, with the 
eye fixation crosshair superimposed, shown in Fig 7. 
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(1) 

(3) 

(2) 

 

 
Figure 6.  Split images of driver face (1), forward 
road scene (2), and cab interior (3). 
 

 
Figure 7.  Video image from head-mounted 
camera, at an instant when eye is fixated on PTW, 
and head is facing left window of car. 

 
METHODOLOGY VALIDATION 
 
 In addition to the pilot testing, validation tests 
were performed in order to compare driver detection 
of vehicles in real world (full-scale) versus the 
simulator.  The technical approach was to measure 
and compare motorcycle detection rates using full-
scale and simulator occlusion experiments. 
 
 The protocols and setup for full-scale testing 
and simulator testing were the same.  Both phases of 
the validation test used the same subject.  The 
methodology was somewhat similar to that used by 
Donne et al. (1985) comprising a forward view 
occlusion test with a scene geometry somewhat 
similar to that of Cobb (1992). 
 
 The subject was seated in the driver's seat of a 
parked vehicle, wearing occlusion goggles that gave 

a 0.100 sec glimpse of the forward scene.  This 
glimpse time was similar to that used by Donne et al. 
(1985), and consistent with human glance durations, 
which can be about 0.070 sec and greater.  A 
motorcycle, car, both or neither would be presented 
to the subject.  The motorcycle, if present, appeared 
in front of the subject in 1 of 4 possible locations, and 
the car appeared in 1 of 3 possible locations.  The 
motorcycle headlamp could be on or off, and the car 
headlamp was always on.  After the occlusion shutter 
was opened then closed, the subject was asked: 

- Which vehicles were seen? 
- Where was each vehicle located? and 
- Was each vehicle's headlamp on or off? 

 
 Upon completion of full-scale and simulator 
testing, the data was reduced and analyzed.  Vehicle 
detection was the primary concern, with headlamp 
detection being of secondary interest.  The possible 
vehicle detection error types were: omission errors, 
insertion errors, and substitution errors.  Omission 
errors occurred when a vehicle was present, but not 
reported.  Insertion errors occurred when a vehicle 
was not present, but was reported.  Substitution errors 
occurred when a vehicle was present, but was 
reported as another vehicle type (car or motorcycle).  
Of the different error types, omission errors were 
considered to be the most important with respect to 
motorcycle conspicuity. 
 
 Overall, omission error rates were similar in 
full-scale and simulator testing.  All motorcycle 
omission errors occurred with the headlamp off.  
More omission errors occurred to the left, which was 
a somewhat larger visual angle from the subject's 
line-of-sight than the position to the right.  No errors 
of omission occurred in the centre positions.   
 
 The probability of motorcycle detection that 
resulted from the full-scale and simulator testing was 
also compared to a simple hypothesized, detection 
probability model using a primitive "detection index" 
(DI).  This index was similar to the "area-weighted 
contrast" models mentioned by Blackwell (1946) and 
Witus et al. (2001) as historical models for describing 
human detection of simple objects against plain 
backgrounds.  The index is defined in Equation 1 as: 
 
   DI = | Area x Contrast ratio | (1). 
 
Such primitive models have been found to be of less 
value in complex scenes involving complicated 
targets and cluttered backgrounds.  This equation is 
valid for one exposure time (in this case, 0.100 sec) 
in time-dependent models such as those discussed by 
Witus et al. (2001). 
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 The hypothesized "probability of detection" 
model, shown in Equation 2, is a simple heuristic 
model of logistic form, as a function of the 
hypothesized detection index, and with a correction 
for eccentricity (i.e., horizontal angle from the line of 
sight). 
 
Probability of detection =  (1 – e –DI/b) cos b/DI Φ (2). 
 
 where: b = detection constant 
   Φ = horizontal angle 
 
The exponential cosine correction is suggested as 
being similar in form to the data presented by Arnow 
and Geisler (1996). 
 
 Figure 8 shows the probability of motorcycle 
detection for the hypothesized detection index model 
(fitted to the current data), as well as for the full-scale 
and simulator tests.  The full-scale and simulator tests 
include data for both headlamp-on and headlamp-off.  
For all cases, at a 5 degree offset (foveal view) the 
probability of detection was the same, at 1.0.  At a 
35-45 degree offset (peripheral view) the probability 
of detection was slightly greater in the Simulator than 
in full-scale.  Figures 9 and 10 show the probability 
of detection for headlamp-on and headlamp-off 
conditions.  In the headlamp-on condition, the 
probability of detection was 1.0 for all angles in both 
full-scale and simulator tests.  For the headlamp-off 
condition, the probability of detection in full-scale for 
the right peripheral view was about 0.9 and for the 
left peripheral view was about 0.8, being somewhat 
greater than this in the Simulator.   
 

Figure 8.  Probability of motorcycle detection for 
model, simulator, and full-scale tests, all 
conditions. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 9.  Probability of motorcycle detection for 
model, simulator, and full-scale tests, headlamp-
on conditions. 
 

Figure 10.  Probability of motorcycle detection for 
model, simulator, and full-scale tests, headlamp-
off conditions. 
 
Validation Test Conclusions 
 
 The results of Validation Testing indicate that 
for short 0.100 second glances at 5 degrees, the 
simulator gave the same probability of detection as 
full-scale for all motorcycle headlamp on/off 
conditions.  At 35-45 degrees, the simulator gave the 
same probability of detection as full-scale for 
headlamp-on conditions.  At 35-45 degrees, the 
simulator gave somewhat greater probability of 
detection than full-scale for headlamp-off conditions.  
One possible reason for this difference might be that 
"solar glare" from the car in the full-scale test 
competed with the headlamp-off motorcycle. 
 
 In general, solar glare reflections from 
vehicles and the environment in sunny conditions can 
be much brighter than, and can reduce the 
effectiveness of, typical dipped beam headlamps (not 
to mention the conspicuity of a headlamp-off 
vehicle).  In full-scale outdoor tests, the amount of 
solar glare can vary over time, and is an extraneous 
variable.  A driving simulator can control and keep 
the solar glare constant.  So in order to minimize the 
effects of extraneous variables, it was concluded that 
the simulator tests should use "cloudy-overcast-
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bright" conditions and not excessive levels of object 
shininess or "specularity."  These conditions are 
typical for much of Europe in much of the 
motorcycle riding season. 
 
 Overall, the results of the Validation Tests also 
suggest that the effectiveness of lighting treatments 
measured in the simulator might be less in the real 
world for large horizontal viewing angles (e.g., 
crossing-type accidents) in sunny regions.  In fact, 
the Main Test lighting treatments (which were dipped 
beam headlamps) were not so effective in such "wide 
angle" conditions, even in the Simulator.  Otherwise, 
the simulator was found to give accurate and valid 
results for the rapid glimpse conditions examined, in 
comparison to real world full-scale motorcycle 
detection rates. 
 
 Finally, a simple rough "Detection Index" 
model was able to describe, at least in form, the main 
"probability of detection" effects observed in the 
Validation Tests. 
 
EXAMPLE DATA FROM  
MAIN TESTS 
 
 Whilst presentation and discussion of the 
detailed results of the Main Tests is beyond the scope 
of the current paper, the purpose of which is to 
describe the experimental methodology, nevertheless, 
a few examples of typical resulting data illustrate the 
discriminating power of the methodology. 
 
 Several hypothetical frontal lighting treatments 
were considered, with four (A, B, C and D) being 
evaluated in the Main Tests.  Treatment A was the 
baseline PTW treatment previously described.  None 
of the hypothetical treatments B, C or D considered 
real-world practicability.  Data for cars is also shown. 
 
 Statistical differences between sets of data 
were reported when appropriate.  The statistical test 
that was typically performed was an independent 
samples t-Test.  The output of the statistical test is a 
p-value, where values less than 0.05 indicate a 
significant difference between the data sets.   
 
 The probability of eye fixation on the 
opposing vehicle was analyzed by PTW treatment, 
shown in Fig 11.  The overall probability of eye 
fixation was lower for PTWs than for cars, but the 
difference in fixation probability was not significant 
(p=0.17).  None of the PTW lighting treatments were 
significantly different from the others in terms of the 
probability of eye fixation.  However, the probability 
of eye fixation on a car was significantly greater than 

for PTW treatments C (p=0.04) and D (p=0.03), 
while differences from PTW treatments A (p=0.06) 
and B (p=0.08) were not significant. 
 

Figure 11.  Probability of eye fixation on opposing 
vehicle for treatments. 
 
 Figure 12 shows the distance to the opposing 
vehicle at the 1st eye fixation for both left-turn and 
crossing intersections.  This was the distance where 
the driver subject first observed the opposing vehicle.  
For left-turn intersections, the fixation distances were 
similar.  For crossing intersections, the mean fixation 
distance for Treatment A was 5 to 8 m less than for 
the other (greater intensity) PTW treatments and for 
cars, but this difference was not significant. 
 

Figure 12.  Distance to opposing vehicle at 1st eye 
fixation, left-turn and crossing intersections. 
 
 The probability of "GO" was analyzed by 
PTW treatment and combined across intersection 
type, shown in Fig 13.  Overall, cars had a 
significantly lower probability of "GO" than PTW 
treatment A.  Also, PTW treatment B and cars had 
significantly lower probability of "GO" than PTW 
treatment D.   
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Figure 13.  Probability of "GO" by treatment. 
 
 The cumulative distributions of minimum 
distances to the opposing vehicle in "GO" conditions 
were combined across intersection type, and graphed 
on a normal probability scale shown in Fig 14.  The 
linear distributions when graphed on a "normal" scale 
indicated that the distributions were "normal."  This 
increased the reliability of the intercept (i.e., collision 
probability) calculation.  Overall, PTW treatment A 
had the greatest probability of collision overall, 
having the greatest number of near-miss incidents.  
PTW treatment B had the least probability of 
collision overall. 
 

Figure 14.  Cumulative distributions of minimum 
distances to opposing vehicles. 
 

Probability of Collision 
 
 The overall probability of a collision was 
defined as the probability of a "GO" multiplied by the 
probability of a collision given a "GO," shown in 
Equation 3:   
 
 P(Collision) = P("GO") x P(Collision)|"GO" (3). 
 
The data for these calculations, given in the previous 
subsection, was pooled over all 10 driver subjects.  
The probability (or estimated observed frequency) at 
0 distance indicates the probability of a collision, and 
a constant slope when graphed on a "normal" scale 
indicates a normal distribution. 
 
 Figure 14 (shown previously) is the 
cumulative distribution of minimum distances to the 
opposing vehicle and Fig 15 summarizes the resulting 
probability of collision for each PTW treatment.  
Treatment B had by far the lowest mean probability 
of collision, and this was significantly lower than 
Treatment A. 
 

Figure 15.  Probability of collision for each PTW 
treatment. 
 
Preliminary Overall Effectiveness Estimate 
 
 The preliminary estimated overall 
effectiveness of each PTW lighting treatment was 
calculated using the Main Test data and aggregated 
MAIDS data for the various categories of accidents. 
 
 The methodology used to make these estimates 
used both quantitative data from the simulator 
experiments and from the MAIDS accident database, 

A B C D Car 
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and subjective judgments of "effectiveness 
weighting" in each category of MAIDS accident. 
 
 The method first listed 129 relevant categories 
of PTW accidents using the OECD Common 
Methodology Data Summary Sheets.  Next, the 
number of cases in MAIDS falling into each accident 
category was listed.  Next, it was noted that in 37% 
(337) of the n = 921 MAIDS accidents, "other vehicle 
driver perception failure" was coded as the primary 
contributing factor (and this was the largest primary 
contributing factor).  It was assumed that the visual 
background had a negative effect on motorcycle 
conspicuity in some of these cases of "other vehicle 
driver perception failure."  Therefore, the MAIDS 
data was evaluated in order to develop an estimate of 
the number of PTW accident typologies that may 
have included a visual background that had a 
negative effect upon PTW conspicuity. 
 
 The data from MAIDS indicated that the 
visual background had a negative effect on MC 
conspicuity in n = 112 cases.  This is 33% of the n = 
337 "OV driver perception failure" cases. 
 
CONCLUSIONS 
 
 An experimental investigation was conducted 
to verify whether potential PTW conspicuity 
improvements could be studied in driving simulator 
experiments.  The driving simulator consisted of an 
instrumented car with interactive steering, braking 
and throttle controls; a 180-degree high resolution 
real-time visual display; a road circuit involving five 
real accident sites and scenarios from the Motorcycle 
Accidents In Depth Study (MAIDS); left turn and 
crossing intersections with randomized gap size in 
front of opposing vehicles; 3D photographic images 
of the accident sites; and motorcycle and car lighting 
treatments photometrically calibrated against full-
scale in terms of measured luminance contrast ratios. 
 
 In addition to photometric calibration against 
real headlamp contrast ratio data, the simulator was 
validated using human visual occlusion tests 
involving vehicle detection.  In these tests with 0.100 
sec glimpse times, the driver's detection of 
motorcycles in the simulator was identical to that in 
the full-scale tests under most conditions (i.e., in the 
foveal, or central, zone), with headlamp-on and 
headlamp-off; and in the peripheral zone with 
headlamp-on); and only somewhat greater than in the 
full-scale tests in one condition (peripheral, 
headlamp-off).  The latter small difference is 
attributed to the presence of solar glare in the full-
scale tests.  This extraneous and variable condition 

reduced the conspicuity of the motorcycle headlamp-
off condition.  Overall, the validation tests indicated 
that the simulator is valid for rapid detection tasks in 
the foveal as well as the peripheral regions. 
 
 Main Tests were conducted with n = 10 
European car drivers, and involved full-task, "blind" 
experiments in the calibrated and validated driving 
simulator.  Driver subjects did not know the true 
purpose of the experiment, which involved realistic 
driving in urban and rural conditions and various 
primary and secondary realistic driving tasks.  A 
protocol was developed which resulted in all subjects 
driving with similar levels of "medium risk" at 
intersections. 
 
 Measurements were made of driver eye 
fixations (i.e., detection) of opposing vehicles (i.e., 
PTWs or cars); probability of "GO" in front of an 
opposing vehicle; and minimum distance to the 
opposing vehicle, enabling calculation of the 
"probability of collision."  Each driver subject (10) 
was exposed to each lighting treatment (4) at each 
accident site (5) twice for two different car DRL 
conditions, yielding a total of n = 800 treatment 
exposures. 
 
 Overall, the simulator methodology was found 
to provide a powerful tool for researching differences 
in driver behaviour and collision probability due to 
daytime lighting treatments in this sample of real 
accident scenarios.   
 
RECOMMENDATIONS 
 
 An initial peer review with experts from the 
human factors and lighting research communities has 
suggested that whilst the simulator methodology 
appears to be robust and valid, further validation and 
application would be helpful, in terms of elucidating 
and extending the initial findings.  This additional 
research could include: investigating various 
simulator and protocol issues (e.g., driver short term 
learning effects; separating the effects of driver long 
term learning and background DRL percentage 
changes; wider variations in speed and intersection 
type); further validation of detection with greater 
numbers of drivers; validation in over-the-road 
experiments; investigation of a wider range of 
treatments and technologies; and refinement of the 
overall effectiveness estimation method. 
 
 The simulator methodology might also be 
useful in the in-depth and realistic evaluation of other 
safety technologies, such as telematics and e-safety, 
which aim at improving PTW conspicuity. 
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ABSTRACT

The  development  of  new  protective  systems
must  be  performed  on  reliable  tools  and
representative of alive human. In an earlier study a
simplified  and  realistic  model  of  the  head-neck
system under moderate rear impact was performed. 

It is clear and often addressed in the literature
that  under  such  an  impact  configuration,  the
deformation  of  the  torso  and  the  car  seat,  is  of
extreme  importance  and  defines  the  initial
conditions of the head-neck system.

In order to address this issue, an original lumped
model  of  the  human torso  was  developed  in  the
present  study and coupled  to  a  car  seat-head  rest
complex.  The  hypothesis  of  linear  behavior  was
used  for  the  torso  being  subjected  to  small
deformations  .  The  modal  analysis  of  the  human
torso in a seating position conduced by Kitazaki and
Griffin  in  1992  was  used  in  this  study  for  both
masses and mechanical properties identification. 

In  order  to  reproduce  the  four  mode  shapes
identified  experimentally the torso was divided in
six segments to obtain the five degrees of freedom
with the head neck system. This model of minimum
complexity  but  able  to  reproduce  the  5  first
experimental vibration modes was validated in the
frequency domain in  terms of  natural  frequencies
and damping as well as mode shapes. In addition to
the  lumped  approach,  an  external  geometry  was
implemented  in  order  to  couple  the  human body
model to a finite element model of the car seat also
developed  in  the  present  studies.  Rear  impact
simulations  for  the  two  different  configurations
(flexible  and  rigid  torso)  showed  an  increase  of
about 35% for the maximum T1 acceleration and an
increase  of  about  65%  for  the  acceleration  slope
when  a  rigid  torso  is  considered.  Realistic  body
behavior and accurate T1 acceleration are essential
aspects in real world accident reconstruction as well
as  for  seat-head  rest  evaluation  and  optimization
against neck loading.

INTRODUCTION

Despite advances in safety devices, neck injuries
in  traffic  accidents,  especially  non-severe  rear
impact accidents, continue to be a serious and costly

social  problem.  The high cost  of  whiplash  injury
has  been  extensively  documented  in  several
countries  (Szabo  et  al 2002  and  1996).  The
development  of  safety  measures  designed  to
decrease the incidence of whiplash injuries must be
guided  by  meaningful  and  reliable  human  body
surrogates.  Most  injury  prevention  strategies  are
based  on  impact  analysis  using  anthropomorphic
crash  test  dummies  or  mathematical  models.
Without proper evaluation of these experimental or
computational  models  against  the  mechanical
responses  of  the  human  body,  it  would  not  be
possible to improve the current state-of-the-art neck
injury  prevention  techniques.  Unfortunately  the
spine is one of the most complex structures in the
human  skeletal  system  and  its  behavior  during
impact is still poorly understood.

At present there are no less than three crash test
dummies  dedicated  for  use  in  experimental  rear
impact analysis ; the Hybrid III dummy developed
by Foster  et al (1977),  the BioRID II designed at
Chalmers University Davidsson (1999) and the RID
dummy  proposed  by  TNO  in  the  Netherlands
Cappon et al (2001). A number of validation studies
have  been  conducted  on  these  dummies  against
volunteers  and  against  post  mortem subject  neck
responses  (Davidson  1999,  Cappon  et  al  2001,
Davidson et al 1999, Prasad et al 1997, Seeman et
al 1986  and  Siegmund  et  al 2001)  and  have
demonstrated the limited biofidelity of this human
body  surrogate  under  low  speed  rear  impact.
Optimization  studies  of  the  car-seat-head  rest
system were also  described  by Szabo  et  al 2002,
Ishikawa  et  al 2000,  Eichberger  et  al 1996  and
Svensson  et al 1993 and concluded that the safest
protective system against whiplash depends on the
dummy used.

The modeling of the human trunk began in the
mid  last  century.  Several  kinds  of  models  were
developed  either  as  a  continuum or  with  lumped
parameters.  Most  of  these  models  do  not  have  a
realistic  behavior  compared  to  the  human  body.
Either  they  are  too  detailed  and  involve  a  great
quantity of not  easily identifiable parameters with
the  existing  experimental  data,  or  they  represent
only one particular dynamic behavior of the trunk
and cannot thus be used for other applications like
simulations  of  rear  impacts.  Indeed,  most  of  the
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spine  studies  developed  characterize  the  global
dynamic behavior of the trunk-head unit under seat
ejection  for  military  application.  Typically,  the
models can be divided into two categories:
• The  continuous  models  (Hess  and  Lombard

1958)
• The lumped models (Vulcan and King 1970, ).

However, none of them have been studying the
kinematics behavior of T1 under rear impact.

Many  multi  body  system human  model  have
been developed in the MADYMO software (TNO
1997) for rear-end impacts. Jernström et al (1993)
presented  a  two-dimensional  human  model.
Jakobsson et al (1994) compared the head angle of
this model with that of a volunteer at  ∆v 8 km/h.
The upper thoracic spine curvature of the model and
the time span for the head to headrest contact were
not  in  accordance  with  the  volunteer  response.
Next,  as  tests  are  not  easy  to  be  performed  on
volunteers that only can be exposed to non-injurious
impacts,  Eriksson  (2002)  developed  a  very
simplified  three-dimensional  model  with
mechanical  properties  tuned  in  order  to  fit  the
BioRID I dummy response Davidsson  et al.  1999
integrating a flexible spine. Cappon et al. 2001 also
developed  a dummy in a  whiplash project  with a
flexible thorax called RID 2.

Typically,  numerical  or  physical  spine  model
validation  is  conducted  against  volunteers  or
postmortem human subjects (PMHS) by comparing
the  evolution  of  recorded  mechanical  parameters
over  time  with  the  human  response.  This
methodology  is  limited  as  it  is  very  difficult  to
characterize a multiple degrees of freedom system
under  impact  in  the  temporal  domain.  These
difficulties are well illustrated by the large number
of test dummy evaluation and comparative studies
found  in  the  literature.  The  number  of  prototype
versions  and  contradictions  between  study
conclusions illustrate how difficult it is to explain
some phenomena that  are masked within the time
domain.  An  other  illustration  can  be  found  in
Philippens  et  al 2002  study  where  “realistic”
dummy head kinematics  can be  observed,  but  T1
accelerations were out of corridors. The reason for
this is that the dummy response has to remain within
ranges  or  corridors  with  wide  tolerance.  The
evaluation process  in the  temporal  domain  is  not
sufficiently accurate  to extract  initial  ramps, local
peaks  and  oscillations  that  can  be  of  great
importance.

Despite  this  critical  issue,  recent researches in
spine biomechanics have improved our knowledge
of  this  complex  structure.  The  limitations  listed
above  illustrate  the  need  for  further  experimental
and theoretical analysis. The purpose of this paper
is  to  apply  modal  analysis  techniques  to
characterize the human trunk system in vivo and to
develop a lumped parameters model of this segment

in the sagittal plane.
Indeed  modal  analysis  in  engineering  is  non-

destructive and used for identification of dynamic
structures.  In  biomechanics  the  method  has  been
used  extensively for  bone  healing processing and
for  dynamic  characterization  of  the  human  head
(Hodgson  et  al 1967,  Stalnaker  et  al 1971  and
Willinger  et al 1990).  Contrarily to other studies,
with respect to the spinal column, and in addition to
impedance recording of a single degree of freedom,
Kitazaki  et  al 1998  undertook  a  detailed
experimental  modal  analysis of  the whole column
including the head. A total of 15 degrees of freedom
were taken into account, 3 for the head, 10 for the
spinal  column  and  2  for  the  frontal  area  of  the
abdomen.  The  seated  subject  was  vibrated
vertically.  The  transfer  function  in  terms  of  the
apparent  mass  between  the  input  force  and  the
different degrees of freedom accelerations enabled
to extract the modal characteristics of the system in
the modal domain, i.e. natural frequencies and eigen
vectors  or  mode  shapes.  In  this  way,  eleven
vibration modes were identified between 1.8 Hz and
17 Hz due to back. The aim of Kitazaki's study was
modal characterization and comfort. The modeling
was  therefore  restricted  to  definition  of  the
analytical  transfer function rather than mechanical
characterization of the human body. 

In  previous  studies  undertaken  at  ULP,  the
experimental  modal  analysis  of  the  human  head-
neck  system  in  vivo  provided  us  with  natural
frequencies  and  mode  shapes  which  constitute
original  validation  parameters  for  dummy  necks
(Willinger  and  Bourdet  2002).  A  detailed
description  of  the  applied  methodology  can  be
found  in  Willinger  and  Bourdet  2004,
demonstrating  how  this  experiment  provided  the
biomechanical  background  for  dummy  and
numerical  neck  model  evaluation  (Meyer  and
Bourdet 2004).

In the present  study, we used the results  from
Kitazaki et al. 1998 to identify a 5 degrees lumped
torso model. In the following first section we will
describe the modeling of the head-neck-torso unit
and the identification methodology for the stiffness
and damping parameters. We will then present the
coupling  of  this  model  with  a  car  seat  model
realistic boundary conditions to simulate low speed
rear end impact. 

Finally  a  “standard”  rear  impact  is  simulated
with  the  new  torso  model.  The  results  are  then
compared  to  the  response  computed  with  a  rigid
torso under similar loading condition.

MODELING OF THE HUMAN TRUNK

Experimental tests

The experimental  data used in this study were
completed in a context of ergonomics and comfort
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by Kitazaki et al 1998. The task was to characterize
the movements of the head and the torso when the
body was subjected to a vibration. The final aim of
this  research  was  to  determine  the  frequency
behaviors  of  the  human  body  in  order  to  better
understand the origin of pains at the lumbar level.
They also aimed to analyze the glance stabilization
of a subject driving a car. After a first experimental
attempt  of  modal  analysis  on  the  human body in
vivo,  Kitazaki  et  al (1998)  decided  to  propose  a
modal analysis of the head-neck-trunk unit.

The studied system is shown in figure figure 1b.
It is about the head-neck-trunk unit whose position
in the sagittal plan is characterized by 15 degrees of
freedom: the head Tx, Ty, Tz  and θy recorded by an
accelerometric  device  illustrated  in figure  1a;  and
ten other sensors recording the accelerations of the
five vertebrae T1, T6, T11, L3 and S2 in Tx and Tz. 

(a)

(b)

Figure 1. (a) Measurement device for kinematics
recording, (b) degrees of freedom of the human
body for modal analysis [Kitazaki et al (1998)].

The system was excited by a vibratory platform
recording  the  transmitted  force  and  accelerations.
The  frequency exciter  was able  to  transmit  up to
10kN with a  maximum displacement  of  1m.  The
vibratory  test  consisted  of  a  Gaussian  random
excitation (Γ=1.7 ms-2 (rms), f=0,5 à 35 Hz; during:
1  minute).  Only one 32  years old  male  volunteer
was subjected to the test. Thereafter, two types of

experimental responses were analyzed: the transfer
functions in terms of:

Apparent Mass : A jk=
 j

F k
and in terms of

Transmissibilitie : T jk=
 j

k
Where Fk et Γk are force and acceleration at the

platform level (inputs). 
This representation of the human body allowed

the  authors  to  write  the  transmissibility  equations
and  to  superimpose  them  with  those  recorded
experimentally.  The  expression  of  the  deformed
mode  shapes,  illustrated  in  figure  2,  and  their
quantitative  description  of  table  1 was  also
described by this analytical transfer functions.

                     
                            (a)                              (b)

                  
                       (a)                             (b)

Figure  2.  Representation  of  deformed  mode
shapes  extracted  by  Kitazaki  et  al 1998,
acordingly to the model.

While this study of high quality can be of very
great interest in the analysis of car drivers’ comfort,
its applications in impact biomechanics are limited.
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The limitations of this work, for a characterization
of the spine column, are at two levels:
• the definition of the degrees of freedom is not

adapted to a description of the cervical column, 
• the  analytical  transfer  function  proposed  not

frequencies  and  modes  shapes  without
mechanical  parameters  identification  such  as
segment masses or rigidity and damping.
Four  relevant  deformed  mode  shapes  are  of

interest for the spinal column modeling under rear
end impact and will be considered in the following
section.

Table 1. Quantitative results of the human body
modal analysis.

Mode Natural frequency
[Hz]

Damping
ratio

1 1.82 0.224

2 3.31 0.215

3 6.16 0.178

4 17.58 0.296

Lumped parameter model of the torso

In our study, we used the experimental data of
Kitazaki (1992) and Kitazaki and Griffin (1998), to
establish a minimum complexity lumped parameters
model  allowing  the  reproduction  of  a  realistic
dynamic behavior of the human torso.  In order  to
obtain  the  deformed  mode  shapes  given  by
Kitazaki,  our  model  consists  of  five  joints,  as
illustrated of figure 3. The head-neck joint remained
blocked for this part of the study.

The  model  consisted  of  six  segments
respectively  representing  the  lower  and  higher
lumbar part,  the lower and upper thorax, the neck
and the head. Mass mi and inertiae Ji from each part
are concentrated at the gravity center Gi. Each joint
has  a  stiffness  ki and  damping  ci.  We  did
approximate the angular functions to order 2 for all
ψi angles around zero. The following functions are
then obtained and reported in equation 1:

sin i=iO i
2

cosi=1O i
2

(1)

The  lengths,  masses  and  inertiae  were
determined  by  anthropometric  measurements  and
calculated using a geometrical model developed by
Hanavan (1964). This model represents the human
body  by  superimposition  of  ellipsoidal  and
cylindrical  segments.  The  mass  components  are
based  on  the  regression  equations  reported  by
Clauser et al (1969).

Oi G i=bi x iai z i

xi=cos ix−sin iz
z i=cos ix−sin iz

avec  i=i0i où  θi0

est  l’angle  initial  et  ψi est
variable dans le temps.

Figure  3.  Representation  of  the  lumped
parameters model of the trunk.

In order to obtain the masses and inertiae of the
five pivots model, we divided the trunk by an upper
part  and  a  lower  part  being  the  pelvic  part.  The
values  thus  obtained,  after  having  extracted  from
the literature the lengths necessary for calculation,
are reported in table 2.

Table 2. Mass and inertial data of the trunk, the
neck and the head.

Parts Mass [kg] Inertiae /y
[kg.m²]

Lower Lumbar 3.6 0.01

Upper Lumbar 7.3 0.0281

Lower Torso 8 0.0352

Upper Torso 10.5 0.0603

Neck 1.7 0.002

Head 4.5 0.04

The lumped parameters model of the head-neck-
trunk  unit  was  introduced  into  the  implicit  finite
element  code  ANSYS  in  order  to  calculate  the
natural frequencies and the deformed mode shapes
of  the  system.  The  initial  stiffness  and  damping
values were selected so that the model presented the
same deformed mode shapes as those obtained by
Kitazaki at a similar natural frequency.
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DISPLACEMENT
STEP=1
SUB=1
FREQ=1.74

1st mode at 1.74 Hz

DISPLACEMENT
STEP=1
SUB=2
FREQ=3.25

2nd mode at 3.25 Hz
DISPLACEMENT
STEP=1
SUB=3
FREQ=6.38

3th mode at 6.38 Hz

Figure 4. Representation of the 3 first deformed
mode  shapes  obtained  under  free  vibration
modal  analysis  with  the  proposed  from  the
model.

DISPLACEMENT
STEP=1
SUB=4
FREQ=17.78

4th mode at 17.78 Hz

Figure 5. Representation of the fourth deformed
mode  shapes  obtained  under  free  vibration
modal  analysis  with  the  proposed  from  the
model.

In order to be in the same configuration as in the
experimental  study  provided  by  Kitazaki,  we
imposed a vertical displacement on all lower parts
of  the model  including the legs and the feet.  We
also  blocked  the  head-neck  joint.  Two  types  of
analysis were carried out:
• •a  free  vibration  modal  analysis,  which

permitted  to  distinguish  the  various  deformed
mode  shapes  accordingly  to  the  natural
frequencies for an elastic behavior; 

• a  harmonic  analysis  which  permitted  to
determine  the  true  values  of  the  natural
frequencies and the damping ratios.
The free vibration modal analysis enabled us to

determine four deformed mode shapes with natural
frequencies over 1 Hz, illustrated in figure 4 and 5.
This deformed modes shapes can be compared with
those  obtained  by  Kitazaki  and  Griffin  (1998)
reported  in  figure  2.  In  fact,  another  natural
frequency appears at 0.38 Hz which corresponds to
a deformed mode shape not reported by Kitazaki. 

The  four  modes  presented  are  considered  as
sufficient to validate the model as only stiffness and
damping in S2, L3, T11 and T6 are to be identified.
Indeed, we already identified the T1 joint stiffness
during a previous study on modal  analysis of the
head-neck system (Willinger and Bourdet 2004).

A  parameter  optimization  of  stiffness  and
damping was then carried out on the model in order
to  obtain  a  good  accordance  of  the  natural
frequencies  and  the  damping  ratio  with  those
extracted by Kitazaki et al 1998.

A total of 27 iterations were necessary to obtain
these parameter optimization. Results  are reported
in table 3 together with the experimental ones.
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Table 3. Optimization model behavior compared
with the experimental ones reported by Kitazaki

et al.

Mode
Natural frequency

[Hz]
Damping ratio

Exp. Model Exp. Model

Mode 1 1.82 1.90 0.224 0.23

Mode 2 3.31 3.25 0.215 0.21

Mode 3 6.16 6.2 0.178 0.18

Mode 4 17.58 17.2 0.296 0.25
The model was then introduced into the explicit

FE code  RADIOSS (MECALOG). It  is  based  on
the  lumped model  presented  previously.  However
the arms and the legs were added in order to take
into account their the mass and inertial effects.

In order to reduce the number of elements, the
model structure is defined with beam elements. An
external  shell  representing  the  back  of  the  car
occupant  was  meshed  and  fitted  to  the  human
lumped model. The geometry of the surface is based
on  the  volunteer's  geometry  by  palpation  of  the
back. Each segment is defined as a rigid body. Their
mass  and  inertia  are  attached  to  the  master  node
corresponding  to  the  center  of  gravity  of  the
considered torso part

Only surfaces in contact with the car seat were
considered,  as  illustrated  of  figure  6.  The
considered surfaces are the following parts : torso
surface  (the  upper  thorax,  the  lower  thorax,  the
upper  and  lower lumbar),  the  gluteal  surface,  the
thighs, the legs, the arms and the head. The surface
of the neck is  related to the surface  of  the head.
These  considered  surfaces  were essential  to  carry
out the coupling between human body and car seat,
which is the subject of the following section.

(a)

(b)

Figure  6.  Finite  elements  model  of  the  human
head-neck-trunk  unit  including  surfaces  in
sagittal sight (a) and 3D sight (b).

CAR SEAT MODEL

The numerical modeling of a car seat aimed at
giving realistic  boundary conditions to  the human
model in the case of rear end impact. The car seat
consists in various mechanical elements. The main
parts  of  the  seat  were  :  the  head-rest  clamp,  the
head-rest foam , the foam of the backrest, the foam
of seat base , the backrest spring, and the cover of
the seat.  The  geometry of  the  seat  was based  on
exiting car seat and is illustrated in figure 7. 
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Figure 7. Representation of the car seat.

In this study, the material behavior laws for the
foam  and  the  cover  were  considered  linear  with
material properties resulting from the literature.

The backrest was more detailed than base of the
seat.  Thus,  a  simplifying  hypothesis  consisted  to
model seat base with a flexible shell which aimed at
limiting the movement of the thighs and pelvis. The
mechanical  properties  of  seat  base  have  been
extracted  from  a  compression  test  and  was
considered  with  linear  elastic  shell  elements  and
The  Young  modulus  was  of  1000MPa  and  the
Poisson's ratio was 0.3.  The thickness of the shell
elements was of 1.5mm with a density of 500 g/l.

Socket

Seat Frame

Backrest spring

Base Frame

Upper Frame

Figure 8. modeling of the backrest frame.

Special  attention was paid to the backrest  and
headrest  of  the  seat.  The  backrest  frame  was
modeled  with  shell  elements.  The  geometry  was
simplified as illustrated in figure  8. It was divided
into three parts: the base frame considered as rigid
body; the seat frame which can be deformable;  and
the  upper  frame  also  considered  as  a  rigid  body
part.  The  seat  base  and  the  backrest  frame  were
related  by a  spring fixed on the base frame.  The

sockets were fixed on the upper frame.
The real backrest spring consisted of metal wire

connected  to  the  seat  frame.  At  the  model  level,
simplification  led  in  a  three  meshed  bands  with
shell elements as illustrated of figure 8. The sockets
were  modeled  with  shell  elements  and  were
considered as rigid segments. They were connected
with  the  upper  frame  by  springs.  In  the  same
manner as for the seat base, the material properties
of the backrest spring were determined in order to
have a qualitatively realistic behavior  under  static
loading. We thus obtained a Young’s modulus of
230MPa and a Poisson's ratio of 0.29. The density
was of 7.8 kg/l and the thickness of the bands were
of 2mm. The stiffness of  the springs between the
sockets and the upper frame were chosen very high
to be considered as rigid. 

The  backrest  foam is  modeled  with 3D  brick
elements.  In order to homogenize meshing, it was
necessary  to  simplify  its  geometry.  The  mesh  is
presented in figure 9. The foam is divided into three
parts  (upper,  medium and lower)  which can have
different  mechanical  properties.  The  mechanical
properties  were extracted  from modal  analysis on
several samples of 100x100x40 mm3. The material
behavior law used was linear elastic with a Young’s
modulus of 80kPa and a Poisson's ratio of 0.  The
density of the foam is given by the manufacturer to
be 40 g/l.

Figure 9. Modeling of the backrest foam.

In  order  to  ensure  numerical  stability,  a
reinforcement shell was added on the back surface
of the backrest foam. This is also covered with a
fabric  modeled  with  shell  elements  whose  nodes
coincide  with those  of  the  front  external  surface.
The mechanical properties of the fabric have been
extracted from static tensile tests. The value of the
Young’s modulus is then fixed at 1000MPa.

The head rest model consisted in the clamp and
the headrest  foam. The clamp is divided into two
parts  (figure  10):  a  deformable  part  which
penetrates  in  the  foam; and  a rigid  part  which is
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related to the sockets with a very stiff spring. The
foam  is  meshed  with  3D  brick  elements.   The
mechanical  properties  have  been  extracted  from
modal  analysis,  in  the  same  manner  as  for  the
backrest  foam.  Thus  the  Young  modulus  was
50kPa, the Poisson's ratio is 0 and the density was
of 36 g/l. The head-rest foam was also covered with
a  fabric  meshed  with  shell  elements.  The
mechanical properties of the fabric are the same as
those used for the fabric of the backrest.

Finally, the seat base and the backrest frame are
bound by a  spring at  the level  of  the  base  frame
whose stiffness is of 3300 kNm/rad.  A particular
attention  was  made  on  the  junction  of  the  upper
frame level  with the clamp of  the  head  rest.  The
sockets are connected both with the clamp and the
upper frame by a very stiff spring.

HUMAN BODY-SEAT COUPLING

The coupling of the human model with the seat
model  was  done  by  adjusting  both  model  in
geometrical  position  of  the  H-point.  In  order  to
have an ideal contact at the beginning of impact, we
have moved several nodes of the human model by
giving to the column a curve adapted to that of the
seat (figure 11a).

In  order  to  simulate  a  rear  end  impact,  we
applied  an  acceleration  pulse  from a  EuroNCAP
type at 16 km/h to the seat, as illustrated in figure
11b.  The  results  are  shown  in  figure  12.  The
purpose  of  this  simulations  is  to  compare  the  T1
kinematics  obtained  with  a  rigid  thorax  and  the
flexible thorax developed in the present study.

Figure 10. Modeling of the headrest.

To  compare  the  flexibility  influence  of  the
thorax,  we  have  to  simulate  two  types  of  rear
impacts.
• a configuration with the torso model validated in

the frequency domain called flexible torso; 
•  a configuration with the rigid thorso.

As represented in figures 13a and 13b, extracted
at the same computing time (120 ms), an important
differences  in  dynamic  behavior  can  be  observed

with an amplified head extension in the case of a
rigid thorax (figure 13b) whereas figure 13a shows
a marked retraction movement. 

(a)

(b)

Figure 11. Positioning of the human model in the
seat model (a), Representation of the EuroNCAP
pulse at 16 km/h applied to the human-seat unit
model (b).

Figure  12.  Results  in  terms of  acceleration  for
several parts of the human-seat coupling model.
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(a)

(b)

Figure 13. Simulation results under rear impact
for a flexible column (a), and a rigid column(b).

Figure 14a shows the superimposition of the x-
accelerations at T1 level, in the case of a rigid and
flexible thorso. We clearly observe a difference of
slope  (62.5%)  and  amplitude  (34.5%).  Such  a
difference  in  T1  loading  implies  a  radically
different dynamic behavior of the head and neck, as
shown in figures 15a,  15b and 15c for respectively
C1-T1  relative  displacement,  head-torso  angle
rotation  and  C1-T1  relative  velocity.  The  x-T1
displacement is more significant when the thorax is
rigid, as illustrated in figure 14b. This is due to the
fact that the backrest is loaded by all the trunk mass,
while the borne mass by the backrest decreases with
a  flexible  thorax.  The  same  phenomenon  is
described in figure 14c for the Z-T1 displacement.

The effects of a  various kinematics on the T1
level  cause  a  relative  displacement  C1-T1  more
significant  for  a  rigid  thorax (93  mm) than for  a
flexible thorax (77mm), as illustrated in figure 15a,
with a gap of 20%. The relative velocity curves C1-
T1 also shows a great variation up to a maximum of
45%  (figure  15c).  As  for  the  head-torso  relative
rotation we can clearly see for the flexible thorax
that the head has a retraction movement defined by
the positive angles (figure 15b). On the other hand,
a  rigid  trunk  does  not  give  the  same  behavior.
Indeed,  the  head-torso  relative  rotation  is  first
negative  (extension  movement)  and  then  positive
(retraction movement) caused by the head rest.

a 

b

c

Figure  14.  Superimposition  of  computed  T1
acceleration  for  both  rigid  and  flexible  torso
model under rear impact.
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a 

b

c

Figure  15. Superimposition of computed C1-T1
relative  displacement  (a),  head-torso  relative
rotation  (b)  and  C1-T1  relative  velocity  (c)
computed  with  a  rigid  and  non  rigid  torso
model.

DISCUSSION

The  discussion  of  this  new human  body-seat
model is divided into two parts. The first one is the
validation of the human torso model itself, and the
second deals with the results at T1 level, the main
parameters of the head-neck loading.

Most of the studies of the spine characterization
were conducted  in terms of  intervertebral  loading
and  kinematics of some vertebrae in the temporal
domain (Kroell et al 1974, Stalnaker et al 1971 and
Viano  et  al 1989).  Kitazaki  et  al 1998  applied
modal  analysis  technic  and  extracted  deformed

modes which four of them correspond to the spinal
column deformations.  The  linearity of  the  system
was  checked  with  the  coherence  function  which
remained  close  to  1.  The  superimposition  of  the
numerical  model  analysis  with  the  experimental
results made it possible to define the stiffness and
damping  parameters  for  each  joints  of  the  torso
model.  Even  if  a  more  realistic  modeling  of  the
human  torso  behavior  is  proposed  in  the  present
study,  it  must  be  mentioned  that  the  model
validation is limited to the sagittal plane and based
on one single 38 year old  human male volunteer.
Further  analysis  including  female  is  therefore
needed.

A number of validation and comparative studies
of rear impact dummies are reported in the literature
(Cappon et al 2001, Kim et al 2001, Siegmund et al
2001).  All  of  them  were  conducted  in  the  time
domain. The main improvement observed using rear
impact dummies was a more flexible spine than for
Hybrid III dummy. Two recent comparative studies
(Prasad  et  al 1997  and  Philippens  et  al 2002)
demonstrated  that  BioRID  and  RID2  had  very
similar  responses under moderate impact although
BioRID  has  a  flexible  thorax.  Prasad  et  al 1997
concluded that Hybrid III is suitable for rear impact
testing in the 8-24 km/h range when Philippens et al
2002  had  the  opposite  position.  This  can  be
explained  by  a  not  enough  accurate  model
evaluation in the time domain. In fact, The models
are  validated  against  volunteer  and  cadavers
kinematics in the time domain in terms of corridors.
This  kind of  validation is  not  accurate  enough to
extract all the dynamic behavior of the torso. Other
contradictions  were  obtained  in  the  time  frame
when  Philippens  et  al 2002  found  that  for  rear
impact  dummies head  kinematics  were acceptable
whereas T1 kinematics were not. It is questionable
here how the head can behave accurately when T1
does not, given that T1 is the input of the head-neck
loading.  In  addition  to  the  difficulty  related  to
analyze  in  the  time  domain,  authors  often  add
complexity by considering seat and thorax effect to
the neck validation. This is illustrated by Kim et al
2001 and Szabo et al 2002.

At  the  theoretical  level  Eriksson  et  al 2004
recently proposed  a  torso-seat  coupling through a
MADYMO BioRID I model coupled to a simplified
seat  model.  The  purpose  was  to  reconstruct  real
world rear impacts and no in deep validation of the
human torso was addressed in this study.

In our study we showed that  a  flexible thorax
gave clearly different T1 responses compared to a
rigid thorax. These boundary conditions applied to
the head-neck system changes drastically the results
in  terms  of  head  acceleration,  head-neck  relative
rotation or displacement.
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CONCLUSION

The experimental data extracted from the modal
analysis of the human torso by Kitazaki et al 1998
enabled us to define a lumped model of the human
torso with five degrees of freedom. This model is
then able to reproduce the natural frequencies and
deformed mode shapes of the column extracted by
the  preceding  authors.  Coupled  with  a  car  seat
model,  it  can thus be used to simulate  low speed
rear end impact more realistically.

A  comparative  study  contributed  to  show the
influence  of  the  thorax  flexibility.  The  boundary
conditions  of  the  head-neck unit,  imposed  by T1
kinematics,  showed  a  very  different  dynamic
behavior of the head and neck when a flexible or
rigide torso was considered.  It then becomes very
significant  to  have  a  realistic  modeling  of  the
dynamic  behavior  of  the  column,  if  we  want  to
improve the protection systems for a car occupant
under low speed rear end impact

In a further development it  will be possible to
conduce a parametric study on seat characteristics
and  optimize  the  seat  against  the  biomechanical
response of the human torso-neck-head complex. 
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ABSTRACT 
 

A series of sled tests was performed using 
the Q3S anthropomorphic test device (ATD) and the 
ECE R44 sled buck to study CRS and pediatric 
occupant kinematics in far-side impacts.  Using one 
model of convertible child restraint system (CRS), 
tests were performed using a 24 km/hr, 20 g pulse to 
compare ATD and CRS response to lateral loading in 
both forward-facing (FF) and rearward-facing (RF) 
configurations.  The effects of initial arm postures on 
the ATD’s motion were examined.  Remaining tests 
examined how various methods of securing the CRS 
to the vehicle seat affect lateral movement of the 
CRS and ATD.  Tests were run using four tether 
anchorage locations for the FF configuration and 
three tether anchorage locations for the rearward-
facing configuration.  In addition, the CRS was 
installed using different combinations of vehicle belt 
restraints and LATCH systems. 
 

Arm position influences ATD kinematics, 
including head excursion.  Placing the arms at the 
ATD’s side, rather than angled or extended forward, 
reduced lateral head excursions by about 30 mm.  In 
FF tests, using the 3-point-belt with the shoulder belt 
anchored on the impacted side provided the greatest 
reduction in lateral head excursion compared to a lap-
belt only condition.  Using a tether in FF tests also 
reduced maximum head excursion.  In RF tests, using 
any type of LATCH reduced head excursion 
compared to conventional installation with only a lap 
belt.  In a RF configuration, some tether 
configurations reduced head excursion of the ATD.  
In addition to evaluating head excursion, head 
retention within the child restraint was also noted.  
The key to retaining the ATD head within the CRS is 
to minimize rotation of the CRS about a vertical axis.  
This was achieved in a FF orientation through rigid 

LATCH lower attachments, a 3-point belt with the 
shoulder belt anchored on the impacted side, or a 
reverse belt path with a lap belt.  The ATD head was 
not retained within the CRS in any of the RF tests.   
 
INTRODUCTION 
 
 Side impacts are a leading cause of fatalities 
and injuries to both pediatric and adult occupants in 
motor-vehicle crashes.  In 1999, 32% of children 
ages 0-12 who died in motor-vehicle crashes were in 
side impacts (NHTSA 2002).  CDS data from 1993-
2000 indicate that 16% of nonfatal pediatric crash 
injuries resulted from side impacts.   
 

Because occupants seated on the struck side 
of a vehicle in a side impact collision (i.e., near-side 
occupants) are at the highest risk of serious and fatal 
injuries because of direct loading by the struck door, 
most efforts to develop procedures for assessing side 
impact protection have focused on the near-side 
occupant.  Recent efforts by the ISO/TC 22/SC 
12/WG 1 to evaluate CRS performance relative to 
pediatric injuries in side impacts have concentrated 
on recreating the occupant loading conditions 
produced by an intruding door in side impact sled 
tests (Langwieder et al. 1997, Paton et al. 1998).  
However, while CRS design is a factor in reducing 
injuries to near-side pediatric occupants, a significant 
portion of the near-side injury problem must be 
addressed through changes in vehicle design rather 
than CRS design.   
 

Unlike injuries and fatalities caused by door 
intrusion, preventing injuries from far-side impact 
conditions is almost exclusively an issue of restraint 
system design.  Key elements for obtaining good 
CRS performance in side impact are keeping the CRS 
and ATD within the occupant space, retaining the 
ATD’s head within the CRS, and padding any CRS 
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surface that the ATD is likely to contact.  Kamren et 
al. (1993) noted that if head retention is a goal of 
improving CRS side impact performance, simulating 
an intruding door is less important.  Procedures 
developed to improve impact protection for children 
under non-contact loading conditions are likely to be 
less complex than procedures using a simulated 
intruding door aimed at improving protection of near-
side occupants.  In addition, designing a CRS to 
prevent injury to the far-side occupant would likely 
have some benefit for near-side occupants, but allow 
separation of CRS-based improvements from vehicle-
based improvements in side impact protection. 
 

Crash studies also indicate that a substantial 
proportion of side impact injuries and fatalities can  
occur to pediatric occupants not seated directly 
adjacent to the impact site, and that many injuries 
occur without vehicle intrusion.  Analysis of 1999 
FARS data indicated that 45% of pediatric side 
impact fatalities were to center or far-side occupants 
(NHTSA 2002).  Arbogast et al. (2000) studied 93 
children aged 0 to 15 years in 55 side impacts.  
Crashes with no or minor intrusion produced 42% of 
significant injuries, including half of serious head 
injuries.  Of the 8 seriously injured children aged 0-4, 
two were in far-side locations.   

 
Australian regulatory and research testing 

has focused on evaluating CRS in both far-side and  
near-side impact conditions without an intruding 
door.  They have examined the effect of different 
methods of securing the CRS to the vehicle (flexible 
LATCH, rigid LATCH, 3-point belt) and different 
tether configurations on CRS performance in side 
impact (Brown et al. 1995, 1997).  NHTSA’s 
preliminary CRS side impact protection research 
(Esselman 2004, NHTSA 2002) has focused on 
evaluating ATDs for side impact testing and 
compared flexible and rigid LATCH anchors and the 
performance of existing CRS models using both far-
side impact conditions and near-side tests with a 
fixed-position simulated door.   
 
 A limitation of previous testing to examine 
pediatric side impact response has been the absence 
of pediatric ATDs developed for use in side impact 
testing.  The testing done by ISO and in Australia has 
used the TNO P series of ATDs, which were 
designed for frontal impact conditions.  NHTSA 
testing in support of the ANPRM on CRS side impact 
testing used a Hybrid III 3YO ATD, also a frontal-
impact ATD.  Adult side impact response corridors 
have been scaled and used to specify performance 
standards for pediatric side impact ATDs (van 
Ratingen et al. 1997, Irwin et al. 2002.)  The first 

attempt to build a pediatric ATD meeting these 
specifications was the Q3, which was designed to 
meet both frontal and side impact requirements (van 
Ratingen et al. 1999).  Initial testing with the ATD 
indicated that it did not meet all of the specifications, 
so both frontal and side impact versions of the ATD 
were developed.  The side impact version, the Q3S, 
was evaluated by NHTSA with fairly good results 
(Esselman 2004).  A few modifications have since 
been made to improve the neck and shoulder 
response, and the research program described in this 
paper uses this latest version of the ATD.  
 
 Another limitation of previously published 
studies is that most tests analyzing the effect of 
different methods of securing CRS to the vehicle 
were performed with prototype versions of LATCH 
anchors and attachments.  Because LATCH systems 
are now required and widely available in the U.S. 
market, comparison of commercially available 
LATCH configurations with vehicle belt securement 
methods is now possible.  In addition, some test 
configurations in the current program were selected 
to evaluate “misuse” conditions identified in the field 
for their possible advantages or disadvantages under 
side impact loading. 
 
 The goal of the current research program 
was to improve understanding of CRS kinematics 
under non-contact side impact loading using an ATD, 
the Q3S, designed specifically for this purpose.    
Key issues examined are the effect of initial arm 
placement on ATD kinematics and the effects of both 
primary securement and tether use on ATD and CRS 
kinematics under far-side impact loading.   
 
METHODS 
 
Overview 
 

A series of sled tests was conducted to 
examine kinematics of the Q3S and CRS in forward-
facing and rear-facing installations during lateral 
impact loading without contact with the vehicle 
interior.  The ECE R44 buck was chosen for the 
study because it was easily configurable to a 90 
degree impact orientation and has been used for side 
impact testing by others.  A single model convertible 
CRS with a five-point harness, the Evenflo Titan V, 
was used in all tests; each CRS was used in one 
forward-facing and one rear-facing test.  This CRS 
has a rear-facing weight limit of 13.6 kg, so the Q3S, 
which is just over this limit with a weight of 14.5 kg, 
could be used in both forward-facing and rear-facing 
orientations.  The 24 km/hr, 20 g pulse proposed by 
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the NHTSA for side impact testing of CRS (NHTSA 
2002) was used in all tests.   
 

Table 1 lists the ATD instrumentation used 
in the test series.  Lateral displacements of the chest 
and shoulder were measured using an IRTRACC 
sensor, and the CRS was instrumented with six linear 
accelerometers mounted on a bar attached to the 
impacted side of the CRS.  All belt loads were 
measured using webbing load cells.  All transducer 
signals were filtered according to the specifications 
of SAE J211.  Peak lateral head excursion of the 
leading edge of the head relative to the pre-impact 
head position was digitized from images collected by 
an overhead high-speed video camera.  Retainment of 
the ATD head within the seat was evaluated using the 
overhead camera view by determining if any portion 
of the CRS was visible beyond the head at the time of 
peak head excursion.  Results presented in this paper 
are limited to maximum head excursions, head 
retainment, and evaluation of kinematics from the 
videos, but the remaining data are included in a final 
report on the program (Klinich et al. 2005).     

 
Table 1. 

ATD instrumentation 
Component Measurement Axes 
Head Acceleration x, y, z 
Upper Neck Force x, y, z 
Upper Neck Moment x, y, z 
Chest Acceleration x, y, z 
Pelvis Acceleration x, y, z 
Lumbar Force x, y, z 
Lumbar Moment x, y, z 

 
Effect of ATD Arm Position 
 

Table 2 lists the test matrix used to evaluate 
the effect of initial arm position on ATD kinematics.  
These tests were performed with the CRS secured in 
a forward-facing orientation using a lap belt and top 
tether.  Figure 1 illustrates the baseline arm position, 
as well as two other arm positions tested.  In the 
baseline arm position, the ATD hands were placed on 
the tops of the thighs.  In the second position, the 
upper arms were placed along the sides of the torso.  
In the third position, the arms were extended fully 
forward. 

Table 2. 
Matrix of arm position tests 

Test Arm Position 
GU0405 Hands on lap 
GU0407 Arms extended horizontally 
GU0408 Arms at sides  

 

 
Figure 1.  Initial ATD positions for tests varying 
arm posture: baseline with hands on lap (left), 
arms at sides (middle), and arms extended (right). 
 
Securing CRS Forward-Facing  
 

Table 3 lists the tests used to evaluate how 
different methods of securing the forward-facing (FF) 
CRS to the vehicle seat affect kinematics during 
lateral loading.  The baseline condition is test 
GU0420, with the CRS secured by only a lap belt and 
the belt tension adjusted to the FMVSS 213 
requirement of about 50 N.  Four other conditions 
(GU0421 through GU0501) using standard belts 
without tethers were also tested: higher tension lap 
belt (roughly double FMVSS 213 specifications), 
three-point belt (passenger and driver configura-
tions), and a reverse belt path, illustrated in Figure 2.  
The reverse belt path routes the belt around the front 
of the CRS on each side and around the back of the 
CRS.  Although the CRS used in these tests is not 
specifically designed to use this type of belt routing, 
other CRS are available for which this routing is 
recommended.  The reverse belt path configuration 
was tested because it was hypothesized that it might 
reduce rotation of the CRS.  For the three-point belt 
tests, the 3PBL, or driver configuration, anchors the 
shoulder belt over the left shoulder of a forward-
facing ATD (toward the impacted side), while the 
3PBR, or passenger configuration, anchors the 
shoulder belt over the right side of a forward-facing 
ATD (away from the impacted side). 

Table 3. 
Matrix of forward-facing securement tests 

Test  Main Securement Tether Anchor  
GU0419 Lap belt @ 50 N Behind seatback 
GU0420 Lap belt @ 50 N None 
GU0421 Lap belt @ 110 N None 
GU0422 3PBR None 
GU0423 3PBL None 
GU0501 Reverse lap belt None 
GU0502 Flexible LATCH 

through belt path 
None 

GU0506 Attached Flex LATCH None 
GU0504 Flex LATCH through 

belt path + 3PBL 
None 

GU0505 Lap belt @ 50 N Roof  
GU0507 Rigid LATCH None 
GU0509 Lap belt @ 50 N Floor  
GU0510 Lap belt @ 50 N Under seat  
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Figure 2.  Annotated photo showing reverse belt 
routing used in test GU0501. 
 

Four tests were run using different types of 
LATCH lower attachments.  Test GU0502 used the 
flexible attachment that was provided with the CRS, 
which is a length of webbing with a hook-on 
connector at each end that is routed through the belt 
path of the CRS.  Test GU0504 used both a three-
point belt (shoulder belt on left side) and the provided 
flexible LATCH attachment to secure the CRS.  This 
condition has been identified as a common LATCH 
misuse installation, but was hypothesized to have 
possible benefits in side impact.  In test GU0506, the  
CRS was modified by clamping short lengths of 
webbing with LATCH hook-on connectors to each  
side of the CRS, as shown in Figure 3.  It was 
hypothesized that this configuration might reduce 
lateral sliding of the CRS.  The webbing was attached 
to the CRS so it would provide the same installed belt 
angle as when the seat was secured with the flexible 
LATCH attachment routed through the belt path.  
Test GU0507 used rigid LATCH attachments, also 
illustrated in Figure 3, in which the CRS was 
modified by bolting rigid LATCH attachments from 
another CRS to each side.  The rigid attachments 
were secured to the CRS so the orientation of the 
installed CRS matched that of the installation with 
only a lap belt.   
 

The tether anchor locations tested are 
illustrated in Figure 4.  The baseline location 
represents a tether anchor location that would 
typically be found in a sedan, while the roof, floor, 
and under seat locations represent possible tether 

anchor locations in minivans and SUVs.  Generic 
tether anchor hardware was bolted in these locations 
to rigid structures on the sled buck. 

 
Figure 3.  FF CRS modified with to have attached 
flexible LATCH attachments (left) and rigid 
LATCH attachments (right). 

 
Figure 4.   Illustration of four tether anchorage 
locations tested with a FF CRS (not to scale). 
 
Securing CRS Rear-Facing 

 
Table 4 lists the conditions used to evaluate 

methods of securing the CRS to the vehicle in the 
rear-facing configuration. Test GU0511 is considered 
the baseline test condition, using only a lap belt with 
the tension set at the FMVSS 213 level of about 50 
N.  Three other conditions that were tested in FF 
mode using only vehicle belts to secure the CRS were 
also tested in RF: higher belt tension and 3-point belt, 
both passenger and driver configurations.  The 
geometry of this CRS did not allow it to be installed 
using a reverse belt path in the RF orientation.   

 
The same four installations using LATCH 

systems that were tested FF were also tested rear-
facing.  For two tests, attached flexible LATCH 
attachments or rigid LATCH attachments were added 
to the CRS as shown in Figure 5.  When modifying 
the CRS to install these LATCH attachments, the 
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front part of the CRS was trimmed away to avoid 
interference when connecting the lower LATCH 
attachments to the lower LATCH anchorages. 

 
Table 4. 

Matrix of rear-facing securement tests 
Test  Main Securement Tether Anchor 
GU0511 Lap belt @ 50 N None 
GU0512 Lap belt @ 110 N None 
GU0513 3PB Left None 
GU0514 3PB Right None 
GU0515 Flex LATCH through 

belt path 
None 

GU0516 Attached Flex LATCH None 
GU0517 Flex LATCH + 3PBL None 
GU0518 Rigid LATCH None 
GU0519 Lap belt @ 50 N Over to baseline 
GU0520 Lap belt @ 50 N Down to floor 
GU0521 Lap belt @ 50 N Down under 

seat 
 

 
Figure 5.  RF CRS modified with attached flexible 
LATCH attachments (left) and rigid LATCH 
attachments (right). 
 

Three tether anchorage locations were tested 
with RF CRS as illustrated in Figure 6, although 
tether use in a rear-facing configuration is not 
recommended for this CRS.  Test GU0519 used an 
Australian RF tether configuration, in which the 
tether is routed over the top of the CRS to a tether 
anchorage location behind and above the vehicle seat.  
Test GU0520 used the Swedish RF tether 
configuration, in which the tether is routed down to 
the floor in front of the vehicle seat.  Test GU0521 
used a variation of the Swedish approach, routing the 
tether down but to a tether anchorage attached to the 
bottom of the vehicle seat.  This type of installation 
has been identified as a RF misuse of tethers 
provided with convertible CRS for use in FF 
installations.  

 
 
Figure 6.  Three tether anchorage locations tested 
with RF CRS (not to scale). 
 
RESULTS 
 
Effect of Arm Position 
 
 Figure 7 shows the overhead high-speed 
video frames at the time of peak lateral head 
excursion for the three tests comparing initial arm 
placement, while the maximum head excursion 
values are plotted in Figure 8.  The excursions for the 
ATD with hands on lap are similar to those with the 
arms extended, but placing the arms at the sides 
resulted in almost 30 mm less head excursion. 
 

 
Figure 7.  Peak head excursions with ATD arms 
initially placed on lap (left), at sides (center), and 
extended (right). 
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Figure 8.  Maximum lateral head excursions for 
different initial arm positions. 
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Securing Forward-Facing CRS 
 
Variations using Conventional Belts 
 

Figure 9 illustrates the peak lateral head 
excursions for the five forward-facing tests that 
secure the CRS with conventional vehicle belts, 
while Figure 10 plots the magnitudes of these peak 
head excursions.  On Figure 9 (and subsequent 
illustrations of FF excursion), reference lines on the 
sled platform have been highlighted on the photos.  A 
black line in each photo indicates maximum lateral 
head excursion, while a lighter line indicates 
maximum CRS excursion where visible.  A line 
across the front edge of the CRS has been highlighted 
in white to indicate the angle of the CRS.  White 
reference lines have also been drawn through targets 
on the top of the CRS and on the top of the sled buck 
to assist in visualization of lateral CRS translation. 

 
Compared to the baseline lap-belt-only 

condition, increasing belt tension and using a right 3-
point belt decreased maximum head excursion 
slightly, but produced kinematics that were very 
similar to the baseline condition.  Using the left 
(impacted) 3-point belt substantially reduced head 
excursion (by 142 mm), retained the head within the 
CRS, and reduced both translation and rotation of the 
CRS.  Using a reverse belt path increased head 
excursion by allowing greater translation of the CRS, 
but retained the head and eliminated rotation of the 
CRS. 
 

 
Figure 9.  Peak head excursions of FF tests using 
lap only (top left), tighter lap belt (mid left), right 
3-point-belt (mid right), left 3-point-belt (lower 
left), and reverse belt path (lower right). 
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Figure 10.  Maximum excursions of the head 
leading edge in FF tests with the CRS secured 
using different conventional belt configurations. 
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Variations using LATCH 
 
 The maximum head excursion values in the 
four FF tests with the CRS secured using variations 
of LATCH are shown in Figure 11 compared to the 
baseline lap-belt-only test condition.  These 
maximum head excursions are illustrated in Figure 
12.  The three tests using just the LATCH system 
reduced head excursions slightly compared to the lap- 
belt-only test, but the greatest reduction in head 
excursion occurred when a left 3-point belt was used 
in addition to the flexible LATCH attachments routed 
through the belt path.  The kinematics were similar 
for the two tests run with the flexible LATCH 
attachments (routed through the belt path or attached 
to the CRS), although the condition with the attached 
flexible LATCH appeared to have slightly less CRS 
rotation.  Using both the left 3-point-belt and the 
flexible LATCH attachments routed through the belt 
path resulted in the smallest peak head excursion by 
reducing translation of the CRS back.  In this test, the 
head was not retained.  Surprisingly, using rigid 
LATCH attachments (without a tether) did not 
substantially reduce head excursion compared to 
baseline conditions, although it did retain the head 
within the CRS and eliminated rotation of the CRS.  
Among all forward-facing tests run, the lateral 
translation of the top of the CRS was the largest 
when the CRS was secured by rigid LATCH 
attachments.    
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Figure 11.  Maximum excursions of the head 
leading edge in FF tests with the CRS secured by  
different LATCH configurations. 
 

 
Figure 12.  Peak lateral head excursions of FF 
tests using lap only (top left), flexible LATCH 
attachments through belt path (mid left), attached 
flexible LATCH attachments (mid right), flexible 
LATCH attachments through belt path plus left 3-
point-belt (lower left), and rigid LATCH 
attachments (lower right).  
 
Tether Effect 
 

Figure 13 compares peak lateral head 
excursions measured in the four different FF tests run 
with the CRS secured by a tether and lap belt 
compared to the baseline FF condition with the CRS 
secured by only a lap belt.  Illustrations of these peak 
lateral excursions are shown in Figure 14.  All tests 
run with the top tether reduced head excursion 
compared to the test without.  The baseline tether 
anchorage condition had lower head excursions than 
the remaining tether anchorage conditions.  Of the 
three remaining tests run with top tethers, peak head 
excursions were lowest with the tether anchorage 
under the seat and highest with the tether anchorage 
mounted to the roof.  The kinematics of all the tests 
with top tethers were similar, in that the tether 
reduced translation of the CRS seat back, but not 
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necessarily rotation of the CRS.  The head was not 
retained within the CRS in any of these tests. 
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Figure 13.  Maximum excursions of the head 
leading edge in FF tests run with different tether 
anchorage locations.   
 

 
Figure 14.  Peak head excursions of FF tests using 
no tether (top left), tether anchor behind vehicle 
seat back (mid left), roof tether anchor (mid 
right), tether anchor on floor (lower left), and 
tether anchor under vehicle seat (lower right). 
 
 
 

Securing Rear-facing CRS 
 
Variations using Conventional Belts 
 
 Figure 15 plots maximum head excursions 
for the four RF tests run with the CRS secured by 
conventional belts, while Figure 16 illustrates the 
overhead and front video frames at the times of 
maximum head excursion.  On the overhead views 
(for this and subsequent illustrations of RF tests), the 
reference lines on the floor of the sled buck have 
been highlighted, and a black line added to indicate 
maximum head excursion.  The angle of the CRS 
base has also been highlighted and a reference line 
relative to this angle added.  On the front views, a 
black reference line was added to aid in visualization 
of CRS lateral translation, and another black line 
added to indicate maximum head excursion.  A white 
reference line was drawn between two structural 
points on the back of the CRS to indicate the CRS 
angle relative to a vertical reference line.  For the 
photo of the 3PBR test, the starting position of the 
CRS was shifted slightly compared to the other RF 
tests, so the maximum head excursion photo was 
shifted relative to the landmarks on the other photos 
to accurately compare maximum excursion. 
 

Compared to the baseline lap-belt-only 
condition, using the left 3-point belt reduces head 
excursion by over 100 mm.  As seen in the side view 
image, the left 3-point-belt reduces the amount that 
the CRS translates sideways and rolls about the 
vehicle longitudinal axis.  The CRS also has the 
greatest amount of forward motion toward the front 
of the vehicle during this test, probably caused by 
pitching of the CRS about the y-axis.  The motion of 
the ATD was different in this test as well, because the 
presence of the shoulder belt restricted lower 
extremity motion.  Using a tighter lap belt reduced 
maximum head excursion slightly compared to the 
baseline lap-belt-only condition, while use of a right 
3-point belt actually increased maximum head 
excursion slightly.  None of the test conditions 
retained the head within the CRS. 
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Figure 15.  Maximum excursions of the head 
leading edge in RF tests run with the CRS secured 
using different conventional belt configurations.   
 

 
Figure 16.  Top and front views of peak head 
excursions of RF tests using lap only (top), tighter 
lap belt (second from top), 3-point belt with 
shoulder belt on left side (third from top), and 3-
point belt with shoulder belt on right side 
(bottom). 
 

Variations using LATCH 
 
 The maximum head excursions of four RF 
tests run with different types of LATCH securement 
are compared to the test run with the CRS secured by 
only a lap belt in Figure 17.  Overhead and front 
views at the time of maximum head excursion are 
illustrated in Figure 18.  All of the RF LATCH 
conditions reduced maximum head excursion by 
reducing translation of the CRS, which is most 
clearly visible on the front views by comparing the 
amount of vehicle seatback cushion visible between 
the CRS and a black reference line.  Results for the 
two tests run with flexible LATCH attachments were 
similar, while adding a left 3-point belt to the flexible 
LATCH led to further reductions in maximum head 
excursion.  Using rigid LATCH attachments to install 
the CRS resulted in the greatest reduction in 
maximum head excursion.  None of these tests 
retained the head within the CRS based on analysis of 
the overhead views, although the front views indicate 
that using attached flexible LATCH, flexible LATCH 
plus left 3-point-belt, and rigid LATCH attachments 
came close to doing so. 
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Figure 17.  Maximum excursions of the head 
leading edge in RF tests run with different 
LATCH configurations compared to lap only 
condition.   
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Figure 18.  Top and front views of peak head 
excursions of RF tests using lap only (top), flexible 
LATCH attachments routed through the belt path 
(second from top), attached flex LATCH 
attachments (third from top), flex LATCH 
attachments through the belt path plus 3-point 
belt with shoulder belt on left side (fourth from 
top), and rigid LATCH attachments (bottom). 
 
 
 
 
 
 

Tether Effect 
 
 The peak head excursions for the RF tests 
run with a tether are shown in Figure 19 and 
illustrated in Figure 20.  For the test with the tether 
anchored down to the floor, the starting position of 
the CRS was shifted slightly compared to the other 
RF tests, so the maximum head excursion photo was 
shifted relative to the landmarks on the other photos 
to accurately compare maximum excursion.  Routing 
the tether over the CRS to an anchorage above the 
back of the vehicle seat reduces head excursion by 
reducing lateral translation of the CRS, reducing roll 
of the CRS about the longiduinal axis, and keeping 
the seat more upright (reduces translation toward the 
front of the vehicle).  When the tether is anchored 
down to the floor, it increases head excursion by 
increasing the roll of the CRS about the longitudinal 
axis and the pitch of the CRS about the y-axis, 
although it reduces yaw of the CRS about the z-axis.  
Anchoring the tether down under the seat reduces 
head excursion by reducing yaw about the z-axis, roll 
about the x-axis, and lateral translation, although it 
increases pitch of the CRS about the y-axis, which 
places the top back of the CRS closer to the front of 
the vehicle.  The ATD head was not retained within 
the seat for any of these tests, but anchoring the tether 
over the top to behind the vehicle seatback came 
closest to doing so. 
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Figure 19.  Maximum excursions of the head 
leading edge in RF tests run with different tether 
anchorage locations compared to lap only 
condition.   
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Figure 20.  Top and front views of peak head 
excursions of RF tests using lap only (top), tether 
anchored over to behind the vehicle seat (second 
from top), tether anchored down to floor (third 
from top) and tether anchored down under seat 
(bottom). 
 
DISCUSSION 
 
Effect of Arm Position 
 
 Arm position was studied in this test 
program because other users had reported variations 
in chest displacement and acceleration when arm 
position was varied under direct contact lateral 
loading (Tylko 2004).  For the less severe noncontact 
loading conditions of the current study, chest 
readings did not vary substantially with arm position, 
but kinematics were affected.  Moving the arms from 
the baseline hands-on-lap position to the arms at the 
side reduced peak lateral head excursion by as much 
as changing CRS securement from only a lap belt to 

flexible LATCH attachment.  In addition, the head 
was retained when the arms were at the sides but not 
in the baseline condition. 
   

The Q3S is the only side impact ATD ever 
designed with complete arm components. None of 
the adult side impact ATDs have hands or forearms, 
and often the upper arm component is coupled to the 
torso to improve response repeatability.  Because the 
arm position of the Q3S affects kinematics under 
lateral loading, it should be specified when 
developing a procedure for evaluating CRS in side 
impacts.   

 
Securing CRS Forward-Facing 
 
 The most interesting finding from these 
lateral FF tests was that the most effective means of 
reducing lateral head excursion is securing the CRS 
with a three-point belt that had the shoulder belt 
anchored on the left (impacted) side.  Prior research 
evaluating securement techniques under lateral 
loading has usually compared response of proposed 
LATCH systems (flexible or rigid) and tether 
recommendations to the baseline securement used in 
the regulations of the country (lap belt only in U.S, 3-
point belt in Australia).  Prior comparison of 
responses between lap only and three-point-belt has 
not been reported.   
 
 This finding has implications for 
recommendations about securing FF CRS in the 
United States.  Currently, best recommended practice 
is to secure CRS with LATCH when possible 
because it theoretically makes CRS installation easier 
than when using conventional vehicle belts.  In 
addition, securing CRS with both LATCH and 
conventional belts is considered misuse.  The results 
of this test series, though preliminary, indicate that 
use of a 3-point-belt to secure a FF CRS may provide 
some protection in side impact, even more than 
adding a tether, and might provide some benefit when 
used together with LATCH.  
 

Eliminating rotation of the CRS about the 
vertical axis seems to be the key factor to retaining 
the head within the CRS.  The only three tests that 
retained the head used securement conditions that 
substantially reduced rotation of the CRS: rigid 
LATCH attachments, left (impact side) 3-point-belt, 
and reverse belt path.  While prior research has 
indicated that making side wings on CRS bigger 
might be required to retain the head, these tests 
indicate that controlling rotation of the CRS through 
different securement methods may also be an 
effective means of improving head retention. 
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Using a tether in FF tests reduced head and 
CRS excursions compared to the lap-belt-only 
securement test, but did not eliminate CRS rotation or 
retain the ATD head within the CRS.  These findings 
agree with results of Brown et al. (1995, 1997).  The 
shortest tether length provided the greatest reduction 
in head excursion among tether conditions. 
 
 Using rigid LATCH attachments without a 
tether reduced head excursion compared to securing 
the CRS with only a lap belt.  However, it was not 
the best performing securement condition among the 
forward-facing tests.  A possible reason is that the 
CRS was not equipped with rigid LATCH 
attachments, and that the modifications made to add 
rigid LATCH attachments to this CRS may not have 
been optimal for securing an ATD of this weight, 
since the rigid LATCH attachments bent about 15 
degrees during the test.  In addition, most of the 
motion of the CRS secured by rigid LATCH 
attachments occurred at the top back of the CRS, 
which would be reduced by using a tether.  

 
Securing a FF CRS with a reverse belt path 

led to high head excursions because of large lateral 
translations of the CRS, even though this securement 
method did eliminate rotation of the CRS and retain 
the head.  The CRS used in these tests was not 
designed to use this belt routing, which probably 
accounts for the large lateral translations.  It is 
possible that redesigning the CRS to allow use of a 
reverse belt path for either a conventional belt or 
flexible LATCH attachment may be an effective 
means of controlling CRS and ATD kinematics in 
side impact. 

 
Using two variations of flexible LATCH 

attachments (routed through the belt path or webbing 
attached to both sides of the CRS) did not lead to 
substantially different kinematics.  However, the 
short length of webbing used in the attached flexible 
LATCH test caused interference with the belt load 
cell, so the belt could not be tightened to FMVSS 213 
levels prior to the test and may contribute to the 
unexpected similarity in performance.  Using the 
attached flexible LATCH attachments reduced 
rotation of the CRS somewhat compared to using the 
flexible LATCH routed through the belt path. 
 

The results of this study for FF CRS differ 
somewhat from results of Australian testing.  In the 
Australian tests, securing FF CRS with rigid LATCH 
attachments (without a tether) showed superior  
performance, and flexible LATCH attachments, with 
and without tether, worked better than the 3-point-
belt securement.  Results may differ because the 

Australian tests used a P3/4 ATD in their evaluations, 
and their test involved contact with a simulated door, 
which may disguise differences in kinematics.  They 
noted that the location where the tether is attached on 
Australian CRS is higher than on North American 
CRS and may affect evaluation of lateral kinematics.   
 
Securing Rear-facing CRS 
 
 In the rear-facing tests, using rigid LATCH 
attachments provided the greatest reduction in head 
excursion (over 250 mm) compared to the baseline 
test in which the CRS was secured by only a lap belt.  
This substantial reduction might have been even 
larger if the rigid LATCH attachments had been 
optimized for this CRS and size of ATD, as they 
were bent about 15 degrees post-test.  However, peak 
lateral head excursions were lower in all of the tests 
that used LATCH attachments compared to all of the 
tests that used only conventional vehicle belts to 
secure the CRS, possibly because the LATCH 
anchors are more closely spaced than lap-belt 
anchors.  This appears to have reduced the lateral 
translation of the CRS.  Using the flexible LATCH 
attachments together with the left (impacted side) 3-
point belt led to additional reductions in lateral head 
excursion.  The Australian securement testing of RF 
CRS (1997, 1995) also found that rigid LATCH 
provides the best response in side impacts.  However, 
unlike the current study, the Australian testing had 
better results in securing RF CRS with a 3-point-belt 
than with flexible LATCH and tether.   
 
 Two RF tether anchorage locations reduced 
maximum lateral head excursion, although they 
achieved this by different means.  The tether 
anchored over the top of the CRS to behind the 
vehicle seatback reduced lateral head excursion by 
reducing pitch and roll of the CRS.  The tether 
anchored underneath the vehicle seat increased pitch 
of the CRS, but reduced head excursion by 
eliminating yaw and reducing lateral translation.  A 
possible advantage of the over-the-top tether 
anchorage position is that it would be more likely to 
prevent contact of the CRS with the back of vehicle 
seat in front of it.   
 
 An interesting finding of this study of RF 
CRS kinematics under lateral loading was the pattern 
of ATD and CRS kinematics.  Pioneering testing of 
CRS in the 1960’s indicated that a RF CRS would 
swing toward the door about a vertical axis under 
lateral loading (Weber 2005).  However, with today’s 
CRS and securement methods, it appears that a 
greater amount of motion occurs from the CRS 
rolling about the longitudinal axis towards the impact 
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side.  Figure 21 plots the angle of the CRS back 
relative to vertical against peak head excursion, at the 
time of peak head excursion, with a linear fit through 
all points except for the 3PBL test.  Lateral excursion 
of the head seems to be associated with how much 
the CRS rolls toward the door rather than rotates 
toward the door.  This may partly result from the 
choice of the CRS used in these tests  or from the 
CRS approaching the edge of the R44 seat, but the 
relative contributions of roll and rotation of RF CRS 
on lateral head excursion should be investigated 
further in the future.     

0
5

10
15
20
25
30
35
40
45
50

600 700 800 900 1000

Peak head excursion

A
ng

le
 o

f C
R

S 
re

la
tiv

e 
to

 v
er

tic
al

 a
t

tim
e 

of
 p

ea
k 

he
ad

 e
xc

ur
si

on
 (d

eg
)

Standard
LATCH
Tether
Trend

3PBL*

RL

LO
LT

3PBR
FL

AFL3PBL
+FL

TOB

TDF
TDUS

 
Figure 21.  Angle of the CRS back relative to 
vertical at time of peak head excursion vs. peak 
head excursion. * not included in trendline. 
 
Comparing FF and RF Tests 
 
 Figure 22 compares the maximum head 
excursions for the FF and RF tests under each 
securement condition.  The peak lateral head 
excursions with a single RF CRS range from 657 to 
933 mm with a mean value of 821 mm, while the 
peak lateral head excursions for the FF CRS range 
from 558 to 764 mm with a mean value of 656 mm.  
The mean FF head excursion is essentially the same 
as the best RF head excursion, while the worst FF 
head excursion is over 50 mm less than the mean RF 
head excursion.  The only condition where the RF 
CRS test resulted in a lower lateral head excursion 
than the FF CRS test was when the CRS was secured 
by rigid LATCH attachments.  All of the peak lateral 
head excursions for RF tests in this program are 
greater than the excursion limit of 622 mm proposed 
by NHTSA for a 3-year-old ATD.  
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Figure 22.  Comparison of RF and FF head 
excursions under the same securement conditions. 
 
 Analysis of the kinematics of these tests 
indicates that FF and RF CRS have different degrees 
of freedom under lateral loading.  FF CRS primarily 
translate sideways at the top and bottom of the CRS 
back and rotate about a vertical axis.  RF CRS 
translate laterally and rotate relative to all three axes, 
which affects the amount of forward and lateral 
excursion of the CRS back and ATD head. 
 
 A concern when evaluating CRS under side 
impact conditions is how to fairly test forward-facing 
and rear-facing CRS using the same test procedure.  
The ISO/TC 22/SC 12/WG 1 has proposed testing FF 
CRS in a vehicle front seat configuration, and RF 
CRS in a rear vehicle seat configuration, so both 
conditions would represent worst case scenarios of 
intrusion at the B-pillar.  This approach presents 
challenges in the United States, where best practice 
recommends seating children in the rear seat, and a 
test procedure that appears to evaluate CRS in the 
front seat would contradict this best practice.  In 
testing to support their ANPRM, the NHTSA 
evaluated both FF and RF seats under non-contact 
and non-intruding door conditions and proposed a 
single head excursion limit for all types of CRS.  
However, because lateral loading of RF CRS almost 
always result in higher lateral head excursions than 
lateral loading of FF CRS, these criteria would 
suggest that FF CRS are safer than RF CRS in side 
impacts.  This implication is inconsistent with results 
from crash investigation studies of side impacts, in 
which children seriously injured in RF CRS are quite 
rare.  The unintended consequences of making RF 
CRS appear less protective than FF CRS in side 
impacts, contrary to field data, should be seriously 
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considered when developing a side impact procedure 
for evaluating CRS. 
 
Study Limitations 
 
 This study provided a thorough examination 
of securement factors that affect ATD and CRS 
kinematics in non-contact side impacts.  The main 
limitations are that only one test in each 
configuration was conducted, only one model of CRS 
was used, and only one size of ATD was used.  Also, 
testing was conducted using a laboratory bench seat 
that simulates a vehicle seat.  Actual rear vehicle 
seats have contouring, bolsters, and support 
structures that might significantly alter CRS and 
ATD kinematics.  Additional tests to examine 
repeatability of test results and confirm trends in this 
initial set of tests are planned, and other CRS models 
will be evaluated. 
 
 
CONCLUSIONS 
 
• Arm placement of the Q3S affects kinematics 

and should be considered and specified when 
developing a CRS side impact test procedure. 

 
• Head retention in FF CRS is associated with 

reduced CRS rotation about the vertical axis.  
Rotation is reduced compared to the baseline lap-
belt-only securement condition by securing the 
CRS with a 3-point belt with the shoulder belt on 
the impacted side, rigid LATCH attachments, 
and a reverse belt path.   

 
• Using a tether with FF CRS limits lateral CRS 

translation but does not affect CRS rotation of 
the CRS nor result in head retention within the 
CRS.  The test with the shortest distance to the 
tether anchorage had lower peak head excursions 
than the other tether anchor locations tested.   

 
• Relative to the baseline test with CRS secured by 

only lap belts, rigid LATCH attachments were 
more effective in the rear-facing configuration 
than the forward-facing configuration at reducing 
ATD head excursion, although rigid LATCH 
attachments still exhibited good performance in 
the forward-facing test. 

 
• Securing RF CRS with any type of LATCH 

attachments results in lower peak lateral head 
excursions than when securing RF CRS with any 
variation of conventional belts.   

 

• Peak lateral head excursion of RF CRS is 
primarily caused by roll of the CRS about a 
longitudinal axis, not rotation about the vertical 
axis. 

 
• None of the tests in the rear-facing configuration 

retained the head within the CRS, but the 
Australian tether configuration came closest to 
doing so. 
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ABSTRACT 
This paper provides the status of NHTSA 
sponsored research on vehicle-to-vehicle and 
vehicle-to-roadside communications as a means 
of improving crash prevention performance.  A 
description of Dedicated Short Range 
Communications (DSRC), the leading wireless 
technology for vehicle-to-vehicle and vehicle-to-
roadside communications is presented.  Next a 
discussion of standards development, including 
the actions of the Federal Communications 
Commission (FCC) to allocate spectrum, the 
American Society of Testing and Materials 
(ASTM) and Institute of Electrical and 
Electronic Engineers (IEEE) to develop 
standards, and the Society of Automotive 
Engineers (SAE) common vehicle-to-vehicle 
safety message set efforts, are given.  Potential 
vehicle safety applications including intersection 
crash warning and emergency electronic brake 
lights are discussed.  Discussed next are crash 
prevention benefits.  Finally, message security is 
covered. 
 
INTRODUCTION 
Wireless technologies are rapidly evolving.  
Dedicated Short Range Communications 
(DSRC) is one of these wireless technologies.  
At 5.9 GHz DSRC offers the potential to support 
short to medium range, very high data rate, 
wireless communications between vehicles, and 
between vehicles and the roadside. 
 
It is envisioned that vehicle-based crash 
prevention performance can be enhanced by 
information that could be wirelessly transmitted 
to vehicles from the roadside and from other 
vehicles. 
 
The United States Department of Transportation 
(USDOT) has worked with the Collision 
Avoidance Metrics Partnership (CAMP) to do 
pre-competitive safety research jointly with the 

Automotive Original Equipment Manufacturers 
(OEMs). 
 
The Vehicle Safety Communications Consortium 
(VSCC) of CAMP, which consists of seven 
OEMs: BMW, DaimlerChrysler, Ford, GM, 
Nissan, Toyota, and Volkswagen was formed to 
investigate the potential of using vehicle-to-
vehicle and vehicle-to-roadside communications 
as a means of improving crash prevention 
performance. 
 
The 3-year VSC project was established in 2002 
to do four things: 1) estimate the potential 
opportunity for safety benefits of 
communication-based vehicle safety applications 
and define their communications requirements; 
2) ensure that proposed DSRC communications 
protocols and standards meet the needs of 
vehicle safety applications; 3) investigate 
specific technical issues that may affect the 
ability of DSRC to support deployment of 
vehicle safety applications; and, 4) estimate the 
deployment feasibility of communications-based 
vehicle safety applicationsi.  Along these lines 
the automotive team identified and evaluated a 
comprehensive list of vehicle safety applications 
enhanced or enabled by external 
communications, determined their respective 
communications requirements, and worked with 
standards development organizations to ensure 
that proposed 5.9 GHz Dedicated Short Range 
Communications (DSRC) protocols support 
vehicle safety applications. 
 
Driver assistance systems are currently being 
developed and deployed as the result of 
improvements in critical sensing technologies 
such as radar.  The VSC project introduces the 
added technical dimension of wireless 
technology to the potential development of 
driver assistance systems.  The addition of 
wireless communications enables a number of 
vehicle safety applications. 
 
DSRC OVERVIEW 
In its most basic form, DSRC consists of a pair 
of transceivers: the vehicle mounted radio known 
as the Onboard Unit (OBU) and the Road Side 
Unit (RSU).  The RSU is normally fixed along 
the roadside – like a road sign or traffic signal.  
Communications between the two units may be 
bi-directional or broadcast and are isolated to 
relatively small communication zones. 
 



The radios will be built to conform to the DSRC 
Standard, IEEE 802.11p.  The standard is based 
on IEEE 802.11a which is one of the standards 
already being used for laptop computers to 
access wireless Local Area Networks (LANs).  
The 802.11p Standard has been optimized to 
work in the vehicle environment. 
 
Requirements include the ability to communicate 
quickly, be interoperable across all of North 
America, operate in all weather conditions, 
operate with a large number (50-100) of units 
within the communication zone, and be low cost 
to name a few. 
 
In addition, early work has shown that vehicle 
safety applications require very low message 
latencies.  Urgent vehicle safety messages 
carrying critical information need to be delivered 
in ~100 milliseconds.  This requirement requires 
an uncluttered communications channel.  Initial 
design and testing has shown that DSRC 
technology is capable of very low latency 
communications, less than ~100 milliseconds 
should be possible.  Other wireless 
communications technologies, such as cellular 
telephones, do not appear to be able to achieve 
this low latency requirement.  DSRC also offers 
the capability of transmitting broadcast and uni-
cast messages. 
 
The data rate is from 6 – 27 Mbps.  Transmission 
power is adjustable up to a limit of 28.8 dBm 
and transmission range can extend to almost 
1,000m. 
 
STANDARDS DEVELOPMENT 
In their report and order (R&O), published in the 
Federal Register in August 2004, the United 
States Federal Communications Commission 
(FCC) set aside 75 MHZ of Radio Spectrum at 
5.9 GHz for DSRC.  This spectrum is available 
for public safety and private applications and 
requires licensing.  The rule specifies the lowest 
layer (of the Open Systems Interconnection 
(OSI) Computer Network Architecture1) 

                                                 
1 OSI is a standard description or "reference 
model" for how messages should be transmitted 
between any two points in a telecommunication 
network.  Its purpose is to guide product 
implementors so that their products will 
consistently work with other products.  The 
reference model defines seven layers of 
functions that take place at each end of a 
communication path: 1 physical 

standards (i.e. ASTM E2213-032).  This standard 
specifies seven 10-MHz wide channels that 
include a dedicated Control channel for 
announcements and warnings, a high-
availability, low-latency channel, and multiple 
service channels. 
 
The Control channel is used to manage all 
devices in the ad-hoc network.  The use of this 
channel is restricted so it will not be overloaded.  
Overloading could degrade system performance. 
 
Life-threatening vehicle safety messages will 
receive the highest priority in a 1-8 priority 
schemeii.  This allows them to be transmitted 
with the least amount of delay. 
 
The Society of Automotive Engineers (SAE) 
drafted a common vehicle-to-vehicle safety 
message set.  This message set is being put into 
the standard format and is being forwarded 
through the process to become an official SAE 
standard.  A common message set for vehicle-to-
roadside messages is also under developmentiii. 
 
The FCC R&O does not specify any standard for 
use for the upper layers of the OSI model.  Work 
continues on standardizing specifications for 
these upper layers.  This ongoing work will 
require testing, validation, and will likely result 
in revisions to the draft standards. 
 
POTENTIAL APPLICATIONS 
As a first step within the VSC project, almost 
100 potential automotive safety application 
scenarios were identified and ranked.  These 
ranged from Adaptive Drivetrain Management to 
Wrong-way Driver Warnings.  The next step 
involved developing preliminary 
communications requirements for the highest 
priority application scenarios.  Based upon these 
preliminary requirements, an analysis of 
alternative wireless technologies was completed.  
DSRC was the clear choice for the vehicle safety 
applications scenarios identified. 

                                                                  
(communications medium), 2 data link, 3 
network, 4 transport, 5 session, 6 presentation, 7 
user’s application. 
 
2 Standard Specification for Telecommunications 
and Information Exchange Between Roadside 
and Vehicle Systems – 5 GHz Band Dedicated 
Short Range Communications (DSRC) Medium 
Access Control (MAC) and Physical Layer 
(PHY) Specifications.  



 
Each vehicle safety application scenario, such as 
Emergency Electronic Brake Lights or Traffic 
Signal Violation Warning, was further defined 
during additional research, and a preliminary 
estimate of safety benefits was derived.  The 
basis for this estimate was the “44 Crashes3.” 
 
CRASH PREVENTION BENEFITS 
To estimate safety benefits the VSC team 
compared and rated the application scenarios.  
To determine the estimated number of vehicles 
equipped with each application scenario in each 
year after being introduced in the commercial 
market the OEMs provided market penetration 
estimates.  These estimated allowed each 
application to be put into one of three time 
frames: Near-term systems were considered 
deployable between the years 2007 to 2011, mid-
term between 2012 to 2016, and long-term 
beyond 2016. 
 
From the rankings determined above the team 
selected a subset of safety applications based on:  
1) the estimated safety benefits and 2) the 
selection adequately covered the range of safety 
applications.  A measure of Functional Years 
Lost4 was used to rank the near-term, mid-term, 
and long-term applicationsiv.  
 
Based on the analysis, eight applications were 
chosen as representative of the vehicle safety 
applications from the standpoint of determining 
communications requirements: 

 
Near-term: 

1.  Traffic Signal Violation Warning 
2.  Curve Speed Warning 
3.  Emergency Electronic Brake Lights 

 
Mid-term: 

4.  Pre-Crash Warning 
5.  Cooperative Forward Collision Warning 
6.  Left Turn Assistant 
7.  Lane Change Warning 
8.  Stop Sign Movement Assistance. 
 

                                                 
3 General Motors (1997).  44 crashes, v.3.0 
Warren, MI: NAO Engineering, Safety & 
Restraints Center, Crash Avoidance Department. 
4 Functional Years Lost is a non-monetary 
measure that sums the years of life lost to fatal 
injury and the years of functional capacity lost to 
nonfatal injury.   

Detailed communications requirements were 
developed from analysis of these applications. 
These requirements state the need for small (< 
~500 bytes) broadcast messages with low 
latency. 
 
SECURITY 
As part of their work, the VSC addressed 
security concerns for vehicle safety applications.  
Other organizations are addressing security 
concerns for non-vehicle safety applications such 
as public safety applications and commercial 
(Toll) applications. 
 
Security is a key concern in any safety-critical 
applicationv.  The general security requirement 
for broadcast-based safety communications 
includes the need to make sure the transmission 
comes from a trusted source (and has not been 
tampered with).  This is known as message 
authentication or origin integrity and is the 
recommended approach for securing DSRC 
messages. 
 
In order to develop a robust security architecture 
and protocol, a threat assessment for the various 
vehicle safety applications was performed. 
 
From the threat assessment, a security 
architecture and protocol was developed.  This 
architecture and protocol is currently undergoing 
testing and review at the National Institutes of 
Standards and Technology (NIST).  The testing 
will likely determine an appropriate level of 
security overhead (encryption effort, bits per 
word, etc).  The amount of overhead will need to 
be balanced between impact on throughput and 
latency and the appropriate level of security 
needed for vehicle safety applications. 
 
The output from this security work will help 
guide the standards development process. 
 
SUMMARY 
This paper provided the status of NHTSA 
research on vehicle-to-vehicle and vehicle-to-
roadside communications as a means of 
improving crash prevention performance.  A 
description of Dedicated Short Range 
Communications DSRC, the choice for vehicle 
safety applications, was presented.  Next, a 
discussion of standards development, to include 
the actions of the FCC to allocate 75 MHz of 
Radio spectrum at 5.9 GHz, the ASTM and IEEE 
on the development of standards for the upper 
layers of the OSI model, and the development of 



a common vehicle safety message set lead by the 
SAE was given.  Potential vehicle safety 
applications to include intersection crash 
warning and emergency electronic brake lights 
were discussed.  Based on the estimated safety 
benefits, the team chose eight applications to 
represent the vehicle safety applications 
envisioned.  The eight were used to develop 
detailed communications requirements.  Finally, 
the need for message authentication was 
presented. 
 
DSRC appears to be an important enabler of a 
number of vehicle safety applications. 
 
ACKNOWLEDGEMENTS 
My special thanks to Tom Schaffnit, the CAMP 
VSC Principal Investigator, Eric Rescorla, 
principal engineer, RTFM, and Steve Tengler, 
Nissan, for their assistance during the 
preparation of this paper. 
 
PROGRAM INFORMATION 
Copies of the CAMP VSC Final Technical report 
will be available in printed and electronic form 
from NHTSA (http://www.nhtsa.dot.gov) in mid 
2005. 
 
REFERENCES 
                                                 
1 Vehicle Safety Communications Project, Task 
3: Identify Intelligent Vehicle Safety 
Applications Enabled by DSRC – Interim report, 
CAMP January 30, 2003. 
 
2 Conversations with Tom Schaffnit, Schaffnit 
Consulting 
 
3 Conversations with Steve Tengler, Senior 
Project Engineer ITS Strategic Planning, Nissan 
 
4 T. Miller, J. Viner, S. Rossman, N. Pindus, W. 
Gellert, J. Douglass, A. Dillingham, and G. 
Blomquist, “The Costs of Highway Crashes”.  
FHWA-RD-91-055, October 1991. 
 
5 Conversations with Eric Rescorla, senior 
engineer, RTFM 
 
 
 



Cossalter 1

EXPLORATORY STUDY OF THE DYNAMIC 
BEHAVIOUR OF MOTORCYCLE-RIDER 
DURING INCIPIENT FALL EVENTS 
 
Vittore Cossalter 
Alessandro Bellati 

Department of Mechanical Engineering 
Via Venezia, 1. 35131 Padova (PD) 
University of Padova, Italy 
Vittorio Cafaggi 
Dainese Spa 
Paper Number 05-0266 
 
ABSTRACT 
 

The continuing study of motorcycle riding 
gear carried out by Dainese has led to the 
development of a system of protective riding gear 
with an integrated air-bag. The aim of this system 
is not only to reduce the injuries to a rider due to 
impacts with opposing objects but also to prevent 
direct contact with the terrain caused by accidental 
falls. 
 
The scope of this research was to use a multi-body 
code to simulate the fall of the motorcycle-rider 
system to determine which parameters can be 
useful in identifying the early stage of fall. 
Determining such parameters will be used to 
develop a logic of control able to activate a passive 
system of protection, a type of air-bag, included 
both on the motorcycle and in the rider’s protective 
gear. The rider model was based on a crash test 
dummy scheme. Dynamic behavior of the system 
was analyzed in diverse critical conditions. As a 
result useful information regarding possible crash 
events was collected.  
 
INTRODUCTION 
 

The urge for safety in the automotive field 
is growing every year, but besides the great efforts 
put forth in research, there is still much to do. Until 
significant changes are implemented in road 
architecture, new strategies will need to be 
identified for reducing crash related injuries. This is 
particularly true in the motorcycle field. While in 
the automotive sector research and regulation had 
begun to chase safety far in the past, with regard to 
motorcycles the situation is still in its infancy. 
Motorcycle safety relies mostly on passive systems. 
As such, significant safety goals have been 
achieved in recent years through improvents in 
riding gear. However there is still much work to do 
for catching up with the safety levels achieved by 
cars. With regard to active safety, the principal 
improvement has been the recent introduction of 
ABS to various motorcycle models.  
From the safety regulation point of view, the 
situation is still unchanged, and effectively we can 

say that, in most countries, roads are predominantly 
made for cars: any other type of vehicle is seen as 
just a novelty or as something bizarre and unusual. 
Directly related to this issue many believe that 
riding motorcycles is excessively hazardous, 
however this idea can be effectively modified if 
advances in safety show relevant improvement. 
Dealing with the motorcycle’s related intricacies 
has always proven complex due to the additional 
degrees of freedom associated with the vehicle [1]. 
However this added freedom could offer new 
possibilities to the crash safety challenge, giving 
space for new solutions different from those used in 
the car industry. Two of the more interesting 
enhancements in passive safety are coming from 
the air-bag field; both air-bags equipped on 
vehicles and on riders are being taking into 
production phase. Currently the two systems are 
not conceived to work together, but, since they aim 
to fulfill different targets, this handicap at this stage 
is acceptable. Vehicle installed air-bags aim to 
protect the rider in vehicle versus vehicle impact, 
while rider installed air-bags aim to avoid injury 
from bodily impact with terrain during single 
vehicle accidents. As always when dealing with air-
bag related problems, one of the biggest challenges 
is developing the activation algorithm. For vehicle 
versus vehicle, and vehicle versus object impact, 
the strategy is already established from the car 
industry and needs only to be applied appropriately. 
However with regard to motorcycle single vehicle, 
loss of control accidents, such a strategy has yet to 
be conceived. Preliminary steps in defining such a 
strategy will be the aim of this article.  
  
MODEL OF THE RIDER 
 

Wanting to investigate the dynamics of the 
fall in the early stage, we shall consider that the 

rider is not yet in 
contact with the road 
surface. Although some 
account of the impact 
aspects of a collision [6]  
is included, we focused 
on a multi-body model 
for dynamic analysis of 
the motorcycle-rider 
system. For succeeding 
in such a task, a rather 
complex model of the 
rider was developed. It 
consists in a total of  13 
main and 25 contact 
bodies, connected 
together by means of 22 
kinematic joints. 

Figure 1. Stand alone model of the rider 



Cossalter 2

Using this new rider model in conjunction with an 
proven multi-body model for motorcycle dynamic 
analysis, we obtained the starting virtual 
environment for realizing the various simulations. 
 
Model enhanced features 
 

One of the most difficult tasks met during 
the realization of the rider model was defining the 
various body parts and joints in a realistic way. 
There were several main problems: first, the 
position to assign to the rider; then, what type of 
constraints were appropriate for describing the 
actual rider movement during falls, finally the 
stiffness and damping to assign to each joint. To 
find a solution to the problem, we started from the 
human 50th percentile data and from a rider model 
developed at the University of Tokyo [3]. We 
changed many factors to accommodate the new 
features of our model: we added several d.o.f. and 
also changed the description of the joints. Another 
problem needed to be solved, how to link the rider 
to the vehicle without preventing the freedom of 
movement needed for this particular simulation. 
For this purpose, many strategies were tried using 
different types of time-limited kinematic links, but 
finally the solution was found using a different 
approach based on a modified hertzian contact 
between bodies. We added to the model several 
contact bodies with the purpose of simulating 
realistic contact between the rider and the vehicle. 
These contact bodies also aimed to simulate the 
typical points of contact between riding protective 
gear and surroundings. The contact approach had 

the disadvantage of slowing down the simulations 
but fulfilled the other requirements. To realize the 
appropriate linking condition between the rider and 
the saddle, a torque exerted by the hip realized the 
contact between the knees and the fairing. 
The ground was modelled as a plane body which 
generates contact upon penetration by imposing 
bodies. The tire forces were based on the Pacejka 
Magic Formula [5], specifically modified to 
represent motorcycle tires [4]. Care should be taken 
when viewing crash results since due to the large 
slip values involved in these type of maneuvers, the 
tire forces cannot always be considered reliable. 
Nevertheless we should note that the first instants 
from the start of the fall are the most important for 
deciding the subsequent dynamic behaviour of the 
motorcycle, and at this stage the tire forces are still 
reliable. 
Another consideration that should be done is that 
the tire parameters change the behaviour of the 
motorcycle considerably, so a different set of tire 
parameters can led to different results. 
 
The Control System of the Model 
 
 The control system was based on a PD 
control algorithm, using the roll of the vehicle and 
the torque exerted through the motorcycle 
handlebar as working variables. 
Basically, depending on the type of maneuver, a 
roll value is passed to the steer actuator which 
generates a torque proportional to the gap between 
the desired roll an the actual roll, with a damping 
term depending on the rolling speed of the 
motorcycle. 
 

 
 
Figure 3.  Control system of the virtual model. 
 
This simple scheme can be justified in this context. 
At this early stage of exploration the goal was not 
to model the complex relationship between the 
rider control technique over the motorcycle, rather 
the focus was that of using the vehicle as a means, 
letting the rider movements evolve freely in the 
early stage of the fall. In general, the act of falling 
implies a loss of control, hence this simple control 
is sufficient to deliver the model to the desired 
state. In addition to the basic roll control other 
auxiliary control routines were introduced, 
determining factors such the forces exerted 
between the hands of the rider and the handlebars, 
and the torque exerted by the hips these subroutine 
were necessary to take into account the changing Figure 2.  Assembled model with black 

indicating contact elements. 
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attitude of the rider with respect to the motorcycle 
control during the simulation. The developed 
model was used in a series of simulations of critical 
maneuvers. Three particular cases have been 
chosen: critical front braking, critical rear braking, 
and high-side fall. 
 
ANALYSIS OF THE MANEUVERS 
 
The dynamic analysis of a motorcycle is very 
complex due to its own instability, especially at 
low speed. Without the rider's control, a motorcycle 
can fall not only when the motorcycle is stopping 
but also when it is running in straight uniform 
motion [2]. We will now investigate the dynamics 
of the motorcycle when control limits are exceeded 
and falling is imminent.  It is the intent of the  
following simulations to represent the initial stages 
of the fall as such the simulation halts when roll 
angle exceeds 1.3 rad (75 deg). 
 
Case 1: Low-side Fall due to Front Braking 

 
For the following description see Figure 4. 
We will now consider a motorcycle during a 
critical braking condition, in which the rider 
engages the front brake during steady turning, 
causing the motorcycle to slide off the road. The 
scenario could be the one of a motorcycle entering 
in a curve with excessive speed and trying to avoid 
an unforeseen obstacle. 
This type of fall is common among inexperienced 
drivers. Being unaccustomed to critical driving 
situations, they react instinctively to the unexpected 
condition, ignoring the limits of adherence of the 
tires. Sometimes however this type of fall also 
happens to experienced driver on unexpected, 
uneven terrain. In order to get a more clear 
comprehension of the maneuver the time evolution 
of the simulation parameters is presented in Figure 
4. 
 
Frame A - Shows the initial stage of the maneuver: 
the motorcycle is running in steady turning at the 
speed of 40 m/s, the camber angle is about 30°. 
Frame B - At this stage the rider starts braking with 
the front brake only. Due to the braking 
longitudinal slip, the side force necessary for 
maintaining equilibrium is obtained 
with a slip angle greater than the one necessary in 
curve without the presence of the braking force. 
Frame C - The tire reaches its own adherence limit 
proportional to the normal load, but because of the 
load transfer suffered by the bike during the 
braking maneuver, the augmented adherence 
permits to the rider to maintain control over the 
motorcycle. 
In these conditions it is quite possible for the side 
force produced by the front wheel to be 

insufficient; consequently the front wheel increases 
its slip angle. 
Frame D - The force is still not sufficient to 
maintain the trajectory so the slip angle continues 
to increase accordingly. In order to try to follow the 
desired trajectory, the driver is turning the handle-
bar with increasing force, but at this point the 
steering head reach its rotational limit. The force is 
still not sufficient to maintain the trajectory so the 
slip angle continues to increase accordingly. Due to 
the maximum in the vertical force, the lateral force 
of the front tire also reaches its maximum. An 
important thing to note at this point is the rapid 
increase in the roll velocities, this should suggest 
that the rider is beginning to lose control of the 
vehicle and is not more able to maintain a 
determined inclination. 
Frame E - With regard to the braking action, the 
driver can decide to stop or to continue acting on 
the front wheel in order to get more control of the 
motorcycle. If the braking action persists the front 
tire continues slipping to external side. 
At this point the front wheel rotational speed is 
zero, so the front tire is completely sliding.  
In the simulation braking continues. The front tire 
now is almost unloaded, primarily due to the roll 
angular momentum, as such the lateral force is 
largely insufficient.  
Frame F - The motorcycle tilts and falls laterally. 
In the fall motion the vehicle also drags the driver 
down with a certain lag depending on the holding 
conditions. The simulation ends: fall is in act. 
If the driver is well protected and other vehicles are 
not in a collision trajectory, the fall may not be 
dangerous, in the sense that the motorcycle does 
not fall against the driver. Eventually injuries could 
come from the bruising contact with asphalt and 
any incidental impact with objects surrounding the 
road. 
 
Case 2: Low-side Fall due to Rear Braking 
 
For the following description see Figure 5. 
We will now consider a motorcycle braking the 
rear wheel while in a curve. 
The rider maintains the rear braking action for the 
duration of the simulation. The scenario could be 
the one of a motorcycle entering in a curve with 
excessive speed and, trying to avoid entering the 
opposing lane, the rider applies the rear brake. The 
rear tire of the simulation encounters a low friction 
surface, such as dirt or gravel, and loses adherence. 
This type of fall is less common but also happens to 
expert drivers.  
 
Frame A - Shows the initial stage of the maneuver: 
the motorcycle is running in steady turning at the 
speed of 40 m/s, the camber angle is about 30°. 
Frame B - At this stage the rider starts braking with 
the rear brake only. Due to the braking longitudinal 
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slip, the side force, necessary for maintaining 
equilibrium, is obtained with a slip angle greater 
than the one necessary in curve without the 
presence of the braking force, consequently the rear 
wheel increases its slip. 
Frame C - The tire reaches its own adherence limit 
proportional to the normal load. In these conditions 
it is quite possible for the side force produced by 
the rear wheel to be insufficient; consequently the 
rear wheel continue to increases its slip angle. The 
rider, trying to control the vehicle, rapidly increases 
the steer angle. Consequently the front slip angle 
increases. 
Frame D - The spin motion of the rear wheel halts, 
the rear tire now is longitudinally sliding with a 
speed equal to that of the vehicle. 
Frame E - The steer angle reaches the maximum 
possible. From this point forward the rider is no 
longer able to maintain a steering control on the 
motorcycle. 
Frame F - Due to the load transfer, the rear tire is 
now completely unloaded so the possibility of 
exerting a lateral force no longer exists. 
Frame G - Due to the yaw motion the front tire is 
almost orthogonal to the trajectory. So slip 
parameters lose sense, the tire behavior in this zone 
is totally unpredictable. 
Frame H - The motorcycle tilts and falls laterally. 
In the fall motion the vehicle also drags the driver 
down. The simulation ends.  
The closing comments made for “Case 1”  apply 
also in this case. 
 
Case 3: High-side Fall 

 
For the following description see Figure 6. 
We will now consider a motorcycle suddenly 
accelerating during a curve. 
The scenario is one of the most common 
encountered during competition. 
The typical occasion when this happens, is when 
the rider attempts to exit from a curve with 
maximum velocity.  He anticipates more traction 
than is available, and opens the gas while the 
motorcycle is still leaned significantly. 
Frame A - Shows the initial stage of the maneuver: 
the motorcycle is running in steady turning at the 
speed of 40 m/s, the camber angle is about 30°. The 
rider instantly opens the throttle; the rear tire starts 
to increase greatly its longitudinal slip while the 
rear wheel is spinning. The front wheel is also 
increasing its slip angle because load transfer has 
already unloaded the front wheel. 
Frame B - The rider stops accelerating and releases 
the throttle.  A small quantity of braking torque is 
present due to the engine braking. The front tire 
stops increasing its slip angle while that of the rear 
tire continues to increase. The large side slip, which 
is still present, generates a lateral force impulse that 

is not balanced. The result is that the motorcycle is 
violently twisted and pushed upwards. 
Frame C - The rear tire longitudinal slip goes to 
zero, hence, as the lateral slip angle grows the 
lateral force can fully develop as permitted by the 
Magic Formula. The high-side is in act. The time 
delay between the two maximums in the slip 
happen because the longitudinal slip has to 
decrease below a certain amount to permit the 
lateral force to grow and to stop the sliding of the 
tire.  
Frame D - The vertical force goes to zero, and the 
tire loses contact. The steer angle reaches its limit, 
but the vehicle is still controllable. 
Frame E - The handlebar again reaches its limit, 
the lateral force is now positive to compensate for 
the steering angle. The motorcycle is weaving 
about the roll and yaw axes. 
Frame F - Another plateau appears in the vertical 
force, rapidly followed by a new maximum. The 
motorcycle is oscillating vertically, actuating the 
rear shock.  After having absorbed part of the 
lateral force caused by the high side, the 
compression of the spring is released, projecting 
the rider upwards. 
Frame G - The rider is now almost totally 
separated from the motorcycle, and is ejected 
skyward.  
Frame H - The simulation ends. The vehicle is 
almost completely tilted and the rider is jettisoned 
from the motorcycle. In this particular simulation 
the roll velocity of the rider and that of the vehicle 
are opposite.  
With particular attention to Figure 7, we can 
describe the initial phases of the high-side. From A 
to B we see the response to the instantaneous 
acceleration. The tire reaches the boundary of the 
traction ellipse, this represents the saturation limit 
of the forces. Moving toward condition B, as the 
slip continues to increase, first the force reaches its 
saturation limit and immediately after starts to 
decrease (Pacejka model). From here over, the high 
slip produced in the thrusting phase starts to 
generate an impulsive lateral force, which reaches 
the maximum at C. The lateral force generated in 
this manner is mostly unbalanced, so the vehicle 
starts tilting in the opposite direction. If the lateral 
impulse is high enough, the motorcycle falls 
immediately; if it is not the vehicle starts weaving 
and depending on the ability of the rider, control 
over the vehicle can be regained, otherwise a fall is 
imminent. 
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Figure 4.  (Case 1) Top, six views of the simulated environment; Bottom, plots of  different simulated 
quantities: motorcycle speed and front wheel speed, steer angle, longitudinal slip, slip angle, roll velocity, 
yaw velocity, tire forces. 
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Figure 5.  (Case 2) Top, eight views of the simulated environment; Bottom, plots of  different simulated 
quantities: motorcycle speed and front wheel speed, steer angle, longitudinal slip, slip angle, roll velocity, 
yaw velocity, tire forces. 
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Figure 6.  (Case 3) Top, eight views of the simulated environment; Bottom, plots of  different simulated 
quantities: motorcycle speed and front wheel speed, steer angle,  longitudinal slip,  slip angle,  roll 
velocity, yaw velocity, tire forces. 
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Figure 7.  (Case 3) This graph show the time evolution of a high-side with reference to the traction elipse.  
 
CONCLUSIONS 
 
This exploratory study hoped to improve our 
knowledge of dynamic behavior of motorcycle-
rider system during critical conditions, and to 
further identify some parameters which could be 
used to improve actual active and passive safety 
system. Although additional work will be needed to 
solidify this cause, the current study is an attempt 
to mark the first steps in the right direction.  Three 
simulation cases are summarized and a number of 
relevant parameters are shown. These parameters 
may prove useful in determining the control 
algorithm for a multi purposes air-bags deployment 
system. 
The current study also shows that great advantages 
can be gained by using multi-body modeling to 
simulate complex dynamics systems. Although the 
computational burden of these simulations is still 
high, such tools can certainly be used to reduce, or 
at least give direction to, the number of expensive 
(and sometimes dangerous) experimental tests 
which must be carried out for fulfill the design 
process.  
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ABSTRACT  
 

Advanced crash test dummies are being 
designed with multiple deflection measuring 
capabilities in the thorax to allow better 
characterization of the chest’s local response to 
impact and thus, better optimization of performance 
from systems such as belt/bag combinations or four-
point restraints.  Historically, the injury criteria used 
to interpret thoracic impact responses were derived 
empirically from simple parameters, such as peak 
acceleration and deflection, that were extracted from 
available experimental data.  This study takes a 
different approach.  It combines the vast knowledge 
of structural responses and interactions embodied in 
our finite element modeling technologies in a model 
of the thorax, validates the model’s impact response 
capability by mimicking the experiments by Kroell et 
al. (1972) and demonstrates that applying the 
measured x-y deformation-time histories of two 
points on the anterior chest wall of a dummy to the 
model, is sufficient for the model to accurately 
reproduce the complete two-dimensional deformation 
shape of the entire thoracic slice.  This then allows 
the potential for the prediction of injury to be made 
on the basis of local stresses and strains occurring 
throughout the entire slice over time.  Discussion of 
the development and validation of the slice model 
concept of post processing of dynamic dummy 
response output using FE models, verification of 
minimum necessary dummy inputs, and validation of 
predictive capabilities are all presented. 
 
INTRODUCTION 
 

Thoracic injuries are ranked second only to 
head injuries for automobile collisions in three 
categories: area most often injured (Ruan et al., 
2003), overall number of fatalities and serious 
injuries (Cavanaugh, 1993), and overall societal harm 

(Malliaris, 1985).  Injuries to the thorax were found 
to account for approximately 13% of all AIS 1-2 
injuries and 29% of all AIS 3-6 injuries (Ruan et al., 
2003).  A better understanding of the mechanisms 
involved in these thoracic injuries will lead to 
improved restraint systems that have the ability to 
reduce injuries and save lives.  

Thoracic injuries occur in the presence of 
numerous contributing factors, such as crash speed 
and intrusion, as well as the presence of restraint 
systems, including airbags, seatbelts, load limiters, 
and seatbelt pretensioners.  While experimental 
research using cadavers and crash test dummies is an 
important step to understanding thoracic injury 
mechanisms, computer models offer increased 
flexibility at a lower cost.  Computer models also 
offer more detailed observations of stress and strain 
than are possible with cadavers and test dummies.  
The information from chest deflection and spine 
acceleration can be used to calculate many thoracic 
injury criteria, but they do not provide much 
guidance in how to improve a design.  The flexibility 
and increased measurement possibilities allow 
researchers to pinpoint what dummies need to 
measure, which will improve the ability to regulate 
more effectively. 

In order to design more effective restraint 
systems and improve regulations, researchers must be 
able to investigate “what if” scenarios, not just focus 
on passing a specific metric.  In fact, focusing on a 
single metric could lead someone in the wrong 
direction.  Instead of a specific metric, computer 
models provide a variety of outcome measures which 
are all related to injury risk.  This paper presents a 2-
D finite element model of the human thorax designed 
to study injury mechanisms and restraint conditions 
in an automotive crash environment. 

METHODS 

The purpose of this study was to create a 
finite element model of the human thorax with which 
to study injury mechanisms under different restraint 
conditions, and use the model in conjunction with 
multiply measured thoracic deflection time-histories 
obtained on THOR, the advanced frontal impact 
dummy developed by the NHTSA, to predict injury.  
The complexity of the model was determined by 
balancing computational issues, such as including 
enough complexity to accurately represent the 
response of the thorax while still maintaining a 
relatively fast run time on a PC.  For this purpose, a 
2D model was selected over a 3D model. After 
creating the mesh for the 2D thorax, the model’s 
response was validated against thoracic impact 
experiments.  Once the model was validated, 



where σy(εp
eff, ε’p

eff ) = effective stress,  σs
y(εp

eff) = 
static stress, SIGY = yield stress, ε’p

eff  = strain rate, 
and C and p are user defined coefficients (LS-Dyna 
User’s Manual, 2003). 

simulations were run to test the response of the model 
under various restraint conditions.  Specifically, the 
model was tested to determine if it can differentiate 
between the concentrated loading condition of a torso 
belt from the distributed loading condition of an 
airbag.  Next, applied displacements were used to 
replicate the restraint loading and determine if points 
corresponding to the THOR crux points, i.e., those 
sights on the anterior chest wall where deflection 
sensing instrumentation is attached, were sufficient to 
replicate the simulations.  Finally, simulations were 
conducted to correlate stresses and strains in the 
model to injury.  A large set of cadaveric impact tests 
were used to derive and apply displacements to the 
model corresponding to THOR crux points.  A 
variety of model outputs were analyzed and a 
criterion was developed to predict injury. 

 
Table 1. 

Material Properties of the thorax finite element 
model, (Granik and Stein, 1972, Deng, 2000). 

Part Name 
Density  
(kg/m3) 

Stiffness  
(kPa) 

Yield 
Stress  
(kPa) 

Sternum 2.5e-6 1200000 3445 

Rib 1.1e-6 10335000 85284 

Viscera 2.9e-6 207 0.69 

Spine/Rib 
Joint 1.1e-6 1200000 3445 

Elastic Spine 1.1e-6 25982190 N/A 

Spine (rigid) 1.1e-6 rigid N/A 

Model Description   

The finite element model of the thorax was 
modeled using the LS-Dyna software package.  The 
model represents a 50th percentile male thorax. As 
previously stated, it was created in two dimensions to 
allow simulation of the overall thorax response while 
dramatically reducing the solution time.  The thorax 
model (Figure 1) contains six parts: rib, sternum, 
viscera, elastic spine, rigid spine, and spine/rib joint. 

 
The rib properties required some 

modification because the model is two-dimensional.  
Specifically, the space between the ribs in the full 
thorax cannot be directly modeled in two dimensions.  
The stiffness of the thorax is dependent on the total 
cross-sectional area of ribs in the thorax.  An 
extruded 2-D thorax model would have one solid rib 
without any space between ribs, making the model 
too stiff.  Therefore, to ensure the proper response of 
the model, the cross sectional area of the rib in the 
model was reduced to account for the space between 
the ribs, while the rib modulus was kept constant.  
First, an average rib cross sectional area was 
determined to be 0.73 cm2 (Pintar & Yoganandan, 
1998).  A rectangular cross section was assumed with 
a height of 1.27 cm and a thickness of 0.58 cm.  
Next, the average sternum length, from rib 1 to rib 
10, of a 50th percentile male was found to be 29 cm 
(Robbins, 1983).  Based on the average cross section 
the ribs should take up 7.3 cm2 leaving 9.52 cm2 
space between the ribs.  Therefore, the ribs take up 
44% of the area.  To account for the space between 
the ribs, the cross sectional area of the rib in the 2-D 
model should be 44% of the average rib.  The 
thickness of the rib in the 2-D model was reduced to 
a thickness of 0.25 cm; with a height of 1.27 cm the 
rib has a cross sectional area of 0.32 cm2. 
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Figure 1.  2-D Thorax Finite Element Model. 
 
The material properties for the model are 

shown in Table 1 and were determined through a 
review of the literature.  A variety of material models 
were considered and tested for the deformable parts 
in the model, including elastic, viscoelastic, and 
piecewise linear plasticity models.  The piecewise 
linear plasticity material was used because it 
provided the most biofidelic behavior when tested.  
This material scales the yield stress based on the 
strain rate as shown in equation 1:  

The mass of the model was determined by 
comparing the mass and area of the full thorax to the 
mass and area of the 2-D thorax model.  The mass of 
a 50th percentile male is 76.3 kg, with a thorax mass 

 
    σy(εp

eff, ε’p
eff ) = σs

y(εp
eff)+SIGY*(ε’p

eff /C)(1/p)       (1) 



of 23.6 kg (Robbins, 1983).  The contact area on the 
3-D thorax is 161 cm2 (Kroell, 1974) and the contact 
area of the 2-D thorax is 18 cm2.  Therefore, the 
mass of the 2-D thorax was determined by 
multiplying the full thorax mass by the ratio of the 
thorax areas as shown in equation 2, resulting in a 2-
D mass of 2.7 kg.  

 
   2-D Mass = 3-D Mass * (2-D Area / 3-D Area)   (2) 

Model Validation   

Fourteen experimental tests from Kroell et 
al., 1971 and 1974 (shown in Table 2) were simulated 
to validate the response of the thorax model under 
impact.  These included ten free back tests and four 
fixed back tests.  For the simulation of the fixed back 
tests, the rigid spine was restrained in all directions.  
Four of the free back tests had the skin on the thorax 
removed.  For each simulation, the model was scaled 
based on the size and mass of the cadaver for that 
test.  Each test was simulated using a representation 
of a 15.2 cm diameter impactor with the same initial 
velocity as in the experiments.  The impactor was 
modeled as two-dimensional and its mass was scaled 
in the same manner as the mass of the model, based 
on the ratio of the 3-D and 2-D surface areas 
(Equation 2).  Only initial conditions were provided, 
and each simulation then proceeded forward in time 
according to the laws of mechanics. 

The results of each simulation were 
evaluated using force displacement curves, force time 
histories, and displacement time histories.  Because 
the simulations used a 2-D model with scaled down 
masses, the forces in the simulation had to be scaled 
back up before they were compared to the 
experimental data.  It should also be noted that a 
different scale factor was used for the tests that had 
the skin on the thorax removed than for the tests that 
did not.  An assumption was made that the tests in 
which the skin on the thorax was intact would have a 
contact area that included the entire surface of the 
impactor (161 cm2), due to the skin’s distribution of 
the load to the underlying structures.  In contrast, the 
tests with the skin removed will have a lower contact 
area (105 cm2) because the impactor force will only 
be distributed over the ribs and sternum, and not the 
interstices.  The force scale factors were calculated 
using the ratio of the 3-D contact area to the 2-D 
contact area (18 cm2 in both cases).  Therefore, the 
scale factor for the tests with the skin intact was 8.8 
and the scale factor for the tests with skin removed 
was 5.8. 
 

 
 

Table 2. 
List of Tests Simulated for Validation * = Fixed 
Back Test, ** = Skin Removed. 

Test 
No 

Initial  
Velocity 

(kph) 

Impactor  
Mass (kg) 

Chest 
Depth 
(cm) 

Cadaver 
Mass  
(kg) 

92 48 1.6 18 41 
96 30 19 24 59 
99 26 19 23 75 

104 35 23 25 74 
171 18 23 22 55 
177 18 23 25 64 
182* 25 10 23 65 
186* 26 10 23 60 
187* 24 10 25 82 
188* 26 10 22 52 
7** 14 19 20 38 

10** 18 19 19 43 
6** 19 19 25 77 
5** 19 19 26 86 

Restraint Combination Simulations   

Thirty simulations were run to test the 2-D 
thorax model’s performance under different loading 
combinations of hypothetical restraint systems.  
Loads were applied to the model to simulate either 
pure airbag loading, seatbelt loading, or a 
combination of the two.  Airbag loading was 
distributed evenly over the chest anterior surface as 
shown in Figure 2, while concentrated seatbelt 
loading was at an angle of 25 degrees and distributed 
across three adjacent nodes with 44% of the load 
applied on the center node and 28% on each side.  
Two seatbelt positions were simulated (Figures 3 and 
4): a center position to simulate where the seatbelt 
crosses at the upper thorax (near rib 4) and a lateral 
position to simulate where the belt crosses the lower 
thorax (near rib 8).  In all of the simulations the rigid 
spine was allowed to translate in the x and y 
directions but no rotation was allowed.   

Loading was applied as a triangle pulse 
starting at 0, reaching 100% of the applied load at 
100 ms, and returning to 0 again at 125 ms.  A base 
loading level was assumed at a force level that 
resulted in a reasonable chest deflection and 50 m/s^2 
spine acceleration.  Three different total loading 
levels were simulated by applying the force across 
three adjacent nodes: 125%, 100% and 75% of the 
base loading level.  The sum of the airbag and 
seatbelt loads resulted in the total load specified for 



that simulation.  The list of the various simulation 
loading combinations is provided in Table 3. 
 

 
Figure 2. Distribution of Airbag Only Loading. 

 

 
Figure 3. Location of Center Position Seatbelt 
Loading. 

 

 
Figure 4. Location of Lateral Position Seatbelt 
Loading . 
 

Table 3. 
List of Tests in Restraint Combination 
Simulations. 
Test  
No 

Total  
Load 

Belt  
Position 

% Belt  
Loading 

% Airbag 
Loading 

1 100% Center 100% 0% 
2 100% Center 75% 25% 
3 100% Center 50% 50% 
4 100% Center 25% 75% 
5 100% Center 0% 100% 
6 125% Center 100% 0% 

7 125% Center 75% 25% 
8 125% Center 50% 50% 
9 125% Center 25% 75% 

10 125% Center 0% 100% 
11 75% Center 100% 0% 
12 75% Center 75% 25% 
13 75% Center 50% 50% 
14 75% Center 25% 75% 
15 75% Center 0% 100% 
16 100% Lateral 100% 0% 
17 100% Lateral 75% 25% 
18 100% Lateral 50% 50% 
19 100% Lateral 25% 75% 
20 100% Lateral 0% 100% 
21 125% Lateral 100% 0% 
22 125% Lateral 75% 25% 
23 125% Lateral 50% 50% 
24 125% Lateral 25% 75% 
25 125% Lateral 0% 100% 
26 75% Lateral 100% 0% 
27 75% Lateral 75% 25% 
28 75% Lateral 50% 50% 
29 75% Lateral 25% 75% 
30 75% Lateral 0% 100% 

 

Applied Crux Simulations   

To determine how well the deformation of 
the slice model induced by the variety of 
force/area/time profiles discussed above can be 
duplicated by having only knowledge of the THOR’s 
two x-and-y CRUX displacement time histories  as 
the model’s stimulus, the previous simulations were 
rerun by applying only the calculated CRUX 
displacements obtained from the previous 
calculations force stimulated simulations.  Sixty 
additional simulations were conducted; two tests 
were run for each of the tests in Table 3, one with 
applied upper crux displacements, one with applied 
lower crux displacements.  In each test the spine was 
fixed in all directions.  The simulations with applied 
displacements were then compared to the original 
simulations using applied forces and the respective 
deformations, stresses, and strains compared. 
 
 
 
 



Injury Correlation  
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 To answer the question “How similar would 
the deformation of the thorax cross section be if, 
rather than loading the thoracic slice model with a 
particular force, area, time history, one only used the 
two dimensional (x,y) displacements of the anterior 
CRUX measurement points that the force-area-time 
loading produced,” 54 frontal impact cadaver sled 
tests were selected from the NHTSA database.  The 
upper chestband data was processed for each test by a 
program written to derive the x and y displacements 
of points corresponding to the THOR crux points 
relative to the spine.  The initial points were chosen 
based on which points were closest to the THOR crux 
points based on the x distance from the sternum.  
Once the initial points were selected, the x and y 
displacement time histories for each point were used 
as load curves for the thorax model.  A simulation 
was run for each test based on the upper crux 
displacements.  Each simulation was analyzed and 
processed to output peak stresses and strains during 
the simulation.  Next, logistic regression was 
performed to correlate the injuries found in the sled 
tests to the outputs of the model.  Injury in the sled 
tests was determined by the number of rib fractures 
found.  Regressions were performed with injury 
thresholds at 2-6 rib fractures to determine the best 
cutoff point for injury.  Regressions were also 
performed by correlating either only upper thoracic 
fractures (ribs 1-5) or fractures for the full thorax.  
While 54 tests were initially chosen, the number of 
tests for each regression varied depending on the 
quality control of chestband data and if the tests had 
full reports to determine upper from lower rib 
fractures. 

Figure 5. Comparison of Peak Displacements. 
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Figure 6. Comparison of Peak Forces. 
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Figure 7. Force Displacement Curve, Test 7, Free 
Back Without Skin. 
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Model Validation   

Each test in Table 2 was simulated using the 
slice model and the experimentally observed peak 
displacements and forces were compared with those 
predicted by the model.  Figures 5 and 6 illustrate 
results for peak displacement and force respectively.  
Figures 7 through 13 illustrate comparisons of 
individual simulated and experimentally observed 
force-time, displacement-time, or force-
displacement/displacements from representative tests.  
Examples are given for each type of test: free back 
with skin, free back without skin, and fixed back.  
Time histories for the tests without skin are not 
shown because the experimental data was not 
available. 

Figure 8. Force Time History, Test 99, Free Back 
With Skin. 
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Figure 9.  Force Displacement Curve, Test 104, 
Free Back With Skin. 

Figure 13. Displacement Time History, Test 182, 
Fixed Back With Skin. 
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Restraint Combination Simulations  

Each loading condition described in Table 3 
was simulated using the slice model and the x and y 
displacements of the two upper and two lower 
anterior THOR crux points to determine a maximum 
stress and strain in the rib.  Examples are shown 
comparing the different test conditions: restraint 
combinations, belt positions, and loading levels 
(Figures 14-19).  Figures 14, 16, and 18 present the 
initial position and maximum displacement of the 
anterior crux points with respect to the spine under 
the various force loading conditions. 

Figure 10. Displacement Time History, Test 104, 
Free Back With Skin. 
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Crux Positions (in spine coordinates)
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Figure 11,  Force Displacement Curve, Test 182, 
Fixed Back With Skin. 

Figure 14. Comparison of Crux Displacements for 
Different Restraint Combinations. 
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Figure 12. Force Time History, Test 182, Fixed 
Back With Skin. 

 Figure 15. Comparison of Rib Stress and Strain 
for Different Restraint Combinations. 

 



Applied Crux Simulations  Crux Positions (in spine coordinates)

-2

-1.5

-1

-0.5

0

0.5

-6 -4 -2 0 2 4 6

Y-Displacement (in)

X-
D

is
pl

ac
em

en
t (

in
)

Upper Crux t=0
Lower Crux t=0
Lower Center 100% Belt
Upper Center 100% Belt
Lower Lateral 100% Belt
Upper Lateral 100% Belt

 

Each test in Table 3 was also simulated 
using only applied upper or lower crux displacements 
obtained from the previous 30 tests just discussed.  
All tests were processed to compare the overall 
deformation of the displacement-stimulated model 
with the deformation of the force stimulated model.  
Good replication of deformation shape was noted. 
The following charts provide a comparison between 
the original loading simulations, applied upper crux 
simulations, or applied lower crux simulations 
(Figures 20-23).  Due to limited space, examples are 
shown only for select restraint combinations.  

 

Figure 16. Comparison of Crux Displacements for 
Different Belt Positions. 
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Figure 20. Overlay showing both the original 
loading (grey) and applied lower crux (black) rib 
contours for the 100% center belt loading 
condition. 

Figure 17. Comparison of Rib Stress and Strain 
for Different Belt Positions. 

  
These results strongly suggest that post 

processing THOR generated upper and lower chest 
deflections using the slice model can provide a 
reasonable estimate of the stress/strain distributions 
found in a force deformed thorax and the potential for 
damage/injury throughout the entire event.  To 
investigate this further, the slice model was displaced 
by applying the two crux displacement time histories 
obtained when conducting the kinetic force 
applications previously discussed and the error 
between the two stresses compared. 
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Figure 18. Comparison of Crux Displacements at 
Different Loading Levels.  
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Figure 21. Comparison of Crux Positions for 
100% Airbag Loading. 

 Figure 19. Comparison of Rib Stress and Strain at 
Different Loading Levels. 
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Figure 22. Comparison of Error in Rib Stress and 
Strain for 100% Airbag Loading. 
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Figure 23. Comparison of Crux Displacements for 
100% Center Belt Loading. 

Injury Correlation 

The 54 frontal impact cadaver sled tests 
were simulated using the slice model and chestband 
data from each experimental test.  Each simulation 
was analyzed and processed to output peak stresses 
and strains seen in the slice model during the 
simulation.  Logistic regressions were performed to 
correlate the injuries found in the sled tests to the 
outputs of the model.  An example of the rib contours 
at peak deflection from the chestband alone and 
upper crux simulation using only crux displacements 
for test 2910 is shown in figure 24. 
 

 
Figure 24.  Rib contours at peak deflection from 
test 2910, upper crux simulation (grey), cadaver 
chestband (black). 

Numerous logistic regressions were 
performed on the data from the chestband 

simulations: using different outputs from the 
simulations, injury thresholds from 2-6 rib fractures, 
and separate correlations for upper rib fractures 
versus all rib fractures.  Various confounding 
variables were tested in the regressions as well, 
including cadaver age, weight, and sex.  The 
regression with the most significance (p-value 
0.0001) and highest Chi2 (18.0) used maximum 
principal strain from the upper crux simulation with 
cadaver age to predict injury defined as greater than 2 
rib fractures in the entire thorax.  84% of the tests 
used in the regression had correct prediction of injury 
using the model (ROC=0.84).  Figure 25 shows the 
probability of injury for this model at different ages. 

Logistic Regression

0

0.2

0.4

0.6

0.8

1

0 0.05 0.1 0.15 0.2 0.25 0.3

MaximumPrincipleStrain
Pr

ob
ab

ili
ty

Age=20 Age=30 Age=40 Age=50 Fracture
 

Figure 25.  Logistic Regression with injury 
defined as greater than 2 rib fractures. 

DISCUSSION 

Model Validation   

The 2-D finite element model of the thorax 
shows reasonable correlation with the impact 
experiments of Kroell et al.  The force displacement 
curves and time histories show that the model has a 
biofidelic response through the entire event, 
including at the peaks.  The force scaling methods 
seem to allow accurate comparison of 3-D and 2-D 
force measurements.  This is demonstrated in the 
accurate simulation of cases with and without skin.  
However, overall the results suggest that the model 
may be too stiff based on slightly higher forces and 
lower displacements seen throughout the simulations.  
It is possible that these results could be improved by 
altering the average rib cross section that was used, 
since the cross section of ribs varies greatly both 
along their length and at different levels within the 
thorax.  Overall, the model performs relatively well 
in both fixed and free back conditions and the model 
can be used to evaluate restraint conditions with 
seatbelts and/or airbags. 

 



Restraint Combination Simulations  

The thirty simulations using various 
combinations of airbag and seatbelt loading, 
various seatbelt positions, and three loading 
levels, showed that the 2-D thorax model can 
appropriately differentiate between different 
restraint systems.  A comparison of the belt 
positions in Figure 17 shows that lateral belt 
loading is more severe than center belt loading, 
100% lateral belt loading being the most severe 
condition tested.  Figure 19 shows that 
increasing the overall load results in higher 
stresses and strains, as expected.  Figure 15 
shows that the 100% belt loading condition 
results in higher stresses and strains than either 
combined loading or airbag loading.  100% 
airbag loading had the lowest stress and strain 
levels of any restraint combination.  Logistic 
regression showed that all of the stress 
components examined had the ability to 
differentiate the 100% seatbelt condition from 
the others (p=0.003-0.002), while the maximum 
effective plastic strain and the maximum 
principal strain had less ability to differentiate 
the restraint conditions, p=0.024 and p=0.154 
respectively.  The ability for the 2-D thorax 
model to differentiate seatbelt loading from 
other types of restraint conditions is an 
important ability because field research has 
shown seatbelt only restraints to be more likely 
to produce injuries (Trosseille et al., 2001). 

Applied Crux Simulations  

The results from the applied crux 
simulations show that in general the model has the 
ability to replicate the contours, stresses, and strains 
in a variety of loading conditions using only the 
planar (x,y) displacements of two crux points.  
However, the simulations show that with increased 
loading levels and/or increased belt loading the error 
increases between the applied crux simulations and 
the original simulations.  Also, the results show that 
the belt position affects the ability for the applied 
crux simulations to replicate the loading.  When 
upper crux displacements are applied there is more 
error in the lateral belt loading position, while when 
the lower crux displacements are applied there is 
more error in the center belt loading position.  This is 
a result of the upper crux points being close to the 
center of the chest while the lower crux points are 
spread out more laterally.  Figure 26 shows the error 
in maximum principal Von Mises stress for each 

simulation.  While there is some error when 
simulating thoracic loading with applied crux 
displacements, the contours and stresses are close 
enough to provide useful information that isn’t 
available from the crux displacements alone.  
Therefore, using the 2-D thorax model in conjunction 
with THOR makes it a useful research tool to 
differentiate differences in restraint performance. 

 
Error in Applied Crux Simulations
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Figure 26. Error in Von Mises Stress for Applied 
Crux Simulations. 

Injury Correlation  

 The results from the simulations of the 
cadaver tests showed that the best model for 
predicting injury used maximum principal strain from 
the simulations with cadaver age as a confounder.  
This model is promising because maximum principal 
strain is physically linked to fracture.  The ability for 
the model to predict injury accurately in 84% of the 
tests shows the models ability to differentiate injury 
from non-injury.  One potential problem with the 
model is that at high ages it is very unlikely to predict 
non-injury, even at low strains.  This may be due to 
limits of the analysis techniques used or the nature of 
the test data available and may be remedied using the 
full rage of available tests. 

CONCLUSIONS 

• The 2-D finite element model of the thorax 
correlates well to the impact experiments of 
Kroell et al.   

• The force scaling methods seem to allow 
accurate comparison of 3-D and 2-D force 
measurements.   

• The model has a biofidelic response through the 
entire impact event, including at the peaks.   

• The model performs relatively well in both fixed 
and free back conditions.   

• The model can be used to evaluate restraint 
conditions with seatbelts and/or airbags. 

• The model has the ability to differentiate belt 
loading from other restraint conditions based on 
higher stresses and strains. 



• Upper or lower THOR crux displacements can 
be applied to the 2-D thorax model to replicate 
loading simulations. 

• A logistic regression model using maximum 
principal strain and age has a high probability of 
predicting thoracic injury. 
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ABSTRACT 
 

This paper proposes to estimate and to 
compare the expected and the observed 
effectiveness of the Emergency Brake Assist 
(EBA) in terms of reduction in injury accidents in 
France. The evaluation of the expected 
effectiveness of EBA is based on the simulation of 
the reduction in injuries in non-EBA cars which 
could result in lower collision speeds resulting 
themselves in higher mean deceleration, would 
EBA have been available and applied in those cars. 
A sample of fatal police reports, for which most of 
the vehicles involved in an accident, braking 
distance, collision speed and injuries outcome are 
available, is used for the simulation. 
 

The evaluation of the observed effectiveness of 
EBA follows a 3-steps process: 
 

- The identification, in the French National 
injury accident census, of accident-involved cars 
for which the determination of whether or not the 
car was fitted with EBA is possible. A sample of 
917 cars involved in injury accidents occurred from 
January 2000 to June 2004 was selected. 

- The identification of accident situations for 
which we can determine whether or not EBA is 
pertinent. 

- The calculation, via a logistic regression, of 
the relative risk of being involved in an EBA-
pertinent accident for EBA equipped cars versus 
unequipped cars, divided by the relative risk of 
being involved in a non EBA- pertinent accident 
for EBA equipped cars versus unequipped cars. 
This relative risk is assumed to be the best 
estimator of EBA effectiveness. 
 

Both evaluations result in a good effectiveness 
of EBA. Furthermore, the rather consistent 
estimations out coming from expected (-7,5 % of 
car occupants fatalities, -10 % of pedestrian 

fatalities) and observed (-11 % of overall injuries) 
effectiveness of EBA validates the methodology 
used for the expected effectiveness. 
 
INTRODUCTION 
 

Emergency Brake Assist (EBA) detects the 
speed or the brake force at which the driver presses 
the brake pedal, and applies all available power 
boost if this speed or this force exceeds a certain 
threshold, considering that the driver is in an 
emergency situation. ABS regulation is then 
reached sooner. Therefore, Emergency Brake 
Assist can potentially reduce overall stopping 
distance by eliminating the delay caused by a 
common human tendency of not braking hard 
enough or soon enough. This reduction might end 
up with a reduced collision speed and thus with a 
crash avoidance or a mitigation of its 
consequences.. 
 

EBA is being a topic of considerable interest 
since the late 1990s because it might likely concern 
a high number of accidents. In 2004, in Europe (25 
countries), more than 2 000 000 road users were 
slightly or seriously injured and 50 000 lost their 
lives (source: CARE database, 2004). It is 
unknown how many of these crashes resulted from 
lack of braking performance, i.e. EBA-pertinent 
crashes. The CARE database does not record such 
information. Consequently, the magnitude of these 
accidents is not accessible from European intensive 
databases and must be estimated from National 
data and accident in-depth databases. Based on 
French estimates, out of the 90 081 injury accidents 
recorded in 2003, 75 352 (83 %) involved at least a 
passenger car. On the other hand, Alleaume et al. 
showed that about 70 % of the car drivers that 
should have braked before the crash effectively did 
(Alleaume et al., 1998), the others 30 % did not. 
And last, Kassaagi et Perron showed that, in an 
emergency situation, about 50 % of the drivers 
reach the ABS regulation whereas 50 % would 
need to be helped (Kassaagi et Perron, 2001). 
Consequently, we estimate that approximately 0.83 
* 0.7 = 0.58 (58%) of all injury accidents could be 
concerned with effective braking, out of these 0.58 
* 0.5 = 0.29 (29 %) could be concerned with EBA, 
i.e. roughly 580 000 injured persons and 14 500 
fatalities in Europe. 
 

As for ESP for which the literature is now 
abundant (Zobel et al., 2000; Sferco et al., 2001; 
Langwieder et al., 2003; Aga et Okada, 2003; 
Tingvall et al, 2003; Unselt et al., 2004; Becker et 
al., 2004; Page et Cuny, 2004; Farmer, 2004; Dang, 
2004), and as EBA is more and more fitted in 
modern cars, its effectiveness in terms of its 
capacity to avoid accidents and save lives must be 
addressed. 
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We have found only two published studies 
addressing, at least partially, this issue. Actually, 
they are addressing more specifically the safety 
benefits expected from pedestrian protection crash 
tests (Hannevald et Kauer, 2004, Lawrence et al., 
2004). But they also state that, in any case, EBA is 
expected to be a good complement to these tests in 
preventing pedestrian and pedal cyclists injuries.  
 

Evaluating the expected effectiveness of a 
safety measure (before it is brought to the market) 
is obviously interesting as it can eventually help 
stakeholders in deciding whether or not a 
technology is promising. That kind of evaluation is 
nevertheless demanding simulation techniques and 
sometimes heavy assumptions that can be, to a 
certain extent, questionable. They have to be 
validated. On the other hand, evaluating the 
observed effectiveness of a safety measure is by no 
means prospective but can help stakeholders in 
deciding the generalization of this measure if it is 
proved to be effective for a fleet of cars that have 
effectively been equipped with such a technology. 
Both types of evaluation are then pertinent. 

 
Our aim, in this paper, is first to propose an 

evaluation of the observed effectiveness of EBA on 
any kind of injury accidents and not only on 
accidents involving vulnerable road users. But we 
also aim at comparing the observed and the 
expected effectiveness of the Emergency Brake 
Assist (EBA) in terms of reduction in injury 
accidents in France. This comparison will serve as 
a validation of the expected effectiveness 
techniques. 
 
EXPECTED EFFECTIVENESS OF EBA 
 
Data 
 

This part of the study is based on French fatal 
road traffic accidents involving non-ABS equipped 
passenger cars for which the presence of skid 
marks (a vast majority were on a dry road surface) 
was reported by the Police. The database is 
constituted with police reports collected by the 
LAB in 1991. An update of this database is 
currently on course with the collection of fatal 
accidents occurred in 2002 and 2003 but was not 
completely available at the time of study and could 
not be used for our purpose. 
 
Method 
 

From the length of the skid marks (db – 
braking distance), the mean deceleration (a) and the 
impact speed (Si) estimated from vehicle photos 
and contents of the police reports, it is possible to 
calculate vehicle speed (Sb) at the start of the skid 
marks and at brake pedal action (Sa). 

We assume that EBA can reduce brake 
activation time by 50%. It is then possible to 
calculate a new impact speed using the existing 
speed Sa and applying the reduced brake activation 
time. The new, reduced impact speed Si obtained 
with EBA results in, with the exception of 
extremely violent crashes, a decreased risk of being 
fatally injured for the vehicle occupants. This 
decreased risk is calculated, according to the 
different crash types considered, by using the 
observed fatality rates for the impact speed 
concerned. 
 

This method is applied to accidents involving a 
vehicle which left skid marks prior to impact, as 
shown in the following example : in a fatal front to 
side collision, impact speed is estimated at 70 km/h 
(Si) and dry road surface skid marks prior to impact 
are measured to be 15 meters long (db). The 
following hypotheses are made: 
 

- The braking deceleration (a) on this 15 meter 
distance (db) is 7 m/s² (mean value for non ABS 
vehicles from the 1990s). 
 

- The brake activation time (t) is 0.7 s (mean 
time measured during driver behavior tests in 
emergency situations). 
 

Si, Sa and total distance (dt) traveled between 
the point of impact and the vehicle's position at the 
time of brake activation (which is the sum of the 
braking distance db and the distance traveled 
during brake activation (da)) can then be calculated 
using the following formulae: 

 
                        Sb²=Si² + 2.a.db                          (1). 

 
                          Sa=Sb + a/2.t                            (2). 

 
                 dt= db + da = db  + (Sa – Sb).t          (3). 
 

We then make the hypothesis that the time 
needed to reach maximized braking is halved, 
corresponding here to 0.35 seconds. From the 
speed Sa we can then calculate, with the reduced 
brake activation time, the new speed Sb1 
corresponding to the start of maximum braking and 
the new position of the vehicle relative to the point 
of impact (which is also the new braking distance 
db1) and hence the new impact speed Si1, using the 
same deceleration as before. 
 
                       Sb1=Sa - a/2.t/2                            (4). 

 
                     da1= (Sa - Sb1). t/2                         (5). 

 
                          db1= dt - da1                              (6). 

 
                   Si1²= Sb1²- 2.a.db1                           (7). 
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In our example, the impact speed with EBA 
(Si1) drops to 64 km/h from 70km/h without EBA 
(Si) (Table 1). 
 

Table 1. 
 Example of calculation 

of new impact speed due to EBA 
 

Without EBA 
 
Impact speed (Si) 70 km/h 
Braking distance (db) 15 m 
Speed at start of skid marks (Sb ) 87.3 km/h 
Brake activation time 0,7s 
Distance traveled during brake 
activation (da) 

17,8 m 

Speed at start of brake pedal action 
(Sa) 

96.1 km/h 

With EBA 
 
New brake activation time 0.35 s 
Distance traveled during brake 
activation (da1) 

9.1 m 

Speed at start of skid marks (Sb1 ) 91.7 km/h 
Braking distance (db1) 23.7 m 
Impact speed (Si1) 64.1 km/h 

 
Figure 1 gives the percentage (or the fatality 

risk) and cumulative percentage of fatalities for 
vehicle occupants seated on the impact side of 
laterally impacted vehicles in fatal front to side 
collisions involving two passenger cars. For 
collision speeds in excess of 100 km/h, the 5 km/h 
or 10 km/h speed decrease due to EBA will 
obviously have no risk reduction effect on the 
occupants of laterally impacted vehicles. However, 
if the speed decrease with EBA brings this value 
below 90 km/h (corresponding to between 85 and 
90% of cases in this crash configuration), fatality 
reductions may be obtained. 
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Figure 1.  Distribution of fatalities and fatality 
risk curve according to collision speed (Source: 
LAB). 
 

In the example given above, where impact 
speed is reduced by 6 km/h from 70 to 64 km/h, the 
fatality risk is reduced by 32% (38% to 26%). The 
same speed reduction will have a different effect on 

the fatality rate according to the violence of the 
crash, diminishing as impact speed increases, 
before disappearing altogether for the most serious 
impacts.  
  

This method was applied case by case for each 
crash configuration. For a given impact speed and 
with the calculated reduction in this speed with 
EBA, the reduction (or not) of the risk of being 
fatally injured can be inferred. 
 
Results 
 

This method was applied to all accidents in 
which a car left skid marks before hitting an 
obstacle head on (other vehicle or fixed obstacle) 
and in which a car occupant was fatally injured. 
 

For all fatal accident configurations (with the 
exception of crashes involving pedestrians and two-
wheelers), frontal impact (with or without skid 
marks) is observed in 60% of cases (figure 2). 
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Figure 2.  Distribution of fatal crashes resulting 
in Frontal impact (Source: LAB). 
 

The percentage of cases occurring on dry roads 
varies from 44% (front to side non-junction 
impacts) to 81% (front to side junction impacts). 
 

- The percentage of cases in which one or both 
vehicles leave skid marks on a dry road varies 
enormously in fatal accidents. In frontal impacts 
against fixed obstacles, skid marks are found in 
only 10% of cases whereas in front to side junction 
crashes involving two cars, skid marks are found in 
54% of cases. This difference is mainly due to the 
high proportion of drivers under the influence of 
alcohol in fatal crashes against fixed obstacles 
(50%) compared to junction collisions. In head-on 
collisions between two cars, skid marks are 
observed for one vehicle in 28% of cases and for 
both vehicles in 3% of cases. 
 

Of all fatal accidents involving non-ABS 
equipped cars, regardless of crash configuration, 
11% involve skid marks on a dry road leading to a 
frontal impact against an obstacle (figure 3). 
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Figure 3.  Distribution of fatal crashes with skid 
marks (Source: LAB). 
 

Assuming that on wet road surfaces the 
braking distribution (without skid marks) is similar 
to that on dry roads, the percentage of cases where 
EBA would be beneficial rises from 11 to 16%. 
 

The study was carried out on 203 fatal 
accidents for which vehicle photos enabled the 
estimation of crash violence. The potential 
reduction in fatalities, estimated using all the 
aforementioned hypotheses, is between 19% and 
38%, depending on the different crash types, as 
shown in tables 2.  
 

Tables 2. 
Potential reduction in fatalities by EBA 

 

Crash type  

Number of 
cases analyzed 
with skid marks 

on dry road 

% of victims saved 
for the analyzed 

cases 

Front to side junction 
collision between two cars  66 36% 

Front to side non-junction 
collision between two cars 17 19% 

Head-on collision between 
two cars 98 24% 

Collision against fixed 
obstacle 32 38% 

 
 

Crash type  
Proportion 
of all fatal 
accidents 

Proportion 
of cases 

with 
braking  

% of all 
fatalities 

saved 

Front to side junction 
collision between two 

cars  
8% 54% 1,6% 

Front to side non-
junction collision 
between two cars 

7% 31% 0,4% 

Head-on collision 
between two cars 16% 31% 1,2% 

Collision against fixed 
obstacle 14% 10% 0,5% 

 
 

We can thus estimate a reduction of between 
25% and 30% of occupant fatalities for all 

accidents where braking is observed, which 
corresponds to a reduction of between 4% and 5% 
of the total number of fatalities in road accidents 
(25% to 30% of the 16% of cases involving a 
frontally impacted car which braked prior to 
impact). 
 

Furthermore, as stated in the introduction, 
various studies of driver behavior tests in 
emergency situations with non-EBA equipped 
vehicles have shown that, for 100 cases where 
braking was observed, between 20 and 30% of 
drivers do not apply sufficient pressure on the 
brake pedal to reach the full braking potential. If, in 
an emergency situation, EBA reduces brake 
activation time and also allows maximized braking 
in the case of driver "failure", larger fatality 
reductions are possible. 
  

Let us now suppose that, for fatal accidents 
involving non-ABS equipped vehicles which have 
not left skid marks on the road, the drivers who 
braked only reached a deceleration of 4 or 5 m/s² 
and that EBA would have given sustained 7 m/s² 
braking. When compared with identical fatal 
accident situations (impact speed and braking 
distance) where braking was maximized, the 
increased deceleration with EBA (from 4 or 5 to 7 
m/s²) would give greater reductions in impact 
speeds and thus a potential gain of between 45% 
and 75% in the number of fatalities. 
 

Working with the hypothesis that the 
distribution of accident characteristics (braking 
distance at "reduced" deceleration) for the different 
collision types is similar to that for maximized 
braking, the potential gain in fatalities is around 2.5 
to 4% (approximately a 60% gain for between 4% 
and 7% of the cases). When we consider all car 
occupant fatalities, EBA with maintained 
maximum braking force during the emergency 
phase would reduce the number of fatalities by 
between 6.5 % and 9 %. 
 

A similar study was carried out on pedestrians 
who were hit and killed by cars. 25% of cases 
occurred on dry roads with skid marks reported. 
Using the measured length of the pre-crash skid 
marks and calculated speeds, the potential gain 
with EBA for pedestrians hit and killed by all 
vehicle types is around 10 to 12%. 
 
 
OBSERVED EFFECTIVENESS OF EBA 
 
Method and data 
 

As in the ABS and ESP studies carried out in 
the past by Evans (1998), Kullgren et al. (1994), 
Tingvall et al. (2003), and Page et Cuny (2004), we 
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used a method that refers only to accident data 
independent of exposure data. As in our ESP study 
(2004), our method consists of 3 steps: 
 

- The identification, in the French National 
injury accident census (Gendarmerie Nationale 
only), of accident-involved cars for which EBA 
equipment or non-equipment is known. 
 

- The identification of accident situations for 
which we can determine whether or not EBA is 
pertinent (e.g. EBA is pertinent for cars coming up 
at a junction, with the right of way, whereas 
another road user is pulling out of the stop whilst it 
is not pertinent for cars hit by the rear). 
 

- The calculation, via a logistic regression, of 
the relative risk of being involved in an EBA-
pertinent accident for EBA-equipped cars versus 
non-equipped cars, divided by the relative risk of 
being involved in a non EBA-pertinent accident for 
EBA-equipped cars versus non-equipped cars. This 
relative risk is currently assumed to be the best 
estimator of EBA effectiveness. 
 
First step 
 

In France, the identification of cars involved in 
an injury accident is not that easy. Cars are 
recorded in the national accident census via a code, 
the so-called CNIT code, which the police copies 
from the vehicle registration document. 
Unfortunately, 50 % of the codes are not directly 
identifiable due to errors in the completion of the 
statistical form. Furthermore, for the remaining 
50 %, there is no bijection between the code and 
the determination of whether a car is or is not 
equipped with a given device. Consequently, 
instead of identifying whether a car, selected from 
the accident-involved cars is EBA-equipped, we 
had to choose a set of cars for which the 
information was easily accessible and then identify 
these cars in the accidents according to their make 
and model, which is easier via the CNIT. This data 
limitation led us to retain only two makes and 
models: the Renault Laguna and the Peugeot 406.  
There are two versions of the Laguna. The Laguna 
1, was produced in the late 1990s and early 2000s 
without EBA. In January 2001, Renault launched 
the Laguna 2, with EBA as standard equipment. It 
was then possible to distinguish the two Lagunas in 
the accident census using the CNIT (make and 
model) and the first registration date. Regarding the 
Peugeot 406, EBA has been fitted on the car since 
2000. 
 

We selected a sample of 2061 Renault Laguna 
and Peugeot 406 cars involved in injury accidents 
occurring from January 2000 up to mid 2004 in 
France. These are all the Lagunas and 406 we were 

able to identify in the national accident census. We 
therefore had to assume that the residual 
unidentifiable chosen cars, due to errors in typing 
the car identification code, were randomly 
distributed among EBA-pertinent and non-pertinent 
accidents. These accidents are assumed to be very 
few as we did our utmost to identify all the 
Lagunas and 406. 
 
Second step 
 

The method requires the allocation of 
accidents into EBA-pertinent and non-pertinent 
accidents. We took this information from the 
national census by combining several variables 
such pre-accidental maneuver, number of vehicles 
involved, and type of obstacle. We ended up with a 
list of 34 accidental situations (table 3). We were 
not actually interested in the accidents per se, but 
rather the accident situations, the difference being 
that the accident situation is linked to a driver-
vehicle unit (Page et al., 2004). A single vehicle 
accident has a single situation. In a two-vehicle 
accident, each driver has a specific accident 
situation corresponding to the circumstances in 
which he finds himself. For example in a crossing 
accident at a junction, the first situation 
corresponds to the user who pulls out of the 
intersection after stopping at a stop sign. The 
second situation corresponds to the driver with 
right of way who has to cope with a vehicle 
suddenly crossing his carriageway. This is the 
reason why we chose to build an accident situation 
list rather than an accident list (Table 3). 
 

Table 3.  
Accident situations and 

EBA pertinent-situations 
 
Accident situation Main relevance 
  
Loss of control and guidance problem  
Single car accident. Loss of control on a straight 
road 

EBA pertinent 
if frontal impact 

Loss of control on a straight road. Collision with an 
opponent 

EBA pertinent 

Single car accident. Loss of control in a bend EBA pertinent 
if frontal impact 

Loss of control in a bend. Collision with an 
opponent 

EBA pertinent 

Single car accident. Loss of control at a junction EBA pertinent 
if frontal impact 

  
Accident involving a pedestrian  
Car confronted to a pedestrian walking, playing, 
running, along the roadway, crossing the road or 
hidden by an obstacle 

EBA pertinent 

Car moving backward and hurting a pedestrian  

 
Car-to-vehicle accident out of junctions  
Adverse to the vehicle that looses control in a bend EBA-pertinent 
Adverse to the vehicle that looses control on a 
straight road 

EBA-pertinent 

Rear-end collision. Hitting car EBA-pertinent 
Rear-end collision. Hit car  
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Car changing his lane EBA-pertinent 
Car facing an obstacle  
Overtaking car EBA-pertinent 
Parking or parked car  
Car making a left turn  
Car in which an occupant opens his door  
Car making a U turn or crossing the road  
  
Car-to-vehicle accidents at junctions  
Car driver in  insertion or turning left or right in 
around about 

 

Car driver confronted to a vehicle in insertion or 
turning left or right in a round about 

EBA-pertinent 

Crossroads. Driver at fault going straight ahead  
Crossroads. Driver not at fault going straight ahead 
confronted to driver at fault going straight ahead in 
the perpendicular direction 

EBA-pertinent 

Crossroads. Driver going straight ahead confronted 
to driver at fault turning left or right to the 
perpendicular road 

EBA-pertinent 

Crossroads. Driver turning left or right  
Same road. Different directions. Car driver at fault 
confronted to not at fault driver going straight ahead 

EBA-pertinent 

Same road. Different directions. Car driver not at 
fault confronted to at fault driver going straight 
ahead  

EBA-pertinent 

Same road. Different directions. Car driver 
confronted to a driver  turning left or right  

EBA-pertinent 

Same road. Different directions. Car driver turning 
left or right confronted to a driver going straight 
ahead 

 

Same road. Same directions. Car at fault hitting 
another vehicle going straight ahead 

EBA-pertinent 

Same road. Same directions. Car driver not at fault 
going straight ahead hit by another vehicle 

 

Same road. Same directions. Car driver hitting 
another  vehicle turning left or right 

EBA-pertinent 

Same road. Same directions. Car driver turning left 
or right hit by another vehicle 

 

Car driver not at fault hitting another vehicle 
making a U turn 

EBA-pertinent 

 
For each accident situation, we stated whether 

it was EBA-pertinent or ESP-pertinent, or neither 
ESP nor EBA pertinent. We made this distribution 
on the basis of our LAB expertise with respect to 
in-depth analysis of accidents investigated on-
scene. 
 

EBA-pertinent accidents belong to one of the 
four following accident groups:  
 

- Single car accidents with a frontal impact 
against a fixed obstacle. Single car accidents with 
roll over were assumed to be alcohol or drowsiness 
related and in those cases, braking doesn’t appear 
to be relevant. 
 

- Accidents involving a pedestrian, except 
those where the car was moving backward. 
 

- Car-to-vehicle accidents situations where the 
collision is supposed to be frontal. The hitting cars 
involved in a rear end collision are also part of the 
EBA-pertinent accident situation. 
 

- Car-to-vehicle accidents situations occurring 
at a junction mainly where a right-of-way car is 
confronted to an at-fault car going straight ahead or 

turning left/right, whatever the cars are on the same 
road or not. 
 

There are two kinds of Non EBA-pertinent 
accidents: those for which ESP is pertinent and 
those for which it is not. Because  ESP was the 
other main active safety innovation on Laguna 2 
compared to Laguna 1 and because the Peugeot 406 
taken into consideration in the analysis are not 
ESP-fitted, integrating ESP-pertinent accidents in 
the sample of non EBA-pertinent situations could 
have generated a bias in the estimation of EBA 
effectiveness. 
 

We finally decided to limit Non-EBA pertinent 
accidents to a subset of accidents for which ESP 
does not apply. Furthermore Non-EBA pertinent 
accident situations, such as U-turn, which concern 
only a small number of drivers and which were 
found to be quite negligible have not been taken 
into account in the analysis.   
 

The influence of passive safety enhancements 
will be covered in the discussion section. 
 
Third step 
 

Effectiveness is highly dependent on the 
effectiveness indicator. We must therefore choose 
it carefully, according to available data. Concretely, 
in our study, the effectiveness E is estimated by (8). 
  
           E = 1-OR = 1 – [(A*D) / (B*C)]              (8). 
 

With OR, the odds ratio, A, B, C, D being the 
numbers of accidents with respect to EBA, as 
explained in table 4. 
 

Table 4. 
Distribution of accidents for the 

calculation of the odds ratio (OR) 
 
 EBA-equipped cars Non EBA-equipped cars 
EBA-pertinent  
accidents A B 
Non EBA-pertinent 
 accidents C D 
 

After several assumptions, and noticeably the 
assumption that the accident sample is drawn 
randomly from the accident census, we can show 
that (e.g. Hautzinger, 2003) : 
 

                   OR = 

NSANS

SANS

NSAS

SAS

A

AS

R
R
R
R

R
R

−

−

−

−

=

    

 
 

      (9).

 
With: 
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- Ras-s is the risk of being involved in an 
accident where EBA is assumed to be pertinent for 
an EBA-equipped car. 
 

- Ras-ns is the risk of being involved in an 
accident where EBA is assumed to be pertinent for 
a non EBA-equipped car. 
 

- Rans-s is the risk of being involved in an 
accident where EBA is assumed not to be pertinent 
for an EBA-equipped car. 
 

- Rans-ns is the risk of being involved in an 
accident where EBA is assumed not to be pertinent 
for a non EBA-equipped car. 
 
In other words, the odds ratio OR, formulated by 
(9), has a comprehensible interpretation. Assuming 
that EBA has no effect at all on accidents in which 
it is not assumed to be pertinent, (Rans-s / Rans-ns) 
is assumed to be equal to 1. This commonly 
supposes no driver adaptation to EBA with for 
example higher risk taking or higher driving speed. 
Consequently, the odds ratio measures the relative 
risk of being involved in an EBA accident for 
EBA-equipped versus non-equipped cars. 
 
In practice, table 4 only enables the calculation of 
the crude odds ratio, irrespective of potential other 
explanatory variables. The adjusted odds ratio is 
then estimated via a logistic regression. It enables 
confounders such as: Driver age and gender; 
Vehicle age and Year of accident; Pavement status 
(whether the pavement was dry or wet); Location 
of accident …  to be taken into consideration. No 
reliable information about seat belt use was 
available. 
 
Results 
 
Simple statistics 
 

The limitation of the accident situations to 
those related specifically to EBA and those related 
to neither ESP nor EBA lowered the number of 
situations to be considered. Selections were also 
applied to retain only ABS-fitted cars. Accidents 
occurring on motorways were excluded from the 
sample. We finally retained 917 out of the initial 
2061 cars. Unfortunately, the small sample size can 
generate unstable coefficients in logistic regression 
and/or large confidence interval of the odds ratio. 
We'll come back to this issue in the discussion 
section. 
 

Tables 5 to 10 show the distributions of each 
explanatory variable. For most of them, the 
distribution does not show cells sufficiently 
unbalanced to disturb the analysis. 
 

Table 5. 
Location of accidents according to EBA status  

 
Location EBA not fitted  

in the car 
EBA fitted  
in the car Total 

inside urban areas 143 (26%) 106 (29%) 249 (27%) 
outside urban areas 410 (74%) 258 (71%) 668 (73%) 

Total 553 364 917 
 

Table 6. 
Pavement status according to EBA status 

 
Pavement status EBA not fitted  

in the car 
EBA fitted  
in the car Total 

Dry 127 (23%) 74 (20%) 201 (22%) 
Wet 426 (77%) 290 (80%) 716 (78%) 
Total 553 364 917 

 
Table 7. 

Gender of the driver according to EBA status  
 

Gender EBA not fitted  
in the car 

EBA fitted  
in the car Total 

Female 116 (21%) 73 (20%) 189 (21%) 
Male 437 (79%) 291 (80%) 728 (80%) 
Total 553 364 917 

 
Table 8. 

Driver age according to EBA status 
 

Driver age EBA not fitted  
in the car 

EBA fitted  
in the car Total 

18-24 years old 43 (8 %) 19 (6%) 62 (7%) 
25-34 years old 115 (21%) 55 (15%) 170 (19%) 
35-44 years old 113 (20%) 100 (27%) 213 (23%) 
45-54 years old 127 (23%) 80 (22%) 207 (23%) 
55-64 years old 82 (15%) 59 (16%) 141 (15%) 

65 years old and over 73 (13%) 51 (14%) 124 (13%) 
Total 553 364 917 

 
Table 9. 

Vehicle age according to EBA status 
 

Vehicle age 
EBA not fitted  

in the car 
EBA fitted  
in the car Total 

Less than 1 year old 53 (10%) 187 (51%) 240 (26%) 
1 year old 115 (21%) 110 (30%) 225 (24%) 
2 years old 161 (29%) 46 (13%) 207 (23%) 
3 years old 108 (19%) 19 (5%) 127 (14%) 
4 years old 78 (14%) 2 (1%) 79 (9%) 

5 years old and over 38 (7%)  - 38 (4%) 
Total 553 364 917 

 
Table 10. 

Year of accident occurrence 
according to EBA status 

 

Year of accident 
EBA not fitted  

in the car 
EBA fitted  
in the car Total 

2000 178 (32%) 46 (13 %) 224 (24%) 
2001 156 (28%) 97 (27%) 253 (28%) 
2002 151 (28%) 117 (32%) 268 (29%) 
2003 45 (8%) 67 (18%) 112 (12%) 

January-June 2004 23 (4%) 37 (10%) 60 (7%) 
Total 553 364 917 

 
Tables 9 and 10 show an evidence of unequal 

distribution of EBA status according to the age of 
the vehicle and the year of the accident. The EBA 
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fitted cars are newer than the cars not fitted with 
EBA. This is not surprising, EBA being a new 
system not fitted on car before the year model 2000 
or 2001 according the model of the car. 

 
It is then expected that Year of accident and 

Vehicle age would be significant explanatory 
variables in the regression. 
 
Crude odds ratio 
 

Table 11 displays the repartition of accident 
situations according to EBA equipment. 
 

Table 11. 
EBA status of cars according to their 

involvement in EBA pertinent situations 
 
 EBA fitted 

on the car 
EBA not 

fitted on the 
car 

Total 

EBA pertinent  accident 
situations 

277 436 713 

Non EBA pertinent  
accident situations 

87 117 204 

Total 364 553 917 
 

From this table, we can calculate the crude 
odds ratio, OR = (277*117) / (436*87) = 0.85. We 
can also calculate the confidence interval of the 
odds ratio [0.62;1.16]. The effectiveness is then 
calculated by (8): 1-0.85=15 %. The risk of being 
involved in an EBA-pertinent accident for EBA-
equipped cars is 15 % lower than the same risk for 
non-equipped cars. However, as expected, this 
result is not statistically significant because of the 
small sample size. 
 

This first result has to be validated by a more 
sophisticated analysis taking possible confounders 
into consideration. This was done using logistic 
regression. 
 
Logistic Regression 
 
Logistic regression enables the estimation of the 
adjusted odds ratio and its confidence limits. The 
crude odds ratio is then adjusted by the values of 
the explanatory variables. The variable of greatest 
interest is, needless to say, the presence of EBA in 
the car. The other variables are taken into 
consideration as confounders and also to counter 
the potential bias due to the limitation of data.  
 
Table 12 presents the results of the logistic 
regression. It should be remembered that logistic 
regression requires the fixing of a reference point 
for each variable (i.e. one of the values of the 
variable), which is then used to explain the results 
across the entire variable. The reference points for 
each explanatory dimension are highlighted in 
italics in Table 12. 

 
Table 12. 

Results of the Logistic Regression  
 

Number of observations = 917 
EBA-pertinent cases : 713 / Non EBA-pertinent cases : 204 

AIC : 967 ---  SC : 1064 --- -2LogL : 927 

  Odds ratio min max 
EBA       
EBA fitted on the car 0.81 0.48 1.38 
EBA not fitted on the car  -  -  - 
Driver age       
18-24 years old 2.36 1.04 5.34 
25-34 years old 1.59 0.95 2.67 
35-44 years old  -  -  - 
45-54 years old 1.36 0.84 2.18 
55-64 years old 0.95 0.58 1.57 
65 years old and over 0.86 0.51 1.45 
Gender       
Female 0.76 0.51 1.13 
Male  -  -  - 

Car model       
Peugeot 406 1.24 0.84 1.77 
Renault Laguna  -  -  - 
Vehicle age       
less than 1 year old  -  -   - 
1 year old 1.18 0.72 1.95 
2 years old 1.18 0.66 2.11 
3 years old 0.82 0.41 1.66 
4 years old 0.72 0.30 1.71 
5 years old and over 0.72 0.22 2.33 
State of the pavement       
Dry  -  -   - 
Wet 1.44 0.94 2.20 
Location       
Inside urban areas  -  -   - 
Outside urban areas 2.05 1.46 2.88 
Year of the accident       
2000  -  -   - 
2001 0.80 0.49 1.32 
2002 1.10 0.63 1.93 
2003 1.40 0.65 2.98 
January  - June 2004 0.76 0.31 1.87 

Percent concordant pairs : 64.6  Somers'D=0.3  Gamma=0.3  Tau-
a=0.1  c=0.65  

 
The adjusted odds ratio correspondent to EBA 

is estimated 0.81 and its confidence interval 
[0.48;1.38]. It is not very different from the crude 
odds ratio. Based on the crude and on the 
adjusted odds ratio, we can then confirm that 
EBA is apparently effective in reducing the risk 
of being involved in an EBA-pertinent accident 
for EBA-equipped cars versus non-equipped 
cars. Effectiveness is estimated to be 19 % of 
pertinent crashes. However, this estimation is 
not statistically significant and holds only for our 
selection of cars: the Renault Laguna and the 
Peugeot 406. 
 
 
DISCUSSION 

 
Our aim, in this paper, was to propose an 

evaluation of the observed effectiveness of EBA on 
any kind of injury accidents and to compare the 
observed and the expected effectiveness of the 
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Emergency Brake Assist (EBA) in terms of 
reduction in injury accidents in France. 

 
 To estimate EBA expected effectiveness, we 

selected a sample of fatal accidents involving a 
passenger car occurred in France in 1991 for which 
we knew the impact speed, the initial speed, and 
the braking distance before the crash. Applying 
some assumptions about the EBA functioning 
(reduction in brake activation time, sustained 
braking, non behavioral adaptation), it is possible 
to estimate the reduced crash speed due to EBA. 
Then the use of fatality risk curves allows 
estimating the reduction in fatalities due to the 
reduction in collision speed for a series of types of 
collisions. Our result states that EBA with 
maintained maximum braking force during the 
emergency phase would reduce the number of car 
occupant fatalities by between 6.5% and 9% and 
pedestrian fatalities by about 10 % to 12%. 

 
To estimate EBA observed effectiveness on all 

kind of accidents, we used a method that only 
refers to accident data irrespective of exposure 
data. The method consisted of 3 steps. First we 
selected makes and models of cars involved in 
injury accidents in France, from January 2000 to 
June 2004, for which the determination of whether 
or not the car is fitted with EBA is possible. It led 
us to conserve only Renault Laguna cars and 
Peugeot 406. 
 

Then we identified 34 various accident 
situations and also split these accident situations 
into four groups according to whether they were 
ESP-pertinent, EBA-pertinent, ESP and EBA-
pertinent or neither ESP nor EBA-pertinent. The 
identification of ESP as a potential avoidance or 
injury mitigation maneuver is necessary because 
the Laguna 2 are also equipped with ESP that could 
also be effective and act in combination with EBA. 
As we wished to measure only the effectiveness of 
EBA, we had to withdraw the ESP-pertinent 
accident situations from the analysis. Finally, we 
ended up with a sample of 917 accident situations, 
713 being EBA-pertinent and 204 being non EBA- 
pertinent. 
 

The estimation of the effectiveness of EBA 
was carried out using the adjusted odds ratio, which 
can be interpreted as the relative risk of being 
involved in an EBA-pertinent accident for a car 
fitted with EBA versus a car non fitted with EBA, 
divided by the relative risk of being involved in a 
non EBA-pertinent accident for a car fitted with 
EBA versus a car not fitted with EBA. This relative 
risk is assumed to be the best estimator of the EBA 
effectiveness. 

 

The analysis focused on injury accidents only 
(injury accidents and fatal accidents combined). 
Braking pertinent accidents account for 
approximately 60 % of injury accidents in France. 
As the expected effectiveness is 19 % of pertinent 
crashes, the overall effectiveness, if 100 % of the 
fleet would be equipped with EBA, would be a 
11 % reduction in overall injuries. 
 

A series of implicit or explicit assumptions 
were made during the course of the evaluation and 
a few difficulties also arose from the data and 
method. 

 
- The effectiveness indicator, i.e. the odds 

ratio, supposes that there is no driver adaptation to 
EBA, and especially that the non EBA-pertinent 
accidents are not affected by the presence of EBA. 

 
- The effectiveness depends heavily on the 

breakdown of accident situations into EBA-
pertinent and non-pertinent situations. Apart from 
classification errors due to the use of imprecise 
national accident census, we took care to withdraw 
accident situations that could be pertinent to 
another safety system such as ESP. On the other 
hand, this resulted in a small accident situations 
sample that reduced the stability and the accuracy 
of the effectiveness estimation (large confidence 
interval). A larger sample should be sought. In 
time, the number of identifiable cars in the national 
census will grow and we will be able to update our 
result. 

 
- The effectiveness holds only for two makes 

and model of the M2 segment: the Renault Laguna 
and the Peugeot 406. This does not mean that the 
effectiveness holds for other cars and other 
segments. 

 
We should seek for ways to integrate more 

cars into the sample while taking into consideration 
the differences in car makes and models. Once 
again, the increase in sample size and the variety of 
identifiable cars could be of great help in the future. 

 
- That raises another crucial issue. The cars 

that we have compared, although identical in make 
and model for two of them, are completely 
different thanks to the dramatic improvements on 
the Laguna 2 concerning active and passive safety. 
It is natural (and proven) to consider that the 
likelihood of sustaining injuries in Laguna 2 is 
dramatically reduced compared to Laguna 1. The 
only problem that arises is to state whether or not 
this reduction is identical for EBA-pertinent and 
non-pertinent accidents. If it is the case, no bias is 
generated in the analysis. We haven't tested this 
hypothesis so far. We implicitly considered that it 
is true. Further work should address this important 
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matter, especially regarding the types of impact 
subsequent to EBA-pertinent or not pertinent 
accident situations. 

 
- EBA systems fitted in cars are not identical. 

EBA configuration depends on the suppliers as 
well as the instructions given to suppliers by the car 
manufacturers. It is impossible to state from our 
analysis which EBA system provides better results. 

- We evaluated the short-term effect of EBA. 
The long-term effect might be different as drivers 
increase their awareness of EBA benefits. This 
could generate a driver adaptation and then a likely 
reduction of the EBA effect. Once again, an update 
of the study within a few years would eventually 
highlight this issue. 

 
- As our sample size is small, we haven't been 

able to estimate the effectiveness of EBA for 
different car sizes and different weather conditions. 
We highlighted an overall effect while being 
unable to attribute this effect to certain types of 
cars or certain accident situations.  
 

Now, we must answer the second of our 
questions: are expected and observed effectiveness 
of EBA consistent? The data available and the 
methodology choices are of course different: on 
one hand, we estimated a reduction in fatalities 
with simulation techniques and fatality risk curves, 
on the other hand, we used epidemiological 
techniques able to estimate a reduction in all injury 
accidents (and not only fatal, the sample size would 
have been too small). Assumptions are of course 
needed in both cases, and especially the absence of 
driver behavior adaptation that surely holds true at 
least in the short term. We ended up with estimates 
which are rather close but apply to accidents with 
different severities. The drop in fatalities was 
however expected to be higher than the drop in 
injury accidents as the fatality curve shows up 
promising effectiveness at high collision speeds 
(but less than 90 km/h). This is certainly due to the 
reduction of our sample to accidents for which skid 
marks were reported by the police. An extension of 
accidents for which braking could have been 
suspected by the police would have resulted in an 
higher effectiveness (but this information is not 
available). 

 
In any case, EBA (and also ESP for which 

Sferco et al. anticipated in 2001 a high potential 
confirmed in 2003 and 2004 by epidemiological 
studies) efficiencies are very high and as the 
equipment rate is growing rapidly, these systems 
will definitely be a major contribution to further 
reductions in the road toll. They have already 
proven effectiveness and should be considered as 
major safety devices in the coming years, 
especially in combination with passive safety 

devices, for example pretensioners, load limiters 
and airbags, which have also proven a very high 
efficiency (-80 % of fatal thoracic injuries) and 
with other active safety devices. 

 
From a purely research perspective, our 

ambition is now to go beyond the evaluation of one 
system independently of the others, to overcome 
the methodological difficulties and assess the 
effectiveness of passive and active safety systems 
acting in combination with one another. 
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ABSTRACT 
 
The Event Data Recorders (EDRs), now being 
installed as standard equipment by several 
automakers, are increasingly being used as an 
independent measurement of crash severity, which 
avoids many of the difficulties of traditional crash 
reconstruction methods. Little has been published 
however about the accuracy of the data recorded by 
the current generation of EDRs in a real world 
collision.  Previous studies have been limited to a 
single automaker and full frontal barrier impacts at a 
single test speed.  This paper presents the results of a 
methodical evaluation of the accuracy of new-
generation (2000-2004) EDRs from General Motors, 
Ford, and Toyota in laboratory crash tests across a 
wide spectrum of impact conditions.   The study 
evaluates the performance of EDRs by comparison 
with the laboratory-grade accelerometers mounted 
onboard test vehicles subjected to crash loading over 
a wide range of impact speeds, collision partners, and 
crash modes including full frontal barrier, frontal-
offset, side impact, and angled frontal-offset impacts.  
The study concludes that, if the EDR recorded the 
full crash pulse, the EDR average error in frontal 
crash pulses was just under six percent when 
compared with crash test accelerometers. In many 
cases, however, current EDRs do not record the 
complete crash pulse resulting in a substantial 
underestimate of delta-V.
 
INTRODUCTION 
  
The Event Data Recorders, now being installed as 
standard equipment by several automakers, are 
designed to record data elements before and during a 
collision that may be useful for crash reconstruction.  

Although manufacturers have assigned many 
different names to these devices, NHTSA refers to 
them generically as Event Data Recorders (EDRs). 
Perhaps the single data element most important to 
crash investigation is the vehicle’s change in velocity 
or delta-V, a widely accepted measure of crash 
severity.  The traditional method of determining 
delta-V, based upon correlations with post-crash 
vehicle deformation measurements, has not always 
been successful or accurate [Smith and Noga, 1982; 
O’Neill et al, 1996; Stucki and Fessahaie, 1998; 
Lenard et al, 1998].  By directly measuring vehicle 
delta-V, EDRs have the potential to provide an 
independent measurement of crash severity, which 
avoids many of the difficulties of crash 
reconstruction techniques [Gabler et al, 2004].   
 
Little has been published however about the accuracy 
of the data recorded by the current generation of 
EDRs in a crash.  Previous studies on the accuracy of 
older-generation EDRs exist, but have been 
somewhat limited in the range of conditions used.   In 
a study conducted by Transport Canada and General 
Motors (GM), Comeau et al (2004) examined the 
accuracy of the delta-V versus time data recorded by 
GM EDRs in eight separate crash tests involving 
three vehicle models.  EDR delta-V was reported to 
be %10±  of the delta-V as measured by the crash test 
instrumentation.  The paper stated that this EDR 
accuracy was within the manufacturer’s tolerances on 
cumulative delta-V.  Chidester et al (2001) examined 
the performance of EDRs from model year 1998 GM 
passenger vehicles.  Accuracy was considered to be 
acceptable, however occasionally the EDRs would 
report slightly lower velocity changes than crash test 
accelerometers.  Lawrence et al (2003) evaluated the 
performance of GM EDRs in 260 staged low-speed 
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collisions and found that the EDRs underestimated 
delta-V.  It was found that errors of greater than 
100% were experienced during collisions with a 
delta-V of 4 km/hr.  These errors declined to a 
maximum of 25% at 10 km/hr.   
 
OBJECTIVE 
 
The primary objective of this study is to establish the 
accuracy of EDR measurements recorded during full 
systems crash tests.   
 
APPROACH 
 
Our approach was to evaluate the performance of 
EDRs in laboratory crash tests across a wide 
spectrum of impact conditions.   The study is based 
upon crash tests conducted by both the National 
Highway Traffic Safety Administration (NHTSA) 
and the Insurance Institute for Highway Safety 
(IIHS).  In a crash test, passenger vehicles are 
instrumented with high-precision laboratory-grade 
accelerometers that can be used as a benchmark 
against which to compare EDR measurements.  By 
validating the EDRs against crash test 
instrumentation onboard the subject vehicles, this 
paper will investigate EDR performance across a 
range of impact speeds, collision partners, and crash 
modes including full frontal barrier, frontal-offset, 
side impact, and angled frontal-offset impacts. 
 
As shown in Table 1, data used in this evaluation was 
collected from thirty-seven separate crash tests.  
These collisions varied in both severity and type.  
Twenty-seven of these crash tests were performed by 
the NHTSA.  The remaining ten tests were conducted 
by the IIHS.  Most collisions were frontal impacts of 
some sort, with approach velocities ranging from 25 
to 40mph.  Our data set included one side impact.  
Twenty-five of the NHTSA tests were full frontal 
rigid-barrier collisions.   Eighteen of these collisions 
were conducted with a vehicle approach speed of 
35mph, two at 30mph and five at 25mph.  The 
remaining NHTSA tests include one 25mph 40% 
offset frontal collision, and one vehicle-to-vehicle 
collision.  The vehicle-to-vehicle collision was 
conducted using a principal direction of force of 345 
degrees and a closing velocity of 68mph.  Nine of the 
IIHS tests were frontal offset tests conducted at an 
approach velocity of 40mph and an overlap of 40% 
into a deformable barrier.  IIHS conducted the only 
side-impact test in our data set.   Several other EDRs 
were to be used for the comparisons, but were 
omitted due to malfunction of the EDR. 

 
ANALYSIS 
 
EDR Data Collection 
 
For all GM vehicles and two of the Ford vehicles, the 
EDR data were retrieved using the Vetronix Crash 
Data Retrieval System.  This device provides 
interfacing hardware and software, which permits 
data retrieval for certain passenger vehicles.  
Currently, the Vetronix system can retrieve data from 
most General Motors vehicles manufactured since 
model year 1996, some pre-1996 GM models, and a 
limited number of Ford models.  For EDRs not 
readable by the Vetronix system, Ford and Toyota 
Motor Companies downloaded the EDR data for this 
study using a different technique. 
 
Thirty of the thirty-seven vehicles tested employed 
GM EDRs.  The GM EDRs in these vehicles have a 
maximum recording time of 150ms in most cases, 
with a typical recording duration between 100 and 
150ms.  Change in velocity is recorded at 10ms 
intervals.  With the exception of the Chevrolet 
Malibu, the GM EDR records only longitudinal delta-
V.  The 2004 Chevrolet Malibu, the most advanced 
GM EDR used in this study, records delta-V in both 
the longitudinal and lateral directions for up to 300 
ms.   The remaining vehicles were Fords and 
Toyotas, which utilize a different type of data 
recorder.  The EDRs used in Ford vehicles record 
acceleration at 1ms intervals.  Of the four Ford 
EDRs, two are of an older type that record for a 
duration of approximately 70ms, and two are a newer 
version that record for approximately 120ms.  Toyota 
EDRs used in this study record velocity for 150ms in 
10ms intervals.  Both the Ford and Toyota data 
recorders only record velocity along the longitudinal 
axis.   
 
Crash Test Instrumentation Selection 
 
The EDRs used in our study measured the 
acceleration of the occupant compartment during the 
crash event.  Measurements were compared with 
crash test accelerometers, which were also mounted 
in the occupant compartment.  The accuracy of the 
crash test accelerometers was evaluated by 
comparison with other accelerometers in the 
occupant compartment to ensure that they were 
internally consistent with one another.  Crash test 
accelerometers mounted in either the crush zone or to 
the non-rigid occupant compartment components, 
e.g. the instrument panel, were not used in this study.  
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Table 1.  Data Set Description 
 

Test 
Number Vehicle Description 

Closing 
Speed1

(mph) 

Impact 
Angle
(deg) 

Overlap Barrier 
EDR Model 

3851 2002 Chevrolet Avalanche 35.1 0 0 Rigid SDMG2001 
3952 2002 Buick Rendezvous 35.1 0 0 Rigid SDMDG2002
4198 2002 Saturn Vue 35.0 0 0 Rigid SDMD2002 
4238 2002 Cadillac Deville 35.3 0 0 Rigid SDMGF2002
4244 2002 Chevrolet Trailblazer 35.1 0 0 Rigid SDMGT2002
4437 2003 Chevrolet Suburban 24.8 0 40% Rigid SDMGF2002
4445 2003 Chevrolet Cavalier 34.7 0 0 Rigid SDMG2001 
4453 2003 Chevrolet Silverado 24.3 0 0 Rigid SDMGF2002
4454 2003 Chevrolet Tahoe 24.3 0 0 Rigid SDMGF2002
4464 2003 Chevrolet Avalanche 35.1 0 0 Rigid SDMGT2002
4472 2003 Chevrolet Silverado 34.7 0 0 Rigid SDMGF2002
4487 2003 Saturn Ion 34.8 0 0 Rigid SDMDW2003
4567 2003 Chevrolet Suburban 35.0 0 0 Rigid SDMGF2002
4702 2002 Saturn Vue 29.7 0 0 Rigid SDMD2002 
4714 2002 Saturn Vue 29.7 0 0 Rigid SDMD2002 
4775 2004 Pontiac Grand Prix 34.7 0 0 Rigid SDMDW2003
4846 2004 Toyota Sienna 35.1 0 0 Rigid 89170-08060
4855 2004 Toyota Solara 34.7 0 0 Rigid 89170-06240
4890 2004 Ford F-150 35.0 0 0 Rigid ARM481+ 
4899 2004 Cadillac SRX 35.1 0 0 Rigid SDMGF2002  
4918 2004 GMC Envoy XUV 35.0 0 0 Rigid SDMGT2002
4923 2004 Chevrolet Colorado 35.2 0 0 Rigid SDMGF2002
4955 2000 Cadillac Seville 70.4 330 50% Vehicle SDMG2000 
4984 2004 Saturn Ion 24.8 0 0 Rigid SDMDW2003
4985 2005 Chevrolet Equinox 35.0 0 0 Rigid SDMDW2003
4987 2005 Ford Taurus 25.0 0 0 Rigid ARM481+ 
5071 2004 Toyota Camry 24.6 0 0 Rigid 89170-33300

CEF0107 2001 Chevrolet Silverado 40.0 0 40% Deformable SDMG2000 
CEF0119 2002 Chevrolet Trailblazer 40.0 0 40% Deformable SDMGT2002
CEF0209 2003 Cadillac CTS 40.0 0 40% Deformable SDMGF2002
CEF0221 2003 Cadillac CTS 40.0 0 40% Deformable SDMGF2002
CEF0326 2004 Cadillac SRX 40.0 0 40% Deformable SDMGF2002
CEF0301 2003 Lincoln Towncar 40.0 0 40% Deformable 3W1A 
CEF0313 2003 Lincoln Towncar 40.0 0 40% Deformable 3W1A 
CEF0401 2004 Chevrolet Malibu 40.0 0 40% Deformable N/A 
CES0403 2004 Chevrolet Malibu 31.0 90 0% MDB2 N/A 
CEF0406 2004 Chevrolet Malibu 40.0 0 40% Deformable N/A 

 

1 This is the closing velocity, which is not necessarily the vehicle speed. 
2 Moveable Deformable Barrier 
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All crash test accelerometer data used was obtained 
from the NHTSA’s public database [NHTSA, 2005], 
or from the IIHS database [IIHS, 2005]. 
 
The EDR crash sensor and the crash test 
accelerometer were not positioned at the same 
locations in the car.  This may complicate this 
comparison is some types of crashes.  In full frontal 
barrier crash tests, there should be no difficulty as the 
EDR accelerometer and a crash test accelerometer 
located in the occupant compartment should 
experience the same acceleration.  In other types of 
crash tests such as frontal offset or angled impacts, 
however, the impact may be characterized by 
significant vehicle rotation.  In these cases, the EDR 
and crash test accelerometer may experience a 
different acceleration due to this rotation. One 
objective of this research study was to quantify this 
difference. 
 
Time Zero Alignment 
 
EDRs and crash test procedures use different 
definitions for the beginning of the event.  In the 
NHTSA and IIHS tests, the beginning of the event is 
defined as the time when the subject vehicle contacts 
the opposing barrier/vehicle.  In an EDR, the 
beginning of the event is defined to be the time of 
algorithm-enable or algorithm-wakeup.  Algorithm 
enable occurs when the EDR experiences a 
deceleration on the order of 1-2 G’s.  At this point, 
the EDR, believing that a crash may be occurring, 
begins to record data.  Because the crash is already 
underway before the EDR begins recording, the EDR 
will not capture the small change in velocity which 
occurs before algorithm enable.  Hence, the two data 
sets will not be aligned along either the time axis or 
the velocity axis, and some time and/or velocity 
shifting will be necessary for an accurate comparison.  
Figure 1 shows an example of the time and velocity 
shift resulting from the difference in time zero 
definition.  
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Figure 1.  The need for a shifting method. 

 

An algorithm, described below, was developed to 
find the time of algorithm enable, and apply the 
appropriate time shift.     
 
Adjustment for Differences in Sampling Rate 
 
To find the time of algorithm enable, the strategy 
used with GM EDRs was to process the acceleration 
measured by crash test accelerometer using the same 
method by which the EDR processed measurements 
from its internal crash sensor.  Comeau et al (2004) 
report that GM EDRs sample acceleration at 3.2 kHz.  
These EDRs average the four acceleration samples 
measured over each 1.25 ms period.  The resulting 
average acceleration values are integrated to obtain 
the delta-V over a time interval of 10ms. By 
comparing crash test data processed in this manner 
with the actual EDR, the time of algorithm enable 
can be estimated for cases with air bag deployment. 
 
GM EDRs sample acceleration at 3.2 kHz.  In 
contrast, the high precision accelerometers used in 
NHTSA and IIHS tests are sampled at rates between 
10 and 20 kHz.  As the sampling rate for the crash 
test instrumentation is substantially higher than that 
of the EDR, the crash test data was first sub-sampled 
to 3.2 kHz using the NHTSA program PlotBrowser.  
The sub-sampled crash test data were then averaged 
and integrated identically to the method used by the 
EDR. 
 
Methods for Finding the Time of Algorithm 
Enable 
 
Aligning the EDR velocity change plot with the crash 
test data has one purpose:  to correct for the 
discrepancies that occur at time zero.  The lack of 
agreement regarding time zero results in error 
throughout the crash pulse.  After evaluating several 
alignment algorithms, it was found that the most 
effective method of alignment was to apply a time 
shift to the EDR based on the sequence of 
incremental delta-Vs between every two consecutive 
points.  Details of the alternative alignment 
algorithms considered for this study are described by 
Niehoff  (2005). 
 
Essentially, this method checks that the delta-V 
recorded every 10 ms by the EDR agrees with the 
delta-V experienced by the crash test accelerometers 
over the same 10 ms interval.  This method first 
computes the error or difference between the EDR 
and crash test incremental delta-Vs for each of the 10 
ms recording intervals. A 150 ms curve would have 
15 such interval error estimates.  The EDR curve is 
then time-shifted to minimize the sum of the squares 
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of these errors.  The advantage of this method is that 
if the EDR suffered an error in one 10 ms recording 
interval, the effect of this error was restricted to this 
interval.  Errors occurring in the middle of the pulse 
do not affect the values at the end of the pulse, as 
they would if the plots were aligned to minimize the 
cumulative delta-V error.   
 
For consistency with the GM EDR performance 
analysis, the Ford and Toyota EDRs were also 
processed in a similar manner.  To align the Ford 
EDR data, the EDR acceleration was integrated over 

every 10 ms intervals and aligned using the algorithm 
described above.   
 
RESULTS 
 
This section presents the results of the comparison of 
EDR measurements against laboratory-grade 
instrumentation in 37 full systems crash tests.  
Velocity plots are composed of the unfiltered, 
integrated crash test data and the EDR velocity curve 
with the applied time shift.   
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Figure 2.  NHTSA Test 3851 – 2002 Chevrolet 
Avalanche (with EDR time shift of –.002s). 
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Figure 3.  NHTSA test 3952 –  2002 Buick 
Rendezvous (with EDR time shift of .001s). 
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Figure 4.  NHTSA test 4198 – 2002 Saturn Vue 
(with EDR time shift of -.017s). 
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Figure 5.  NHTSA test 4238 – 2002 Cadillac 
Deville (with EDR time shift of -.012s). 
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Figure 6.  NHTSA test 4244 – 2002 Chevrolet 
Trailblazer (with EDR time shift of .002s). 
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Figure 7.  NHTSA test 4437 – 2003 Chevrolet 
Suburban (with EDR time shift of .010s). 
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Figure 8.  NHTSA test 4445 – 2003 Chevrolet 
Cavalier (with EDR time shift of -.006s). 
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Figure 9.  NHTSA test 4453 – 2003 Chevrolet 
Silverado (with EDR time shift of .007s). 
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Figure 10.  NHTSA test 4454 – 2003 Chevrolet 
Tahoe (with EDR time shift of .008s). 
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Figure 11.  NHTSA test 4464 – 2003 Chevrolet 
Avalanche (with EDR time shift of .007s). 
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Figure 12.  NHTSA test 4472 – 2003 Chevrolet 
Silverado (with EDR time shift of .004s). 
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Figure 13.  NHTSA test 4487 – 2003 Saturn Ion 
(with EDR time shift of .002s). 
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Figure 14.  NHTSA test 4567 – 2003 Chevrolet 
Suburban (with EDR time shift of .006s). 
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Figure 15.  NHTSA test 4702 – 2002 Saturn Vue 
(with EDR time shift of .002s). 
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Figure 16.  NHTSA test 4714 2002 Saturn Vue 
(with EDR time shift of .003s). 
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Figure 17.  NHTSA test 4775 – 2004 Pontiac 
Grand Prix (with EDR time shift of -.001s). 
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Figure 18.  NHTSA test 4846 2004 Toyota Sienna 
(with EDR time shift of .010s). 
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Figure 19.  NHTSA test 4855 2004 Toyota Solara 
(with EDR time shift of -.004s). 
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Figure 20.  NHTSA test 4890 – 2004 Ford F150 
(with EDR time shift of .009s). 
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Figure 21.  NHTSA test 4899 – 2004 Cadillac SRX 
(with EDR time shift of .007s). 
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Figure 22.  NHTSA test 4918 – 2004 GMC Envoy 
XUV  (with EDR time shift of .002s). 
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Figure 23.  NHTSA test 4923 – 2004 Chevrolet 
Colorado  (with EDR time shift of .002s). 
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Figure 24.  NHTSA test 4955 – 2000 Cadillac Seville 
(with EDR time shift of -.003s). 
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Figure 25.  NHTSA test 4984 – 2004 Saturn Ion 
(with EDR time shift of .001s). 
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Figure 26.  NHTSA test 4985 2005 Chevrolet 
Equinox (with EDR time shift of -.005s 
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Figure 27.  NHTSA test 4987 – 2005 Ford Taurus 
(with EDR time shift of .006s). 

-30

-25

-20

-15

-10

-5

0
0 0.05 0.1 0.15 0.2 0.25

time

M
PH

Crash Test

EDR

 
 

Figure 28.  NHTSA test 5071 – 2004 Toyota Camry 
(with EDR time shift of -.003). 
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Figure 29.  IIHS test CEF0107 – 2001 Chevrolet 
Silverado (with EDR time shift of -.001s). 
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Figure 30.  IIHS test CEF0119 2002 – Chevrolet 
Trailblazer (with EDR time shift of .007s). 
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Figure 31.  IIHS test CEF0209 – 2003 Cadillac CTS 
(with EDR time shift of -.001s). 
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Figure 32.  IIHS test CEF0221 – 2003 Cadillac 
CTS (with EDR time shift of -.001s). 
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Figure 33.  IIHS test CEF0326 – 2004 Cadillac SRX 
(with EDR time shift of .001s). 
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Figure 34.  Figure 40. IIHS test CEF0301 – 2003 
Lincoln Towncar (with EDR time shift of .013s). 
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Figure 35.  IIHS test CEF0313 – 2003 Lincoln 
Towncar (with EDR time shift of .010s). 
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Figure 36.  IIHS test CEF0401 – 2004 Chevrolet 
Malibu, Longitudinal Delta-V (with EDR time 
shift of -.047s). 
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Figure 37.  IIHS test CEF0401- 2004 Chevrolet 
Malibu, Lateral Delta-V (with EDR time shift of   
-.047s). 
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Figure 38.  IIHS test CES0403 – 2004 Chevrolet 
Malibu, Lateral Delta-V (with EDR time shift of  
-.047s). 
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Figure 39.  IIHS test CEF0406 – 2004 Chevrolet 
Malibu, Longitudinal Delta-V (with EDR time 
shift of -.037s). 
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Figure 40.  IIHS test CEF0406 – 2004 Chevrolet 
Malibu, Lateral Delta-V (with EDR time shift of -
.037s). 
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DISCUSSION 
 
Delta-V Data Analyses 
 
All of the delta-v measurements were analyzed to 
determine if a full crash pulse had been recorded, and 
also at 100 milliseconds after time zero.  First, all 
units were evaluated, regardless of manufacturer or 
crash type.  Then subsets were examined.  Due to 
there being very few Ford and Toyota units, 
individual manufacturers were not compared.  EDR 
delta-Vs were compared to the crash test data 
measurements and percent errors were calculated 
based on absolute values of the delta-V.  Table 2 
presents the data for the full crash pulse analyses. 
 

Table 2.  Percent Error, Full Crash Pulse 
Analyses of EDR Delta-V 

 

 All Frontal Lateral 
Full 

Frontal 
Offset-
Frontal

Count 31 28 3 21 7 
Avg 7.05 5.82 18.56 5.75 6.04 

St dev 5.63 4.23 3.70 4.08 4.98 
Min 0.19 0.19 14.40 0.19 1.19 
Max 21.47 14.85 21.47 13.41 14.85 

 
For all frontal crashes, the average error was slightly 
less than 6 percent.  When frontal crashes were 
analyzed by crash offset, the observed error was 
similar, slightly less than 6 percent for full frontal 
crashes and slightly more than that value for offset 
frontal crashes.  In some cases, the error was nearly 
zero.  For lateral crash pulses, the observed error 
approached 19 percent.  Two of the tests where 
lateral measurements were observed were offset 
frontal crashes with vehicles that have lateral 
measurement capabilities.  In this configuration, the 
vehicle yaws considerably during the test.  The 
resulting spinning motions will produce different 
lateral acceleration measurements (and hence 
different measurements of delta-V) if the sensors are 
mounted at different locations.  Since the EDR and 
crash test sensors are not mounted together, it is quite 
possible this factor could have magnified the error 
percentage. 
 
Table 3 presents similar data for the 100-millisecond 
delta-V interval analyses.  This comparison includes 
more cases, as well as examines the accuracy of the 
EDR without penalization for its recording duration. 
As can be seen from the averages, adding 6 
additional EDR comparisons did not change the 
results significantly. 
 

Table 3. Percent Error, 100-msec Crash Pulse 
Analyses of EDR Delta-V 

 

 All Frontal Lateral 
Count 37 34 3 
Avg 6.30 5.50 15.43 

St dev 4.49 3.43 5.78 
Min 0.60 0.60 10.50 
Max 21.80 12.60 21.80 

 
 
Table 4 illustrates the problem of insufficient EDR 
recording duration.  The majority of the EDRs did 
not record the entire event.  In one-third of the GM 
tests (10 of 30), 10% or more of the crash pulse 
duration was not recorded.  In two of the four Ford 
tests, the last 100 ms of the crash pulse was not 
recorded.  A data loss of this magnitude would 
prevent an crash investigator from using an EDR to 
even estimate the true delta-V of a vehicle.   We note 
that the latest generation of Ford EDRs, downloaded 
from tests 4890 and 4987, has a greatly increased 
recording duration sufficient to capture the entire 
crash pulse in a barrier collision. 
 
As previously discussed, EDRs begin recording a 
collision after experiencing a deceleration of 1-2 G’s.  
Accordingly, one would believe that a corrective time 
shift would be positive to compensate for the time 
lost before algorithm-enable, however this was not 
always the case.  Time shifts varied from negative 
17ms to positive 13ms, except for two of the Malibu 
collisions.  In the two Malibu tests, the EDR recorded 
zero delta-V for the first 40ms.  These cases resulted 
in time shifts of negative 47 and negative 37ms.  GM 
has indicated that these large shifts for the Malibu are 
the result of an error in the Vetronix software which 
is being corrected.  The problem of negative time 
shifts was restricted to GM and Toyota EDRs in our 
dataset.  None of the Ford EDRs in our study 
required a negative time shift. 
 
Negative EDR time shifts can occur for several 
reasons.  First, they may be an artifact of the test.  In 
a crash test, the car is towed down a track and 
mechanically disconnected from the towing 
mechanism 8-18 inches from the barrier.  The shock 
of this mechanical disconnect could theoretically 
prematurely trigger algorithm enable.  For our study, 
we examined pre-crash test data from each crash test, 
but could find no evidence of a sufficiently high 
acceleration to prematurely trigger algorithm enable.   
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Table 4.  Summary of the accuracy of EDR performance in crash test 
 

Test 
Number Axis Vehicle Year, Make and 

Model 

EDR 
Delta-V 

@100ms 
(mph) 

Crash 
Test 

Delta-V 
@100ms 

(mph) 

Delta-
V 

Error 
(%) 

EDR 
Time 
Shift 
(ms)

Crash 
Pulse 

Duration 
– 

Estimated 
(ms) 

EDR 
Recording 
Time (ms)

Crash 
Pulse 

Duration
Error 
(%) 

3851 Long 2002 Chevrolet Avalanche 35.9 36.9 -2.8 -3 125 110 12.0 
3952 Long 2002 Buick Rendezvous 41.0 41.4 -0.9 1 103 100 2.9 
4198 Long 2002 Saturn Vue 40.3 38.3 4.9 -17 102 120 None 
4238 Long 2002 Cadillac Deville 39.8 37.2 6.5 -12 102 110 None 
4244 Long 2002 Chevrolet Trailblazer 38.1 36.0 5.5 3 96 100 None 
4437 Long 2003 Chevrolet Suburban 13.5 12.7 6.2 9 169 150 11.2 
4445 Long 2003 Chevrolet Cavalier 40.4 36.4 9.9 -6 105 110 None 
4453 Long 2003 Chevrolet Silverado 25.6 23.9 6.6 6 117 100 14.5 
4454 Long 2003 Chevrolet Tahoe 27.5 25.4 7.5 8 101 100 1.0 
4464 Long 2003 Chevrolet Avalanche 36.6 36.9 -0.7 5 119 100 16.0 
4472 Long 2003 Chevrolet Silverado 36.8 36.0 2.3 4 127 100 21.0 
4487 Long 2003 Saturn Ion 39.3 38.6 1.9 2 148 110 25.5 
4567 Long 2003 Chevrolet Suburban 36.8 37.5 -1.9 5 128 100 21.9 
4702 Long 2002 Saturn Vue 33.3 33.5 -0.6 3 94 100 None 
4714 Long 2002 Saturn Vue 32.3 33.9 -5.1 2 104 100 3.8 
4775 Long 2004 Pontiac Grand Prix 37.8 37.3 1.2 -1 116 110 4.8 
4846 Long 2004 Toyota Sienna 38.3 39.8 3.8 10 105 150 None 
4855 Long 2004 Toyota Solara 36.3 38.9 6.7 -4 123 150 None 
4890 Long 2004 Ford F-150 39.7 38.1 4.2 9 99 114 None 
4899 Long 2004 Cadillac SRX 36.27 39.05 7.1 7 95 100 None 
4918 Long 2004 GMC Envoy XUV 33.8 36.7 7.8 2 129 100 22.5 
4923 Long 2004 Chevrolet Colorado 35.7 38.9 8.2 2 121 100 17.4 
4955 Long 2000 Cadillac Seville 18.4 17.9 2.5 -3 157 110 29.9 
4984 Long 2004 Saturn Ion 28.3 25.9 8.4 2 101 110 None 
4985 Long 2005 Chevrolet Equinox 40.4 35.3 12.6 -4 113 110 2.7 
4987 Long 2005 Ford Taurus 28.9 28.2 -2.5 6 95 114 None 
5071 Long 2004 Toyota Camry 27.9 27.6 1.1 -3 89 150 None 

CEF0107 Long 2001 Chevrolet Silverado 25.0 26.1 -4.4 -1 143 140 2.1 
CEF0119 Long 2002 Chevrolet Trailblazer 32.8 29.1 11.1 7 131 130 0.8 
CEF0209 Long 2003 Cadillac CTS 32.8 29.1 11.2 -1 127 130 None 
CEF0221 Long 2003 Cadillac CTS 33.8 29.8 11.9 -1 134 110 17.9 
CEF0326 Long 2004 Cadillac SRX 37.5 34.4 8.3 1 129 110 14.7 
CEF0301 Long 2003 Lincoln Towncar N/A 19.4 N/A 10 154 70 56 
CEF0313 Long 2003 Lincoln Towncar N/A 19.3 N/A 13 151 75 50.3 
CEF0401 Long 2004 Chevrolet Malibu 38.0 36.0 -5.6 -47 140 220 None 
CEF0401 Lateral 2004 Chevrolet Malibu 7.5 8.7 14 -47 140 220 None 
CES0403 Lateral 2004 Chevrolet Malibu 13.6 12.3 -10.5 -47 144 300 None 
CEF0406 Long 2004 Chevrolet Malibu 37.3 35.5 -5 -37 145 190 None 
CEF0406 Lateral 2004 Chevrolet Malibu 6.8 8.7 21.8 -37 145 190 None 
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Table 5.  Accuracy of Pre-Crash Measurements 
 

Test 
Number 

Vehicle Year, Make and 
Model 

Driver 
Seat 
Belt 

Buckled 
(y/n) 

EDR 
Reported 
Buckled 

(y/n) 

Agree-
ment?

EDR 
Pre-

Crash 
Vehicle 
Speed 
(mph)

Actual 
Pre-

Crash 
Vehicle 
Speed  
(mph) 

% Error 

3851 2002 Chevrolet Avalanche Y Y Y 35 35.1 0.3 
3952 2002 Buick Rendezvous Y Y Y 35 35.1 0.3 
4198 2002 Saturn Vue Y Y Y 35 35 0.0 
4238 2002 Cadillac Deville Y Y Y 34 35.3 3.7 
4244 2002 Chevrolet Trailblazer Y Y Y 34 35.1 3.1 
4437 2003 Chevrolet Suburban Y Y Y 24 24.8 3.2 
4445 2003 Chevrolet Cavalier Y Y Y 35 34.7 0.9 
4453 2003 Chevrolet Silverado N N Y 24 24.3 1.2 
4454 2003 Chevrolet Tahoe N N Y 24 24.3 1.2 
4464 2003 Chevrolet Avalanche Y Y Y 34 35.1 3.1 
4472 2003 Chevrolet Silverado Y Y Y 35 34.7 0.9 
4487 2003 Saturn Ion Y Y Y 35 34.8 0.6 
4567 2003 Chevrolet Suburban Y Y Y 35 35 0.0 
4702 2002 Saturn Vue N N Y 30 29.7 1.0 
4714 2002 Saturn Vue N N Y 29 29.7 2.4 
4775 2004 Pontiac Grand Prix Y Y Y 35 34.7 0.9 
4846 2004 Toyota Sienna Y Y Y 34.8 35.1 0.9 
4855 2004 Toyota Solara Y Y Y N/A 34.7 N/A 
4890 2004 Ford F-150 Y Y Y N/A 35 N/A 
4899 2004 Cadillac SRX Y Y Y 35 35.1 0.3 
4918 2004 GMC Envoy XUV Y Y Y 35 35 0.0 
4923 2004 Chevrolet Colorado Y Y Y 35 35.2 0.6 
4955 2000 Cadillac Seville Y Y Y 35 34.7 0.8 
4984 2004 Saturn Ion N N Y 25 24.8 0.8 
4985 2005 Chevrolet Equinox Y Y Y 35 35 0.0 
4987 2005 Ford Taurus N N Y N/A 25 N/A 
5071 2004 Toyota Camry N N Y N/A 24.6 N/A 

CEF0107 2001 Chevrolet Silverado Y Y Y 39 40 2.5 
CEF0119 2002 Chevrolet Trailblazer Y Y Y 40 40 0.0 
CEF0209 2003 Cadillac CTS Y Y Y 40 40 0.0 
CEF0221 2003 Cadillac CTS Y Y Y 40 40 0.0 
CEF0326 2004 Cadillac SRX Y Y Y 39 40 2.5 
CEF0301 2003 Lincoln Towncar Y Y Y N/A 40 N/A 
CEF0313 2003 Lincoln Towncar Y Y Y N/A 40 N/A 
CEF0401 2004 Chevrolet Malibu Y N/A N/A N/A 40 N/A 
CES0403 2004 Chevrolet Malibu Y N/A N/A N/A 0 N/A 
CEF0406 2004 Chevrolet Malibu Y N/A N/A N/A 40 N/A 
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The negative time shifts could also be an artifact of 
our alignment algorithm. Inspection of the velocity 
plots however indicates that reasonable alignment has 
been achieved.  As a more analytical check, we 
performed a sensitivity analysis of variations on time 
shift, and found that in all cases the alignment 
algorithm had found the optimal time shift.   
 
Finally, it is possible that the EDR time zero is not 
always the time of algorithm enable.  It is difficult to 
believe, for example, that the 2004 Chevrolet Malibu 
EDR, which required a 47 ms negative time shift, 
could have detected the crash this far in advance of 
the actual impact without the advantage of exotic 
technology such as radar crash detection. 
 
Pre-Crash Velocity Measurements 
 
The GM EDRs and some of the Toyota EDR models 
in our dataset also stored 5 seconds of pre-crash data 
including a record of vehicle speed, 
accelerator/engine throttle position, engine 
revolutions per minute and brake application.  None 
of the Ford EDRs in our dataset contained pre-crash 
data.  In a total of 28 of the tests, the EDR was 
capable of recording vehicle speed.  As can be seen 
in Table 5, in general the EDRs performed very well 
regarding pre-crash measurements.    For these 
EDRs, the error in the vehicle speed was less than 
1mph in all cases.   
 
Seat Belt Buckle Status  
 
The GM EDRs in our dataset recorded driver seat 
belt buckle status.  The Toyota and Ford EDRs 
recorded both driver and right front passenger seat 
belt buckle status.  The driver seat belt buckle status 
as reported in each crash test final report was 
compared against seatbelt buckle status as recorded 
by the EDRs.  In all cases, the driver seatbelt status 
was correctly recorded by all EDRs. 
 
CONCLUSIONS 
 
This paper has presented the results of a methodical 
evaluation of the accuracy of Event Data Recorders 
in thirty-seven (37) laboratory crash tests across a 
wide spectrum of impact conditions.   
 
• Results from comparing crash test 

accelerometers with Event Data Recorders show 
that if a full pulse is recorded in a frontal crash, 
the average error is about 6 percent, with some 
EDRs almost exactly duplicating the crash test 
instrumentation.  If examining the pulse at 

100ms, for frontal crashes the average error is 
also about 6 percent.   

 
• For lateral measurements, the small sample 

produced large error, but much of the error could 
be associated with different sensor locations, 
hence the estimate may be flawed and is not 
reported in the conclusions. 

 
• In nearly all cases, the delta-V recorded by the 

Event Data Recorders was less than the true 
delta-V.  One exception is the new Chevrolet 
EDRs in the Malibu tests.  These units 
consistently recorded a larger delta-V than the 
crash test instrumentation. 

 
• The majority of the EDRs examined in this study 

did not record the entire event.  In one-third of 
the GM tests (10 of 30), 10 percent or more of 
the crash pulse duration was not recorded.  In 
two of the four Ford tests, the last 100 ms of the 
crash pulse was not recorded.  A data loss of this 
magnitude would prevent an crash investigator 
from using an EDR to even estimate the true 
delta-V of a vehicle.  Although data recorders 
generally under-predict delta-V, crash 
investigators can examine a pulse and determine 
if it completed recording, which reduces the 
uncertainty of the measurement.  In the future, if 
EDR manufacturers were to extend the recording 
duration of their products, significant 
improvement in accuracy would be seen. 

 
• In all tests, the EDRs correctly measured and 

recorded driver seat belt buckle status. 
 
• Regarding pre-crash data, of the 28 tests where 

EDR and test speed were known, the average 
error was 1.1 percent. 
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ABSTRACT 
 
     In recent years, side-impact crashes in the US 
between SUVs (Sports Utility Vehicle) or LTVs (Light 
Trucks & Vans) and passenger cars are increasing, 
resulting in a high number of serious or fatal injuries.  It 
has become an important task to reduce body injury levels, 
not only to the head, but to the thorax and pelvis as well.  
One way to protect the occupant’s  thorax and pelvis in 
side-impact crash is T&P SAB (Thorax & Pelvis Side 
Airbag). 
     This research paper will show a reduction of injury 
levels as a result of T&P SAB, using IIHS (Insurance Institute 

for Highway Safety) SUV side-impact crash conditions in 
MADYMO simulation and sled test results. Furthermore, 
analyses of the pelvis area were conducted using THUMS 
Simulation.  It was confirmed that T&P SAB has the 
potential to protect the occupant’s thorax and pelvis during 
side-impact crash, as well as reduce the level of injury. 
 

THUMS (Total Human Model for Safety) 

FEM Human model, created by Toyota Central R&D Labs 

 
 

INTRODUCTION 
 
     Within the last 2 decades in the US, the number of 
side-impact crashes involving SUV/LTVs to passenger 
cars has increased remarkably.  According to FARS 
(Fatal Analysis Reporting System) data, comparing the 
fatality rate by side crash type, between 1980-81 to 
2000-01 the fatality rate of SUV/LTV vs car increased 
from 29% to 57%.  The fatalities reported for passenger 
car vs passenger car decreased from 71% to 43%(Table 1).  

According to NASS (National Automotive Sampling 
System) Crashworthiness Data, the body parts inflicted 
with the highest injury levels (higher than AIS3) during 
side crash were thorax 61% and pelvis 35%, these ratios 
being higher than head injury level 31% (Table 2). 
 

Table 1. 
Percent of driver death in 1-3-year-old passenger vehicle 
struck on the driver side by another passenger vehicle, by 

type of striking vehicle 

 
Source : NHTSA STATUS REPORT (Vol.38, No.7 June 28,2003) 

 
 

Table 2. 
Distribution of serious and fatal injuries, by body region, 
to drivers of passenger vehicles struck on the driver side, 

calendar years 1997-2001 

 
Source : NHTSA STATUS REPORT (Vol.38, No.7 June 28,2003) 

 
     CIREN (Crash Injury Research & Engineering 
Network) reported, during a public meeting that it is 
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important to reduce injury level of thorax and pelvis 
because those parts are at highest risk of getting injured by 
the door panel in a side-impact crash. 
     One way to protect the occupant’s thorax and pelvis 
during a side-impact crash is utilization of T&P SAB.  
Adding a Curtain Airbag to protect the head during a crash 
(in combination with T&P SAB) can further reduce full 
side body injury levels.  In this research, it is perceived 
that injury levels decrease as an effect of using T&P SAB 
in the condition of IIHS SUV side-impact testing by using 
MADYMO Simulation and Sled Testing.  A more 
detailed analysis of the pelvis area was conducted using 
THUMS Simulation. 
 
 

Evaluation Method 
 
     This research consists of MADYMO Simulation 
and Sled Testing, with the behavior of the door derived 
from the result of IIHS SUV side-impact testing. 
 
 

MADYMO Simulation 
 
     MADYMO Simulation was used to measure the 
relationship between injury level of thorax and pelvis of 
occupant and design of T&P SAB (configuration, 
dimensions, etc.).  Shown in Figure 1, T&P cushion was 
divided into 3 parts.  3 levels of bag size and inner 
pressure were set for each of the 3 parts.  Rib Deflection 
and Iliac Force were evaluated (the average of the 5 ribs 
was reported) using a Morris Quadratic Design DOE that 
consisted of 78 simulations (Table 3).  The result can be 
seen in Figures 2, 3 and 4.0 
 
 
 

 
Figure 1. MADYMO Simulation model 

 
 

Table 3. 
Simulation matrix 
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Figure 4.  Effect of Lower Bag 
 
     The simulation showed that the best condition was 
large size and high inner pressure for Lower Bag.  The 
injury level of thorax and pelvis for this design was lower 
than without SAB injury level (Figure 5).  
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Figure 5. Simulation result of the best T&P design     

vs condition without SAB 
 
 
     With this result, it was confirmed that the T&P SAB 
is an effective way to protect occupants’ thorax and pelvis 
in a side-impact crash. 
 

Sled Test 
 
     Sled testing was conducted with and without T&P 
SAB.  The T&P SAB sample for this test was made on 
the basis of best solution obtained from the MADYMO 
Simulation.  Sled testing results were similar to 
simulation results, showing reduced thorax and pelvis 
injuries (Figure 6). 
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Figure 6. Sled Test Results 

Out-of-Position Test 
 
     Out-of-Position (OOP) Testing was next conducted 
using the best design sample from simulation.  Four test 
conditions using child dummy, recommended by TWG, 
were selected for OOP testing (Figure 7). 
 
           TWG (The Side Airbag Out-of-Position injury Technical Working Group) 

A joint project of Alliance, AIAM, AORC, and IIHS 

 
 

  
Lying on seat 

(Hybrid III  3yo) 

Rearward facing 

(Hybrid III  3yo) 

  
Forward facing on booster seat 

(Hybrid III  3yo) 

Forward facing on booster seat 

(Hybrid III  6yo) 

Source : Recommended Procedures for Evaluating Occupant Injury Risk from Deploying Side Airbags 

(First Revision - July 2003) 

Figure 7. Out-of-Position Test Condition 
 
 
     All results gained by Out-of-Position testing 
showed injury levels less than IARV (Injury Assessment 
Reference Values). 
 
     From this, T&P SAB design was optimized based 
on OOP performance and restraint performance. 
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THUMS Simulation 
 
     The Human model, such as THUMS, is a very 
useful tool to analyze the effect of car crashes on human 
body parts.  THUMS simulation was used to predict the 
effectiveness of airbags in the field, and contributed to the 
development of a higher performance SAB system. 
 
 
 

 
Figure 8. THUMS human model 

 
 
 

 

Figure 9. THUMS Simulation model 
 
 
 
 
 
 

     The effect of the T&P SAB was analyzed in more 
detail for the occupant pelvis using THUMS simulation.  
As a result, it was confirmed that T&P SAB can reduce 
the concentrated level of forces to the pelvis.  The stress 
distribution is shown in Figure 10. 
 
 

 

 
Figure 10. THUMS Simulation Results 

(Stress distribution of the pelvis) 
 
 
     From the THUMS results, it was shown that T&P 
SAB can protect a wide area of the pelvis.  It is one very 
effective way to reduce injury to the pelvis. 
 
 

CONCLUSIONS 
  
     In this research, by utilizing simulation and sled 
testing, using IIHS SUV side-impact crash test conditions, 
it was confirmed that T&P SAB has the potential to 
protect both thorax and pelvis areas of occupant, and also 
reduce injury levels. 
 
     THUMS Simulation is a useful tool as it enables a 
more detailed analysis of the effect which is inflicted on a 
human body during a car accident.  It can predict injury 
levels in the field, as well as define a clear mechanism of 
injuries, and help develop safer systems.  We will 
continue to use THUMS simulation for future 
investigations. 
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ABSTRACT 
 

Rear impact crashes are the most frequent type of 
bus accidents.  Transit buses are particularly 
susceptible to rear impact collisions because of their 
frequent stops, which often occur in traffic lanes.  
The majority of bus collisions occur while the bus is 
decelerating or stopped.  The preponderance of 
crashes occur with buses stopped during daylight 
hours, in good weather conditions, while traversing a 
straight path, and with the striking vehicle attempting 
no avoidance or corrective action. 

 
     To respond to this surprising set of crash 

conditions, General Dynamics, in partnership with 
the Ann Arbor Transit Authority (AATA), developed 
a Rear-Impact Collision Warning System (RICWS) 
based on our premise that following drivers were 
either being distracted or simply not paying attention.  
To determine the following drivers’ behaviors behind 
transit buses, General Dynamics first conducted a 
series of field collections using a recording system, 
digital video, and a laser front-end sensor mounted on 
the rear of an AATA bus in service.  These 
“behaviors” were then used to build decision logic to 
determine when a dangerous situation required 
mitigation or countermeasures. 

 
General Dynamics then developed a visual 

warning system.  Tests concluded that a light bar 
with a specific moving light pattern was effective in 
attracting a distracted driver’s attention.  This light 
bar was added to the RICWS and was turned on once 
a following vehicle committed dangerously 
aggressive closing behavior toward the rear of the 
test bus.  Three warning algorithms were field tested, 
each with different parameters defining ‘aggressive 
closing behavior.’ 

  
Both Phase II and Phase III of this program 

produced informative results regarding typical 
following driver behavior behind buses.  The light 
bar proved effective in modifying following drivers’ 
behavior (with all three algorithms).  A set of 
comprehensive RICWS specifications were generated 
as well as future commercialization steps for the 
system. 

 
INTRODUCTION 
 

The RICWS  report (which is the basis for this 
paper) was prepared for the U.S. Department of 
Transportation, Federal Transit Administration for 
the development of performance specifications for 
Rear Impact Collision Warning Systems (RICWS) 
for transit buses.  The actual specifications are not 
listed in this paper, but may be found in the original 
report.  This research was conducted in this area 
since one of the most frequent accidents in transit bus 
operation is when a vehicle collides with a bus from 
behind: a “rear impact.”  This type of collision is 
responsible for significant costs including damage to 
the bus, injuries to the occupants, and disruption of 
the operation of the transit agency.  In addition, 
damage to following vehicles (FVs) and injury to 
their drivers is usually significantly greater than to 
the bus or its occupants. 

 
In 1994, transit buses were involved in 3,119 

rear-end collisions, nationwide.  By 1996, that 
number increased 56 percent.  For the same period, 
the number of injuries increased 161 percent. 

 
Table 1. 

Crashes and Injuries for Transit Bus Rear-end 
Collisions 

Year 1994 1995 1996 
Crashes 3,119 3,668 4,868 
Injuries 1,403 3,262 3,661 

Data courtesy of Volpe National Transportation 
Systems Center, N. Burke, 2/99 

 
Transit buses are particularly susceptible to rear 

impact collisions because of their frequent stops.  
Adding to the problem, some bus stops do not allow 
the bus to pull out of a lane of moving traffic.  The 
DOT Draft Transit IVI Baseline Statistics Study 
(personal communication, N. Burke, February 2, 
1999) indicates that the majority of collisions occur 
when the bus is decelerating or stopped.   

 
This type accident is common with transit 

companies all over the country.  Nationally, rear-end 
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crashes account for 21.5 percent of all collisions 
involving buses for 1994 to 1996 (personal 
communication, N. Burke, February 2, 1999).   

 
According to the 1998 Transit Fact Book, although 
casualty and liability costs comprise only an average 
of 2.9 percent of transit companies operating budgets, 
efforts to reduce the risk exposure, and therefore 
premiums and claims, by operating fewer miles, 
having fewer accidents, and/or fewer employees are 
“often overwhelmed by litigation awards, inflation 
and state- or region-wide premium increases to cover 
insurer losses elsewhere.”  In rear impact crashes, 
due to the mass of the bus, the resulting collision can 
be severe for the occupants in the following vehicle, 
but not necessarily for the bus.  Although, there is 
usually little cost associated with physical damage to 
the bus, there are costs associated with workman 
compensation, rider injury, litigation against the 
following vehicle driver, lost time of bus and driver, 
and possible drug testing of the driver.  
 

Table 2. 
Rear-end Transit Bus Crash Summary 

 
 

Feature 

 
 

Most common 
(%) 

 
Second most 

common  
(%) 

Number of lanes Two  
(41.7%) 

More than two 
(39.1%) 

Relation to junction Non-junction 
(62.7%) 

Approach to 
intersection  

(22.2%) 

Grade Level  
(59.6%) 

Grade  
(15.4%) 

Alignment Straight  
(89.1%) 

Curve  
(7.6%) 

Speed limit 30-45  
(55.3%) 

50-75  
(15.8%) 

Following Vehicle 
speed 

<=25 mph  
(47.3%) 

26-40 mph  
(34.4%) [Largest 
single 5 mph bin 
is 31-35, 15.1%) 

Lighting Daylight  
(85.5%) 

Dark but lighted 
(6.7%) 

Weather Clear  
(77.3%) 

Rain or snow  
(18.7%) 

Bus motion Stopped  
(67.2%) 

Slowing in lane  
(13.5%) 

Following Vehicle 
movement prior to 

critical event 

Going straight  
(82.1%) 

Slowing or 
starting 
(6.6%) 

Corrective action 
attempted by 

striking vehicle 

None 
(67.3%) 

>2 vehicles 
involved 
(15.4%) 

 

From Table 2 it can be seen that this type of 
collision happens most often with clear weather, 
daylight, straight road, bus stopped, striking vehicle 
approaches in same lane at constant 31–35 mph with 
no corrective action. 
 
Research Approach 
 

The research approach was to divide the effort 
into three major phases.  The first phase was an initial 
causation study and technology demonstration.  
Overall the Phase II effort provided a detailed 
accident profile report, an initial system specification 
for a RICWS system, and field data collection effort 
to establish the baseline parameters for a RICWS 
system.  Phase III of this contract provides for 
outfitting two buses with similar systems which 
include algorithms and warning lights to study and 
assess the reactions of following vehicle drivers in 
response to ignition of the warning light.  Phase III 
also updated the system specifications for a rear 
impact collision warning system. 

 
The detailed approach in each of the two phases is 

identified below.  
 
The approach and efforts for Phase II: 
• Conduct an assessment of available crash data 
to characterize rear-end crashes involving buses. 
• Completed a warning indicator study to arrive 
at an “optimal” design of a warning indicator. 
• Establish requirements for a baseline data 
collection. 
• Build two testbed Data Collection Systems 
(DCS) to be used on AATA buses to collect 
baseline data. 
• Generate a “baseline” of on-the-road data to 
use in assessing the efficacy of the data collection 
system and to use in building and testing a 
warning algorithm. 
• Build tools with which to analyze the 
collected baseline data. 
• Assess and analyze following vehicle driver 
behavior as exposed in the baseline data collected. 
• Evaluate crash scenarios and possible benefits 
of the warning system, refine performance 
specifications, and define evaluation strategies. 
 
The approach and efforts for Phase III:  
• Implementation of the code necessary to add 
the capability to the DCS system to provide 
ignition of a warning light at appropriate times. 
• Algorithm development and validation testing. 
• Light bar field testing. 
• Replacement of degraded laser IR sensors. 
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• Human factors testing of drivers approaching 
the back of a bus under “normal” conditions. 
• Collection of data from two buses fitted with 
the system with warning lights. 
• Analysis of collected data. 
• Update algorithms to signal the warning light 
based on field testing. 
• Update system specifications. 
• Complete the final report and 
recommendations for next steps. 

 
FINDINGS 

 
Findings in this paper encompass only the Phase 

II and Phase III efforts.  The Phase II findings are 
identified below and are more comprehensive than 
the Phase III findings; however the Phase III findings 
encapsulate the overall results of this program.  The 
Phase II effort is the basic R&D needed to support 
the Phase III effort.  In Phase II, we identified key 
system parameters and established the plan for the 
Phase III effort. The Phase III findings are more 
abbreviated and to the point since they focus on the 
results of the system performance in an operational 
environment.  Essentially Phase III findings are the 
“icing on the cake”.  They are the operational 
conclusions from RICWS testing in a real 
environment. 
 
Phase II Findings 

 
Conclusions derived from the Phase II baseline 

data collection have been developed by manual 
examination of data from two particular days of 
collections, the very first (4/25/01) and a day near the 
end of collections (8/17/01).  Algorithms have been 
run extensively on these two days’ data.  

 
Range Sensor Performance did not receive 

a rigorous or detailed evaluation in a laboratory 
setting; however a reasonable set of outdoor 
measurements were made to validate the nominal 
performance of the sensor.  In addition to the outdoor 
measurements, examination of the baseline data 
collected helped to characterize the sensor 
performance.  An important note, however, is that the 
selected sensor for our testbed DCS system may not 
be the ideal sensor for deployment in transit bus 
fleets across the nation.  In fact, our selection process 
was driven by a sensor that was a reasonable cost and 
was commercially available (with no development 
costs) that would be adequate for this program.  As 
will be identified later in the report, we recommend a 
different type of sensor for a deployed commercial 
system.  The detailed information provided below is 

included here since it was instrumental in providing 
guidance, evaluation and insight into the 
recommended sensor requirements for a 
commercialized system suitable for nation-wide 
deployment.  The recommended sensor for 
commercialization is included in the Phase III 
findings. 

 
The range sensor’s resolution is 15 cm and spec 

sheet accuracy is listed as + or – 1 percent at 100 
meters.  Empirical observations of the returns from 
stationary targets at various ranges tend to support 
this specification and, in fact, suggest that the 
absolute accuracy may be better at distances in 
excess of 25 meters.  At closer range this sensor 
appears to suffer from saturation and possibly cross-
talk problems with highly reflective targets, and 
range measurement accuracy degrades.  In fact, the 
sensor functions quite poorly at distances below 8 
meters.  In almost any instance, the following vehicle 
warnings were signaled at distances greater than 15 
meters, so the lower range limit was not a significant 
issue for our testing. 

 
On 4/25/01, the day the bus was put into service, 

a number of specific range measurements were taken 
utilizing boards coated with retro-reflective material 
(see Figure 1).  A table of these measurements and 
the range sensor outputs is shown below (see Table 
3). 

 

 
Figure 1.  Measuring Range Detection 

Performance of Range Sensor. 
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Table 3 
Sensor Range Accuracy and Repeatability 

Observations 
 

Measured 
Range 

(meters) 

Observed 
Sensor 
Range 
Mean 

(meters) 

 
 

Diff. 
(meters) 

 
 

Percent 
Accuracy 

Observed 
Sensor 
Range 

Repeatability 
(meters) 

5 2.85 2.15 43 +0.15, 
 –0.3 or 

more 
10 11.4 1.4 14 ±0.15  
15 14.55 0.45 3 ±0.15  
20 19.65 0.35 1.75 ±0.15  
30 29.85 0.15 0.5 ±0.15  
40 39.75 0.25 0.625 ±0.15  
50 49.8 0.2 0.4 ±0.15  
60 59.85 0.15 0.25 ±0.30 

 
The table above indicates accuracy in essentially 

a static environment, and those accuracies are 
adequate for the calculations needed to calculate 
when to signal the warning light.  However, we found 
that in the dynamic environment of buses and 
following vehicles moving, that the specular returns 
from the following vehicle could jump from one 
region on following vehicle to another causing an 
error input to our tracking algorithms.  This effect of 
dynamic jumping of the return from the following 
vehicle and affecting our tracking algorithms will be 
addressed in the Phase II findings.  
 

The following factors have been identified and 
observed in normal operations data that serve to 
reduce the quality and availability of range returns 
for objects that are clearly visible in the video record 
and which, based on their position in the video 
should have produced a range return. The factors 
include: 

• Intermittent or no returns off some vehicles 
with no apparent environmental cause (due to 
vehicle characteristics such as profile, surface 
materials, angle of presentation). 
• Intermittent or no returns off some vehicles 
due to environmental conditions impairing the 
range sensor’s performance (ambient light energy 
entering the sensor—such as at low sun angles, 
rain, fog, smoke/dust, dirt on the sensor face, 
etc.). 
• Intermittent returns off vehicles caused by bus 
movements (primarily vertical bounce due to 
bumps or potholes). 
 
Unfortunately, these conditions are difficult to 

identify automatically, and it is impractical to 
manually review all the video data to correlate poor 
range sensor performance with these types of factors 
(as opposed to the default explanation: no following 

vehicles present).  However, portions of two days of 
data have been examined manually with the 
following results (see Table 4). 

 
Table 4. 

Manual Assessment of “Interesting Tracks” 

 
 
Direct low angle sun impinging on the sensor 

seemed to be the primary environmental factor 
affecting the sensor’s ability to detect returns in the 
8/17/01 data (note: table erroneously labels this date 
as 8/17/00).  No other environmental factors (e.g., 
rain) were observed in these sets of data.  Both days 
examined can be expected to have the same 
percentage of range return problems due to vehicle 
profiles.  A more “normal” range return behavior is 
evident in the data from 4/25/01.  Making a gross 
estimate of the percentage of hours with rain and low 
sun angles (and other effects that similarly 
compromise optimal sensor performance) as 25 
percent, then a weighted average of “percent likely 
good tracks” as determined by this direct visual 
examination of the video and range data yields an 
expected sensor performance of 73 percent.  That is, 
the range sensor produces, on average, good, usable 
range returns for 73 percent of vehicles that approach 
the bus on a potential collision course due to 
environmental conditions. 

 
However, a very significant reduction in 

probability of detection of an approaching vehicle is 
not associated with environmental conditions.  As 
indicated above, a number of instances of the system 
not being able to detect and track a closing vehicle 
was due to vehicle characteristics such as profile, 
surface materials, angle of presentation, etc.  For 
example, with an infrared (IR) sensor and eye safe 
illumination, it is very difficult to get an adequate 
return from some vehicles, such as a Corvette.  This 
situation is far from limited to Corvettes.  Most any 
small “sleek” vehicle, especially with retractable 
headlights is not very visible to this type of sensor.  
Our data analysts estimated that 30 percent of the 
following vehicles were not identified by the laser 
sensor.  For our field testing this sensor performance 
issue just removed these types of vehicles from our 
test set. Though not ideal, we were still able to 
evaluate algorithms and effectiveness of the light bar 
over the data set of the vehicles our system could 
detect and track.  However, for a commercially 
deployed system, it is probably not acceptable to not 
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track 30 percent of the following vehicles, therefore a 
more robust sensor is needed which can detect almost 
all vehicles which would be encountered in a transit 
bus environment.   
 
Ranges to Targets at First Detection were 
determined by calculations to quantify the desired 
minimum detection range for approaching vehicles.  
The following chart (Figure 2) provides guidance on 
the required distance for first detection of 
approaching vehicles to allow enough time to flash a 
warning and expect the vehicle to stop before hitting 
the bus.  The different curves show the results of 
different braking effort and reaction time 
assumptions.  Common assumptions embedded in 
these curves are that the detection system has a 
sampling interval of 0.1 seconds, and that a minimum 
of five samples are required before signaling of the 
warning light can occur.   
 

Braking Effort and Reaction Time Effects on Required Range vs. FV Speed
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Figure 2.  Chart of Required Range of First 

Detection to Avoid Collision. 
 
The 0.3 G braking curves (labeled as 0.6 G) 

indicate that first detections must occur between 
about 45 and 61 meters at 35 mph. 

 
Examination of the collected baseline data for one 

day’s worth (8/17/01) of approaching targets yielded 
the following distribution (see Figure 3) of first 
detection distances for a group of 112 vehicle tracks, 
all of which exceeded (at some point during the 
track) the following measures of relevance for 
collision warning purposes (as determined 
automatically by a tracking algorithm): 

• Range rate exceeded 10 m/s closing. 
• Time to collision fell below 3 seconds. 
• Braking required exceeded 0.25 G. 
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Figure 3.  Ranges at Track Start (112 selected 

tracks). 
 

The mean of this distribution is 41.2 meters, 
standard deviation 17.1 meters, and median of 38.6 
meters.   

 
All approaching tracks for a single day were 

examined and yielded the following distribution of 
first detection distances (see Figure 4). 
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Figure 4.  Ranges at Track Start (3255 total 

approaching tracks, 8/17/01). 
 
The mean of this distribution is 39.3 meters, 

standard deviation of 25.3 meters, and median of 
34.6. The multiple peaks showing in this second 
histogram deserve further discussion.   

 
The large number of tracks starting within a 10-

meter range are due to an observed “spreading” of the 
range returns from a single vehicle at close range 
which results in track splitting and spawning within 
the cloud of range returns (due to the current 
clustering algorithm utilized to establish the 
association of range returns to single targets).  This 
origin of the range spreading phenomenon is as yet 
undetermined, but is likely due to overloading 
(saturation) of the range sensor detector at close 
ranges (see Figure 5).  Since many of these ranges at 
track start are due to multiple tracks on the same 
vehicle, this peak is erroneous. 
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Figure 5.  Range Spread Phenomenon at Close 

Range (within 10 m) 
(Note: Lower display is 1 second later than upper 

display) 
 
The peak at about 76 meters range in Figure 4 

indicates that there is a certain class of vehicles that 
tend to become visible to the range sensor at this 
range.  This class of vehicles includes other buses 
and large truck tractors – basically anything 
presenting larger-than-normal perpendicular surfaces 
to the range sensor.   

 
The remaining middle peak corresponds to the 

average distance at which the typical following 
vehicle (a sedan, SUV, or pickup truck) becomes 
visible.  This distance, approximately 40 meters, 
corresponds to a speed of 32 mph on the 0.6 (0.3) G, 
1 second reaction time curve of Figure 2.   While not 
optimal (ideally, ALL following vehicles would 
become visible to the range sensor at least 66 meters 
to allow for warning and a complete stop before crash 
at up to 45 mph)  this sensor still provides an 
adequate range of detection for the majority of 
vehicles transit buses may encounter in city driving. 

 
In the Derived Parameter Assessment, timing 

relationships among the data elements are established 
by construction in the loop sequencing in the data 
collection system, but detailed timing relationships 
can vary depending on the instantaneous 

computational load in the DCS system.  These 
relationships and variations have not been fully 
quantified, but have been observed in plots to be 
reasonably accurate.  This effect is embodied in 
selection of a CPU with sufficient power to perform 
the calculations in the required time. 

 
Analysis of the of the database data (both video 

and stored parameters) and manual examination of 
dozens of plots of velocities, accelerations, range-
rate, headway time margin, time to collision, and 
braking required indicate that computations of these 
parameters are being done correctly.  

 
Crash Scenarios, Performance Specifications, 

and Evaluation Strategies developed as expected.  
Based on the extensive manual review of data to date 
and processing results it would appear that the vast 
majority of potential rear-end collision incidents 
occur under the conditions as indicated in our 
analysis of crash history data—and this is not an 
unexpected conclusion.  Virtually all incidents of 
“excessive” braking required parameters occur in 
tracks of following vehicles in the lane of the bus 
(generally straight and level) that are approaching the 
bus and ultimately stop behind the bus.  The 
remaining incidents are vehicles approaching in the 
same lane but which execute a lane change to pass, 
typically on the left, but sometimes on the right. 

 
Phase III Findings 

 
The Phase III effort was the primary data 

collection with RICWS systems on two buses over an 
assortment of AATA routes.  This collection was the 
first test with the warning lights being activated in a 
field operational environment where drivers would be 
exposed to the warning system and hopefully modify 
their driving behavior immediately following the 
warning light illumination.  This Phase III collection 
was divided into three major sub-collections, each 
one utilizing a different collision warning criteria; 0.3 
G fixed threshold, 0.225 G fixed threshold, and the 
CAMP algorithm.  Though this program was not 
funded to do a major evaluation or optimization of 
warning algorithms in Phase III, we elected to 
evaluate three different criteria in an effort to better 
characterize the motorists reaction to the system and 
either select the best approach or at least establish a 
trend.  The original plan was to analyze the Phase II 
data collection data where baseline driving behavior 
was collected.  However in this scenario, though 
excellent baseline data was collected, it of course did 
not include driver’s response to the warning because 
the lights were not illuminated.  Our original plan 
was to develop the algorithm from this baseline data 
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with no need to implement secondary modifications 
or conduct multiple algorithm studies during the 
Phase III collection where motorist response to the 
warning was included.  However, with the questions 
initiated by the combination of the initial 0.225 G 
threshold results, the results of our human factors 
testing, and the importance of the CAMP algorithm 
and the respect for that research, it was deemed most 
appropriate to evaluate multiple scenarios in the 
operational field test.  The downside of this approach 
was that for any given warning algorithm there would 
not be a sufficient number of incidents to statistically 
prove it was effective in mitigating risky driving 
behavior behind transit buses.  If we would have 
gone down the path of selecting and utilizing only 
one algorithm, then we would have had the potential 
to prove that that one algorithm was or was not 
effective in this transit bus scenario, however we 
would not have developed the understanding of how 
effective that algorithm was with respect to other 
potential algorithms.  It would just be a single point 
analysis.   

 
The Warning Light Design and Effectiveness 

Evaluation was one of the key challenges of this 
program.  General Dynamics was to design, build, 
and evaluate the warning lights that were to be 
mounted on the back of the bus.  These warning 
lights are the interface from the RICWS to the 
following vehicle driver.  The goal for the light bar is 
to capture the following vehicle driver’s attention and 
elicit a response as quickly as possible.  

 
The Vision Detection Laboratory at the 

University of California, Berkeley, led by Professor 
Theodore E. Cohn, provided the necessary design, 
build, and human factors testing to evaluate and 
select the system that provided the highest 
performance.  The result of their warning light 
research is shown in Figure 6.  The light bar is 
mounted horizontally on the back of the bus.  It is an 
LED 8-segment light bar system (50 inches long by 4 
inches high), where the segments are grouped in 
pairs.  Each pair, starting from the middle pair and 
working outwards to the left and right sides of the 
bus, are illuminated.  These sequence pairs are a 
symmetric set of segments centered about the 
centerline.  So the middle two segments are a pair.  
The next adjacent segments are a pair, and so on. As 
can be seen in Figure 6, the segments are amber, and 
the intensity was set to the same light intensity as a 
brake light.   

 
The human factors performed at the Vision 

Detection Laboratory indicated this configuration to 
elicit the fastest response from the test subjects.       

 

Figure 6.  Warning Light Bar on AATA Bus. 
 

Following Vehicle Driver Behavior was 
recorded without any public education being 
provided.  Two buses at AATA were equipped with 
the RICWS.  So all following vehicle drivers who 
encountered warnings from the yellow warning light 
bar reacted totally on intuition and basic 
understanding as to what the flashing yellow warning 
lights were trying to tell them.  In the future, if 
RICWS systems are widely deployed, it can be 
conjectured that the driving public will have been 
educated somewhat to the intention and goals of 
RICWS systems, and as such might react even more 
favorably. 

 
The video recording of the data acquisition 

system was critical in evaluating driving behavior.  
Our analyst soon discovered that as soon as most 
drivers see the bus in front of them they start making 
plans to get out from behind it.  Whether their actions 
are to immediately pull into an open adjacent lane, or 
start to jockey for position to pull into an adjacent 
lane opening, or even to force an opening in the 
adjacent lane, their goal is predominantly to get out 
from behind the bus.  And one of the very common 
maneuvers is to jockey for an open position in the 
adjacent lane while approaching the back of the bus 
on a collision course.  They pull into the adjacent 
lane at the last second, all totally planned and fully 
aware of the situation.  In this scenario, the following 
vehicle driver probably does not need to be warned 
about the impending collision with the bus, because 
in most instances he seems to be fully cognizant of 
the closing velocities and the opportunity he is 
generating to swerve around the bus.   

 
Our RICWS system, unfortunately, is not robust 

enough at processing the collected data to understand 
the driver’s plans.  The RICWS can only look at 
closing velocity and lateral velocity (and of course 
position with respect to the bus).  From our video 
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analysis we identified that there is not some typical 
following vehicle velocity behavior that is a high 
predictor of what the intentions of following vehicle 
driver is planning on doing.  So the best a RICWS 
system can do is signal its warning when the closing 
velocity and distance of the following vehicle’s 
“Braking Required” exceed the algorithms threshold 
in a driving scenario where there are no lateral 
velocity changes to indicate an impending lane 
change. 

 
For this common swerve scenario, all a RICWS 

system can do is activate its warning lights.  
However, there may be a dilemma here: if the 
warning lights are activated, how will the driver react 
in the midst of his planned risky behavior?  
Additional human factors research is needed to 
validate that drivers would not react adversely to a 
rear impact collision warning in this situation.  
 

Determining Effectiveness of the RICWS in 
Transit Bus Field Operations requires several 
evaluation parameters.  Various choices exist for 
definition of the specific warning criteria for 
signaling of the warning light.  Making this choice is 
a complicated process that involves simultaneous 
balancing of trade-offs having to do with:  

• Sensor capabilities and characteristics:  
− Lateral distance/velocity accuracy, 
resolution and dynamic range. 
− Longitudinal distance/velocity accuracy, 
resolution and dynamic range. 
− Contrast ratio between targets (following 
vehicles) and background clutter. 

• Striking a balance between false alarms and 
missed threats. 
• Timing of warning with respect to need (early 
enough to prevent crash, but not too early so as to 
represent a nuisance alert). 

 
We have looked at using three possible scenarios 

for driving the warning indicator: 
• An alert based on simple braking required 
threshold of 0.3 Gs. 
• An alert based on simple braking required 
threshold of 0.225 Gs. 
• The CAMP forward collision warning alert 
equation. 
 
For the fixed threshold approach, we collected 

data and provide warnings at both the 0.3 G and 
0.225 G thresholds.  We also collected data utilizing 
the CAMP algorithms.  

 

In the overall analysis of the performance of the 
three thresholds, we primarily compare two data 
plots.  The first graph is a plot of the braking required 
history for all incidents where the following vehicle 
exceeded the threshold and the warning light was 
signaled.  The second comparison graph is the plot of 
the braking required histories for all following 
vehicle pseudo-incidences.  These pseudo-incidences 
are situations where the following vehicle met all 
requirements to signal the warning (both threshold 
and parameters), however the warning was not 
signaled because it was not enabled.  Pseudo-
incidences are very intentional, they occur in time 
periods when the system is fully operational except 
for the final signaling of the warning light.  Their 
purpose is to provide the reference or ground truth for 
the field operational test.  

 
The key comparison that is made between the 

incidents and the pseudo-incidents is comparison of 
peak values of braking required.  For following 
vehicle incidences where the light is signaled, if the 
system is effective, the driver will respond to the 
RICWS warning light and slow down. In the 
following vehicle pseudo-incidences, the warning is 
inhibited from being signaled, and it is expected that 
the drivers would continue to drive at the bus for a 
time period, and as such their path histories would 
have higher braking required.  In fact, it is this single 
parameter comparison that we use as the metric for 
evaluation of the effectiveness of the system.  

 
As any of the charts below are analyzed, it should 

be noted that only two seconds of data was plotted 
before the threshold warning point.  In many cases 
data preceded this point, but was truncated for 
convenience of plotting.  After the threshold warning 
point, not all data returns to 0 Gs braking required, 
which seems a little odd at first glance, but the 
selected IR laser sensor does not reliably work below 
8 meters distance behind the bus, so data is truncated 
at this point.  In all cases, there were no collisions 
into the back of the bus, so all vehicles did stop 
behind the bus, pulled out of the threat zone behind 
the bus, or the bus started pulling away after the 
following vehicle entered the 8-meter zone.   

 
Another aspect of the plots for each of the data 

sets is the number of traces on each graph.  For the 
two fixed threshold sets (0.3 G and 0.225 G), there 
are few more traces (braking required incidents) for 
the non light activation scenario than on the 
activation scenario.  In both cases, the data analyzed 
was based on a 50 percent duty cycle between 
activation and non activation, so the different number 
in the plots was just a matter of statistics.  However, 
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for the CAMP algorithm, there were 13 CAMP 
warnings with the light activated, and 183 without.  
This apparent discrepancy is due to processing a 
much larger set of data where the light was not 
activated.  Any of the data which was collected 
where the light was not activated is potential data for 
reprocessing to evaluate any algorithm.  We took 
advantage of this for the CAMP evaluation.  Even 
though the CAMP light activation data was collected 
in September, the data set for CAMP with no light 
activation was a time period over March and April. 

 
The 0.3 G Fixed Threshold Data Collection is 

the least conservative warning criteria used in our 
data collection.  From an intuitive standpoint, this is 
the value of braking required which most people in 
our human factors testing felt was the maximum 
braking required level that could be done while still 
feeling “comfortable”.  It should be noted that the 
evaluations were done by the subjects deliberately 
driving towards the back of the bus and braking at the 
last instance where they felt comfortable.  As 
mentioned elsewhere in this report, at 0.3 Gs, items 
start sliding off of seats (if they are not restrained).   

 
The first plot which is shown in Figure 7 is the 

plot of the braking required histories with the 
warning light enabled at 0.3 Gs.  There are two major 
observations.  First, there were only two such 
incidences while the light bar was enabled.  And 
second, and most important for our analysis, the peak 
braking required was only 0.306 Gs, just slightly 
higher than the 0.3 G threshold for signaling the 
warning.  It also should be pointed out that this peak 
occurred within tenths of a second after the warning 
light came on, almost too fast for a driver to react, 
unless he had his foot on the brake and was starting 
to stop anyway.     
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Figure 7.  Braking Required, 0.3 G Threshold, 

Warning Signaled. 
 

The Figure 8 is the second plot of the pair of 
analysis plots.  It is the plot of the pseudo-incidences 
for the following vehicle.  In this case, even though 
the data was collected, the warning signal was not 
activated.  As shown in the plot, after the warning 
light should have been activated, the motorists kept 
proceeding towards the bus and the braking required 
values continued to increase to average peak value of 
0.33123 Gs. Comparing the average peak braking 
required of these two plots, it can be conjectured that 
the RIWCS system was effective (7.62 percent 
reduction in braking required) in getting the drivers’ 
attention and they responded positively and slowed 
down. 
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Figure 8.  Braking Required, 0.3 G Threshold, 

Warning NOT Signaled. 
 
The comparison of these two plots shows a trend, 

but does not prove the results statistically.  In 
addition, considering how few plots are generated, it 
can be conjectured that different warning threshold 
might be appropriate that would warn more drivers 
more of the time.   

 
Related to potentially picking a more 

conservative warning, analysis from the human 
factors perspective may shed some light on the issue.  
In our human factors testing, if the driver was aware 
of (looking at) the bus while approaching, 90 percent 
of our drivers felt comfortable with this 0.3 G 
braking required regime.  If a driver were not paying 
attention (not a condition evaluated in our human 
factors testing) and it took our RICWS warning to get 
their attention, then the CAMP research indicated 
that it would take the driver approximately 1.38 
seconds to respond, which would subtract from the 
time to impact, which in turn would require a higher 
braking required value.  At 30 mph, this new braking 
required value is 0.422 Gs due to time lost during 
driver response, assuming the driver immediately 
sees the RICWS warning lights.  As shown in our 
human factors testing, none of our test drivers felt 
“comfortable” braking at this level; therefore the 
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team concluded a more conservative approach was 
needed to warn the driver earlier.  

 
Two approaches for this were evaluated.  The first 

is a lower fixed threshold, and the second is the 
CAMP algorithm that takes into account time delay 
and modulates effective braking with closing 
velocity.   

 
Despite the decision of the research team to look 

at more conservative approaches, the comparison of 
braking required with and without activating the 
warning light utilizing an algorithm with a fixed 
threshold of 0.3 Gs indicates that the RICWS was 
effective in modifying the following vehicle’s driver 
behavior by lowering the braking required by 7.62 
percent (for this data set) when the light was 
activated. 

 
The 0.225 G Fixed Threshold Data Collection 

is the next more conservative warning criteria we 
implemented. The first of the two graphs (Figure 9) 
shows the time histories of the following vehicle 
incidents where the warning threshold was triggered 
at 0.225 Gs. 
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Figure 9.  Braking Required, 0.225 G Threshold, 

Warning Light Signaled. 
 
As can be seen in Figure 9, we had five incidents 

where the warning was signaled and the drivers 
responded.  The average peak braking required value 
for this set of following vehicle incidents is 0.2496 
Gs.  The comparison set is in Figure 10, where we 
had 36 incidents (note the legend only had enough 
space to display Vehicles 1 through Vehicle 31, but 
there are actually 36 traces) where the light bar would 
have been signaled if it was enabled.  The average 
peak braking required value for this set was 0.2723 
Gs.  This showed a reduced braking required of 8.3 
percent.  

 
Therefore, the comparison of braking required 

with and without activating the warning light 

utilizing an algorithm with a fixed threshold of 0.225 
Gs indicates that the RICWS was effective in 
modifying the following vehicle’s driver behavior by 
lowering the braking required by 8.34 percent (for 
this data set) when the light was activated.  
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Figure 10.  Braking Required 0.225 G Threshold, 

No Light. 
 
The CAMP Warning Algorithm Data 

Collection takes into account a 1.38 second driver 
response time and the braking required threshold is 
modulated by the speed of the following vehicle 
closing rate.  At higher speeds, the braking required 
threshold is increased.  For example at a closing 
velocity of 15 mph, the braking required threshold 
utilized is 0.309 Gs (this does not include the 1.38 
second time delay), and at 60 mph, the braking 
required threshold is 0.455 Gs.  And of course, these 
values are effectively modified by the inclusion of 
the 1.38 seconds delay time.  

 
The utilization of the CAMP algorithm to signal 

the warning light is presented in Figure 11.  The 
vertical line at the two second point is the point when 
the warning light was activated.  As can be seen 
comparing Figure 11 and Figure 9, the CAMP 
approach is more conservative than the 0.225 G fixed 
threshold.  In fact, some of the following vehicle 
braking required histories are incredibly conservative 
(see vehicle 10 and vehicle 12 traces in Figure 11) 
where the CAMP threshold is down to almost 0.1 G.  
At this type of level (almost coasting to a stop) we 
would expect many drivers to consider this a false 
positive.  Upon examining the velocity data, range 
data, and video associated with these braking 
required histories, it became apparent that these cars 
were going slow at short range and were just 
following the bus.  However, their mild driving 
behavior at this short range triggered the CAMP 
algorithm.  We cannot automatically jump to the 
conclusion that these following scenarios should be 
considered false positives, since in the real driving 
world; there are many low speed short range 
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collisions in stop-and-go traffic.  However, intuition 
tells us that there are many more situations where a 
less than 5 mph activation of the warning light would 
be considered a false positive by the following 
vehicle driver, especially if the driver is just 
following the bus slowly, and not in a major slowing 
down mode.  By studying the tracks histories of the 
following vehicle, and looking at the change in 
braking required, the closing velocities and the 
distance to the bus, etc., we believe the low speed 
warning could be significantly improved by 
appropriate examination of the available data by an 
enhanced algorithm.  Therefore we recommend that 
this low speed area needs more research.  It may also 
drive the sensor parameters specifications to work at 
a shorter range.   
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Figure 11.  Braking Required CAMP Warning. 

 
The comparison plots for the CAMP algorithm, 

with and without the warning lights are shown in 
Figure 11 and Figure 12.  The comparison shows that 
there are many more vehicle braking required 
histories without the light activation.  The data for the 
CAMP braking required with light activation was 
collected during September, and unfortunately one of 
the AATA buses was out of commission for garage 
work, so we only had a small set of data to base our 
results on.  The reference set in Figure 12 without the 
warning light activation was from a much larger set 
of data during March and April.  As such we had 183 
pseudo warning incidents without the warning light 
and only 12 incidents with the warning light. 
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Figure 12.  CAMP Braking Required – No Light 
Activation. 

 
In as mentioned above, there are many very low 

speed (less than 5 mph) incidents that are potentially 
false positives in both figures.  As such, to improve 
the quality of the analysis, we manually went through 
the data sets and eliminated the tracks at less than 5 
mph.  The results of this culling of the slow speed 
incidents where there was not an appreciable rate of 
change of braking required (following vehicle not 
stopping aggressively) are shown in Figure 13.  As 
can be seen in Figure 13, vehicle traces 6, 10, and 12 
have been eliminated.  Also, vehicle 6 was slowing 
down significantly from 0.44 Gs braking required 
down to 0.138 Gs braking required at the warning 
point, which probably means the following vehicle 
driver was well aware of the bus before the warning, 
and the warning was a false positive.  So this culling 
significantly affected the statistics of this small set.   
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Figure 13.  CAMP Braking Required, w/Lights, 

Culled < 5 mph. 
 
In the same vein we have eliminated the less than 

5 mph vehicle histories from the data set in Figur 
where the light was not activated.  This reference set 
is shown in Figure 14. This culling out the less than 5 
mph incidents reduced the number of pseudo-
incidents from 183 down to 134.  As a side note, if 
we would have culled out the incidents where the 
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speed was less than 10 mph, the number of incidents 
would have been reduced to 74.  For our analysis of 
the CAMP algorithm, we will use the data sets in 
Figure 13 and Figure 14.  As in the fixed warning 
thresholds, we looked at the average peak braking 
required, however in the CAMP plots, we will 
specifically only will look at peaks that occur after 
the warning has been signaled.  It does not make 
sense to look at peaks before the warning, since the 
warning light could not have influenced the driver’s 
behavior before it was activated.  For the fixed 
threshold algorithms we did not need to worry about 
this effect, since in the worst case situation, the 
trigger point would be the peak value.  

 
For the data set where the CAMP algorithm 

triggered the warning lights, the average peak 
braking required that occurred after the warning was 
activated was 0.1917 Gs.  In the reference data set 
where we did potentially modify the driving behavior 
(and hence the data) with activating the light, the 
average of the peak braking required that occurred 
after the warning would have been signaled was 
0.1968 Gs, only 2.6 percent higher than the where the 
light was activated to encourage the following 
vehicle to slow down.  Though this does show the 
trend, the margin of difference is small.  One of the 
issues that might be related to this is the fact that the 
set with no light is reasonably statistically significant, 
and the set with the light activation is not. 
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Figure 14.  CAMP Braking Required, No 

Warning Light, Culled < 5mph. 
 
And maybe even more importantly, with the 

CAMP algorithm the braking required value for 
triggering the light is modulated by the following 
vehicle’s closing velocity.  So, since we do not have 
a statistically significant set of data for the CAMP 
algorithm where the light was activated, it would be 
nice to have a metric that eliminated this variation.  
From analysis of the data, it was determined that such 
a potential metric was the “average difference 

between the peak braking required (after the warning 
light activation) and the braking required at the 
CAMP warning threshold.”  Intuitively this makes 
sense.  This metric looks at how much higher the 
braking required value went after the light was 
activated.  If in general this delta value is higher with 
no warning light, then we can conclude the drive 
reacted and slowed down sooner.  For our two data 
sets, this delta peak value for the set with the warning 
light was 0.0102 Gs and the delta peak value for the 
CAMP set without the warning light was 0.0302 Gs, 
or almost 3 times higher.  These acceleration values 
are not large values in themselves, but they do 
support the trend that shows the lights do cause the 
following vehicle drivers to modify their behavior to 
a more conservative regime.  And we should not just 
discount this trend just because it is based on a small 
number.  For example, at a 0.25 G threshold braking 
required value, there is one incident every 19 hours.   
At a threshold that is 0.05 Gs higher 0.3 Gs, an 
incident occurs approximately every 83 hours.  So 
even though these are small numbers, when 
considered as differences, they can represent a 
significant difference in a driving trend.  

 
CONCLUSIONS AND RECOMMENDATIONS 
 

The result of this research lays much of the 
foundation for implementing/commercialization of 
RICWS for transit buses, however there is more work 
to be done.  This proof of concept effort has 
developed a working testbed system that has been 
installed on two Ann Arbor Transportation Authority 
(AATA) buses and run in their normal operations.  
Results of the testing have shown the trend of the 
RICWS system causing the following vehicle drivers 
to modify their driving behavior to be more 
conservative.  The following drivers stop sooner with 
less braking required, which is a less risky driving 
behavior.  

 
This research paves the way to establish standards 

and/or potential regulations for RICWS systems.  A 
standard that identifies requirements should 
encompass the light bar warning system and the 
algorithm for activating the warning to provide a 
consistent warning environment to the driving public.  
The remainder of the RICWS specifications should 
be specified as a recommended practice (such as an 
SAE recommended practice).  Any particular 
implementation with a given sensor may require 
tradeoffs between the specifications.  As a 
recommended practice, the manufacture is allowed to 
perform engineering tradeoffs for their particular 
sensor selection.  If it were an absolute requirement 
or regulation down to the level identified in the final 
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specifications, then there would be almost no latitude 
for switching sensors.  For example, a millimeter 
wave radar sensor might not be able to track lateral 
velocity as accurately at the laser sensor, however the 
target (following vehicle) cross section (reflectivity) 
might be better behaved for millimeter wave, and 
therefore the overall lateral performance of a 
millimeter wave system could be better.  So it is 
important to separate and apply absolute 
requirements and recommended practices 
appropriately.   

 
The RICWS system as demonstrated in our field 

testing successfully caused the following vehicle 
driver to modify his driving behavior behind transit 
buses in a positive manner.  Though more 
confirmation is needed, such a concept could easily 
be considered for other vehicle segments.  There is 
no reason to believe applying such a system to other 
vehicle segments would not mitigate those rear-end 
collisions. A RICWS system should be able to be 
applied to trucks which also suffer from a relatively 
high rate of rear end collisions.  And in the largest 
segment, passenger cars, again rear impacts are a 
significant issue and such a system might provide 
significant mitigation.  If other segments are 
addressed, from a public education perspective and 
the desire to elicit a similar positive response from 
following vehicle drivers, similar warning devices 
should be considered for all vehicles.  Applying 
RICWS to these multiple vehicle segments will entail 
a compromise for packaging of the warning light 
system.  Of all the vehicle segments, the transit bus is 
probably the easiest to package our rather large 
warning system evaluated in this report.  However, if 
RICWS systems are to be considered for other 
vehicle segments, the salient features of the warning 
lights (color, brightness, pattern, rate, etc.) should be 
same for all vehicle segments.  Packaging will be one 
of the key issues, and as such light size, mounting 
location, across the various segments will need to be 
tailored to the configuration of vehicles in each 
segment.  The ultimate goal in the multi-vehicle 
segment would be for the driving public to recognize 
that sequence pairs of amber light blinking outwards 
means that the motorist is approaching the leading 
vehicle too fast and corrective action is needed.  

 
There is significant potential for improving the 

safety for the driving public with RICWS systems, 
and the technology is well within the grasp of the 
industry.  There are no new technology 
breakthroughs that are required for 
commercialization, and the basic concept is sound.  
We have demonstrated the following positive aspects 

from this program to support commercialization of 
RICWS: 

• That a relatively low cost IR Laser sensor was 
accurate enough to provide the range and angle 
data necessary to demonstrate the functionality of 
RICWS (for the vehicles that the sensor could 
see). 
• A medium scale on-board microprocessor 
(333MHz Pentium II) was adequate to perform 
the calculations necessary to track incoming 
vehicles and perform the warning calculations.  
No optimization was made for computational 
efficiency. 
• That the light bar warning design was 
effective in conveying the state of warning to the 
following vehicle drivers. 
• The RICWS proof-of-concept system was 
effective at causing the following vehicle drivers 
to modify their driving behavior a positive 
manner.  
 
This program has also identified the following 

near term areas that need to be addressed before the 
final steps of commercialization can be undertaken:  

• A more robust sensor needs to be 
demonstrated and evaluated.  The sensor needs to 
be able to acquire and track almost all vehicles on 
the road that could be in a position to follow 
transit buses. 
• Establishment of an accepted protection range 
behind transit buses. 
• Determination of how to handle following 
vehicles swerving around buses. 
• Enhancement of the qualifying parameters of 
when to activate the warning system. 
• Enhancement of the CAMP algorithm for low 
speed operations directly behind the bus to 
eliminate nuisance warnings. 
• Enhancement of the CAMP algorithm for 
near-range operation behind the bus to eliminate 
nuisance warnings.  
• A larger Field Operational Test (FOT) to 
characterize crash mitigation performance of 
RICWS systems applied to transit bus fleets. 
• Financial and return on investment (ROI) 
analysis of RICWS.  This would involve working 
with a potential RICWS manufacturer to estimate 
system prices for range of manufacturing 
volumes.  The product cost of RICWS systems 
should be less than the cost of forward collision 
warning systems due to many reduced 
requirements.  The RICWS does not need to 
integrate other systems to estimate roadway 
geometry, the vehicle velocities should be lower, 
and the RICWS has a less severe task in assessing 
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targets with collision potential (it does not have to 
worry about separating out stationary targets 
within and outside of the vehicles pathway).  The 
ROI analysis would take into account system 
costs, installation and operations costs, accident 
costs, insurance aspects (if applicable) and the 
probability of the RICWS mitigating rear-end 
collisions.  
• Present the salient features of RICWS and 
ROI analysis to transit bus fleet operators. 
 
Though the list of next steps is longer than the 

accomplishments list, the concept and the 
fundamentals of the technology have been 
demonstrated.  There are no major technological 
hurdles to overcome in the next steps, however there 
is engineering and sensor work listed above which 
must be completed to support deployment of a robust 
RICWS product. 

 
SUGGESTED RESEARCH AND NEXT STEPS 

 
There a few areas or issues that were not fully 

resolved that should be resolved before RICWS 
systems are commercialized.  This section will 
identify on them.  The following research steps are 
not in any order of priority. 
 
Protection Range – Following Vehicle Speeds 

 
The maximum operating range of a RICWS 

system is dependent on the maximum speed of the 
following vehicle that is desired to protect from.  For 
instance, at 60 mph utilizing the CAMP warning 
criteria, the following vehicle needs to be warned at 
118 meters.  At 35 mph the safe warning distance is 
only 55 meters.  This may be a regulatory issue, 
however; it is recommended that a study be 
performed to establish a statistical distribution of 
driving speeds over transit bus routes across the 
nation.  From this distribution, a recommendation can 
be derived as to the maximum speed and associated 
range for a following vehicle that the system must 
protect from.  We feel the industry needs a well-
founded agreed upon value for range of operation.  
 
Determination of How to Handle Swerves 

 
As identified in this report, following vehicle 

swerves around the bus are a very common 
occurrence, in fact it is much more common an 
incident than where the following vehicle comes to a 
stop behind the bus.  Many of these swerving 
following vehicles wait to the last minute to swerve, 
so the RICWS sees a driving scenario which is 
defined as an incident and will trigger the warning 

system to alert the following driver, but the following 
drive is well aware of the bus and in fact is 
concentrating on getting around it.  However there is 
an unanswered question as to how the swerving 
motorist will react to the warning lights being 
signaled as the swerve is being initiated.  A human 
factors study needs to be performed, with the desired 
goal to show there is no deleterious affect.  If it is a 
problem, then more research is needed into a much 
more robust approach to identifying a planned 
swerve.  
 
Millimeter Wave Sensor 

 
Some of our previous conclusions identified that 

an IR sensor is not the ideal sensor for a RICWS 
system, and it was conjectured that a millimeter-wave 
radar sensor would perform better.  A system 
demonstration utilizing a millimeter-wave radar 
sensor instead of the IR sensor is needed.  If the 
demonstration is successful, then in analyzing the 
RICWS data, it is expected that many fewer incidents 
would be considered false positives due to the 
tracking of well behaved reflections from following 
vehicles.  
 
Parameters for Qualifying Potential Incidents 

 
Two major events must occur before the warning 

light is signaled.  First, the following vehicle must 
exhibit a certain behavior before the warning system 
is enabled.  The second event that must occur is that 
the following vehicle must exhibit a closing velocity 
and distance that triggers the CAMP algorithm.  We 
believe the CAMP algorithm is reasonably adequate 
(see Section 4.2.7); however we believe the 
parameters that characterize the following vehicle 
driving behavior need improvement.  Presently the 
parameters include such criteria as: 1.) the following 
vehicle must have been in the alert zone behind the 
bus during some time in its trajectory history, 2.) the 
vehicle must have crossed the centerline of the alert 
zone, 3.) at the time to activate the warning, the 
following vehicle must be within + or – 2 meter 
corridor of the center line of the bus, etc. These 
parameters and approach need at least a second pass 
on their development to improve the robustness of 
the performance of the system.  The upgraded 
parameters should be tested in a field operational 
environment.  
 
Statistically Prove Performance 

 
One of the major short comings of this program is 

we did not successfully prove (statistically) that a 
RICWS was effective.  We showed trends that made 
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sense, but did not collect enough data on any 
particular configuration statistically prove 
effectiveness.  In hindsight, a better characterization 
of this effort is that it was an extensive proof-of-
concept program.  Therefore, it is recommended that 
after some or all the improvements to the system (as 
recommended in this section) are made, that another 
field operational test be conducted to prove the 
effectiveness of a RICWS in operations. 
 
Data Mining of Evaluation Data 

 
Our analysis focused on braking required as the 

key metric for evaluating the performance of the 
system.  The database of at least 200 gigabytes of 
data is a rich resource of information that has not 
been fully tapped.  In addition to the key evaluations 
we performed, other studies could be performed that 
would help understand the drivers behavior, 
understand more about the required RICWS 
performance specifications, and more about the effect 
of the warning system.  For example, analysis could 
be performed on the time averages of following 
vehicle path histories, evaluation of stopping 
distances from the bus, detailed analysis of lateral 
position and velocities of following vehicles both 
with and without the activating the warning lights 
(may provide insight into following vehicle swerves), 
regression analysis of following vehicle behavior 
with initial velocity of the following vehicle, and 
regression studies of following vehicle maneuvers 
with respect to the position the bus is with respect to 
the normal lane traffic. The database is a rich source 
of information that when analyzed will probably 
provide greater insight to driving behavior.   
 
Near-Range CAMP Algorithm Performance 

 
The CAMP algorithm seemed to provide the most 

reasonable approach as to when to warn the 
following vehicle driver.  It takes into consideration 
the delay time of the driver response and it 
compensated for drivers wanting a less conservative 
warning at higher speeds.  One of the trends we 
noticed in the analysis of the data with the warning 
light activated was that most drivers reacted much 
more quickly than the expected 1.38 seconds 
identified in the CAMP algorithm.  It is postulated 
that driver typically were already planning to stop 
and had their foot on the brake, and when our 
warning light was activated, almost immediately 
pressed on the brake pedal initiating braking quicker 
than expected.  More study to confirm this trend 
would benefit the decision analysis needed to help 
decide what a false positive is and what is not.  After 
the algorithm is enhanced, some roadside surveys of 

drivers or a public web site to acquire following 
vehicle driver feedback for such situations maybe 
helpful in understanding the driving public’s reaction 
to the light system.   

 
CAMP Algorithm Performance at Low Speed and 
Short Range 

 
The CAMP algorithm performed as expected in 

most situations.  However, at short range and low 
speed in both data sets (with and without light 
activation), there were many identified incidents 
where the CAMP algorithm activated the warning 
signal with the braking required and following speed 
at very low levels.  Of the 184 identified CAMP 
incidents, 49 incidents (almost 27 percent) were at 
0.126 Gs or less, with associated closing velocity less 
than 5 mph.  In viewing the video for many such 
incidents, it was readily apparent that the drivers 
were following the bus at a slow speed, and were 
very much aware of the bus in front of them when the 
CAMP algorithm indicates the warning lights should 
be activated.  These situations have a very low 
braking required associated with them, under 0.126 
Gs.  This is a short coming of the CAMP algorithm 
as applied to RICWS systems.  Development to 
improve slow speed following warning is very much 
needed.   This region of performance is a little 
suspect, and potentially could be considered a false 
positive.  A more in-depth study is desired to confirm 
the performance of the CAMP algorithm at low speed 
and short range.  If the study indicated that for a 
RICWS application on transit buses that the CAMP 
algorithm was too conservative (tending towards 
false positive), another parameter in the CAMP 
equation could be added to compensate for these 
scenarios.  
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ABSTRACT 

 NHTSA has developed and conducted a vehicle-
to-vehicle crash test program to evaluate the 
statistical correlation between vehicle performance 
measures and the probability of driver fatality in a 
crash partner vehicle.  The test program uncovered 
some concerns regarding NHTSA’s rigid barrier data 
collection and review methods.  The vehicle-to-
vehicle tests did not provide clear insight into the 
mechanism behind the fleet correlation, but did 
emphasize the complexity of vehicle compatibility 
and the changing safety priorities related to 
improved occupant restraints.  

INTRODUCTION 

 In September 2002, the National Highway 
Traffic Safety Administration (NHTSA) formed an 
Integrated Project Team (IPT) to conduct an in-
depth review of vehicle compatibility [1]. This team 
was chartered to identify innovative solutions and 
recommend effective strategies to improve vehicle 
compatibility.  One of the strategies developed by 
this team was to initiate a test matrix to investigate 
opportunities for vehicle crash partner protection.  
This paper documents the development, analysis, 
and results from this test program. 
 
 In recent years, NHTSA has conducted several crash 
test and statistical studies to evaluate vehicle 
compatibility. These studies attempted to correlate 
the results from staged crash testing with the fatality 
and injury consequences observed from the accident 
databases.  The IPT recommended a vehicle-to-
vehicle test program to explore the results published 
in the report, “Vehicle Weight, Fatality Risk, and 
Crash Compatibility [2].”   
 
In this report, Kahane evaluated the fatality risk to 
the driver of a passenger car when struck by another 
passenger car or an LTV.  The fatality risk for 
vehicle models were compared against compatibility 

measures derived from U.S. New Car Assessment 
Program (NCAP) testing.   The average height of 
force (AHOF) and initial stiffness were evaluated as 
predictors of real world crash outcomes [3].   
 
Kahane found that the difference in the AHOF 
between the struck and the striking vehicles had a 
statistically significant negative effect on the fatality 
risk to a car driver struck on the left side.  A 
passenger car driver struck by a vehicle with a 
relatively higher AHOF would have a greater risk of 
fatality.  No correlation was found by Kahane for 
front-to-front crashes, but subsequent research 
indicated that a correlation exists only for belted 
drivers struck front-to-front by a vehicle with a 
higher relative AHOF [4].    
 
In addition to the geometric aspects of AHOF, 
Kahane evaluated the energy absorption or front-end 
stiffness of the striking vehicle.  NHTSA had 
previously developed a methodology to compute a 
front-end stiffness measure from a linear fit to the 
force-deflection profile in NCAP testing [3].  
Kahane found that the stiffness of an LTV had a 
statistically significant positive effect on the fatality 
risk for a passenger car driver struck in the front.  
The study also found that the stiffness of a striking 
car in a left side impact had a statistically significant 
positive effect on the fatality risk of the struck car’s 
driver. 
 
In order to evaluate these statistical results, it was 
desired to implement a vehicle-to-vehicle test 
program to evaluate how the striking vehicle 
characteristics affect the safety performance [5].  It 
was decided to use three classes of bullet vehicles: 
minvans, SUVs, and pickups.  Two vehicles from 
each category were selected to have similar size and 
weight, but with different compatibility measures. 
These six bullet vehicles were tested in  a series of 
vehicle-to-vehicle crashes against a single target 
vehicle.  The occupant injury measures in the target 
vehicle were used to assess the compatibility of the 
striking vehicle.   

TEST PROGRAM 
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It was desired to select a test program that closely 
resembled the fleet crash environment, but that also 
drew from industry standard practices, so the results 
could be readily interpreted.  Data from the National 
Automotive Sampling System-Crashworthiness Data 
System (NASS-CDS) from 1998 to 2001 was 
evaluated [5].  NHTSA evaluated the frequency and 
distribution of impact angles, overlaps, and speeds.  
Comparing the crash data with industry practices, 
three tests series (full frontal colinear, 50 percent 
offset, FMVSS No. 214 configuration side impact 
tests) were selected.  The full frontal and frontal 
offset tests were chosen to be conducted using the 
methodology described by Ford [6]. For these tests, 
the target vehicle is stationary and the bullet vehicle 
is towed at the appropriate speed to provide a 56 kph 
change in velocity for the target vehicle in the full 
frontal test.  The same bullet vehicle speed is also 
used for the offset test.  The colinear offset test is 
aligned for the bullet vehicle to engage 50 percent of 
the target vehicle.  For the FMVSS No. 214 
configuration tests, rear wheel assemblies are used to 
allow the bullet vehicle to be towed at a crabbed 
approach angle. There was discussion on whether to 
use the lateral NCAP impact speeds but in the end, 
the 214 speed was selected to allow comparison with 
previous NHTSA tests [7]. In total, 18 vehicle-to-
vehicle tests were conducted.  Each of the seven 
vehicles was also crashed into a 125 mm resolution 
load cell barrier to verify the AHOF and initial 
stiffness measures.   
 
The bullet vehicles were selected as three pairs of 
similar vehicles, minivans, SUVs and full size 
pickups.  The vehicle pairs were selected to have 
similar weight to minimize any mass effects that 
were not controlled by the test conditions.  The 
vehicle pairs were also selected to maximize the 
differences between the AHOF and initial stiffness 
measures.  For the SUV pair, the Chevrolet 
Trailblazer was selected as the higher, stiffer vehicle 
and was paired with the Ford Explorer.  The Dodge 
Ram was selected as the higher, stiffer pickup and 
paired with the Toyota Tundra.  For the minivan 
category, there was no ideal pair of recently tested 
minivans.  The Dodge Caravan was selected as the 
higher but softer minivan and paired with the 
Chevrolet Venture.  The target vehicle was selected 
on the basis of good NCAP and the Insurance 
Institute for Highway Safety (IIHS) offset 
performance.  It was also decided to use a target 
vehicle with side curtain air bags. These safety 
countermeasures are expected to be more 
representative of future vehicles in the U.S. fleet.  

After a review of recent NCAP tested vehicles, the 
2004 Honda Accord was selected.  When completed, 
the test matrix should provide data for evaluation of 
the vehicle crash partner protection initiatives that 
were identified in NHTSA’s IPT report on vehicle 
compatibility. 

HIGH RESOLUTION BARRIER TESTING 

 NHTSA has recently developed a new 125 mm 
high resolution load cell barrier for use in 
evaluating vehicle crash compatibility.  For over 
twenty years, NHTSA has conducted frontal 
NCAP 56 kph rigid barrier testing.  These tests 
measured the crash forces using a 4 by 9 load cell 
array.  The load cell data from these frontal NCAP 
tests have been analyzed to evaluate performance 
measures that may relate to vehicle compatibility.  
The matrix of force measurements has been used 
to evaluate the height and distribution of crash 
forces for over 500 vehicle crash tests conducted 
under the NCAP program.  It is desired to evaluate 
the crash results for the high-resolution barrier and 
compare the results against the lower resolution 
load cell barrier.  These tests were intended to 
verify the previous data and to evaluate the 
increased resolution and geometric differences 
between the load cell barrier designs. 
 
There are a wide variety of load cell barriers in use 
today.  The barriers differ in size shape and in the 
layout of the load cell sensors.  NHTSA, in 
conjunction with the International Harmonized 
Research Agenda (IHRA) Compatibility Working 
Group, has developed a standard load cell barrier 
configuration that would encourage broad 
comparison of load cell barrier results.  The IHRA 
Compatibility Working Group has standardized on 
the use of 125 by 125 mm load cells.  NHTSA has 
developed an 8 by 16 array of single axis load 
cells.  Each load cell is rated for measuring up to 
300 kN of compression.  The test series was 
conducted with the barrier mounted 125 mm above 
the ground to be consistent with the Japanese 
Ministry of Land, Infrastructure, and Transport 
(JMLIT) NCAP program.  Subsequently, the IHRA 
compatibility group recommended a standard 
height of 80 mm ground clearance. The 125 mm 
ground clearance used for this test series is higher 
than the older NHTSA load cell barriers, 67 mm.  
However, even this additional mounting height 
was not sufficient to engage the front structure of 
all seven test vehicles. Pre test alignments shown 
in Figure 1, demonstrated the potential of vehicle 
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contact above the load cell array.  The load cell 
barrier was augmented to create a partial ninth row 
using six spare load cells, as shown in Figures 1 
and 2. 
 

 
Figure 1.  Pre test allignment for the Toyota 
Tundra 
 

 
Figure 2.  Load cell barrier augmented with 
partial ninth row 
 
The vehicles tested in this test series are shown in 
Table 1.  Only the Caravan was tested without the 
partial 9th row of load cells.  The test numbers 
refer to the NHTSA Crash test database and can be 
used to obtain the complete test results [8]. 
 
Table 1.  Rigid Barrier Test Vehicles 

Test Year Make Model 
Speed 
(kph) 

Weight 
(kg) 

5062 2004 HONDA ACCORD 56.6 1624 

5087 2001 CHEVROLET VENTURE 56.3 1975 

4990 1996 DODGE CARAVAN 56.3 1976 

5034 2002 FORD EXPLORER 56.3 2263 

5036 2002 CHEVROLET TRAILBLAZER 56.7 2339 

5073 2002 TOYOTA TUNDRA 56.3 2422 

5061 2002 DODGE RAM 56.4 2582 

 
The vehicles in Table 1 were based on previous 
results from NCAP frontal barrier tests.  The initial 
NCAP tests are shown in Table 2 below and will be 
used to compare results against the high-resolution 
data.  The NCAP test for the Honda Accord was run 
at MGA using their load cell barrier, which has a 2 
by 3 matrix of force measurements.  The MGA load 
cell data is only used to compare total force 
measurements due to the limited spatial resolution.   
The NCAP tests for the Chevrolet Venture and Ford 
Explorer were conducted at Karco, Inc.  At the time 
of these tests, the fourth row of the Karco load cell 
barrier was not working.  These two tests only 
include measurements from the lowest 3 rows of the 
barrier.  Additionally, one of the columns was 
inoperable for a total of 24 load cell measurements.  
The missing column of force measurement did not 
appear to be significant, but it appears that the 
missing 4th row of load cell data may have had 
significant consequences, particularly for the Ford 
Explorer test. 
 
Table 2. NCAP frontal barrier tests 

Test Year Make Model 
Speed  
(kph) 

Weight 
(kg) 

Load  
Cells 

4485 2003 Honda Accord 55.8 1571 6 

3676 2001 Chevrolet Venture 55.8 1971 24 

2997 1999 Dodge 

Grand 
Caravan 

56.3 2011 36 

3730 2002 Ford Explorer 55.3 2323 24 

4244 2002 Chevrolet Trailblazer 56.49 2348 36 

3915 2002 Toyota Tundra 56.2 2401 36 

4240 2002 Dodge Ram1500 56.5 2518 36 

 
Figure 3 shows an overlay of the high-resolution and 
NCAP barriers.  The NCAP barrier is slightly wider 
and is mounted lower, 67 vs. 125 mm.  The 
increased height of the high-resolution barrier may 
have been important for the taller vehicles.  The 
NCAP barriers provide a reaction surface above the 
load cell array, flush with the load cell face.  The 
narrower width of the high-resolution barrier 
appeared to be adequate for all vehicles in this initial 
test series. 
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Comparison of Barrier Layouts
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Figure 3. Comparison of NCAP and HR barriers 
 

Total Force 

In general, the total force time history measurements 
compare well between the NCAP and high-resolution 
(HR) test series.  For all tests, the total force from 
each pair of tests displays a similar shape, duration 
and amplitude. The larger LTVs, particularly the 
Explorer and Ram, show more significant deviations 
between the two tests series.  The Explorer HR test 
has a higher initial peak and the force drops off 
quicker after 50 ms. The Dodge Ram HR test has 
higher force than the NCAP test throughout most of 
the test, particularly between 60 and 80 ms. The 
front-end profiles for the seven vehicles are shown in 
Figure 4 below. The heavy line from 125 to 1125 
mm on the Y-axis indicates the height of the HR load 
cell barrier.  The three tallest vehicles in the test 
series all measured a peak force near 50 kN on the 
8th row of the HR barrier.  The Toyota Tundra 
measured a peak force greater than 20 kN on the 
partial 9th row of the HR barrier.  The comparatively 
high peak force measured in the Tundra barrier tests 
may present an increased likelihood of intrusion for 
crash partner vehicles. 
 

 

Figure 4. Vehicle Profiles 
 
The correlation factor was computed to provide a 
numerical estimation for the similarity between the 
total force measurements.  The correlation factor is 
an estimate of the likelihood that two signals could 
be equivalent with a linear transform.  For two 
signals F(t) and G(t), the correlation factor is 
computed according to Equation 1 [9].  The 
correlation factor was computed from time 0 until 
one of the test vehicles reached zero velocity. 
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The correlation factors between the HR and NCAP 
total force measurements range from 98.6 to 99.8.  
This supports the general observation that the shape, 
amplitude and duration are similar for both test 
programs.  
 
One of the principle quality checks for the historical 
load cell data was to evaluate the total force data 
against vehicle accelerometer measurements.   
Assuming the vehicle’s mass does not change during 
the crash, the integral of the total force divided by 
the vehicle mass should approximate the velocity 
time histories measured by the vehicle 
accelerometers.  This qualitative evaluation was used 
extensively for reviewing the historical NCAP test 
data [10], and was the basis for accepting the data 
from barrier tests with only 3 rows of load cell 
measurements.  Generally tests with erroneous load 
cell or accelerometer data can be readily identified 
by the divergence of the accelerometer and load cell 
velocity estimates.  Most of the NCAP and HR tests 
show good comparison between the velocity data.  
The Ford Explorer NCAP test shown in Figure 5 
mildly under-predicts the velocity change, indicating 
that most of the force was measured through the 
lower 3 rows of the NCAP barrier. 
 



 

Summers 5  

Test 3720, 2002 Ford Explorer
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Figure 5. Velocity check for Ford Explorer NCAP 
test 
 
The correlation factor was also used to compare the 
accelerometer and load cell derived velocity signals.  
The correlation factor was computed between time 
zero and the time when the force estimated velocity 
crossed zero.  Historical review of NCAP test data 
have shown that the correlation factor is generally > 
0.98.  Additionally, a correlation factor below 0.95 
often indicated a problem with the test data. 
Conversely, a correlation factor greater than 0.95 did 
not provide an additional estimate of data accuracy. 
Figure 6 below shows the correlation coefficients for 
the velocity estimates.  The NCAP and HR barrier 
tests are generally in the same range for the 
correlation coefficiant.  Of the high resolution tests, 
only the Ford Explorer had a correlation coefficient 
below 0.99. 
 

 
Figure 6. Velocity correlation factors for NCAP 
and high resolution barrier tests 
 
Evaluation of the total force measured in the NCAP 
and high-resolution test programs raised some 
concerns regarding the repeatability of the total force 
measurements.  The increased height of the high-

resolution barrier and the loads measured in this 
region seem to indicate that previous NCAP testing 
did not measure all of the crash forces for the large 
LTVs. 

Height of Force 

The AHOF is a measure of the characteristic height 
at which the vehicle loaded the barrier during the 
test.  At each time step, the Height of Force (HOF) is 
computed as shown in Equation 2 below, where n 
represents the number of load cells in the barrier.  
The HOF(t) represents the height which the total 
force should act to produce an equivalent moment 
about the ground.   
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The HOF(t) is then averaged, using the total force(t) 
as a weighting function.  The weighting function 
biases the AHOF to the time(s) when the force is 
highest.  The resulting AHOF can be considered the 
characteristic height at which the force was 
transferred to the barrier during the crash.  The 
AHOF is computed using Equation 3. 
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The HOF(t) and the AHOF can only be computed for 
times when the total force is not near zero.  At the 
beginning or end of the crash, a low total force can 
lead to numerical instability in the computation.  The 
AHOF for all of the tests was computed over the 
time duration where the total force exceeded 50 kN.  
The AHOF for the NCAP and HR tests are shown in 
Table 3 below.  The AHOF is not shown for the 
Accord NCAP test, which was conducted using the 
2-row load cell barrier at MGA Research.   
 
Table 3. AHOF measurements 
 NCAP 

AHOF 
HR 
AHOF 

Change 
(mm) 

Honda Accord  414.5  
Chevrolet Venture 449.0 496.0 47.0 
Dodge Caravan 534.0 553.0 19.0 
Ford Explorer 495.5 593.4 97.9 
Chevrolet Trailblazer 561.2 562.8 1.6 
Toyota Tundra 516.9 575.6 58.7 
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Dodge Ram 570.1 587.7 17.6 

 
The variation in AHOF between the NCAP and HR 
tests varied between 1.6 and 97.9 mm.  The large 
discrepancy for the Explorer and Venture tests are 
likely due to missing fourth row of load cell data in 
the NCAP test.  However, the Tundra test had 
complete NCAP data but had a 59 mm difference in 
the AHOF. This would lead to the conclusion that 
the relative size of the barriers and test vehicles leads 
to the higher AHOF’s for the HR barrier.  However, 
the Ram, Trailblazer and Carvan, demonstrated  
much lower AHOF differences.  The vertical impact 
point was not measured for this test series, but was 
shown on subseqent test series to vary as much as 20 
mm from the static pretest alignment.  The AHOF 
repeatability is also limited by the approximately 250 
mm load cell size for the NCAP tests.  If the AHOF 
can only be expected to be accurate to within ¼ of 
the load cell size, then only the Explorer exceeds the 
accuracy expectations. 
 
Figure 7 shows the HOF(t) for the Honda Accord as 
the green line.  The AHOF is indicated by the dashed 
red line in Figure 7.  The blue curve shows a running 
average for the HOF(t) and visually indicates how 
the AHOF converges to its final value.  There is a 
large difference in the HOF(t) for the early and late 
phases of the crash.  This behavior is typical for 
passenger vehicles where the engine generally 
impacts the barrier late in the crash. 
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Figure 7. HOF(t) and its convergence for the 
Honda Accord 
 
The change in HOF(t) for the Accord test can also be 
observed by examining the forces on the individual 
rows of the barrier, shown in Figure 8.  The barrier 
rows are numbered from the bottom and increase 
upwards.  Thus the row 1 curve is the lowest row 

from 125 to 250 mm above the ground.  Evaluation 
of the test film indicates that the secondary impact 
measured by rows 1 to 5 resulted from the engine 
striking the load cell barrier. 
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Figure 8.  Row forces for the Honda Accord test 
 
By comparison the HOF(t) plot for the Dodge Ram 
converges quickly to its final value as shown in 
Figure 9.  The HOF(t) does not vary significantly 
until near the end of the crash. 
 

Test 5061, Average Height of Force
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Figure 9. HOF(t) and its convergence for the 
Dodge Ram 
 
The Dodge Ram measured most of its force in Rows 
3 and 4 with smaller contributions from rows 5 and 8 
as shown in Figure 10.  The relative magnitudes of 
the row forces remained constant contributing to the 
stable HOF(t).  Row 8, shown in blue, measured 13 
percent of the peak row force.  Row 8 is almost 
completely above the standard NCAP barrier and 
this force is data that would not have been measured 
in an NCAP test, but would have been transmitted to 
the plate above the NCAP barrier.  Rows 8 and 9 had 
a peak force that was about 5 percent of the peak 
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total force for the SUV and pickup tests.  These high 
impact forces certainly contributed to the increased 
AHOF measured in all of the high resolution barrier 
tests. 
 

Test 5061, Dodge Ram Force by Rows
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Figure 10. Row forces for the Dodge Ram test 
 

Initial Stiffness 

The initial stiffness metric was developed to 
characterize the initial slope of the force deflection 
profiles measured in rigid barrier testing.  This is of 
interest because examination of the force-deflection 
profiles measured in NCAP frontal barrier tests 
indicated a consistent variation in the initial slope 
between cars and LTVs.  Force deflection profiles 
were computed for each NCAP test.  The profiles 
were then averaged by vehicle categories using the 
vehicle test weight.  The average profiles are shown 
in Figure 11.  The legend lists the vehicle categories 
and the number of NCAP tests that were averaged to 
compute the force deflection profile. 
 

Comparison of Average Force-Deflection Profiles
Models Year 1982 to 2002

Displacement (mm)

0 200 400 600 800 1000

A
ve

ra
ge

 F
or

ce
 (

N
)

0

2e+5

4e+5

6e+5

8e+5
Subcompact  (24)
Compact  (106)
Midsize  (134)
Fullsize  (159)
SUV  (74)
Van  (44)
Truck  (62)

 
Figure 11.  Average force-deflection profiles from 
NCAP test data 
 

From 0 to about 200 mm of deflection, the average 
slope for SUVs, pickups and minivans were very 
similar and much higher than the corresponding 
slope for the passenger cars.  The initial stiffness 
measure was developed to provide a numerical 
measure of this difference between passenger 
vehicles and LTVs.  It was hypothesized that the 
initial rise in force could lead to increased door 
intrusion velocity in a side struck vehicle.  Several 
methodologies were evaluated to systematically 
estimate the early slope in the force deflection 
profile [3].  The resulting initial stiffness was 
estimated by computing a linear fit that was 
constrained to start within the first 200 mm of the 
force defletion profile.  The linear fit must have an 
R2 value > 0.95.  The slope of the longest straight 
line, greater than 75 mm in length was selected as 
the initial slope for the force deflection curve.  The 
initial stiffness was computed for each of the NCAP 
tests and is plotted in Figure 12 below. 
 

 
Figure 12.  Initial stiffness measures for barrier 
tests 
 
The initial stiffness measures for this test series are 
shown in Table 4 along with the earlier results from 
the NCAP testing program.  Similar to the AHOF 
measures, almost all of the stiffness measures 
increased  in the HR test program.  The HR Explorer 
had a dramatic increase in stiffness compared to the 
NCAP test.  Table 4 shows the percent change 
relative to the HR stiffness measures. 
 
Table 4. Initial Stiffness measures 
 NCAP 

Stiffness 
HR Stiffness 
(N/mm) 

Change 

Honda Accord 1467.6 1593.1 7.9 % 
Chevrolet Venture 1852.7 2146.4 13.7 % 
Dodge Caravan 1347.0 1333.4 -1.0 % 
Ford Explorer 2722.0 5002.8 45.6 % 



 

Summers 8  

Chevrolet Trailblazer 2478.8 3663.6 32.3 % 
Toyota Tundra 1641.5 2829.3 41.2 % 
Dodge Ram 2731.5 3401.0 19.7% 

 
Figure 13 shows the significance of the increased 
initial force for the Ford Explorer. The initial 
stiffness regressions are shown as dashed lines over 
the force deflection profiles.  The length of the lines 
indicates the longest applicable region with an R2 > 
0.95.  The high-resolution test has considerable more 
energy or area under force-deflection profile. 
 

Figure 13. Initial stiffnes for the Ford Explorer 
 
The initial stiffness for the Toyota Tundra tests 
demonstrated one of the shortcomings of using 
regression estimates, as shown in Figure 14.  In the 
NCAP test, the inflection between the first two peaks 
of the force-deflection profile was small enough 
where it was possible to fit a straight line across the 
two peaks, resulting in a lower stiffness estimate.  
The high-resolution test had a more pronounced, or 
curved, inflection point which prevented a linear 
regression from spanning the two peaks.   
 

 
Figure 14.  Initial stiffness for the Toyota Tundra 
 
Overall, these test results raise some concern about 
the calculation of the initial stiffness measure from 
the NCAP test data.  All but one of the vehicles had 
higher initial stiffness measures in the high-
resolution test series.  If this trend is consistent, then 
fleet correlation studies will have been conducted 
using underestimated stiffness values for the striking 
SUVs and pickups. 

Injury Measures 

The injury measures for the 50th percentile male 
drivers are shown below in Table 5.  The injury 
measures are generally low with the exception of the 
Venture HIC15.  This occurs between 69 and 84 ms 
when the driver’s head appears to bottom out the air 
bag. 
 
Table 5.  Driver injury measures 

Model 
15 ms 
HIC 

Max 
Nij  

3 ms 
Clip 

Chest 
Def 

Left 
Femur 

Right 
Femur  

ACCORD 310.7 0.21 41.0 33.4 319 727 

VENTURE 731.0 0.44 39.1 28.8 5366 8720 

CARAVAN 553.4 0.53 51.7 40.4 6285 7336 

EXPLORER 427.8 0.52 54.4 33.3 6486 6077 

TRAILBLAZER 443.7 0.55 57.5 37.9 6111 6157 

TUNDRA 352.9 0.36 47.9 31.4 3722 3475 

RAM 381.8 0.30 48.0 33.6 2366 3508 

 
The corresponding injury measures for the belted 5th 
percentile passenger are shown in Table 6.  There 
were three injury criteria exceeding the reference 
values, the Caravan left femur compression, the 
Trailblazer 3 ms chest acceleration, and the Ram Nij 
in tension-extension (between 60 and 80 ms).  The 
neck extension moment for the Ram passenger 
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exceeded 28 N-m between 50 and 80 ms. The 
Trailblazer 3ms Clip occurred between 63 and 66 ms 
and had a peak Neck extension moment of 38 N-m at 
55 ms. 
 
Table 6.  Passenger injury measures 

Model 
15 ms 
HIC 

Max 
Nij 

3 ms 
Clip 

Chest 
Def 

Left 
Femur 

Right 
Femur  

ACCORD 237.0 0.41 42.4 29.6 888 293 

VENTURE 243.6 0.44 46.4 25.4 3275 2881 

CARAVAN 586.8 0.35 50.4 14.4 6897 3724 

EXPLORER 259.2 0.43 53.6 27.9 2194 1361 

TRAILBLAZER 568.3 0.98 66.8 36.1 4798 3026 

TUNDRA 695.8 0.47 59.3 29.9 3630 858 

RAM 275.6 1.17 50.3 37.4 4878 1199 

 

Intrusion Measurements 

The intrusion measurements for the seven vehicles 
are plotted in Figure 15.  The Venture generally had 
the largest intrusions with the two instrument panel 
intrusions in the IIHS marginal region.  The brake 
pedal for the Caravan and Trailblazer were in the 
IIHS good region, along with both Instrument panel 
measurements for the Explorer. 
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Figure 15. Intrusion measurements for high 
resolution barrier tests 
 

Rigid Barrier Conclusions 

The high-resolution load cell barrier appears to have 
operated properly and provided good data for the 
seven tests in this series.  The peak forces were less 
than 2/3 of the rated load cell capacity.  The 125 mm 
load cell has provided improved resolution.  This 
series did bring into question the compatibility 
measures derived from previous NCAP test data.  
Significant load was measured above the standard 
load cell barrier.  As a result, neither the AHOF nor 
the initial stiffness measures demonstrated test-to-

test consistency.  Repeat tests using the 125 mm 
barrier will be necessary to evaluate repeatability of 
these peformance measures.  The test vehicles were 
selected to have a distribution of performance 
metrics.  The HR barrier tests indicated that the 
performance metrics for the vehicle pairs were not as 
different as expected from NCAP test results. Figure 
16 shows the AHOF and initial stiffness from the 
NCAP and HR barrier tests.  For all three vehicle 
pairs the difference in AHOF for the HR tests is 
reduced as shown by the AHOF difference between 
the pairs of outlined and filled markers in Figure 16. 
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Figure 16.  Distribution of compatibility 
measures for vehicle pairs 

FULL FRONTAL VEHICLE TO VEHICLE  

Six full frontal vehicle-to-vehicle tests were 
conducted.  Each test was run against a stationary 
2004 Honda Accord.  The impact speed was 
established to obtain a 56 kph change in velocity for 
the struck Honda Accord.  The test matrix is shown 
in Table 7 below.  The Honda Accord contained a 
50th percentile Hybrid III driver with Thor-Lx legs.  
The target vehicle also contained a 5th percentile 
female Hybrid III right front passenger. 
 
Table 7.  Full Frontal Bullet Vehicles 

Test Year Make Model 
Weight 
Ratio 

Speed 
(kph) 

5109 2001 CHEVROLET VENTURE 1.20 102.0 

5112 1999 DODGE CARAVAN 1.22 101.2 

5081 2002 FORD EXPLORER 1.41 95.6 

5113 2002 CHEVROLET TRAILBLAZER 1.46 94.5 

5085 2002 TOYOTA TUNDRA 1.48 93.8 

5041 
5247 

2002 DODGE RAM 1500 1.56 92.5 
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There was moderate override early in the tests with 
the SUV and pickup vehicles as shown in Figure 17.  
Overall, the crash interaction was very good with no 
signs of significant occupant compartment intrusion 
and good structural interaction between the target 
and the bullet vehicles. 
 

Figure 17.  Full frontal Tundra into Accord test 
 
The normalized driver injury measures are shown in 
Table 8. below.  In two of the tests, number 5112 
and 5041, the driver air bag ripped during 
deployment. Honda repeated the test for the Ram 
and those results are shown in Table 8.  No driver 
injury measures are available for the Caravan test. 
 
Table 8.  Injury measures for Honda Accord 
drivers in full frontal tests 

Test 
Striking 
Vehicle 

15 
ms 
HIC 

Max 
Nij 

3 
ms 
Clip 

Chest 
Deflection 

Left 
Femur 

Right 
Femur 

5062 
Rigid 

Barrier  310.7 0.21 41.0 33.4 319 727 

5109 Venture 169.7 0.24 36.0 32.8 1231 2038 

5081 Explorer 508.8 0.31 43.9 29.4 3280 5110 

5113 Trailblazer 273.0 0.27 35.4 27.6 1896 2269 

5085 Tundra 805.1 0.31 46.5 29.9 1249 5218 

5247 Ram 1500 212.1 0.42 40.4 29.7 3589 2875 

 
The test with the Tundra has a high HIC15 between 
85.8 and 100.8 ms when the dummy’s head appears 
to bottom out the air bag and hit the steering wheel.  
The driver struck by the Explorer had higher injury 
criteria for all injury measures than the driver struck 
by the lower, softer Trailblazer.  There was no 
similar trend for the pickups. 
 
Figure 18 plots the normalized injury measures for 
the Accord drivers struck by vehicles with the higher 
AHOF / Stiffness against the same criteria for the 
lower measures of each pair.  The Explorer had 

higher AHOF and stiffness and generated higher 
Honda driver injury criteria than the Trailblazer.  
The Ram had a higher AHOF and stiffness, yet 
generated lower Honda driver injury criteria 
compared to the Tundra.  The two vehicle pairs 
provide opposite conclusions in this test series. 
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Figure 18.  Normalized injury for vehicle pairs 
 
The safety systems performed well for all of the 
Honda Accord passengers.  The injury measures are 
generally low as shown in Table 9.  For the two Ram 
tests, the Honda passenger injury measures repeated 
remarkably well.  There are no observed trends 
between the passenger injury measures and the 
striking vehicle characteristics. 
 
Table 9.  Injury measures for Honda Accord 
right front passengers in full frontal tests 

Test 
Striking 
Vehicle 

15 
ms 
HIC 

Max 
Nij 

3 ms 
Clip 

Chest 
Def 

Left 
Femur 

Right 
Femur 

5062 
Rigid 

Barrier  237.0 0.271 42.4 29.6 888 174 

5109 Venture 242.6 0.264 44.8 16.4 2166 2291 

5112 Caravan 224.9 0.332 42.3 18.2 2884 2337 

5081 Explorer 282.2 0.283 47.3 15.7 3619 3503 

5113 Trailblazer 155.3 0.383 35.2 16.3 3483 3716 

5085 Tundra 218.4 0.502 45.5 16.5 3680 2882 

5041 Ram 1500 255.2 0.321 43.9 14.9 3391 3232 

5247 Ram 1500 286.7 0.297 48.1 17.0 3891 2259 

 

Intrusion Measurements 

The intrusion measurements for the struck Honda 
Accords are shown in Figure 19. The SUV and 
pickup striking vehicles produced considerably more 
intrusion than the two minivans.  Only the Accord 
struck by the Ram exceeds the IIHS limits for good 
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performance at the right toe pan and brake pedal 
locations. 
 

 
Figure 19. Full Frontal Intrusion measurements 
 
The low intrusions for the minivan tests can be 
understood by examining the intrusion 
measurements for the striking vehicles, shown in 
Figure 20.  Here the minivans clearly stand out as 
having significantly more intrusion than the SUVs 
and pickups.  The Venture had brake pedal and 
instrument panel intrusions that exceeded the the 
IIHS good region. The striking and struck vehicle 
intrusions for the minivans tests are completely 
opposite of those measured in the SUV and pickup 
tests. 
 

 
Figure 20. Full frontal striking vehicle intrusion 
 

Comparison of Crash Pulses 

Figure 21 plots the acceleration measured near the 
Honda Accord driver seat for all six of the full 
frontal tests.  The acceleration for the rigid barrier 
test is also shown as the dark green line.  The full 
frontal tests are suprisingly similar to the rigid 
barrier test.  The vehicle-to-vehicle accelerations 

appear to have a slightly shorter duration.  This is 
consistent with the passenger injury measures which 
were fairly consistent for all tests.  Only the femur 
force measurements were consistently higher for the 
driver and passenger dummies. 
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Figure 21. Comparison of Honda Accord 
acceleration measurements 

FRONTAL 50% OFFSET TEST SERIES 

An identical series of bullet vehicles were run into a 
stationary Honda Accord using the same impact 
speeds as the full frontal test series.  In this test 
series, the vehicles were aligned so that the bullet 
vehicle would engage 50 percent of the width of the 
Honda Accord.  The collinear offset test matrix is 
shown in Table 10. 
 
Table 10. Offset Test Matrix 

Test Year 

Make Model 
Test 
Weight 

Speed 
(kph) 

5110 2001 CHEVROLET VENTURE 1943 102.8 

5116 1999 DODGE CARAVAN 2015 100.9 

5080 2002 FORD EXPLORER 2292 94.6 

5040 2002 CHEVROLET TRAILBLAZER 2371 93.0 

5086 2002 TOYOTA TUNDRA 2431 93.8 

5111 2002 DODGE RAM1500 2527 92.9 

 
There were no test anomalies in the offset test series.  
The injury criteria for the Honda Accord drivers in 
the Honda Accord were all generally low and are 
shown in Table 11.   For comparison the injury 
measures from an IIHS 64 kph offset deformable 
barrier test are included. 
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Table 11. Injury measure for Honda Accord 
drivers in offset frontal tests 

Test 
Striking 
Vehicle  

15 ms 
HIC 

Max 
Nij 

3 ms 
Clip 

Chest 
Def 

Left 
Femur 

Right 
Femur 

4450 IIHS ODB 290.8 0.329 40.7 31.3 444 645 

5110 Venture 273.4 0.215 37.9 28.1 1207 1965 

5116 Caravan 387.6 0.302 38.6 26.4 1916 2243 

5080 Explorer 264.9 0.330 40.5 33.4 3787 3967 

5040 Trailblazer 282.1 0.347 46.2 28.7 3338 4325 

5086 Tundra 240.2 0.237 35.2 26.3 3262 3117 

5111 Ram 1500 184.9 0.234 33.7 26.4 2763 2418 

 
The struck driver injury measures do not show a 
consistent trend between the striking vehicle 
characteristics.   Figure 22 plots the normalized 
injury measures for the vehicle pairs.  The injury 
measures generally fall along the 45 degree line 
indicating similar outcomes for the Accord drivers 
struck by the higher/stiffer and lower/softer vehicles. 
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Figure 22.  Normalized injury measures for the 
offset vehicle pairs 
 
The Honda Accord 5th percentile female passenger 
dummies all had low injury measures and are not 
shown.  The only significant injury measures 
recorded in this test series were for the drivers of the 
striking minivans.  Both of the minivan drivers had 
HIC15 values above 90 percent of the accepted 
reference value. 

Intrusion Measurements 

Figure 23 shows the intrusion measures for the 
Honda Accord vehicles that were struck by the 
various bullet vehicles.  The Accord struck by the 
Explorer had both instrument panel intrusions in the 
IIHS poor range.  The Accord struck by theTundra 
had left and right toepan intrusions in the IIHS poor 

range.  Only the Accord struck by the Venture had 
intrusion measurements completely in the IIHS good 
range. 
 

 
Figure 23. Honda Accord intrusion 
measurements 
 
The low intrusions measured in the Accords struck 
by the minivans can again be understood by 
examining the striking vehicle intrusions shown in 
Figure 24.  Here the Venture has several intrusion 
measurements in the IIHS unacceptable range.  The 
intrusion measurements for the Caravan are in the 
IIHS acceptable range.  All of the SUVs and pickups 
have minimal intrusion and are in the IIHS good 
range. 
 

 
Figure 24. Striking vehicle intrusions 

SIDE IMPACT TEST SERIES 

The final test series in the program used the same 
bullet vehicles in FMVSS No. 214 configuration side 
impact tests.  The Honda Accords were struck in the 
driver’s side.  An ES2re driver dummy was used.  A 
SID-2S FRG dummy was seated in the left rear 
seating position.  All tests were run at the same 



 

Summers 13  

nominal impact speed, 54 kph, regardless of the mass 
of the striking vehicle. 
 

Figure 25.  Tundra into Accord side impact test 
 
The injury measures for the struck drivers of the 
Honda Accords are shown in Table 12 below.  This 
table also includes the injury measures from a 
FMVSS No. 214 configuration test conducted using 
a ES2re driver dummy in a Honda Accord.  Almost 
all of the peak rib deflections exceeded the threshold 
value despite the presence of a thorax side air bag.  
The peak deflection was measured on the lower 
thoracic rib for all tests including the FMVSS No. 
214 test.   This lower thoracic rib appeared to be 
adjacent to the arm rest on the door.  The HIC36 
measurements were all remarkably low, especially 
considering the proximity of the dummys head to the 
hood of the striking vehicles, as shown in Figure 25.  
The low HIC measures appear to demonstrate the 
protective performance of the Accord side curtain air 
bag.  The peak abdominal forces generally increase 
with the mass of the striking vehicle.  The injury 
measures generated by the SUVs and pickups all 
exceed those in the FMVSS No. 214 configuration.  
Only the rib deflection measurements would have 
affected the overall test performance.  
 
Table 12. Side impact Honda Accord driver 
injury measures 

Test 
Striking 
Vehicle 

HIC 
36 

Rib 
Def  

Lower 
Spine 

Abdom. 
Force 

Pubic 
Force 

4862 214 MDB 223.4 22.7 50.3 809.7 2405

5146 Venture 128.1 45.5 48.0 597.0 3361

5142 Caravan 68.5 37.0 36.0 622.8 2063

5151 Explorer 249.5 43.5 52.2 987.1 3804

5156 Trailblazer 281.0 45.4 60.0 974.8 4986

5141 Tundra 341.2 47.5 51.5 1404.8 3204

5161 Ram 1500 267.0 45.7 54.4 1343.8 3357

 

Figure 26 plots the normalized injury measures for 
the higher / stiffer vehicles against the lower / softer 
vehicle in the same category.  The data points largely 
lie below the 45 degree line indicating that the crash 
outcome was worse for the vehicle struck by the 
lower / softer bullet vehicle.  This is in direct 
opposition with NHTSA’s previous fleet correlation 
[2].   However, the fleet correlation was based on 
fleet crash data almost completely without side 
curtain air bags.  It appears that head protection 
provided by side curtain air bags may be a good 
countermeasure for the head injuries resulting from 
crashes similar to these.  
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Figure 26. Normalized injury measures for the 
side impact vehicle pairs 
 
The rear passenger injury measures were generally 
low as shown in Table 13.  This table includes the 
injury measures from a FMVSS No. 214 
configuration test with a SID2s rear occupant.  Only 
the SID-2S FRG struck by the Tundra exceeded any 
injury tolerance level.  The HIC36 for this test was 
also very close to the tolerance limit.  The minivans 
generated lower injury measures than in the FMVSS 
No. 214 configuration test.  The SUV and pickup 
impacts produced increased HIC36 measurements.  
The lower spine and acetabulum measures bracketed 
the FMVSS No. 214 configuration results. 
 
Table 13. Honda rear passenger injury measures 

Test 
Striking 
Vehicle 

HIC 36 Lower 
Spine 

Acetabulum 
Illiac Force 

5044 214 MDB 300.1 52.1 3777.9 

5146 Venture 288.6 50.0 3565.6 

5142 Caravan 283.5 42.5 2727.6 

5151 Explorer 568.2 64.2 4038.2 

5156 Trailblazer 452.4 63.2 4063.8 
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5141 Tundra 967.6 114.8 2901.3 

5161 Ram 1500 598.7 50.6 3444.3 

DISCUSSION 

This test program was established to investigate the 
statistical correlation between vehicle performance 
measures and struck driver fatality.   For all twelve 
of the frontal tests, only one of the drivers 
demonstrated a significant risk for serious injury.  
This driver was struck by the pickup vehicle with the 
lower performance measures.  For the side impact 
tests, all but one of the struck drivers had a 
significant risk for serious injury.  The one driver 
with the lower risk of thoracic injury, was struck by 
the minivan with the higher AHOF and lower 
stiffness.  Neither of these observations support a 
correlation with the real world crash statistics.  There 
are several factors confounding the conclusions of 
this test series.  Kahane’s analysis used data for 
model year 1991 through 1999 vehicles, this test 
series evaluated newer vehicles and the results may 
reflect the improved safety performance.  The recent 
analysis by Austin [13] utilized different data 
sources and some newer vehicles, yet still found a 
correlation between AHOF risk of injury in side 
impact crashes. This test series along with the fleet 
analysis emphasize the complexity of predicting how 
vehicle designs will interact with other vehicles, their 
restraint systems, and the safety outcome for 
passengers of current and future vehicles. 
 
This high resolution barrier test series unexpectedly  
brought into question the completeness of the load 
cell measurements collected using NHTSA’s existing 
load cell barriers, particularly for the larger vehicles 
in this series.  There was a substantial force 
measured above the older 4 by 9 load cell barriers.  
Almost all of the compatibility performance 
measures increased when the vehicles were tested on 
the taller high resolution barrier.  The NHTSA load 
cell barriers were designed and built twenty years 
ago with smaller vehicles in mind.  There is a need to 
update the crash walls used in NHTSA testing.  
Because the bullet vehicles were selected using 
incorrect compatibility metrics, the difference in the 
AHOF and stiffness measures were not as significant 
as originally intended. 
 
NHTSA has already initiated repeatability testing to 
evaluate the 125 mm load cell barrier measurements.  
Preliminary test results indicate that the AHOF and 
stiffness measures can have acceptable repeatibility.  

However, it is important to measure and correct for 
any vertical impact misalignment. 
 
The test series also indicated concerns regarding the 
acceptance criteria used to review the historical 
NCAP data.  Previously, test data were accepted if 
the force and accelerometer  measurements closely 
correlated each other.  The results of the Explorer 
NCAP test indicate that the acceptance criteria need 
to impose stricter requirements on the transfer 
function between the barrier force input and the 
accelerometer measured response.  Research is 
underway to quantify appropriate acceptance criteria 
and to reevaluate the historic NCAP data. 
 
The AHOF was developed as a performance measure 
because it is a simple method to distill the time 
varying load cell measurements down to a single 
number that is easily related to the vehicle design.  
The AHOF generally aligns with the primary energy 
absorbing structure of the vehicle.  Furthermore, 
large differences in AHOF generally leads to frontal-
frontal crash override behavior as shown in Figure 
17.  However, this test series and others [12] have 
shown that override does not always relate to a 
reduced safety outcome for the driver of the vehicle 
with the lower AHOF.  These results seem to show 
that for lower speed vehicle-to-vehicle crashes, some 
override can improve occupant safety by providing a 
slower decceleration; however, at higher impact 
speeds this can lead to occupant compartment 
intrusion.   
 
For side impact crashes, the safety correlation with 
the AHOF difference seems to have been reduced, if 
not removed, by the presence of side curtain air bags. 
While not a suprising conclusion, vehicle 
compatibility is most readily evaluated from real 
world  crash statistics, yet the historical trends may 
not always apply to future vehicles.  For front-to-
front crashes manufacturers are introducing 
secondary energy absorbing structures designed to 
better interact with passenger cars.  It may take 
several years to aquire enough crash data to see if 
these vehicle designs perform as intended. 
 
Numerous methods have been used to evaluate 
vehicle stiffness and its potential contribution to 
vehicle compatibilty.  Stiffness is an intuitively 
significant measure, that is hard to quantify in a 
rigorous manner.  In a recent NHTSA study [11], the 
initial stiffness estimate was the only one of several 
stiffness estimates to show any real world 
correlation.  However, this measure was developed 
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from evaluation of NCAP barrier data and has not 
been rigorously linked to real world crash 
mechanisms. More research is needed to better 
understand the role of stiffness in vehicle-to-vehicle 
crashes and to improve the consistency and 
relevance of these measures. 
 
Crash severity plays a significant role in the 
evaluation of vehicle compatibility.   NHTSA’s fleet 
correlations evaluate the probability of driver 
fatality, yet these test results generally indicate a low 
probability of serious injury.  It is questionable 
whether this test series, particularly the offset tests, 
evaluated the same crash severity that was 
responsible for the fleet correlations.  It is also likely 
that the safety performance of the target vehicle’s 
restraint systems were improved from the restraint 
systems that led to previous fleet correlations.   
 
None of the three test series provided significant 
insight or understanding to explain the fleet 
correlations with AHOF and stiffness metrics.   The 
bullet vehicles did not have the distribution of AHOF 
and stiffness measures that was expected when the 
vehicles pairs were selected.  The restraint systems 
in the target vehicle appear to have performed very 
well and likely reduced any effects to the varying 
compatibility of the bullet vehicle pairs.  The side 
curtain air bags appear to have greatly reduced the 
potential for head injury in the side impact tests.  
While this test series does not help to explain the 
observed fleet safety correlations with the proposed 
compatibility measures, it does provide significant 
insight into the complex safety interactions and 
mechanics of vehicle crash compatibility. 
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ABSTRACT

In 2002, the National Highway Traffic Safety 
Administration (NHTSA) identified rollover 
crashes as one of its highest safety priorities.  
NHTSA formed an Integrated Project Team 
(IPT) specifically to examine rollover crashes 
and to make recommendations as to how it could 
most effectively improve safety in this area.  
This paper presents the research program 
undertaken to carry out the crashworthiness 
related aspects of these recommendations. 
 
The crashworthiness rollover research program 
can be separated into two main topics, ejection 
mitigation and protection for non-ejected 
occupants.  The ejection mitigation program 
encourages the use of occupant containment 
countermeasures, developing performance 
requirements, and test procedures for evaluating 
these countermeasures, and developing test 
procedures to evaluate rollover sensors that will 
be used to deploy the countermeasures.  The 
research program for the protection of non-
ejected occupants includes evaluating roof crush 
test methods and rollover restraint performance.  
NHTSA’s research plans, recent results, and 
their significance to the overall rollover problem 
are presented for each of these research areas. 

INTRODUCTION 

From 1995 to 2003, the National Automotive 
Sampling System Crashworthiness Data System 
(NASS-CDS) reports an average of 261,881 light 
vehicles involved in rollover crashes.  Rollover 
crashes can be especially lethal; although they 
comprised only two percent of crashes, they 
accounted for almost one-third of light vehicle 
occupant fatalities (including 59 percent of sport 
utility vehicle [SUV] fatalities) in 2003.  The rate 

of rollover in towed light vehicles with serious 
occupant injury (25 percent) was nearly four 
times as high as for towed vehicles with no more 
than property damage (6 percent).  Fifty-eight 
percent of rollover deaths in light vehicles were 
associated with full or partial ejections.  Light-
vehicle rollover crashes resulted in 10,378 
fatalities in 2003 and in approximately 245,142 
non-fatal injuries per year (on average) from 
1995-2003.  
  
In 2002, NHTSA identified rollover crashes as 
one of its highest safety priorities.  The Agency 
formed an Integrated Project Team (IPT) 
specifically to examine rollover crashes and 
make recommendations as to how it could most 
effectively improve safety in this area.  The IPT 
report, “Initiatives to Address the Mitigation of 
Vehicle Rollover”, was published in the Federal 
Register in June 2003 (68 FR 36534) [1].  It 
included vehicle strategies covering both the 
crash avoidance and crashworthiness 
perspectives.  This report made wide-ranging 
recommendations on ways to mitigate rollover 
crash injuries, including several vehicle 
strategies, behavioral strategies, and roadway 
strategies.  This paper documents the ongoing 
crashworthiness research efforts that were 
recommended by the IPT report. 
  
Due to the complex nature of rollover, NHTSA 
has recognized the need to take a comprehensive 
approach to developing potential solutions.  The 
Agency’s crashworthiness efforts to reduce 
rollover fatalities and injuries focus reduction of 
occupant side window ejection, improvement to 
roof crush protection, and rollover restraint 
system effectiveness.   
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EJECTION MITIGATION 

Ejection is a major cause of death and injury in 
light-vehicle rollover crashes.  There were 9,859  
people killed in 2003 and approximately 44,223 
had non-fatal injuries in tow away crashes each 
year (on average) from 1995-2003 when they 
were ejected from light vehicles.  Two-thirds of 
these ejections occurred in crashes involving 
rollover.  Occupants stand a much better chance 
of surviving a crash if they are not ejected from 
their vehicles.  For each year from 1995 to 2003, 
approximately 5,885 people were killed and 
5,451 seriously injured when they were ejected 
through side windows.  
  
Among the promising technological innovations 
to prevent occupant ejections are the use of side 
curtain air bags and improved glazing.  NHTSA 
submitted a report to Congress on ejection 
mitigation using advanced glazing materials in 
November 2001.  In May of 2004, NHTSA 
issued a Notice of Proposed Rulemaking 
(NPRM) proposing to upgrade Federal Motor 
Vehicle Safety Standard Number (FMVSS No.) 
214  “Side impact protection” which, among 
other things, proposed to require a side impact 
pole test that would provide improved head 
protection to occupants.  This proposed 
regulation would likely result in the fleet-wide 
installation of side air bags to protect the head.  
While these air bags would not necessarily be 
designed for occupant containment or for 
deployment in rollovers, they would prevent 
some number of side window ejections.  This is 
the first phase of a three-phase approach the 
agency is taking to reduce side window 
ejections.  The second phase is to establish 
occupant containment performance 
requirements, and develop test for this purpose. 
Details of the Phase 2 research are presented 
below.  The third phase is to establish 
performance requirements for rollover sensors, 
to ensure that the air bags will deploy in a 
rollover crash.  The agency has not conducted 
specific research in this area yet, but has 
collected considerable information in its effort to 
develop a research plan for rollover sensor 
performance requirements.  
 
Phase 2 Objectives 
 
The first objective for the Phase 2 research is to 
develop a test methodology, including a test 
device, to evaluate the retention performance of 
potential ejection mitigation systems.  This 

includes establishing practical test parameters 
such as impact speed, impact locations, and 
performance criteria.  For a test to be acceptable, 
it must show that good (or poor) performance in 
the laboratory test correlates to good (or poor) 
performance in the real world.  The second 
objective is to evaluate the test methodology and 
performance criteria on potential ejection 
mitigation systems. 
 
Test Methodology 
 
Guided Impactor - NHTSA has been 
conducting research on ejection mitigation for 
several years. Since full-vehicle rollover crash 
tests have substantial variability in vehicle and 
occupant kinematics [2], it is necessary to 
develop a component-level test to evaluate the 
performance of potential ejection mitigation 
systems.  Previous research with advanced side 
glazings has shown that guided impact testing is 
an acceptable method for measuring excursion.  
NHTSA’s advanced side glazing status report [3] 

details the development of an impactor designed 
to replicate the loading of an occupant’s head 
and shoulder during typical ejection situations.  
In brief, it consists of an 18 kilogram mass 
guided through a bearing attached to two 
supporting rails (see Figure 1).  An existing 
featureless free-motion headform was selected 
for the impactor face.  This rigid headform, 
covered with a headskin, was originally designed 
for the upper interior head protection research 
program.  It averages the dimensional and 
inertial characteristics of the frontal and lateral 
regions of the head into a single headform [4].  
Since it is a guided impactor, only uni-axial 
motion is measured, and it is capable of 
measuring dynamic deflection during an impact.  
The propulsion unit is based on a device by the 
General Motors Corporations [5], scaled to 
accommodate the heavier mass.  The impactor 
can be placed inside the vehicle for testing the 
side window areas, and it can be positioned to 
strike different locations in those areas. 
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Impact Speeds 16 kph 20 kph 24 kph
Delay Time 6 sec 1.5 sec 1.5 sec

Advanced Glazing Systems 
Only

Inflatable Systems Only
Inflatable Systems W ith 

Glazing (pre-broken)
Inflatable Systems W ith 

Glazing (unbroken)

 
Figure 1.  18 Kg guided impactor. 
 
Test Parameters - The level of a 
countermeasure’s performance measured by the 
guided impactor can vary depending on impact 
locations and speeds used.  A test matrix was 
proposed in a previous paper outlining the status 
of NHTSA’s Ejection Mitigation Research to 
date [6].  An expanded matrix was used in 
subsequent testing.  Each of the impact locations 
were evaluated using the test matrix shown in 
Table 1.  The primary goal of this test matrix 
was to determine if the guided impactor is a 
suitable device for measuring the occupant 
retention performance of a variety of possible 
countermeasures, and if it is, to help identify and 
establish practical performance criteria. 
 

Table 1. 
Guided Impactor Test Matrix. 

 
Different sized occupants traveling on various 
trajectories may encounter an opening at 
numerous locations within the side window 
portal.  Therefore, four impact locations were 
identified to evaluate a countermeasure’s 
window coverage and retention capability, as 
shown in Figure 2.   

P3 P4

P1 P2

Figure 2.  Headform impact locations. 
 
Positions 1 and 4 are located at the extreme 
corners of the window/door frame and positioned 
such that a 25-millimeter gap exists between the 
outermost perimeter of the headform and 
window frame as represented by the dashed lines 
in Figure 2.  Position 3 is near the transition 
between the upper window frame edge and A-
pillar (diagonal) edge.  Previous research with 
advanced side glazings identified this area as a 
weak point in limiting excursion.  It is located by 
bisecting the angle that is created at the 
intersection of two lines running parallel to the 
upper and diagonal window frame edges.  A 25-
millimeter gap is maintained between a point on 
the outermost perimeter of the headform and the 
bisection point on the window frame edge.  
Position 2 is located at the longitudinal midpoint 
between positions 3 and 4, and positioned such 
that the lowest edge of the headform is 25 
millimeters above the surface of the door at the 
bottom of the window opening. 
 
At each impact location, different impact speeds 
and different time delays between air bag 
deployment and impact were used.  Rollovers 
can be relatively long events.  The reason for the 
time delays is that inflatable ejection 
countermeasures tend to lose pressure after 
deployment.  This pressure can affect the 
retention capability of the countermeasure. To 
simulate ejection late in a rollover event, the air 
bags were impacted at an impact speed of 16 
kilometers per hour after a delay of six seconds.  
To simulate an ejection early in a rollover event 
and in a side impact, a delay time of 1 ½ seconds 
was used.  This condition was evaluated at two 
speeds, 20 and 24 kilometers per hour. The 
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impact speeds were selected upon the film and 
data analysis reported in reference 3.   
 
Ejection Countermeasure Candidates - Three 
ejection countermeasures were examined: two 
experimental roof rail mounted inflatable 
systems and advanced side glazings developed 
under previous NHTSA research.  Details of the 
countermeasures used in testing can be found in 
reference 6, with one exception.  The inflatable 
device known as the Advanced Head Protection 
System (AHPS®) developed by Zodiac 
Automotive US (formerly Simula Automotive 
Safety Devices, Inc.) was furnished with a 
modified design that allowed the device to 
deploy closer to the bottom of the window 
opening, thus providing more window coverage 
than the previous design (see Figure 3).  The 
other inflatable system tested, a prototype 
window curtain provided by TRW, is shown in 
Figure 4.  
 
 

 

Figure 3.  Modified advanced head protection 
system (Zodiac). 

 

Figure 4.  Prototype window curtain (TRW). 

Both inflatable systems were evaluated for their 
effectiveness as stand-alone devices. In addition, 
the inflatable device supplied by TRW was 

tested for its effectiveness as part of a 
combination system (air bag plus side glazing).  
For testing described in this paper, only 
advanced glazing systems in the laminated 
construction were used and door/window frame 
modifications were limited to the C-channel 
along the vertical sides (A and B-pillar). 

Guided Impactor Test Results 

The two air bag designs were placed on a 
Chevrolet C/K pickup cab and used to evaluate 
the test methodologies described previously.  
Each curtain design was evaluated for allowable 
excursion (impactor displacement) beyond the 
side window plane. This zero reference point 
was established by touching the impactor face to 
a piece of standard tempered glass prior to 
testing.  Negative numbers indicate that the 
impactor face did not reach the zero plane 
reference.  The air bags were pre-inflated with 
shop air to pressures previously measured in 
deployments with an inflator (see Table 2). 
 

Table 2. 
Air Bag Static Pressures. 
 1.5 sec 6 sec 

TRW Air Curtain 62-kPa 28-kPa 
Zodiac modified 

AHPS® 
79-kPa 49-kPa 

 
Results for guided impactor tests on TRW’s 
prototype window curtain are shown in Figures 5 
through 7.   Impact position 1 was not 
sufficiently covered by this air bag and was 
unable to stop the impactor before the limits of 
travel were reached (about 180 millimeters 
beyond the plane of the vehicle window for this 
test setup). When combined with advanced 
laminated glazing, excursion was limited at the 
16 and 20 kilometers per hour impacts, with the 
unbroken laminate showing some improvement 
over the pre-broken glazing. 
 
At position 2, the window curtain stopped the 
impactor before reaching its physical stops at the 
three impact speeds.  Excursion measurements 
were greatly improved with the addition of both 
unbroken and pre-broken laminated glazing.  
 



 

   
Summers 5

-80

-40

0

40

80

120

160

200

1 2 3 4
Impact Position

D
is

p
la

ce
m

en
t (

m
m

)
16 kph / 6 sec
20 kph / 1.5 sec
24 kph / 1.5 sec

No Coverage

 
Figure 5.  Maximum excursion beyond 
window plane - TRW air curtain system. 
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Figure 6.  Maximum excursion beyond 
window plane – TRW air curtain/pre–broken 
laminated glazing. 
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Figure 7.  Maximum excursion beyond 
window plane – TRW air curtain/unbroken 
laminated glazing. 
 
At positions 3 and 4, this inflatable system was 
able to contain the impactor at the three impact 
speeds with little or no excursion beyond the 
plane of the window.  The addition of un-broken 
or pre-broken glazing produced only slightly 
better results, suggesting that the air curtain was 
predominantly responsible for limiting excursion 
at these impact locations. 
 
Results for partial testing with Zodiac’s modified 
Advanced Head Protection System are shown in 

Figure 8.  Testing was restricted to positions 1 
and 2 due to limited availability of this inflatable 
system.  In the 16 kilometer per hour tests, with 
the lower bag pressure, the headform did not go 
beyond the plane of the window, while the 
headform was contained inside the vehicle at 20 
kilometers per hour, with the higher bag 
pressure.  Finally, at the 24 kilometers per hour 
impact condition, 12 and 19 millimeters of 
excursion were produced at positions 1 and 2, 
respectively. 
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Figure 8.  Maximum excursion beyond 
window plane – Zodiac modified AHPS®. 
 
Repeatability - Several impact conditions were 
chosen for a study of the repeatability of the test 
parameters.  The results are shown in Figure 9.  
Overall, the repeatability was quite good, 
although the 24-kilometer per hour tests at 
position 2 had the most variability (102 and 82 
millimeters).  A third test was conducted at 
position 2 under these same conditions (not 
shown in Figure 9), and it also resulted in 82 
millimeters of excursion.  One possible reason 
for the variability is that there was more tearing 
in the bag material at one of the side rail 
attachment points in the first test than in the next 
two tests.  It is not known how much this tear 
affected the headform excursion. 
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Figure 9.  Repeatability results for selected 
impact conditions. 
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Dynamic Rollover Fixture 
 
A series of tests was conducted on the Dynamic 
Rollover Fixture (DRF) using an unrestrained 
Hybrid III 6-year old dummy to further 
determine the effectiveness of experimental roof 
rail mounted inflatable devices, advanced side 
glazing, and combinations of these systems in 
retaining occupants during rollover type crashes.  
The testing also evaluated the countermeasures’ 
potential for head and neck injury.  These DRF 
tests build on the test matrix that was presented 
in reference 5.  In previous testing with 50th 
percentile male and 5th percentile female Hybrid 
III dummies, loading on the inflatable devices in 
some tests produced gaps between the devices 
and the top of the door, allowing the shoulder 
and arm to escape below the bags.   The current 
tests were conducted to determine if the gap 
produced was substantial enough to allow a 
smaller stature occupant to pass through.   
 
Baseline Testing - Baseline testing was 
conducted with an open side window to 
determine if the DRF could produce full body 
ejections for the 6-year old dummy as it had 
done with the 50th percentile male and 5th 
percentile female dummies. The general 
kinematics for the 6-year old were similar to the 
other dummies, and full ejection was achieved in 
this testing configuration. 
 
Inflatable Device Testing - In the testing of 
inflatable devices reported in this paper, the air 
bags were pre-deployed, and their set pressure 
was maintained throughout the test by the use of 
an air reservoir tank mounted on the platform.  A 
small series of tests was conducted with the 6-
year old dummy in upright-seated positions (no 
booster seat).  Both inflatable devices contained 
the torso, head, and neck of the dummy, so 
complete ejection did not occur.  However, the 
dummy loading on the systems produced gaps 
that did allow an arm and/or hand to pass 
through in some tests.  The gap with the TRW 
system was similar to that seen in previous 
testing.   The gap produced in testing with the 
modified AHPS was significantly less than in 
previous testing due to the modified design.  
 
Another small series of tests was conducted with 
the 6-year old dummy lying in the prone position 
to simulate a near worst-case ejection condition.  
Using a specially constructed bench, the dummy 
was placed on its back at the height of the 
bottom of the window opening.  The dummy was 

positioned on the table such that initial contact 
with the inflatable systems occurred at both 
positions 1 and 2 of the guided impactor test 
setup.   
 
The dummy was completely ejected at both 
positions 1 and 2 in testing with the TRW 
prototype window curtain, while the modified 
AHPS contained the dummy inside the test buck 
in all testing.  Figure 10 shows the prone 6-year 
old dummy being ejected under the TRW bag at 
position 1.  Adding pre-broken advanced 
laminated glazing with the TRW system 
produced better results.  The combined system 
contained the dummy inside the test buck in all 
tests conducted with this configuration. 
 

 

 

PROTECTION FOR NON-EJECTED 
OCCUPANTS 

FMVSS No. 216 “Roof crush resistance" 
establishes strength requirements/intrusion limits 
for passenger car and light truck roofs for 
protection in rollover crashes.  Based on 
NHTSA’s analysis of the National Automotive 
Sampling System Crashworthiness Data System 
(NASS-CDS) 1997-2002) data, approximately 
1,400 belted, non-ejected occupants receive a 
serious or fatal maximum AIS injury to the 
head/neck/face each year when roof intrusion is 
present over the occupants’ seating position.  
NHTSA has conducted vehicle tests to evaluate 
current fleet performance and potential new test 
procedures to upgrade FMVSS No. 216.         
 
Belt slack and belt stretch inherent to some 
current lap/shoulder safety belt systems may fail 
to sufficiently restrain occupants from contacting 
the undeformed roof during a rollover crash.  
Thus, in order to realize significant benefit from 

Figure 10.  6-year old dummy ejection. 
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increased roof strength, improved performance 
of restraints in rollovers may also be necessary.  
NHTSA will research the restraint performance 
and benefits or dis-benefits of systems such as 
pretensioners, belt load limiters, integrated belts 
and other advanced belt systems that may be 
activated with a rollover sensor. 

ROOF CRUSH RESEARCH 

The current FMVSS No. 216 requires that a 
passenger car roof withstand a load of 1.5 times 
the vehicle’s unloaded weight or 22,240 
Newtons (5,000 pounds), whichever is less, to 
either side of the forward edge of the vehicle’s 
roof, with no more than 127 millimeters (5 
inches) of crush.  The same standard applies to 
light trucks and vans with a GVWR of 2,722 
kilograms or less (6,000 pounds), without the 
22,240 Newton force limit.  The FMVSS No. 
216 test procedure applies a quasi-static load to 
the roof through a load plate.  This plate is 
placed over the driver or right front passenger 
seating position and is pitched forward 5 degrees 
and rolled 25 degrees, outside edge down, 
relative to the vehicle. 
 
In the 1980s and 1990s, NHTSA conducted 
research toward a possible upgrade to FMVSS 
No. 216.  This included conducting full-scale 
rollover crash tests, and one finding from this 
work was that this type of test was not 
repeatable.  Additional research was performed, 
including a hardcopy analysis of real-world 
rollover crashes, extended quasi-static testing 
(i.e. crushed beyond current requirement), and 
inverted vehicle drop testing [7,8,9].  There were 
two significant findings from these efforts.  First, 
the typical roof structure failure modes were the 
same for all three types of laboratory tests and 
were similar to those observed in the real-world 
rollovers.  Second, while the peak loads from the 
dynamic drop tests were higher than those from 
the quasi-static tests, a correlation was found 
between the energy characteristics of the two 
types of tests.  Additional drop and quasi-static 
tests were performed on one vehicle model in an 
attempt to validate this correlation.  This effort 
produced more error than was desired, so the 
relationship was not validated. 
 
During this time, several attempts were made to 
find a relationship between the level of roof 
crush and the injuries that occur in rollover 
crashes.  Rollovers have complex and widely 
variable kinematics.  When an occupant receives 

a significant injury from contact with roof 
structures, it is generally not clear if the occupant 
moved out of the seat to contact the roof, or if 
the roof contacted the occupant.  Further 
complicating this effort was the lack of a 
measure of crash severity, which prevented 
researchers from separating vehicles damaged by 
a severe crash environment from vehicles with a 
weak roof structure.  There have been several 
attempts to use quarter turns as a surrogate for 
rollover severity, but these have only been 
partially successful [10]. These older attempts to 
relate roof deformation and occupant head injury 
were generally not successful,.  One study 
identified a relationship between injury and the 
amount of interior headroom reduction [11]. 
 
This paper is intended to provide a summary of 
the NHTSA roof crush research program.  More 
detailed descriptions of the testing and 
discussion of the results are contained in the 
reports of references 12 and 13. 
 
Objectives -There were three major objectives 
for this research.  The first was to evaluate 
whether load plate angles that produced more 
lateral loading resulted in more realistic roof 
crush patterns.  The second was to obtain roof 
force-displacement characteristics from a 
sampling of recent model vehicles.  The third 
was to evaluate methodologies for relating roof 
strength to headroom. 
 
Approach - This research was divided into three 
phases.  The first objective was addressed in 
Phase 1, while the second objective was 
addressed in Phases 2 and 3.  Methodologies for 
relating roof strength to headroom parameters 
were evaluated in all three phases, with one 
method used in Phases 1 and 2, and a second 
method used in Phase 3. 
 
Based on previous NHTSA research, it was 
decided that the quasi-static roof crush procedure 
would be used in this program.  The hardware 
and test parameters specified in the current 
FMVSS No. 216 were used, except that the tests 
were conducted until 254 millimeters (10 inches) 
of exterior crush was achieved, rather than the 
127-millimeter maximum specified in the 
standard.  This was to obtain roof force-
displacement characteristics at a crush level well 
beyond that required in the current standard.  
Also, alternative load plate angles were used in 
Phase 1, and non-standard equipment and 
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procedures were used in all three phases to 
obtain the headroom information. 
 
Phase 1 Summary - To evaluate the effect of 
load plate angle, finite element (FE) roof crush 
simulations were performed on two vehicle 
models – 1997 Dodge Grand Caravan and 1998 
Chevrolet S-10 pickup.  Based on the results of 
these simulations, two sets of load plate angles 
were selected for use in the test program.  These 
were the standard FMVSS 216 angles of five 
degrees pitch, 25 degrees roll (5x25 degrees) and 
an alternative set of ten degrees pitch, 45 degrees 
roll (10x45 degrees). 
 
Roof crush tests were then performed on these 
two vehicle models, as well as on a pair of 2002 
Ford Explorers.  Each model was tested using 
the two sets of load plate angles (six total tests).  
The results of these tests were evaluated to 
determine whether any trends were observed 
when comparing the force-displacement data 
obtained from the 5x25 degree and 10x45 degree 
load plate angle configurations, and whether one 
configuration resulted in more realistic roof 
crush patterns than the other. 
 
There was no trend observed in the force-
displacement curves and peak loads between the 
two plate angle configurations.  The S-10 
pickups and Explorers exhibited similar 
characteristics, and the 10x45 degree 
configuration produced the higher loads.  In 
contrast for the Caravans, the force-displacement 
traces were generally similar, and a slightly 
higher load was produced with the 5x25 degree 
plate angle configuration.  Similarly, there was 
no trend observed in the energy required to crush 
the roof between the two plate angle 
configurations.  The S-10 pickups and the 
Explorers required more energy to crush the roof 
with the 10x45 degree configuration (25 and 16 
percent, respectively), while the Caravan 
required 12 percent less energy with that plate 
angle configuration. 
 
When the measured damage patterns were 
compared for the two sets of load plate angles, it 
was noted that the 5x25 degree configuration 
produced more vertical crush, but the 10x45 
degree did not consistently produce more lateral 
crush on either side of the vehicle.  When the 
post-test photographs were compared, the 
differences in roof damage patterns were not 
obvious, and would most likely not be noted in a 
more subjective review of real-world crash 

investigation cases.  Also, compared to the wide 
range of damage patterns seen in the NASS 
cases, the differences produced from the two 
load plate angle configurations were small, so it 
could be concluded that both configurations 
produce equally realistic roof damage. 
 
Based on the results of Phase 1, there was no 
compelling evidence to suggest that a change in 
the load plate pitch and roll angles would 
produce more realistic roof damage.  Therefore, 
it was decided that Phase 2 and 3 testing would 
be conducted using the standard angles of five 
degrees pitch and 25 degrees roll. 

Phase 2 Summary - Ten vehicle models were 
selected for testing in this initial fleet evaluation.  
Three of these were tested under the selected 
conditions as part of Phase 1 – a 1997 Dodge 
Grand Caravan, a 1998 Chevrolet S-10 pickup, 
and a 2002 Ford Explorer.  The other seven 
vehicles were each tested using only the 5x25 
degree configuration.  These were a 2002 Ford 
Mustang, a 2002 Toyota Camry, a 2001 Ford 
Crown Victoria, a 2002 Honda CR-V, a 2001 
Chevrolet Tahoe, a 2002 Dodge Ram 1500 
pickup, and a 1999 Ford E-150 Econoline van. 

For these ten vehicles, the following procedure 
was used to evaluate headroom.  First, the point 
representing the top of the head of a normally 
seated (per FMVSS No. 208) Hybrid-III 50th 
percentile male dummy was identified and 
documented.  Next, the points on the interior 
liner and exterior roof directly above the top of 
the head were identified, marked, and 
documented.  The vertical difference between the 
roof points and the top of the head was the initial 
headroom available, to both the interior liner and 
exterior roof.  Three string potentiometers were 
mounted rigidly to the floor of the vehicle, and 
were extended and connected at the exterior roof 
point.  Accurate measurements of the three string 
potentiometer locations and the common 
attachment point of the roof were made prior to 
testing.  These data, along with the displacement-
time histories of the potentiometers recorded 
during testing, allowed the three-dimensional 
displacement of the attachment point to be 
calculated at each moment during the test.  The 
vertical component of this displacement was then 
subtracted from the initial headroom 
measurement at each point in time, resulting in a 
time-history of the headroom remaining.  This 
was done using both the initial headroom to the 
liner and to the roof. 
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The force-displacement results from these tests 
are shown in Figure 11.  The force data are 
presented as a percentage of the unloaded weight 
of each vehicle, and displacement is that of the 
load plate, in the direction of plate motion.  
Vehicle weights, initial headroom measurements, 
and peak loads are listed in Table 3.  All ten 
vehicles were able to withstand 150 percent of 
their weight within about 50 millimeters of 
crush.  Nine of the vehicles were able to 
withstand 200 percent of their weight with no 
more than 127 millimeters of displacement, six 
reached the 250 percent level, and only one 
reached the 300 percent level within the 127-
millimeter limit. 
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Figure 11.  Phase 2 percent weight vs. 
displacement. 
 
The force data (as a percent of unloaded vehicle 
weight) are shown versus the headroom 
remaining (to the liner) in Figure 12.  All ten 
vehicles achieved the 150 percent level with 
most, if not all, of their initial headroom 
remaining.  Nine vehicles reached the 200 
percent level, and all nine had 60 millimeters or 
more of headroom remaining, with eight of these 
having about 100 millimeters or more left.  Only 
the Ford E-150 van did not reach the 200 percent 
level before the end of the test (i.e. 254 
millimeters of load plate displacement).  It 
should be noted that at the end of the test, the E-
150 van still had 56 millimeters of headroom 
remaining (due to its large amount of initial 
headroom), and the resistive force was rising 
again.  It is not known how high the force would 
have reached if the test had been continued until 
no headroom remained.  Eight of the vehicles 
reached the 250 percent level, and six of these 
had positive headroom remaining to the liner at 
that force.  Four of the vehicles reached the 300 

percent level, but only two of them had positive 
headroom remaining at that force, and both of 
these exceeded 100 millimeters. 
 

Table 3. 
Phase 2 Test Summary. 

 
Initial Headroom 

(mm) 
Vehicle 

Vehicle 
Weight 

(N) to 
liner 

to roof 

Peak 
Load 
(N) 

Mustang 13,698   90.7   98.4 36,520 

Camry 13,727 116.6 149.0 44,605 

Crown 
Victoria 

17,525 123.6 151.8 53,461 

CR-V 14,492 155.8 167.8 44,599 

Explorer 18,210 121.2 149.1 55,032 

Tahoe 21,475 168.7 189.8 62,797 

S-10 PU 13,357 131.6 143.5 36,862 

Ram 1500 
PU 

19,420 157.7 187.5 48,246 

Caravan 16,671 138.7 169.9 44,366 

E-150 
Van 

22,373 191.8 253.0 42,212 

 
The methodology of measuring headroom was 
also evaluated.  Ideally, the motion of multiple 
attachment points would be recorded, but 
because of space and data acquisition limitations, 
only one point could be tracked.  The limitation 
in selecting a single point was that it is not 
possible to predict prior to the test, which point 
will be the first to intrude into the occupant’s 
head space. 

0%

50%

100%

150%

200%

250%

300%

350%

-120-80-4004080120160200
Headroom Remaining (mm)

P
er

ce
n

t 
o

f 
V

eh
ic

le
 W

ei
g

h
t

1997 Dodge Grand Caravan 1998 Chevy S10 PU

2002 Ford Explorer 2002 Dodge Ram 1500 PU

2002 Toyota Camry 2002 Ford Mustang

2001 Chevy Tahoe 2001 Ford Crown Victoria

2002 Honda CRV 1999 Ford E150 Van

 
Figure 12.  Phase 2 percent weight vs. 
headroom to liner. 
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Due to the significant amount of lateral 
displacement of the attachment point during the 
tests, it was determined that the point above the 
top of the 50th percentile male head would not 
likely have been the point of first contact with 
the head.  But, since only the vertical component 
of the roof attachment point displacement was 
used to calculate the remaining headroom, for a 
flat roof, this calculation would be an accurate 
measure of when the headroom was 
compromised.  For vehicles with more typically 
curved roofs, this methodology would tend to 
predict head-roof contact later than it would 
actually occur, although this is at least partially 
mitigated due to the curvature of the side of the 
dummy’s head. 
 
Therefore, it was judged that the methodology 
used in this study for determining the remaining 
headroom provided a reasonable estimate, 
particularly since the peak loads generally 
occurred well before there was no headroom 
remaining.  But, since this was not always the 
case, a more accurate measure of when the 
headroom has been compromised was desired. 
 
Phase 3 Summary - The Phase 3 tests were 
conducted using the same procedures as Phase 2, 
except for the measurement of headroom.  
Instead of tracking the position of a single point 
on the roof throughout the test, the point in time 
at which the interior liner entered the head space 
of a 50th percentile male occupant was 
determined.  A Hybrid-III dummy was normally 
seated in the driver’s position for the test, and a 
contact switch was used to document the time of 
liner-to-head contact.  Initial headroom 
measurements were made in the same manner as 
for Phase 2.  Eleven vehicles were tested in this 
series.  These were a 2003 Ford Focus, a 2003 
Chevrolet Cavalier, a 2001 Ford Taurus, a 2003 
Chevrolet Impala, a 2003 Subaru Forester, a 
2002 Nissan Xterra, a 2004 Honda Element 
(crushed to 222 millimeters, rather than 254 
millimeters), a 2003 Ford Expedition, a 2002 
Toyota Tacoma, a 2003 Ford-150 pickup, and a 
2003 Chevrolet Express van (15-passenger)[13]. 
 
The force-displacement results from these tests 
are shown in Figure 13.  Vehicle weights, initial 
headroom measurements, and peak loads are 
listed in Table 4.  Figure 14 shows the peak 
resistive forces achieved for both the overall 
crush events and prior to head-to-liner contact.  
As can be seen, all 11 vehicles were able to resist 
at least 200 percent of their weight prior to head-

to-liner contact.  Eight of them reached the 250 
percent level, four reached the 300 percent level, 
and two exceeded 400 percent.  All seven sport 
utility vehicles, pickups, and van (LTVs) reached 
their overall peak force prior to head-to-liner 
contact.  All four passenger cars, on the other 
hand, reached their overall peak force after head-
to-liner contact occurred. 
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Figure 13.  Phase 3 percent weight vs. 
displacement. 
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Table 4. 
Phase 3 Test Summary. 

 

Initial 
Headroom 

(mm) 

Overall 
Peak 
Load 

Peak 
Load 

Prior to 
Head-
Liner 

Contact 

Vehicle 
Vehicle 
Weight 

(N) 

to 
liner 

to 
roof 

N N 

Focus 11,347 120.6 145.2 32,891 31,399 

Cavalier 13,215 87.8 125.1 37,352 34,946 

Taurus 14,816 133.0 153.2 43,000 30,109 

Impala 15,074 125.9 152.2 48,443 47,591 

Forester 13,744 145.9 183.4 66,136 66,136 

Xterra 15,421 109.5 131.3 53,359 53,359 

Element 15,456 228.6 ND 69,392 69,392 

Expedition 24,090 144.0 187.3 57,369 57,369 

Tacoma 13,767 100.5 112.4 37,039 37,039 

F-150 PU 18,059 162.6 176.5 52,136 52,136 

Express 
Van 

28,169 151.0 192.7 57,661 57,661 
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Figure 14.  Phase 3 peak force measurements. 

IMPROVED RESTRAINTS IN 
ROLLOVERS  

Improvements to FMVSS No. 216 alone may not 
eliminate occupant contact with the roof in 
rollover accidents.  In a conventional 3-point 
safety belt, inherent slack and stretch in the 
restraint system might contribute to occupant 
contact with an undeformed roof during a 
rollover crash.  It is reasoned that improved 
performance of occupant restraints could prevent 
more occupant-to-roof injuries in rollovers.   

 

In the mid-1990s, NHTSA initiated a research 
program to explore the effectiveness of various 
restraints in rollovers.  A rollover restraint tester 
(RRT) was developed to simulate rollover 
conditions.  It provided a controlled roll rate for 
a seated occupant and was followed by a 
simulated roof-to-ground impact.  Occupant 
excursions toward the ‘roof’ were measured for 
common 3-point belt and other advanced 
restraints systems.   
 
The advanced systems included a 3-point belt 
with a pretensioner and also a shoulder inflatable 
belt.  Limited testing indicated that the inflatable 
belt performed the best, reducing occupant 
excursion by up to 75 percent when compared to 
the standard 3-point belt with a 50th percentile 
male [14].  Due to agency priorities being 
redirected to address emerging frontal air bag 
deployment issues in the late 1990s, this program 
was suspended. 
 
With interest in FMVSS No. 216 improvements 
and previous work highlighting the potential 
effectiveness of advanced restraints, this revived 
research program will provide an opportunity to 
evaluate currently and potentially available state-
of-the-art countermeasures to improve occupant 
protection during a rollover. 
 
Objectives - The main objective of the current 
research is to evaluate the effectiveness of 
current and advanced restraints in rollover 
crashes.   
 
Currently, a number of automotive suppliers are 
working to improve restraint systems for rollover 
accidents.  These existing and new restraint 
systems include, but are not limited to, integrated 
seats, pretensioners, inflating seat belts, curtains 
and pelvic style air bags.  Many strategies to 
provide effective rollover restraint utilize 
inflatable devices in various combinations.  
These various options offer many challenges, 
underscoring the need to develop a research-
oriented performance knowledge base. 
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Test Device - Another device, similar to the 
original RRT, has been developed for 
continuation of this program.  The rollover 
simulated is one in which the vehicle becomes 
airborne at the initiation of the roll and then 
impacts the roof structure after rotating 
approximately 180 degrees.   

Figure 15 is a schematic of the new rollover 
restraint test device.  The device has four (4) 
main features consisting of  

1) A support framework, 
2) A counter-balanced test platform with 

rotating axle, 
3) A free weight drop tower assembly, and 
4) A shock tower.   
 
 

 
 
Figure 15.  Rollover restraint tester. 
 
 
The test platform, with vehicle seat, dummy and 
restraint device(s) attached, is mounted to the 
supporting framework.  The free weight drop 
tower provides energy to rotate the test platform 
at a desired roll rate.  Roll rate can be adjusted 
by changing the weight of the drop tower mass.  
To simulate the roof impact, the rotating 
platform impacts an adjustable shock-absorbing 
tower after approximately 180 degrees of 
rotation.  Adjusting the shocks can allow testing 
of various impact pulses, simulating different 
‘stiffness’ values of roof structures. 
 
Proposed Testing - A preliminary set of tests 
will be used to verify the repeatability of the test 
device.  Baseline tests will be conducted using a 
fleet representative front bucket seat with a 
standard, non-integrated lap and shoulder belt 
restraint system.  The effect of varying D-ring 
position, a common mechanism for improving 

shoulder belt fit, will be evaluated in this initial 
‘verification’ test format. 
 
Each test will consist of a static and dynamic 
procedure.  The static procedure consists of pre-
test dummy measurements in both the upright 
and the inverted impact positions.  This 
procedure will be used to analyze the innate belt 
slack and dummy excursion exclusive to each 
restraint system.   
 
The dynamic test procedure will utilize the free-
falling drop tower mass to provide a prescribed 
test platform roll rate.  The selected dummy and 
restraint system will experience the desired 
kinematics through approximately 180 degrees 
of rotation until the impact occurs.  The marked 
event will occur when the test platform first 
makes contact with the shock tower.  
Approximately two seconds of pre-event and one 
second of post event data will be collected 
during the dynamic test.  Pre and post-test 
photographs and test video will be used to 
evaluate dummy excursion and restraint 
performance. 
 
A specific test matrix will be designed to 
optimally evaluate various restraint systems that 
have the potential to mitigate excursion and/or 
injury in rollover accidents.   
 
Much of the success and benefit from this 
research will be driven by cooperative efforts 
with first-stage suppliers and OEMs. This 
research could lead to the development of a test 
procedure(s), a test device(s), and more 
importantly, improved restraint systems for 
mitigating injuries during rollover events. 

SUMMARY 

NHTSA’s crashworthiness rollover research 
efforts have been following through on the 
initiatives outlined in the Rollover IPT report.  
Considerable research has been completed in the 
ejection mitigation and roof crush area.  There is 
considerable future research to be done to 
evaluate the effectiveness of restraint systems in 
rollover crashes and to develop test method(s) 
for evaluating rollover sensors.   

REFERENCES 

1. NHTSA Rollover Integrated Project Team, 
“Initiatives to Address the Mitigation of 

1) 

2) 

4) 

3) 



 

   
Summers 13

Vehicle Rollover”, June 2003, Docket 
NHTSA-2003-14622-1. 

 
2. NHTSA crash test database tests test 1393 

and 1394. 
 
3. NHTSA Advanced Glazing Research Team;  

“Ejection Mitigation Using Advanced 
Glazing:  A Status Report;” November 
1995; DOT Docket NHTSA-1996-1782-3. 

 
4. J. Howe, D. Willke, J. Collins; 

“Development of a Featureless Free-Motion 
Headform;” SAE paper number 91209; 
November 1991. 

 
5. C. Griswold; “Side Impact Component Test 

Development;” presented at the 9th 
International Technical Conference of 
Experimental Safety Vehicles; November 
1982. 

 
6. D. Willke, S. Summers, J.Duffy, A. Louden, 

J. Elias;  “Status of NHTSA’s Ejection 
Mitigation Research Program;” 18th 
International Technical Conference on the 
Enhanced Safety of Vehicles, paper number 
342; June 2003. 

 
7. Vehicle and Dummy Kinematics in a 

Controlled Rollover Crash.  Rollover Crash 
Test Reports.  National Crash Analysis 
Center, Ashburn, VA. 

 
8. Glen C. Rains and Michael A. Van Voorhis; 

“Quasi-Static and Dynamic Roof Crush 
Testing;” final report for VRTC-82-
0197/VRTC-86-0391; report number DOT-
HS-808-873; June 1998. 

 
9. Michael J. Leigh and Donald T. Willke; 

“Upgraded Rollover Roof Crush Protection:  
Rollover Test and NASS Case Analysis;” 
event report for VRTC-81-0197; docket 
NHTSA-1996-1742-18; June 1992. 

 
10. K. Digges, A. Eigen;  “Crash Attributes that 

Influence the Severity of Rollover Crashes;” 
18th International Technical Conference on 
the Enhanced Safety of Vehicles, paper 
number 231; June 2003. 

 
11. Glen C. Rains and Joseph N. Kanianthra;  

“Determination of the Significance of Roof 
Crush on Head and Neck Injury to 
Passenger Vehicle Occupants in Rollover 
Crashes;” SAE paper 950655; February 
1995. 

 
12. Donald T. Willke, Michael A. Van Voorhis, 

Stephen Summers, Matthew Jerinsky; “Roof 
Crush Research:  Load Plate Angle 
Determination and Initial Fleet Evaluation;” 
final report for project VRTC-DCR2522; 
June 2004. 

 
13. Donald T. Willke, Michael A. Van Voorhis: 

“Roof Crush Research:  Phase 3 – Expanded 
Fleet Evaluation;” VRTC event report for 
project VRTC-DCR2522. 

 
14. G. Rains, J. Elias, G. Mowry. “Evaluation of 

Restraints Effectiveness in Simulated 
Rollover Conditions;” 16th International 
Technical Conference on the Enhanced 
Safety of Vehicles, paper 98-S8-W-34; 
1998. 

 
 



Takahashi 1

BIOFIDELITY EVALUATION FOR THE KNEE AND LEG OF THE POLAR PEDESTRIAN DUMMY

Yukou Takahashi
Honda R&D Americas, Inc.
United States
Yuji Kikuchi
Masayoshi Okamoto
Akihiko Akiyama
Honda R&D Co., Ltd.
Japan
Johan Ivarsson
Dipan Bose
Damien Subit
JaeHo Shin
Jeff Crandall
University of Virginia
United States
Paper Number 05-0280

ABSTRACT

Biofidelity of the Polar-II pedestrian dummy lower
extremity was assessed in a series of dynamic bending
tests relative to published PMHS (Post Mortem Human
Subject) response corridors. Dynamic 4-point lateral
bending tests of the knee joint and dynamic 3-point
lateral bending tests of the leg from the original version
of the Polar-II dummy were performed under identical
test conditions to the published PMHS tests that
simulated car-pedestrian lower limb impact at 40 km/h.
Although the force-deflection and moment-deflection
responses of the leg were found to be biofidelic, the
knee joint test results showed that the stiffness in
lateral bending needed to be increased. Based on the
test results, a modified version of the knee joint was
designed and fabricated with increased lateral bending
stiffness to improve response biofidelity. The modified
knee joint was evaluated in the dynamic 4-point lateral
bending test, and the test results were compared with
the same human response corridors. It was found that
the moment-angle response of the modified knee joint
in valgus bending was significantly closer to those of
human subjects compared to the original version.

INTRODUCTION

Lower limb injuries account for a major part of
non-fatal injuries to pedestrians. Ashton et al. [1]
investigated 1560 pedestrians struck by the fronts of
cars and light goods vehicles in England from 1972 to
1976, and found that more than 60% of pedestrians
sustaining non-minor (AIS 2-3) injuries sustained
lower limb injuries. Laumon et al. [2] investigated all
the road crash victims in the department du Rhone,

France, from 1995, and found that approximately one
out of five pedestrian victim sustained AIS2+ lower
limb injuries. Stutts et al. [3] collected patient data
from eight hospital emergency rooms across the U.S.,
and found that approximately half of the pedestrians
admitted to the emergency rooms were treated for
lower limb injuries. Harruff et al. [4] examined 217
fatal pedestrian accidents in Washington State from
1990 to 1995, and identified pelvic and lower limb
fractures in 66 % of the cases. Jarrett et al. [5] looked
at both the Pedestrian Injury Causation Study (PICS)
and the Pedestrian Crash Data Study (PCDS) databases
collected by the National Highway Traffic Safety
Administration (NHTSA), and the body region injury
distribution showed that the lower extremity
represented the most frequently injured body region in
both databases. Matsui et al. [6] analyzed the
pedestrian accident data collected by the Institute for
Traffic Accident Research and Data Analysis
(ITARDA) in Japan in 1997, and concluded that lower
limb injuries accounted for 40% of all severe injuries in
non-fatal accidents.

A number of past studies have focused on the
development of anthropomorphic test devices for
pedestrian lower limbs. Those devices can be classified
into two categories–impactors for subsystem tests that
represent only one single lower limb of a pedestrian,
and dummies for full-scale tests that represent a whole
body of a pedestrian.

The European Enhanced Vehicle-safety Committee
(EEVC) Working Group 17 has specified a test
procedure for legform to bumper test [7]. Based on the
requirement from the EEVC Working Group 17, the
Transport Research Laboratory (TRL) has developed a
legform impactor [8]. Although the TRL legform
impactor is one of the most widely used test devices for
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assessing performance of a car front with respect to
pedestrian lower limb protection, the biofidelity of its
knee joint response has not been directly validated. In
terms of scientific background for the knee joint
stiffness requirement in static lateral bending specified
in the EEVC report [7], the preceding EEVC Working
Group 10 Report stated that the knee joint stiffness
from the specification corridor seemed much stiffer
relative to the PMHS test results by Cesari and his co-
workers [9]. However, it was believed that the lower
impact speed relative to the specification at which the
PMHS tests were run as well as the lack of muscle
force in the PMHS tests justified the higher stiffness in
the specification corridor. Matsui et al. [10] validated
the biofidelity of the TRL legform impactor against the
impact force time history corridors developed based on
the PMHS studies by Kajzer et al. [11][12]. They also
used another legform impactor developed by the Japan
Automobile Research Institute (JARI), and the JARI
impactor was tested with two different pairs of steel
knee bars in bending (one with standard 450 Nm
maximum moment and the other with 100 Nm
maximum moment). The impact force time history
comparison showed that the 4.5 times difference in
knee joint stiffness did not make a significant
difference in impact force time history. This suggests
that the impact force time histories obtained from
Kajzer et al. are primarily determined by the inertial
effects and stiffness of the impact surface rather than
the stiffness of the knee joint. In order to validate the
bending response of a knee joint in impact effectively,
the knee joint response of a test device needed to be
validated against test results using isolated PMHS
knees. More recently, Konosu et al. [13][14] developed
a new legform impactor called Flex-PLI that features
flexible thigh and leg as well as four separate knee
ligaments. They validated the dynamic response of the
thigh, leg, and knee components separately by running
similar tests to the PMHS component tests performed
by Kerrigan et al. [15]-[17] and Bose et al. [18]. The
response of each component was compared with the
response corridors developed based on the PMHS tests
by Ivarsson et al. [19]. Using the same test set-ups as
those employed in the PMHS tests, it was confirmed
that the Flex-PLI components had a reasonable level of
biofidelity. It was also found from the results of their
tests and other studies that the knee joint of the TRL
legform was much stiffer relative to the human knee
response tested at the same loading rate
[13][14][19][20].

Although Konosu et al. has succeeded in
developing a legform impactor for which biofidelity
was validated at the component level, some of the past
studies have found that the lack of upper body weight
can lead to non-biofidelic responses of an impactor,
particularly when a bumper hits the impactor above the

knee joint level [21][22]. Thus, there is still a need for
test tools that incorporate the upper body weight such
as a full body pedestrian dummy. In addition, it is
difficult to obtain an overall picture of the whole body
kinematics using subsystem impactors, and thus a full-
scale dummy is needed to investigate the effect of
changes to vehicle front components on the whole
body kinematics [23]. Based on this understanding,
Honda R&D Co., Ltd. has developed a full-scale
pedestrian dummy in collaboration with GESAC Inc.
and JARI [23]-[26]. The primary goal of the
development was to match the head trajectory and
resultant velocity with the PMHS corridors developed
based on Ishikawa et al. [27] at impact speeds of 32
km/h and 40 km/h. The latest version of the dummy,
known as Polar-II, incorporates essential
anthropomorphic features of a knee joint as well as a
deformable tibia not only for more biofidelic head
kinematics but for the biofidelity of the lower limb
itself [26]. The flexible tibia was validated in quasi-
static and dynamic 3-point tests. However, for the knee
joint validation, Artis et al. [26] used the impact test
results from Kajzer et al. [28][29], where a very similar
test set-up was employed to that used for their older
test series at lower impact speeds [11][12]. As noted
above, it was anticipated that the contribution from the
knee joint stiffness to the impact force time history was
relatively small compared to the contribution from
inertial properties and the stiffness of the impact
surface. In order to ensure biofidelity of the knee joint
bending response, some component tests using an
isolated knee joint need to be performed and the results
need to be validated against recently performed PMHS
component tests.

In this study, the knee and leg components were
taken from the Polar-II pedestrian dummy and were
tested in 4-point lateral bending and 3-point lateral
bending, respectively. For both tests, exactly the same
test conditions were employed as those used in the
PMHS component tests recently performed by
Kerrigan et al. [15]-[17] and Bose et al. [18]. The test
results were compared with the PMHS response
corridors developed by Ivarsson et al. [19] based on the
results from Kerrigan et al. [15]-[17] and Bose et al.
[18]. Since the original knee joint was found to be less
stiff relative to the PMHS response corridor, a modified
version of the knee joint was designed and fabricated,
and was subjected to the same 4-point lateral bending
test.

METHODOLOGY

A series of component tests were performed at the
University of Virginia Center for Applied
Biomechanics using the knee joint and leg taken from
the Polar-II pedestrian dummy. The tests employed the



Takahashi 3

same set-ups as those used in the PMHS tests
performed by Kerrigan et al. [15]-[17] and Bose et al.
[18]. Since the knee joint originally designed for the
Polar-II dummy was found to be less stiff relative to
the PMHS response corridors from Ivarsson et al. [19],
a modified version of the knee joint with increased
bending stiffness was designed, fabricated, and tested
under the same test conditions.

Test Specimens

Knee Joint
The original version of the Polar-II dummy knee

joint (denoted as ‘original knee’hereafter) consists of
the distal femur with femoral condyles and four casings
for ligament springs, the tibial plateau with meniscus,
four steel wire cables representing knee ligaments, and
four springs providing stiffness that represents the
tensile properties of the four major knee ligaments
(anterior and posterior cruciate ligaments, medial and
lateral collateral ligaments). The geometry of the
femoral condyles and tibial plateau was based on a
surgical human knee model, and was simplified with
left and right symmetry. The meniscus was made
thicker than the human meniscus to provide durability
during impact testing. The ligament path and
attachment points were also based on the surgical
human knee model, and the two collateral ligaments
were made symmetric with the same stiffness for
simplicity. The two cruciate ligaments have the same
stiffness to each other but different from that of the
collateral ligaments. Figure 1 shows the anterior and
lateral view of the left original knee assembly. The
disassembled state of the left original knee is illustrated
in Figure 2. Design details of the original knee were
provided by Artis et al. [26].

The test results for the original knee in 4-point
bending showed that the stiffness of the knee joint was
not sufficient relative to the human knees. In order to
provide more biofidelic bending response of the knee
joint, it was decided to design and fabricate a modified
version of the Polar-II dummy knee joint (denoted as
‘modified knee’hereafter). The anterior and lateral
views of the right modified knee assembly and the
disassembled state of the right modified knee are
shown in Figure 3 and 4, respectively. The basic
structure and geometry are exactly the same as those of
the original knee except that the diameter of the knee
ligament springs were increased and the length of the
springs were made shorter to provide stiffer bending
response than that of the original knee. Aluminum
spacers were placed below the springs in order to
accommodate the shorter springs in the spring housings.

Leg
The tibia shaft consists of a nyron/kevlar rod

surrounded by a hard urethane hollow rod. The

proximal and distal ends of the tibia shaft were
reinforced by the inner and outer steel rings that were
bonded to the tibia to provide an interface with the
upper and lower tibia load cell [26]. The stiffness and
damping characteristics of the skin and flesh
surrounding the tibia shaft were determined from the
computer simulations performed by Huang et al. [25]
For the flesh, Confor foam is used for appropriate
damping. The shape of the tibia shaft has been reported
as tapered at the proximal and distal ends in previous
papers [23][26]. However, it was decided after a
number of full-scale tests to further modify the shape
of the tibia shaft in such a way that the cross section of
the shaft along its long axis is uniform in order to
provide increased durability. Figure 5 illustrates the
tibia shaft and surrounding flesh/skin of the Polar-II

Anterior Lateral

Figure 1. Anterior and lateral view of original
knee joint (left knee).

Anterior Lateral

Figure 1. Anterior and lateral view of original
knee joint (left knee).

Figure 2. Disassembled original knee joint
(left knee).

Figure 2. Disassembled original knee joint
(left knee).
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dummy tested in this study.

Test Conditions

The original and modified versions of the knee joint
from the Polar-II pedestrian dummy were subjected to
valgus bending with the 4-point bending test set-up
used by Bose et al. [18] for their PMHS tests with
isolated knee joints. The leg (tibia shaft with
surrounding flesh/skin) from the Polar-II dummy was
tested in 3-point bending with the test configuration
described in Kerrigan et al. [15]-[17].

Knee Joint Test
The 4-point knee bending test configuration used in

this study is illustrated in Figure 6. The knee joint was
attached to cylindrical aluminum hollow shafts through
aluminum adaptors. The aluminum shafts were
attached to support pillars through frictionless pin
joints that only allow varus-valgus bending of the knee

joint. The support pillar on the tibia side of the knee
joint was rigidly fixed to the ground, while the pillar on
the femur side was fixed to the ground through a linear
bearing that allows translation in the superior-inferior
direction of the knee joint in order to achieve simply
supported boundary conditions. An impactor fork with
two prongs was used to load the aluminum shafts to
provide a 4-point bending test configuration. The fork
was attached to the actuator of a displacement-
controlled servo-hydraulic test machine (Instron 8874)
though a frictionless pin joint. The contact surfaces
between the prongs of the fork and the aluminum shafts
were greased to minimize friction. The knee joint was
oriented in such a way that it was subjected to valgus
bending, and the initial orientation of the knee joint
was set at zero degrees of the flexion-extension, varus-
valgus, and axial rotation angles.

The actuator of the test machine was instrumented
with a load cell and a displacement transducer to
measure applied load and displacement. Three-axis
load cells were used to measure reaction forces in the
support pillars. A six-axis load cell was mounted
between the aluminum shaft and the adaptor on the
femur side of the knee joint. A triaxial accelerometer
was mounted on the load cell to measure the
accelerations necessary for the inertial compensation
technique used for estimating the knee joint moment.
Magneto-hydrodynamic (MHD) angular rate sensors
were mounted on both sides of the knee joint to obtain
knee bending angle time histories by time-integrating
the MHD signals. A still image of a typical 4-point
knee joint bending test configuration is presented in
Figure 7.

Two quasi-static and three dynamic tests were run
for each of the knee joints tested (original and modified

Anterior Lateral

Figure 3. Anterior and lateral view of modified
knee joint (right knee).

Anterior Lateral

Figure 3. Anterior and lateral view of modified
knee joint (right knee).

Figure 4. Disassembled modified knee joint
(right knee).

Figure 4. Disassembled modified knee joint
(right knee). Figure 5. Tibia shaft and leg flesh/skin.Figure 5. Tibia shaft and leg flesh/skin.
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knees). Bose et al. [18] investigated previous studies
that provided knee bending angle time histories using
PMHS lower limbs or legform impactors and found
that the bending rate was approximately 1.0 degrees/ms
in impacts at 40 km/h. Based on this observation, they
decided to use the rate of 1.0 degrees/ms in their
dynamic bending tests of isolated PMHS knees. In this
study, the same knee bending rate was used in the
dynamic tests in order to enable direct comparison with
the PMHS test results. The target displacement rate was
then determined using a simple geometric analysis. The
knee bending rate for the quasi-static tests was
approximately 1.0 degrees/s. The maximum knee
bending angle was set at 20 degrees for the quasi-static
tests and 15 degrees for the dynamic tests in order to

enable comparisons of the test results with the PMHS
corridor by Ivarsson et al. [19] up to the maximum
bending angle of the average PMHS response.

Leg Test
A schematic of the 3-point leg bending test

configuration is shown in Figure 8. Aluminum
cylindrical adaptors were rigidly attached to both ends
of the deformable tibia shaft. These adaptors were
mounted on aluminum disks that were in turn rigidly
attached to half-cylindrical solid aluminum rollers. The
diameter of the rollers was exactly the same as that of
the rollers used in the PMHS tests performed by
Kerrigan et al. [15]-[17]. The rollers were placed on the
support plates, and the contact surfaces between the
rollers and support plates were greased to minimize
friction at the contact points. The same test machine as
that used for the knee joint test (Instron 8874) was used
to load the leg specimen in the lateromedial direction.
A rigid impactor that loaded the leg specimen at mid-
span had a circular tip and was attached to the actuator
of the test machine. The location of the mid-span
loading point relative to the tibia shaft was determined
in such a way that the point corresponded to the
midpoint between the knee joint and the ankle joint in
the dummy. In the dummy leg assembly, the tibia shaft
is not positioned exactly in the middle of the knee joint
and the ankle joint. Therefore, the mid-span loading
point defined and used in the current study did not
correspond to the mid-shaft of the tibia. This can be
confirmed on an example still image of the leg bending
test configuration shown in Figure 9 by comparing the
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Figure 6. Schematic diagram of 4-point knee bending test configuration.
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Figure 6. Schematic diagram of 4-point knee bending test configuration.

Figure 7. Typical 4-point knee bending test set-up.Figure 7. Typical 4-point knee bending test set-up.
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position of the steel rings (in black) relative to the
rollers (see also Figure 8). The leg flesh/skin for the
Polar-II dummy was placed around the tibia shaft in

order to obtain the overall leg bending response. The
portion of the leg flesh/skin that corresponds to the
superior-inferior range of the tibia shaft in the dummy
was cut out from the intact leg flesh/skin assembly in
such a way that it fitted between the rollers. The 3-
point bending span length was set at 334 mm to which
Ivarsson et al. [19] scaled the PMHS test results in
order to obtain response corridors scaled to the size of
a 50th percentile adult male.

A load cell was mounted between the actuator and
the impactor to measure applied load. Three-axis load
cells were placed underneath the support plates to
obtain reaction forces. Angular velocities of the rollers
were measured by the MHD angular rate sensors
affixed to the rollers.

Two quasi-static and three dynamic tests were
conducted using the tibia shaft of the dummy
surrounded by the flesh/skin. For the dynamic tests, the
loading rate was set at approximately 1.5 m/s. This
loading rate was chosen so that the test results could be
directly compared with the PMHS test results by
Kerrigan et al. [15]-[17]. The loading rate for the quasi-
static tests was approximately 1.0 mm/s.
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Figure 8. Schematic diagram of 3-point leg bending test configuration.
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Figure 9. Typical 3-point leg bending test set-up.Figure 9. Typical 3-point leg bending test set-up.
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RESULTS

Ivarsson et al. [19] presented PMHS response
corridors for the mid-span 3-point leg bending in the
lateromedial direction as well as the 4-point knee
valgus bending. The force-deflection and moment-
deflection corridors and the moment-angle corridor (all
scaled to a 50th percentile adult male anthropometry)
were presented for the leg bending and the knee
bending, respectively. In order to compare the test
results obtained in this study with the PMHS response
corridors, the moment-angle response of the knee joint
and the force-deflection and moment-deflection
responses of the leg were calculated from the signals
obtained in the tests.

Knee Joint Test

For the dynamic knee bending tests, Bose et al. [18]
estimated forces and moments at the knee joint from
the loading environment measured by the load cell
installed near the knee joint using an inertial
compensation procedure, and the results were used to
develop the response corridors by Ivarsson et al. [19].
In this study, the same inertial compensation procedure
as that used by Bose et al. [18] was employed to
calculate moment at the knee joint. Figure 10 shows a
free body diagram of the superior part of the knee joint
(proximal knee segment) in the coronal plane. The
equations of motion of the knee segment about its
center of gravity in tangential (lateromedial) translation
and rotation in the coronal plane are given by Equation
1 and 2:

FK VVuM  (1).

KKFFKF xVxVMMI  (2).

Since the distal half of the load cell is included in the
knee segment, MF and VF are given by the load cell
signals. Thus, the moment at the knee joint, MK, can be

calculated using Equation 3:

 IxuMxxVMM KKFFFK  )( (3).

Since the test configuration was intended to provide 4-
point bending of the knee joint, VF was expected to be
minimal in the quasi-static tests. However, the test
results showed that VF increases as the knee valgus
bending angle goes up. The magnitude of VF at the
knee valgus angle of 15 degrees was approximately 40
N and 70 N for the original knee joint and the modified
knee joint, respectively. Since the moment component
in Equation 3 generated by those forces corresponded
to 17% and 13% of the magnitude of MF for the
original knee joint and the modified knee joint,
respectively, it was decided that the effect of VF on the
moment at the knee joint MK be taken into account,
rather than simply using MF for MK.

In order to calculate the moment at the knee joint
using Equation 3, the moment of inertia and the center
of gravity location for the portion between the center of
the load cell and the distal end of the femoral condyles
of the knee joint (proximal knee segment: Figure 10)
were measured using a torsional pendulum (Inertia
Dynamic Inc.). Table 1 summarizes the inertial
property values measured for the original and modified
knee joints. The linear acceleration in Equation 3 was
measured by the accelerometer mounted on the load
cell. The angular acceleration in Equation 3 was
calculated from the accelerometer signal divided by the
distance between the support pin joint and the
accelerometer.

Figures 11 and 12 plot moment-angle responses at
the knee joint calculated using Equation 3 for the
original knee joint and the modified knee joint,
respectively, in both quasi-static and dynamic valgus
bending. In the quasi-static condition, the moment-
angle response is fairly linear for both the original knee
joint and the stiffer knee joint. However, significant
oscillation of moment-angle response is seen in the
dynamic condition, particularly for the original knee
joint. This oscillation was identified after the dynamic
bending tests of the original knee joint. Since the
natural frequency estimated using the knee bending
stiffness from the quasi-static tests and the inertial
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properties of the knee and fixtures was much lower
than that of the oscillation observed in the moment-
angle response, it was assumed before the modified
knee joint testing that this oscillation came from the
stiffness of the fixtures themselves combined with the
stiffness of the connecting portions between the
fixtures. Based on this assumption, special attention
was paid to increase the rigidity of the connections
between the fixtures when setting up for the modified
knee joint testing. Since this effort resulted in much
lower magnitude of oscillations observed in the
moment-angle response of the modified knee joint, it
was concluded that the above-mentioned assumption
was valid, and that the response of the knee joint itself
can be extracted from the oscillated signals by simply
eliminating the oscillation. Therefore, the moment-
angle response was post-processed in order to eliminate

unfavorable oscillations and compare the results with
the published PMHS response corridor.

Two different post-processing procedures were used
to try to eliminate the oscillation –filtering and curve-
fitting. For filtering, each term of Equation 3 was
filtered at CFC 60, and then the moment at the knee
joint was calculated using the filtered signals. For
curve-fitting, unfiltered signals were used to calculate
the moment at the knee joint using Equation 3, and
then polynomial regression was applied to the moment-
angle curves. Figures 13 and 14 plot the results of
filtering and curve-fitting for the moment-angle
response of the original knee and the stiffer knee,
respectively. The filtered moment-angle curves for the
original knee joint presented in Figure 13 show
unrealistic bending characteristics such as the initial
negative moment and strong nonlinearity. Since the
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Figure 11. Quasi-static and dynamic moment-
angle responses at knee joint for
original knee joint.
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Figure 12. Quasi-static and dynamic moment-
angle responses at knee joint for
modified knee joint.
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Figure 11. Quasi-static and dynamic moment-
angle responses at knee joint for
original knee joint.
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modified knee joint.
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moment-angle responses at knee joint
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Figure 14. Filtered and curve-fitted dynamic
moment-angle responses at knee joint
for modified knee joint.
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Figure 14. Filtered and curve-fitted dynamic
moment-angle responses at knee joint
for modified knee joint.
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moment-angle responses at knee joint
for original knee joint.

Filtered (3 tests)
Curve-fitted (3 tests)
Filtered (3 tests)
Curve-fitted (3 tests)

-50

0

50

100

150

200

-2 0 2 4 6 8 10 12 14 16

Angle (deg)

M
o

m
en

t
(N

m
)



Takahashi 9

unfiltered moment-angle response for the modified
knee joint demonstrates much smaller magnitude of
oscillation than that of the original knee joint, the
filtered moment-angle curves for the modified knee
joint look more realistic (Figure 14). However, the
initial negative moment is still seen, although the
magnitude is much smaller. Considering the fact that
the moment-angle response of both knee joints in
quasi-static valgus bending is fairly linear, it can be
concluded that the curve-fitting procedure does a better
job compared to the CFC 60 filtering to extract
characteristics of the knee joint valgus bending
response from the oscillated signals.

Leg Test

In order to compare the 3-point bending test results
with the PMHS response corridors presented by

Ivarsson et al. [19], force-deflection and moment-
deflection curves were determined using the signals
obtained from the tests. Although the applied force can
be measured by the load cell mounted above the
impactor, summation of vertical support forces from
both support load cells was used to determine the
applied force in order to avoid the problem of inertial
contribution from mass acceleration. Since the mid-
span of the leg specimen was loaded, the moment can
be calculated in three ways: FL/4, F1L/2, and F2L/2,
where F1 is the vertical component of the reaction force
on one support, F2 is the vertical component of the
reaction force on the other support, L is the span length,
and F = F1+F2. Figure 15 plots the moment-deflection
curves from the three different methods for moment
calculation for one of the three dynamic 3-point
bending tests. In spite of the fact that the mid-span
loading configuration defined in this study resulted in
asymmetric loading to the tibia shaft, it was found in
Figure 15 that the effect of the asymmetry on the
moment calculation was so small that the three
different methods for moment calculation yielded
almost the same moment-deflection curves. Thus, it
was decided to use FL/4 for moment calculation for
simplicity. Figures 16 and 17 show the force-
deflection and moment-deflection curves, respectively,
obtained from the quasi-static and dynamic 3-point
bending tests. The initial toe region with lower
stiffness primarily represents the deflection of the
flesh/skin surrounding the tibia shaft, and the
successive region with higher stiffness corresponds
mainly to the bending stiffness of the tibia shaft. For
the dynamic tests, some oscillation is observed in the
force-deflection and moment-deflection. However, the
magnitude of the oscillation is smaller with lower
frequency relative to the oscillation seen in the
dynamic knee bending tests. Thus, it was decided not
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Figure 15. Moment-deflection response from three
different methods for moment calculation.
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Figure 16. Quasi-static and dynamic force-deflection
response of leg.
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Figure 17. Quasi-static and dynamic moment-
deflection response of leg.
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to filter or curve-fit the curves for diminishing the
oscillation.

DISCUSSION

Since Ivarsson et al. [19] shows scaled PMHS
response corridors for the knee and leg test in dynamic
condition, only the results from the dynamic tests were
compared with the PMHS corridors. Figure 18
compares the moment-angle response at the knee joint
between the dummy tests conducted in this study and
the PMHS response corridor for a 50th percentile adult
male from Ivarsson et al. [19]. Both filtered and curve-
fitted response curves were included in the figure. It is
obvious that the original knee joint is less stiff than the
human knee, with moment-angle curves falling below
the lower bound of the PMHS corridor. The curves for
the modified knee joint fell almost perfectly within the

PMHS corridor except for the artificial initial negative
moment in the filtered curves. Figures 19 and 20
compare the force-deflection and moment-deflection
responses of the leg, respectively, between the dummy
tests and the PMHS corridors. The initial toe region for
the dummy leg seems to be longer than that of the
PMHS corridors probably due to the difference in
thickness of the surrounding flesh between the dummy
and PMHS legs. Other than that, all the curves from the
dummy leg tests almost fell within the PMHS response
corridors.

In order to quantitatively assess the biofidelity of
the knee joint and leg of the Polar-II pedestrian dummy
tested, the Response Measurement Comparison Value
defined by Rhule et al. [30] was calculated for each
dynamic test. Figure 21 illustrates the definitions of the
Dummy Variance (DV) and Cadaver Variance (CV)
presented by Rhule et al. [30]. Although they defined
CV and DV for independent variables as functions of
time, it was decided to apply this definition directly to
the moment-angle curves of the knee joint as well as
the force-deflection and moment-deflection curves of
the leg since both the PMHS and dummy tests
employed the displacement-controlled test machine and
thus displacement time histories were prescribed
independently from the response of the test specimens.
The Dummy Cumulative Variance (DCV), Cadaver
Cumulative Variance (CCV), and Response
Measurement Comparison Value (R) were then defined
by the following formulae:
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Figure 18. Comparison of moment-angle response
of knee between PMHS and dummy.
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Figure 19. Comparison of force-deflection response
of leg between PMHS and dummy.
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Figure 19. Comparison of force-deflection response
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CCVDCVR / (6).
where d represents either knee bending angle or leg
mid-span deflection. Therefore, R1/2 represents
cumulative dummy variance relative to the mean
cadaver response normalized by the cumulative
cadaver response variance relative to the mean cadaver
response. Thus, if R1/2 is less than 1.0, then the
cumulative dummy variance is less than the cumulative
cadaver variance (both relative to the mean cadaver
response) and the biofidelity of the specimen tested can
be considered to be very good.

Tables 2 and 3 summarize the results of R1/2

calculations for the dynamic knee joint and leg tests,
respectively. In terms of the knee joint tests, both
filtered and curve-fitted moment-angle curves were
subjected to the calculation. The response corridors
presented in Ivarsson et al. were developed around the
characteristic average response using standard
deviation calculations for both the independent and
dependent variables [19]. Due to the technique used for
the corridor development, the upper and lower bounds
do not have the same distance in the vertical direction
from the mean response. Thus, both upper and lower
bounds were used in calculating CCV, and average
CCV was calculated for each response corridor. R1/2 for
the original knee joint was between one and two for
both filtered and curve-fitted moment-angle curves,
while the modified knee joint resulted in R1/2 values of
less than 0.4 for both post-processing methods. R1/2 for
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Figure 21. Dummy Variance (DV) and Cadaver
Variance (CV) (Rhule et al. [30]).
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Figure 21. Dummy Variance (DV) and Cadaver
Variance (CV) (Rhule et al. [30]).
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the force-deflection and moment-deflection of the leg
were less than one. Those results suggest that the
biofidelity of the modified knee joint and the leg from
the Polar-II dummy in lateral bending is very good at
the component level.

Although the modified knee joint and leg of the
Polar-II pedestrian dummy were found to be biofidelic,
they are not currently designed to fail during impact
testing. On the other hand, a human knee and/or leg
may fail particularly when a pedestrian is subjected to
severe impact conditions. Since the failure to the knee
and/or leg may affect the upper body kinematics of a
pedestrian in a car-pedestrian impact, future study
needs to quantify the effect of the responses of the knee
and leg components on the upper body kinematics of
the dummy in full-scale testing.

CONCLUSION

In this study, a series of component tests using the
original and modified knee joint and the leg from the
Polar-II pedestrian dummy were conducted. Based on
the results of the tests, the following conclusions were
reached.

1. Limited rigidity in the test fixtures resulted in
unfavorable oscillation in the moment-angle
response of the knee joint.

2. Polynomial regression yielded a better
representation of the knee joint bending
characteristics from noisy moment-angle curves
relative to low-pass filtering.

3. The original knee joint of the Polar-II dummy was
found to be less stiff than the human knee in valgus
bending (R1/2=1.33 with curve-fitted moment-angle
response).

4. The modified knee joint of the Polar-II dummy with
increased stiffness of the ligament springs exhibited
very biofidelic response in valgus bending
(R1/2=0.30 with curve-fitted moment-angle
response).

5. The leg (deformable tibia shaft with flesh/skin) of
the Polar-II dummy yielded very biofidelic force-
deflection and moment-deflection responses in
lateromedial 3-point bending (R1/2=0.75 for force-
deflection and 0.69 for moment-deflection).

6. Future study needs to quantify the effect of the knee
and leg responses on the upper body kinematics of
the dummy in full-scale testing.
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ABSTRACT 
 
Several studies have characterized the benefits of rear 
seating on injury outcome in children.  While most 
studies have focused on frontal impacts, our previous 
work demonstrated that these benefits apply to side 
impacts as well.  In this earlier study, however, 
results indicated that among those rear seated, the 
side impact injury risk did not vary by seat position, 
i.e. those on the struck side had similar injury risk to 
those on the non-struck side.  In that study, the center 
rear occupants were grouped with the non-struck side 
occupants, and compared with the struck side.  The 
present analyses built upon that previous work and 
sought to further explore and explain those results by 
studying the effect of the three distinct rear seat 
positions (struck-side, center, non-struck-side) in side 
impacts in a sample limited to seat belt restrained 
children.  Data were obtained from a probability 
sample of 592 children, representing 6370 children, 
4-15 years of age who were enrolled in an on-going 
crash surveillance system which links insurance 
claims data to validated telephone survey and crash 
investigation data.  The sample was limited to 
children restrained by seat belts involved in side 
impact crashes and seated in the rear seating rows.  
The risk of injury was calculated for each seating 
position - struck, center or non-struck side of the 
crash.  Injuries were defined as scalp and facial 
lacerations, facial bone fractures, and all other AIS 2 
and greater injuries.  Risk of injury was lower to 
children seated on the non-struck-side (1.4%) as 
compared to those on the struck-side (2.6%) 
(OR:0.55  95% CI: 0.33  0.93).  Of interest, the injury 
risk to children seated on the struck side (2.6%) was 
roughly equal to that of those in the center rear 
position (3.0 %) (OR: 1.15, 95% CI: 0.50, 2.66).  
Accounting for differences in child age did not 
change the aforementioned results.  These results 
highlight the elevated injury risk for children in 
center rear seating position in side impacts, and 
suggest that the injury mitigation approach is unique 
to that of the other rear seating positions.    
 

INTRODUCTION 
 
Many researchers have examined the role of seat 
position on injury outcome for children in motor 
vehicle crashes.  In a study of children in the Fatal 
Analysis Reporting System (FARS), Braver et al [1] 
concluded that rear seating offered protective benefit 
over front seats, and children were 10 to 20 percent 
less likely to sustain fatal injuries in the rear center 
than in rear outboard seat positions.  Berg et al [2], in 
a study of a single state database of crashes, found 
that children seated in the front seat positions were 
1.7 times more likely to suffer a serious injury or 
fatality than those in the rear seat, and also found that 
the mean inpatient hospital charges were greater for 
front seat child passengers ($248.18) than children in 
the rear ($194.74).  More recent studies have 
examined the role of seat position on injury outcome 
in side impacts.  Durbin et al. [3], in a study of a 
large child specific surveillance system, examined 
side impact crashes involving children and found a 
protective benefit of rear seat struck-side seating as 
compared to front seat struck-side seating.  Others 
have chosen to study the effect on struck side seating 
versus non- struck side.  In a study focused on adult 
occupants in the front outboard seat positions, Farmer 
et al. [4] examined the National Automotive 
Sampling System: Crashworthiness Data System 
(NASS/CDS) database and found that, among non-
ejected occupants of vehicles which did not roll over, 
the likelihood of serious injury was only 3% for those 
on the near side and 2% for those on the far side.  
Howard et al [5] conducted a study of children aged 0 
to 12 years in all seating rows involved in side 
impacts.  Through analysis of the Fatality Analysis 
Reporting System (FARS), Howard found that for 
restrained children, the children seated on the near 
side were 2.5 times as likely to receive a fatal injury 
than children seated in the center, and also found 
through analysis of  NASS that among children 
known to be restrained, severe injury (ISS >= 16) 
was much more common for those seated in the near-
side seat (7 per 1,000) than for those in the center (2 
per 1,000).  Neither of these analyses accounted for 
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restraint type.   Using the child specific surveillance 
system as Durbin et al above, but with a side impact 
population limited to children in forward facing child 
restraint systems, Arbogast et al6 found that the injury 
risk was significantly higher for struck-side 
occupants in the rear row (8.9 injured children per 
1000 crashes) as compared to non-struck-side and 
center seat occupants combined (2.1 injured children 
per 1000 crashes). 
 
Most of the above analyses either include children 
restrained in all types of restraints or are limited to 
children restrained in add-on restraint systems (i.e. 
child restraints and booster seats).  Vehicle and 
restraint design techniques to mitigate injuries for 
children in side impact crashes in these varying 
restraint systems are likely different.  In particular, 
protection of older children who have outgrown, and 
therefore do not use, add-on child restraints cannot 
rely on the presence of an add-on restraint system to 
modulate impact forces.  Understanding the injury 
risk for these seat belt restrained children is a critical 
first step in injury mitigation efforts.  For this reason, 
the objective of this paper is to examine the injury 
risk by rear row seating position for children 
restrained by seat belts alone in side impact crashes.   
By defining the unique injury risks for the three-rear 
row seating positions, vehicle design improvements 
can be facilitated.  We have restricted the analysis to 
passenger cars only, since there are significant 
structural differences (sill height, seat location, door 
design) between passenger cars and other vehicles 
that commonly carry children, such as sport utility 
vehicles and minivans. 
 
METHODS 
 
Data for the current study were drawn from the 
Partners for Child Passenger Safety (PCPS) program, 
collected from December 1, 1998 to November 30, 
2002. A description of the study methods has been 
published previously [7]. PCPS consists of a large 
scale, child-specific crash surveillance system: 
insurance claims from State Farm Insurance Co. 
(Bloomington, IL) function as the source of subjects, 
with telephone survey and onsite crash investigations 
serving as the primary sources of data.  Vehicles 
qualifying for inclusion were State FarmTM- insured, 
model year 1990 or newer, and involved in a crash 
with at least one child occupant ≤15 years of age. 
Qualifying crashes were limited to those that 
occurred in fifteen states and the District of 
Columbia, representing three large regions of the 
United States (East: NY, NJ, PA, DE, MD, VA, WV, 
NC, DC; Midwest: OH, MI, IN, IL; West: CA, NV, 
AZ). After policyholders consented to participate in 

the study, limited data were transferred electronically 
to researchers at The Children’s Hospital of 
Philadelphia and University of Pennsylvania. Data in 
this initial transfer included contact information for 
the insured, the ages and genders of all child 
occupants, and a coded variable describing the level 
of medical treatment received by all child occupants 
(no treatment, physician’s office or emergency 
department only, admitted to the hospital, or death).  
A stratified cluster sample was designed in order to 
select vehicles (the unit of sampling) for the conduct 
of a telephone survey with the driver. In the first 
stage of sampling, vehicles were stratified on the 
basis of whether they were towed from the scene or 
not, and a probability sample of both towed and non-
towed vehicles was selected at random, with a higher 
probability of selection for towed vehicles. In the 
second stage of sampling, vehicles were stratified on 
the basis of the level of medical treatment received 
by child occupant(s). A probability sample from each 
tow status/ medical treatment stratum was selected at 
random with a higher probability of selection for 
vehicles in which a child occupant died, was admitted 
to the hospital, or evaluated in a physician’s office or 
emergency department. In this way, the majority of 
injured children would be selected while maintaining 
sample representative of the  overall population. If a 
vehicle was sampled, the “cluster” of all child 
occupants in that vehicle were included in the survey.  
Drivers of sampled vehicles were contacted by phone 
and screened via an abbreviated survey to verify the 
presence of at least one child occupant with an injury.  
Surveys were conducted only in English. All vehicles 
with at least one child who screened positive for 
injury and a 10% random sample of vehicles in which 
all child occupants screened negative for injury were 
selected for a full interview. A 2.5% sample of 
children untreated as of the crash report was included 
as well. The full interview involved a 30-minute 
telephone survey with the driver of the vehicle and 
parent(s) of the involved children. Only adult drivers 
and parents were interviewed. The median length of 
time between the date of the crash and the completion 
of the interview was six days.  The eligible study 
population consisted of all 430,308 children riding in 
288,187 State-FarmTM-insured vehicles newer than 
1990 reporting a crash claim between December 1, 
1998 and November 30, 2002. 
 
Claim representatives correctly identified 95% of 
eligible vehicles, and 73% of policyholders consented 
for participation in this study. Of these, 18% were 
sampled for interview and an estimated 81% of these 
were successfully interviewed. Comparing the 
included sample with known population values from 
all eligible State Farm claims, little difference is 
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noted: in both the sample and the population 42%, 
34%, and 24% of the vehicles were located in the 
East, Midwest, and West regions respectively; 52% 
of the sampled vehicles were model 1996 or newer, 
compared with 51% of the population; 55% were 
passenger cars, 20% passenger vans, 16% SUVs, and 
7% pickup trucks, compared with 56%, 19%, 16% 
and 7% in the population; and 33% were towed 
away, compared with 32% of the population. The 
mean age of the child in the sample was 7.0 years, 
compared with 7.2 years in the population. For a 
subset of cases in which child occupants were 
admitted to the hospital or killed, in-depth crash 
investigations were performed. To date, over 600 
cases have had field investigations completed. Cases 
were screened via telephone to confirm the details of 
the crash. Contact information from selected cases 
was then forwarded to a crash investigation firm 
(Dynamic Science, Incorporated, Annapolis, MD), 
and a full-scale on-site crash investigation was 
conducted using custom child-specific data collection 
forms.  Crash investigation teams were dispatched to 
the crash scenes within 24 hours of notification to 
measure and document the crash environment, 
damage to the vehicles involved, and occupant 
contact points according to a standardized protocol.  
The on-scene investigations were supplemented by 
information from witnesses, crash victims, 
physicians, hospital medical records, police reports, 
and emergency medical service personnel. From this 
information, reports were generated that included 
estimates of the vehicle dynamics and occupant 
kinematics during the crash and detailed descriptions 
of the injuries sustained in the crash by body region, 
type of injury, and severity of injury. Delta v, (the 
instantaneous change in velocity) an accepted 
measure of crash severity, was calculated using 
WinSmash and crush measurements of the vehicles 
involved. For the purposes of this analysis, these 
cases were used to examine the validity of 
information obtained from the telephone survey.  
 
Variable definitions 
 
Seating location and restraint use of each child were 
determined from a series of questions in the 
telephone survey. Among 170 children for whom 
paired information on seating position (front versus 
rear) was available from both the telephone survey 
and crash investigations, agreement was 99% 
between the driver report and the crash investigator 
(kappa=0.99, p<0.0001). Among 164 children for 
whom paired information on restraint use was 
available from both the telephone survey and crash 
investigations, agreement was 89% between the 
driver report and the crash investigator (kappa=0.74,  

p<0.0001). Direction of first impact was derived from 
a series of questions regarding the vehicle parts that 
were involved in the first collision. Survey questions 
regarding injuries to children were designed to 
provide responses that were classified by body region 
and severity based on the Abbreviated Injury Scale 
(AIS) score [8].  The ability of parents to accurately 
distinguish AIS 2+ injuries from those less severe has 
been previously validated for all body regions of 
injury [9].  Separate verbal consent was obtained 
from eligible participants for the transfer of claim 
information from State Farm to CHOP/Penn, for the 
conduct of the telephone survey, and for the conduct 
of the crash investigation. The study protocol was 
reviewed and approved by the Institutional Review 
Boards of both The Children’s Hospital of 
Philadelphia and The University of Pennsylvania 
School of Medicine.   
 
Data analysis and study sample 
 
Data were obtained from a probability sample of 592 
children, representing 6370 children, 4-15 years of 
age.  The sample was limited to children restrained 
by seat belts involved in side impact crashes and 
seated in the rear seating rows of passenger cars.  The 
risk of injury was calculated for each seating position 
- struck, center or non-struck side of the crash.  
Injuries were defined as scalp and facial lacerations, 
facial bone fractures, and all other AIS 2 and greater 
injuries.   
 
The robust chi-square tests of association were 
performed. Odds ratios (OR) were obtained from 
logistic regressions to approximate the relative risk of 
serious injury. Results of logistic regression modeling 
are expressed as unadjusted and adjusted OR with 
corresponding 95% confidence intervals (CI).  
Because sampling was based on the likelihood of an 
injury, subjects least likely to be injured were 
underrepresented in the study sample in a manner 
potentially associated with the predictors of interest. 
To account for this potential bias, data were analyzed 
by using SAS-callable SUDAAN: Software for the 
Statistical Analysis of Correlated Data, Version 8.0 
(Research Triangle Institute, Research Triangle Park, 
NC, 2001) to account for sampling weights, sampling 
strata, and sampling units.    

  
RESULTS 
 
Table 1 shows both distributions of child age group 
by seat position and seat position by child age group 
for the study sample.  Those 4 to 8 years of age were 
the most common age group in the study sample.  
57.3% of the children in the rear outboard struck-side  
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Table 1. 

Distribution of child age by seat position for the 
study sample and crash side proximity. 

 
 
 

Weighted row % 
Weighted column % 

(Unweighted n) 

 
4-8  

years 
9-12 
years 

13-15 
years 

Total 
(seating 
position) 

Rear Outboard 
Struck-side 

57.3 
43.7 
(112) 

29.5 
35.4 
(90) 

13.2 
50.1 
(45) 

100.0 
(247) 

Rear Outboard 
Non-struck- 

side 

46.5 
34.2 
(107) 

44.1 
51.6 
(94) 

9.4 
34.9 
 (41) 

100.0 
(242) 

Rear Center 
 

67.1 
22.7 
(64) 

24.1 
13.0 
(27) 

8.8  
15.0 
(12) 

100.0 
(103) 

Total  
(age group) 

 

100.0 
(283) 

100.0 
(211) 

100.0 
(98) 

100.0 
(592) 

 
position, 46.5% of the children in the rear out-board 
non-struck side, and 67.1% of the children in the rear 
center were in the 4 to 8 year old age group (Chi-
square test: p=0.14).  Children seated in the rear 
center position tended to be younger; 22.7% of 4-8 
year olds were seated in the rear center, as opposed to 
13.0 % of 9-12 and 15.0% of 13-15 year olds. 
 

Table 2 displays both distributions of seat belt type 
by seat position/crash side proximity, and seat 
position/crash side proximity by seat belt type.   

Table 2. 

Distribution of seat belt type by seat position and 
crash side proximity. 

 

Children in the rear outboard seating positions were 
most frequently restrained in lap / shoulder belts 
(87.1 % to 91.9%, depending on seat position), while 
children in the rear center position were more 
frequently in lap only belts (81.4%) (Chi-square test: 
p<0.001).   
 
Injury risk varied by seat position.  For all ages 
combined, those seated in the rear center had similar 
injury risk (3%) to those in the rear outboard struck-
side (2.6%) (Figure 1).  These two seating positions 
were at elevated risk compared to the rear outboard 
non-struck-side (1.4%).  This pattern remained the 
same for both the 4-8 year olds and the 9-12 year 
olds.    Those 13-15 years, few of which were seated 
in the center rear, had the highest injury risk when 
seated on the rear outboard non-struck-side (4.6%) 
followed by the rear outboard struck-side (3.7%).   
 
Multivariate logistic regression was employed to 
account for the varying age distribution by seat 
position highlighted in Table 1.  Adjusted for age, the 
risk of injury was lower to children seated on the 
non-struck-side as compared to those on the struck-
side (OR:0.55  95% CI: 0.33  0.93).  Of importance, 
the injury risk to children seated in the center rear 
was roughly equivalent to that of those on the struck 
side (OR: 1.15, 95% CI: 0.50, 2.66).   
 
DISCUSSION 
 
Based on a study of seat belt restrained children in 
side impact crashes, results of this study confirm 
previous reports that children seated on the struck-
side of the crash have an higher risk of injury than 
those seated on the non-struck-side.  In particular, of 
children restrained in seat belts, those on the non-
struck-side are at a 45% reduction in injury risk as 
compared those seated on the struck side, even after 
accounting for the potentially confounding effects of 
age.   
 
Of most importance, no statistically significant 
difference in risk of injury was noted between 
children seated in the center rear and those seated on 
the struck-side. This finding was relevant for those 4-
12 years of age, an age group in which children are 
transitioning out of add-on child restraints with 
significant side structure that can be used to mitigate 
injuries.  Children of this age group are typically 
using either adult seat belts or belt positioning 
booster seats for their restraint and have an elevated 
risk of interacting with the vehicle interior surface 
than their younger counterparts.    
 

 
 
 

Weighted row % 
Weighted column % 

(Unweighted n) 
 

Lap 
only 

Lap/ 
Shoulder 

Shoulder Unknown 
Total 

(seating 
position) 

Rear 
Outboard 

Struck-
side 

8.4 
17.1 
(29) 

87.1 
47.4 
(208) 

4.3 
68.2 
(5) 

0.2 
7.2 
(5) 

100.0 
(247) 

Rear 
Outboard 

Non-
struck-

side 

4.4 
8.7 
(24) 

91.9 
48.8 
(208) 

2.0 
31.9 
(7) 

1.6 
50.4 
(3) 

100.0 
(242) 

Rear 
Center 

 

81.4 
74.3 
(85) 

15.6 
3.8 
(15) 

0.0 
0.0 
(0) 

3.0 
42.4 
(3) 

100.0 
(103) 

Total  
(belt 
type) 

 

100.0 
(138) 
 

100.0 
(431) 
 

100.0 
(12) 
 

100.0 
(11) 
 

100.0 
(592) 
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The present analysis is not the first comparison of the 
struck-side and center rear side impact environments 
in a nationally representative sample.  Howard et al 5 
examined the injury risk across the rear seat in 
restrained children in side impact crashes using 
NASS-CDS.  In contrast to the findings of equal risk 
between struck-side and center rear in the present 
study, Howard et al found that serious injury was 
much more common for those in the struck-side seat 
position (7 per 1,000 children) than for those in the 
center (2  per 1,000).  There are some methodological 
differences between the present study and the 
Howard work that may help explain the contrast in 
findings.  First and foremost, Howard et al included 
children in all restraint types, whereas the present 
study includes only seat belt restrained occupants.  
Research on the effectiveness of child safety seats 
has found them to reduce fatal injury by 71 percent 
for infants (less than 1 year old) and by 54 percent for 
toddlers (1-4 years old) in passenger cars [10], as 
compared to lap/shoulder belts which reduce the risk 
of fatal injury to front-seat passenger car occupants 
by 45 percent [11]. Thus, if the CRS restraint use 
frequency is higher in the center rear as compared to 
the outboard rear positions, then the NASS-based 
finding that the center rear occupant’s risk is less than 
the struck-side occupants risk my be due to a change 

to a safer restraint design, as well as the point of 
impact proximity factors already delineated by 
Howard et al.  Second, Howard et al utilized the 
National Automotive Sampling System (NASS) 
dataset that, as described by Newgard and Jolly [12], 
contains relatively few children for a population-
based sampling system, and these limitations may 
influence NASS-based results.  Third, Howard et al 
assessed serious injury based upon whether or not the 
occupants Injury Severity Score (ISS) score exceeded 
15, whereas the present analysis assigned serious 
injury if the occupant received an AIS 2 or greater 
injury and includes injuries ranging in severity from 
concussions to more serious brain injuries. Whether 
the range of injury severity varies by seating position 
within the outcome category of “injury” cannot be 
determined in the present study.  The methodology 
used for the PCPS crash surveillance system utilized 
in the present study allows for the enrollment of large 
numbers of crashes involving children and thus 
addresses the second limitation highlighted above, 
however it precludes determination of specific AIS 
severity for each injury, and thus ISS, so no precise 
repeat of the Howard et al methods is possible with 
the PCPS dataset.   Future work will extend the 
results presented herein by using the crash 
investigation component of the PCPS study to further 
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elucidate the effects of seating position on risk of 
injury suggested in these analyses, and  to suggest 
countermeasures to prevent these injuries. In this 
approach, more detailed information on the nature 
and severity of the injuries as well as the location and 
direction of crash impact and crash severity, a critical 
factor in side impact protection, is obtained.  We 
hypothesize that this future analysis will elucidate 
differing injured body region patterns between the 
center and struck-side seat position.     
 
The role of occupant-to-occupant contact in 
determining injury outcome cannot be discounted in 
side impact crashes.  Sherwood et al [13], in a case 
study of 37 child-involved side impact fatal crashes, 
found two cases where the child fatality was caused 
by contact with other unrestrained (adult) occupants.  
Cummings and Rivara [14] found a small fatality risk 
increase for an adult occupant involved in a side 
impact if there was another unrestrained occupant 
seated next to them as compared to another restrained 
occupant.   Future analyses will explore the role of 
this parameter in injury causation within this study 
sample. 
 
Results presented herein also have relevance to the 
proposed upgrade to the US side impact standard 
[15], which notably includes both the 50th percentile 
male and 5th female size crash test dummies.  The 5th 
female dummy, in particular, is approximately the 
same size as 50th percentile 12 year old.  According 
to Figure 1 above, the 13 – 15 year old age groups 
were frequently at the highest injury risk relative to 
other age groups, and should be similar in size to the 
5th female and 50th male dummies proposed in the 
side impact standard upgrade.  However, the current 
proposed regulatory upgrade is focused on struck side 
occupants.  This data suggests that for this age group 
in particular the center and non-struck side occupant 
should also be considered.   
 
In addition to the side impact standard, the regulatory 
landscape for the rear seat is changing in that lap 
shoulder belts will now be required for the center 
rear.  Our data set which includes vehicles from 
model year 1990 to the present, contains both 
vehicles with a lap only belt in the center rear as well 
as those with a lap shoulder belt.  Our previous work 
[16] has highlighted in the benefits of a lap shoulder 
belt restraint in the center rear for injury mitigation in 
crashes of all directions.  Effects of this technology 
change on the results of this study will be considered 
in future work.   
 
 
 

Limitations 
 
This research is conducted on crashes involving State 
Farm Insurance Co. policyholders only. State Farm is 
the largest insurer of automobiles in the United 
States, with over 38 million vehicles covered; 
therefore, its policyholders are likely representative 
of the insured public in this country. The surveillance 
system is limited to children occupying model year 
1990 and newer vehicles insured in 15 states and the 
District of Columbia. Our study sample represents 
the entire spectrum of crashes reported to an 
insurance company including property damage only, 
as well as bodily injury crashes. While our sample 
included a significant number of vehicles with 
intrusion into the occupant compartment, it is 
possible that the PCPS study does not have a 
representative sample of the most severe crashes. 
Nearly all of the data for this study were obtained via 
telephone interview with the driver/parent of the 
child and is, therefore, subject to potential 
misclassification. On-going comparison of driver-
reported child restraint use and seating position to 
evidence from crash investigations has demonstrated 
a high degree of agreement.  There may be over-
reporting of those using both portions of a lap 
shoulder belt when in fact, the shoulder portion of the 
belt was behind their back or under their arm. 
 
CONCLUSION 
 
These results highlight the elevated injury risk for 
seat belt restrained children in center rear seating 
position in side impacts, and suggest that the injury 
mitigation approach in the center seat is unique to 
that of the other rear seating positions. Vehicle 
manufacturers and researchers should devote 
resources to understanding injury mechanisms and 
injury sources for children restrained in this seat 
potion.   
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ABSTRACT

This paper provides an update on two
cooperative research projects being conducted under
the National Highway Traffic Safety Administration’s 
(NHTSA) Rear-End Crash Prevention Program. The
first project is the General Motors-Ford Crash
Avoidance Metrics Partnership (CAMP) Forward
Collision Warning (FCW) work. Since 1995, this
project has been aimed at defining and developing
pre-competitive enabling elements to facilitate FCW
system deployment. The second project is the
General Motors-led Automotive Collision Avoidance
System Field Operational Test (ACAS FOT), which
aims to accelerate the deployment of active safety
systems by integrating and field-testing vehicles
outfitted with Adaptive Cruise Control (ACC) and
Forward Collision Warning (FCW) systems.

Results from the first CAMP FCW project
played an important role in the development of the
SAE J2400 Recommended Practice, “Human Factors 
in Forward Collision Warning Systems: Operating
Characteristics and User Interface Requirements”.  
This paper discusses findings from the second CAMP
FCW project, which was focused on evaluating and
developing the FCW timing approach and examining
drivers’ decision-making and avoidance maneuver
behavior in rear-end crash scenarios. The closed-
course, test track methodology employed allows
safely placing naive drivers in realistic rear-end crash
scenarios so that driver behavior can be observed.
The human factors experimentation and key results
from this project will be discussed in this paper.

During the ACAS FOT project, a small fleet of
vehicles was built and given to lay drivers for their
personal use. Each driver had a vehicle for
approximately four weeks, three of which had both
the ACC and FCW features enabled. The collected
data provided objective information about how the
subjects used the system and its impact on their

driving behavior. It also includes extensive
subjective information collected through
questionnaires, interviews, and focus groups. The
system design, design and execution of the FOT, and
highlights of results will be discussed in this paper.

INTRODUCTION

Forward Collision Warning (FCW) is an
emerging automotive safety technology that provides
alerts intended to assist drivers in avoiding rear-end
crashes. NHTSA 2003 General Estimates System
(GES) data indicate that rear-end crashes accounted
for about 28% of the total 6,318,000 police-reported
crashes in the United States. About 99.5% of these
rear-end crashes involved at least one light vehicle
(e.g., passenger vehicle, van and minivan, sport utility
vehicle, and light truck).
NHTSA’s rear-end crash prevention program

began in 1991, when research to prevent rear-end
crashes through the use of advanced technology was
initiated under the U.S. Department of
Transportation’s (DOT) Intelligent Transportation 
System (ITS) Program. A brief history of NHTSA’s 
rear-end crash prevention program is summarized
below:

1991-1996: Rear-end crash problem definition,
identification and assessment of potential
countermeasure technologies (NHTSA-Volpe Center-
Battelle-Calspan); development and use of a test bed
system to develop performance specifications
(Frontier Engineering); estimation of preliminary
safety benefits (NHTSA-Volpe Center). Preliminary
analysis of potential safety benefits showed that rear-
end crash avoidance systems could prevent 48% of all
rear-end crashes.

1997-2005: Cooperative research with CAMP
(GM and Ford) to develop functional requirements,
performance guidelines, and objective test procedures
for rear-end crash avoidance systems on light
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vehicles. This activity involved human factors studies
on closed-course test tracks to better understand how
drivers respond to dynamic scenarios that lead to
rear-end crashes. A follow-on research program
studying alert algorithm timing and avoidance
maneuvers for rear-end crash warning systems was
also completed.

1999-2005: Cooperative agreement with General
Motors and its partners Delphi Electronics, Hughes
Research Labs, and the University of Michigan
Transportation Research Institute, to conduct the
Automotive Collision Avoidance System Field
Operational Test (ACAS FOT) program that
developed a state-of-the-art rear-end crash avoidance
system with forward crash warning and adaptive
cruise control, including a 1-year field operational
test employing laypersons driving ACAS-equipped
vehicles. An independent evaluation was conducted
by the Volpe Center to assess safety benefits, driver
acceptance and system performance.

This paper presents background and results from
the recent CAMP Forward Crash Warning work and
ACAS FOT.

OVERVIEW OF CAMP FCW FINDINGS

The more recent Crash Avoidance Metrics
Partnership (CAMP) Forward Collision Warning
(FCW) efforts build upon the foundation provided by
the human factors work conducted in the previous
CAMP FCW system program [9]. This previous
work focused on developing FCW timing and
interface requirements for closing alerts; that is, alerts
intended to warn the driver when they are
approaching a vehicle ahead too rapidly (these alerts
can be contrasted with tailgating advisories). The
follow-on efforts reported here continue this effort,
and involved two major lines of research. The
interested reader is referred to [7] and [6] for a more
detailed discussion of this research.

One line of research is aimed at understanding
the relationship between drivers’ last-second braking
and steering maneuver behavior under closed-course
versus National Advanced Driving Simulator
(NADS) conditions. The documentation of this effort
is in the final stages, and will not be discussed further
here. A second line of research, which is the focus of
this paper, is primarily aimed at evaluating and
potentially refining the preliminary crash alert timing
approach developed in the previous CAMP FCW
project under a wider range of conditions. Key to
driver acceptance of FCW technology is appropriate
crash alert timing, which refers to the necessary
underlying vehicle-to-vehicle kinematic (or approach)
conditions for triggering the onset of crash alerts.

The goal of the alert timing approach is to allow the
driver enough time to avoid the crash, and yet avoid
annoying the driver with alerts perceived as occurring
too early or unnecessary.

As in the previous CAMP FCW research, this
research was conducted with a surrogate target, test
track (or closed-course) methodology, which allows
driver behavior to be safely observed under
controlled, real approach, rear-end crash scenario
conditions. As illustrated in Figure 1, this
methodology involves three vehicles— a mock lead
vehicle (or surrogate target), a lead vehicle (which
tows this mock vehicle), and a subject vehicle that is
driven by the test participant. The surrogate target
was designed to allow for safe impacts at low impact
velocities (up to 10 miles per hour velocity
differential) without sustaining permanent damage.
The surrogate target consists of a molded composite
mock-up of the rear half of a passenger car mounted
on an impact-absorbing trailer that is towed via a
collapsible beam. The braking level of the lead
vehicle, as well as that of the yoked surrogate target,
is controlled via an on-board computer operated by
the back-seat experimenter in the subject vehicle.

This test track methodology provides a very
realistic physical and perceptual representation of
what a driver experiences during in-lane approaches
to a vehicle. This realistic representation is felt to be
of critical importance for ensuring drivers’ perception 
of crash threat under these experimental conditions
are, to the extent possible, representative of those
obtained during in-traffic, real world driving
conditions. Moreover, this approach is intended to
increase the likelihood that the experimental results
observed will generalize to real world driving
conditions.

In order to ensure the safety of the test
participant and afford the participant every possible
opportunity to perform unassisted last-second
maneuvers, a trained test driver accompanies the
participant. The test driver rides in the front
passenger seat with access to both an override brake
pedal and add-on steering wheel to prevent collisions
with the surrogate target. In addition, the test driver
has access to a “bail out” crash alert via headphones 
(which signifies to the test driver to take control of
the vehicle), and a curtain divider is used to prevent
the test participant from observing the foot behavior
of the test driver (e.g., the foot hovering above
override brake pedal).

The need for obtaining data under these test
conditions is dictated by the infrequency of near and
actual collisions in the real world (as was evident in
the ACAS FOT data), the sparseness of electronic
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crash recording data available during these situations,
and the inherent safety and logistic issues surrounding
gathering driver’s last-second maneuver data under
in-traffic conditions. Furthermore, attempts to define
crash alert timing based on research that places
drivers under minimal risk or no crash risk (e.g.,
driving simulator) conditions has the potential to lead
to alerts that occur too late [9, 10].

In developing a FCW timing approach, two
fundamental driver behavior parameters should be
considered. These parameters serve as input into
vehicle-to-vehicle kinematic equations that determine,
given a set of assumptions, the alert range necessary
to assist the driver to avoid a potential crash. The
first driver behavior parameter is the time duration
required for the driver to respond to the crash alert
and begin braking, referred to as driver brake reaction
time (or brake RT). The second driver behavior
parameter needed for a crash alert timing approach is
the driver deceleration (or braking) behavior in
response to the FCW alert under a wide range of
vehicle-to-vehicle kinematic conditions.

Both of these fundamental driver behavior
parameters were explored in the previous CAMP
FCW work by having drivers perform last-second
braking judgments under alerted conditions and
exposing drivers to an unexpected (surprise) rear-end
crash scenario. The CAMP FCW follow-on research
reported here is aimed at continuing to develop
assumptions for these parameters under a wider range
of conditions. This research employed four different
types of methodological approaches/research
strategies, each of which will now be described with
the corresponding key results observed using these
strategies. It should be stressed that these research
strategies can be adapted in a relatively
straightforward fashion to address interface and
timing. Indeed, these strategies have already been

embraced and adapted in recent research aimed at
backing warning systems [12].

Last-Second Braking and Steering Maneuvers

In the earlier CAMP FCW work [9], drivers
performed last-second braking maneuvers under
various in-lane approaches using two different
braking instructions. The first instruction asked
drivers to maintain their speed and brake at the last
second possible in order to avoid colliding with the
surrogate target using “normal” braking intensity or 
pressure. (Note that this braking instruction is
intended to explore the aggressive end of the
“normal” braking envelope rather than more nominal, 
normal braking behavior.) The second instruction
asked drivers to maintain their speed and brake at the
last second possible to avoid colliding with the target
using “hard” braking intensity or pressure.  These 
data were used to identify drivers’ perceptions of 
normal and non-normal braking envelopes, and to
generate a brake onset model which estimates the
assumed driver deceleration in response to a FCW
alert based on prevailing vehicle-to-vehicle kinematic
conditions. An underlying assumption of this
approach is that alert timing based on rules for
judging threatening conditions that are different from
those employed by drivers may well be considered
unnatural and unacceptable by drivers.

Unlike the earlier CAMP FCW work, the current
study examined both last-second braking and last-
second steering maneuvers, both normal and long (3-
second) following headway conditions, and in-lane
approaches to a lead vehicle moving at a slower but
constant speed (The previous CAMP work only
examined lead vehicle stationary and lead vehicle
braking scenarios). This additional last-second
steering data was used to examine the extent to which
a FCW timing approach based on driver braking

Figure 1. Surrogate target (lead vehicle) methodology employed at the General Motors Proving
Ground (site of the majority of CAMP FCW research).
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assumptions could annoy drivers intending to perform
a lane-change maneuver around the vehicle ahead.
Drivers performed last-second steering maneuvers
using two different steering instructions, which
parallel the last-second braking (intensity)
instructions described above. The first instruction
asked drivers to maintain their speed and change
lanes at the last second they “normally would to go 
around the target”.  The second instruction asked 
drivers to maintain their speed and change lanes at the
last second they “possibly could to avoid colliding 
with the target”.  The last-second braking and steering
onsets were then characterized in terms of the
(constant) required deceleration level to avoid a
collision at last-second maneuver onset and the time-
to-collision at last-second maneuver onset (i.e., the
time before impact if prevailing conditions continue).

There are a number of commonalities between
the current and the previous CAMP FCW last-second
braking study [9] that enabled the possibility of
combining these data sets based on comparable
results observed across studies. First, a subset of the
Kiefer et al. last-second braking scenarios was
included in the current study. Second, identical age
and gender requirements were used in both studies.
Third, both studies were conducted on a

straight, level, smooth, asphalt, dry road under
daytime conditions. The previous Kiefer et al. data
was gathered at the General Motors Milford Proving
Ground test site in Milford, Michigan (shown in
Figure 1), and the more recent data was gathered at
the Transportation Research Center in East Liberty,
Ohio.

Results indicated that the differences observed in
last-second braking onset behavior as a function of
test site (Milford Proving Ground versus
Transportation Research Center), age (20-30, 40-50,
and 60-70 year olds), and gender (male, female) were
relatively small in magnitude. Hence, the previous
and current last-second maneuver datasets were
combined for further analyses and modeling. Second,
as shown in Figure 2, braking (as well as steering)
onsets varied as a function of maneuver speed and
lead vehicle deceleration conditions, and the relative
timing of last-second braking versus last-second
steering onsets was highly dependent on the
kinematic conditions. These results provide evidence
against a FCW timing approach that assumes a fixed
driver deceleration (or fixed time-to-collision) value,
and suggests that under some conditions, a FCW
timing approach that only assumes a braking response
by the driver could result in presenting alerts to
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drivers performing intentional lane change
maneuvers.

However, estimating the potential
magnitude/importance of alerts being issued prior to
intended lane-change maneuver under real-world
conditions is difficult. First, it should be kept in mind
that drivers will not always have the opportunity to
appropriately execute a steering maneuver. Second,
it remains unclear the extent to which drivers would
find alerts that occur prior to intentional last-second,
normal lane changes annoying. More generally, the
annoyance level potentially associated with these
alerts, as well as other alerts perceived as too early or
unnecessary, will ultimately be weighted against the
driver’s perception of alert appropriateness and 
system benefits under a rich set of varied real-world
experiences with the FCW system. Consequently,
extensive field operational testing was necessary
(described shortly), at a minimum, to better
understand what types and levels of false alarms are
acceptable to drivers.

The last-second braking data from this combined
dataset (which includes 3,536 last-second braking
judgment trials and 790 last-second steering judgment
trials) were then modeled for the purpose of
predicting hard braking onset (or driver deceleration
behavior in response to the alert). Recall that driver
deceleration behavior in response to the alert is one of
two driver behavior parameters needed for a crash
alert timing approach (the other parameter being
driver brake reaction time to the FCW alert).

A wide range of potential time-based and
deceleration-based predictors was explored. Inverse
time-to-collision (TTC) was found to be the single
most important predictor of whether or not a braking
onset scenario was a normal or hard, last-second
braking onset scenario. The key component of this
model is the inverse TTC term, defined as the
difference in speed between the lead and following
vehicles divided by the range between these two
vehicles (or Velocity / Range). It should be noted
that although TTC and inverse TTC are
mathematically interchangeable, the inverse TTC
measure provides a more parsimonious approach for
characterizing drivers’ perception of normal versus 
hard braking envelopes [10].

The inverse TTC model was developed using a
logistic regression approach that predicts the
probability a driver is in a hard braking scenario (and
hence, not in a normal braking scenario). This model
can be elegantly described as a model that assumes
that the driver deceleration response in response to
the crash alert is based on an inverse TTC threshold
that decreases linearly with driver speed. An
examination of the model fit across the approach

conditions tested, as well as a domain of validity
check across a much wider range of approach
conditions, provided support for the robustness of this
approach.

It is important to note that TTC can also be
perceptually defined as the angular size of the
approaching object divided by its angular speed
[11,17], and hence, inverse TTC is directly tied to the
visual looming properties or angular expansion of the
lead vehicle. Furthermore, inverse TTC has been
found to be a robust measure for describing drivers’ 
ability to perceive relative motion under near
threshold relative speed conditions [3]. Note that just
as the visual angle subtended by the lead vehicle
becomes“optically explosive” immediately prior to a 
collision [4, 16], changes in the inverse TTC measure
(unlike the TTC measure) become more prominent as
TTC diminishes to low TTC values.

The inverse TTC model has several potential
advantages over the previous CAMP FCW required
deceleration model of last-second braking [9],
although it should be noted that both models provide
comparable predictions. First, the current model
offers greater flexibility by operating in the
“probability of hard braking” domain, which allows 
the designer to modulate the “probability of hard 
braking onset” assumption based on inputs that may 
be available to the FCW system (e.g., driver age,
driver eye movement location, driver attentional state,
road/weather conditions, suspected lane change
conditions). Second, the current brake onset model
does not require accurate knowledge of lead vehicle
deceleration, and instead merely requires knowledge
of whether or not the lead vehicle is stationary,
moving and braking, or moving and not braking.
This is of some practical importance since obtaining
real-time, accurate knowledge of lead vehicle
deceleration behavior is technically challenging.

The performance of the inverse TTC model
suggests that drivers do not use detailed knowledge of
lead vehicle deceleration when making hard braking
decisions. However, accurate knowledge of lead
vehicle deceleration is still desirable for FCW timing
purposes, since this knowledge can be used to
improve predictions associated with calculating the
assumed Delay Time Range, which, along with the
assumed Braking Onset Range, is used to calculate
FCW Warning Range [9]. The Delay Time Range is
calculated based on the projected change in range to
the vehicle ahead, given prevailing speed and
deceleration levels of the lead and following vehicles,
during an interval which is composed of the
summation of various system delay times. These
system delay times include driver brake RT, the time
between when the alert criterion is violated and the
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onset of the crash alert, and the time between brake
onset and actual vehicle slowing as a result of
braking. The Braking Onset Range corresponds to
the assumed range at which the vehicle begins to
actually slow as a result of braking.

In conclusion, these results suggest that the
inverse TTC model of braking onset provides a
promising component for a FCW timing approach.
Furthermore, inverse TTC appears to be a key
element of the underlying mental process drivers use
in deciding when they are in their normal versus hard
braking envelope.

Surprise Lead Vehicle Braking Trials

The surprise (unexpected) lead vehicle braking
technique has been used rather extensively in
previous and recent CAMP FCW efforts to address
the extent to which a wide range of factors impact the
effectiveness of the CAMP FCW timing approach
developed in the initial CAMP FCW project [9].
This more recent surprise trial work [6] examined the
extent to which alert effectiveness is impacted by
driver characteristics, environmental factors, interface
design, distraction task/activity, kinematic conditions,
and training/false alarms. Seventeen distinct surprise
trials conditions were examined involving a total of
260 drivers. The alert timing approach employed was
based on the required deceleration approach
described in [7], coupled with a 1.52 second brake
RT (or 95th percentile brake RT) assumption [9]. In
addition, this work examined the degree to which
knowledge of the factors examined would be useful
for modifying the alert timing approach, as well as the
benefits of a FCW alert (or alert presence). To
investigate these issues, a surprise trial technique
(illustrated in Figure 3) was employed in which the
driver is distracted intentionally by the on-board
experimenter immediately prior to the unexpected
lead vehicle braking (or closing) event, which
inevitably leads to a FCW alert presentation.
Distraction techniques included both eyes-forward
tasks (e.g., interacting with a voice recognition
system to obtain navigation directions) and tasks
involving head-down activity (e.g., dialing an
unfamiliar set of numbers on a cellular phone
mounted on the center console). In addition, much of
the current and previous CAMP FCW surprise trials
efforts have focused on evaluating a single-stage,
dual-modality (auditory plus high head-down visual)
FCW alert, in part because this interface is considered
favorable from an industry-wide, production-friendly
perspective.

Overall, results strongly support the effectiveness
of the CAMP FCW alert timing/interface approach

evaluated. First, based on test driver intervention
rates, this approach was found to be robust, effective,
and rated by drivers as appropriate across the wide
range of conditions evaluated. Overall, intervention
rates in the FCW alert and no-FCW alert conditions
were 6.8% and 13.2%, respectively, which provides
support for the overall utility of FCW alerts. The
former intervention rate may be reduced if drivers
received “valid” FCW alert experience/training,
which was not provided here.

Second, these test driver interventions were
restricted to tasks involving head-down glance
activity, and never occurred for the eyes-forward
distraction tasks examined. Furthermore,
interventions occurred when the driver was looking
down at the phone at FCW alert onset. Hence, a
promising means of improving the CAMP FCW alert
timing approach appears to involve sensing driver eye
movement location, and more precisely, sensing when
the driver is looking down (or away from the forward
scene) instead of looking forward at the scene ahead.
This sensing capability would not only improve alert

timeliness for valid alerts issued when the driver is
looking down, but just as importantly, such a
capability would reduce the number of alerts
perceived as occurring too early or unnecessary by
the driver because they were already looking at the
forward scene and purportedly aware of the vehicle
ahead. Such a capability is highly desirable based on
the ACAS FOT results that will be discussed below.

Third, 85th percentile driver brake RT values to
the FCW alert under these surprise trial conditions
have remained remarkably stable across the seven
driver distraction tasks which have been examined
(which includes previous CAMP FCW surprise trial
work), ranging between 1.03 and 1.22 seconds. As
might be expected, the 95th percentile brake RT
values across these tasks tend to vary more widely,
ranging from 1.10 to 1.73 seconds. These upper
percentile values correspond well to other relevant
sources of surprise driver brake RT data [5, 14, 15],
and hence, are viable candidates for driver brake RT
assumptions employed in FCW timing approaches,
which is one of two driver behavior parameters
desired for a crash alert timing approach.

Fourth, although both negative and positive
effects of “cry wolf” false alarms were observed 
under these experimental conditions, it is somewhat
tenuous to generalize these results to the rich and
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varied nature of drivers’ experiences underday-to-
day, naturalistic driving conditions with both valid
FCW alerts and alerts perceived as too early or
unnecessary by the driver. Indeed, gaining a deeper
understanding of drivers’ tolerances of false alarms 
provides an important underlying rationale for
conducting the ACAS FOT project described below.

Time-to-Collision Judgments

The last-second braking data reported above
suggests that the inverse TTC measure provides a
parsimonious approach for characterizing driver’s 
perception of normal versus hard braking envelopes.
Hence, drivers’ perception of the instant they feel that
they would have collided with the vehicle ahead, and
the relationship between perceived and actual TTC
are of inherent interest. The perceived TTC measure
was obtained here by occluding the driver’s vision 
using liquid-crystal glasses (as shown in Figure 4)
during the last phase of an in-lane approach to a lead
vehicle. (See [13] for a more detailed description of
these occlusion glasses.) After vision was occluded
(at which point the test driver took control of the
vehicle), the driver was to press a button the instant
they felt that they would have collided with the
vehicle ahead (assuming prevailing vehicle-to-vehicle
kinematic conditions and existing collision course
trajectories continue).

Nearly all previous TTC judgment studies
intended for automotive application have been
gathered with scenes presented under laboratory or
driving simulator conditions [4, 18]. These scenes
have distinctly different

visual properties than real-world scenes that may
impact TTC judgments (e.g., reduced peripheral
vision, degraded binocular distance cues, and
artificial scene texture gradients), and hence, drivers’ 
perception of crash threat. (Indeed, this issue
underlies the motivation for the current CAMP FCW
NADS research briefly mentioned earlier in the
paper.)

This study provides the most extensive set
(known to the authors) of TTC judgment data ever
gathered under realistic driving conditions. The
current study examined TTC estimation under 12
combinations of driver speed and relative velocity,
with driver speeds ranging between 30 and 60 MPH
(48 and 97 km/h) and relative speeds ranging between
10 and 30 MPH (16 and 48 km/h). Results indicated
that TTC was consistently underestimated. The TTC
ratio (perceived TTC/actual TTC) increased as driver
speed decreased and as relative speed increased.
These ratios were largely unaffected by age, gender,
actual TTC (3.6 or 5.6 seconds), viewing time (1-
second versus continuous), and the presence of an
eyes-forward, mental addition distraction task. It is
of importance to note that the experimental
manipulations of limiting viewing time (to 1 seconds)
and/or introducing a concurrent (mental addition)
distraction task were explicitly intended to represent
distracted driver conditions. The elevated importance
of TTC estimation coupled with the extreme salience
of the lead vehicle looming behavior under the low
TTC conditions examined appears to mitigate any
effects of the independent variables examined on
TTC estimation. In an analysis aimed at examining
extreme TTC judgments, which may play an

Figure 3. Surprise trial method (Unexpected lead vehicle braking).
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underlying role in rear-end accident causation,
increases in age and relative velocity were found to
lead to higher probabilities of TTC overestimation
(i.e., when perceived TTC exceeds actual TTC).
With an eye toward developing an alert timing
approach, these results suggest that under these low
TTC conditions drivers estimate TTC in a relatively
uniform fashion and that they are capable of
providing this estimate based on a brief glimpse to the
vehicle ahead after a period of losing visual and/or
cognitive contact to the lead vehicle. Such a glimpse
may occur following a FCW alert issued to a driver
looking down, which is intended to trigger the driver
to look toward the forward scene.

From a more theoretical perspective, these results
tend to support for the view that drivers employ a
direct, efficient, and automatic optic flow heuristic for
making TTC estimations (at least under these low
TTC conditions), which may be modified based on
speed and relative velocity conditions [8]. Under this
heuristic, drivers estimate TTC by operating directly
on the visual scene and associated looming properties
of the lead vehicle.

“First Look” Maneuvers

The “first look” technique, like the TTC 
estimation technique described above, is a visual
occlusion technique being employed to further
understand drivers’ decision-making and avoidance
maneuver behavior in rear-end crash scenarios. (It
should be briefly noted that the data generated from
these CAMP FCW occlusion techniques may provide
a useful tool for validating/calibrating similar data
gathered under simulator and laboratory approach
conditions.) This technique is aimed at quantifying a
surprised driver’s reaction to a collision alert, and 
assessing the adequacy of a FCW timing approach
under a wider range of approach conditions than can
be practically attained using the “1 trial per subject” 
surprise trial technique described above.

After receiving a FCW alert, the surprised driver
must quickly decide upon and execute a crash
avoidance maneuver. In order to create what is
considered an extreme form of driver distraction (i.e.,
a surprised driver) in which the driver has lost all
visual and/or cognitive contact with the vehicle
ahead, this first look technique (illustrated in Figure
5) involves blocking a portion of the driver’s central 
vision with a CAMP-designed (liquid-crystal)
occlusion window during the entire initial phase of an
in-lane approach such that the driver could not see the
lead vehicle. (Note that drivers still received visual
information available through the side windows and
portions of the front windshield, which is important
since non-central visual information plays an
important role in speed perception.) During the last
phase of this in-lane approach, the driver’s vision is 
suddenly “opened” at a point in time intended (based 
on the surprise trial dataset described above) to
correspond to when a driver caught looking down
would get their “first look” at the vehicle ahead after 
receiving a FCW alert. A driver is presumed to be in
an alerted state shortly after a FCW alert is issued,
which in this case corresponds to the timing of the
window opening.  Upon vision opening, the driver’s 
task was to avoid colliding with the lead vehicle.

Drivers were encouraged to brake if at all
possible unless they were not closing on the vehicle
ahead (referred to as catch trials), in which case they
are instructed to refrain from either braking or
steering. If the driver is closing in on the vehicle
ahead after vision opening, two steps are taken to
prevent the driver from adopting a strategy of either
always braking or always steering. To discourage the
driver from an “always braking” strategy, trials are 
included with very late window opening timing,
where a last-second steering avoidance response is
predicted to be favored over braking (based on the
CAMP FCW last-second steering data reported in
[7]). To discourage the driver from adopting an
“always steering” strategy, a trailing vehicle is 
present which passes in and out of the

Figure 4. Time-to-collision judgment technique using occlusion glasses (1-second glimpse condition
shown).
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Figure 5.  “First look” (extreme distraction) technique using the window occlusion method.

driver’s blind spot in the adjacent lane and effectively 
discourages the driver from reflexively making a
steering response.

Results from this study indicated that drivers
were able to execute an unassisted, successful braking
maneuver for over 85% of the trials. These results
were obtained across a much wider range of vehicle-
to-vehicle (kinematic) approach conditions than have
been examined under surprise trial conditions.
Hence, these results suggest that drivers can execute
an appropriate crash avoidance maneuver under the
alert timing assumptions evaluated, and under
conditions that may have increased decision-making
complexity relative to what drivers experienced in the
previously reported surprise trial (unexpected lead
vehicle braking) studies. These results, along with
the TTC estimation results reported above, suggest
that the driver can quickly assess TTC and make the
appropriate crash avoidance maneuver under CAMP
FCW alert timing assumptions.

Furthermore, a comparison of driver behavior
under these “first look” conditions relative to the 
surprise trial conditions discussed above indicates the
first look method appears to be a valid, efficient, and
promising method for exploring the consequences of
FCW alert timing. These comparison results indicate
that required decelerations at brake onset and peak
decelerations throughout the braking maneuver were
somewhat higher under the current conditions relative
to the matched surprise trial data set. These results
suggest that this first look method represents a rather
extreme form of driver distraction, and hence, this

method may provide a conservative estimate of FCW
alert effectiveness from a crash avoidance
perspective. In addition, it is felt that this method
provides a promising technique for generating
decision-making and maneuver behavior
representative of that which would be obtained from
drivers under real world, rear-end crash scenarios.

This method could be used to explore the
consequences of later FCW alert timing, which may
serve to reduce false alarms, and hence, potentially
increase the overall “credibility”, acceptability, and 
safety effectiveness of the FCW alert system. Indeed,
as will be discussed in the next section, reducing the
number of false alarms drivers experience to a level
that is considered acceptable by drivers while still
maintaining effective valid alert timing remains a
formidable challenge for FCW deployment and
effectiveness.

More generally, it should be noted that there is a
general lack of both age and gender effects under the
actual FCW alert (i.e., surprise trial) and simulated
FCW alert (i.e., visual occlusion) conditions
examined in previous and current CAMP FCW
efforts. This suggests that the FCW alert information
may be an effective means of equalizing (or
neutralizing) drivers in their ability to avoid rear-end
crashes, and that a “one-size-fits all” FCW alert 
timing approach for closing alerts may be feasible.
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OVERVIEW OF ACAS FOT FINDINGS

The goal of the Automotive Collision Avoidance
System Field Operational Test (or ACAS FOT)
project was to further the science and understanding
of Forward Collision Warning (FCW) and Adaptive
Cruise Control (ACC) systems by conducting an
extensive FOT with lay drivers. The FOT was
designed to address numerous issues dealing with the
use and deployment of FCW and ACC systems.
These issues revolved around examining the potential
implications of these systems from both a traffic
safety and driver acceptance perspective. The
following is a summary derived from [1] and [2].

As the team leader for this project, General
Motors was responsible for program management,
overall integration of the various subcomponents and
their associated software, threat assessment functions,
and activities associated with predictions of vehicle
location and road geometry. Delco Electronics &
Safety was responsible for the Forward Looking
Radar system, the ACC system, the Vision and Scene
tracking systems, the Target Selection system and the
Driver Vehicle Interface system that included a head-
up display (HUD) which was used to display ACC-
and FCW-related information. Hughes Research
Laboratories was responsible for the Data Fusion
system designed for the purpose of accurately
determining forward road geometry. Delphi Chassis
was responsible for developing the Intelligent Brake
Control subsystem for the ACC system. Finally, the
University of Michigan Transportation Research
Institute (UMTRI) was responsible for the design and
implementation of the Data Acquisition system, as
well as the design and conduct of the formal FOT.
Both UMTRI and General Motors were responsible
for conducting the analysis of the FOT data.

The ACAS FOT program began in June of 1999
and was completed in November of 2004. It was
organized into two phases. Phase I ran from June
1999 to December 2001. In this phase, the various
ACAS subsystems were selected and developed using
five Engineering Development vehicles. Once
satisfactory performance was achieved, these
subsystems were then integrated into a single
Prototype Vehicle.

Phase II of the ACAS FOT program began in
January of 2002 and was completed in November of
2004. In this phase, lessons learned from the
Prototype Vehicle were used to install the ACAS
system into two Pilot Phase Vehicles with FOT-
deployment-level packaging. Further improvements
were then made to the system and these two vehicles

along with the 11 Deployment Vehicles were then
built-up for a total of 13 Deployment Vehicles
available for the FOT.

The FCW and ACC systems were developed,
integrated and ultimately packaged in the 13 Buick
LeSabre (2002 model year) Deployment Vehicles. Both
FCW tailgating advisories and closing alerts were
provided to the driver on a HUD via a graded looming
approach shown in Figure 6. A small blue-green
“vehicle ahead” display is provided when the system
determines a vehicle is in the path of the driver’s 
vehicle. For tailgating advisories and closing alerts, as
the potential for a rear-end conflict increases, the icon
turns to an amber color (referred to as a cautionary
alert) and grows in size with the icon size dependent on
the degree of predicted conflict. A final flashing alert
(referred to as an imminent alert) consists of both a
red/yellow flashing visual display and a series of
warning beeps. Whereas the timing of the cautionary
alerts was adjustable by the driver, imminent alert
timing was not adjustable.

The ACC system evaluated is an enhancement to
traditional cruise control. This feature allows the driver
to keep cruise control engaged in moderate traffic
conditions without having to constantly reset their
cruise control. The system could apply limited braking
or acceleration of the vehicle automatically to maintain
a driver-selected follow distance to the vehicle ahead
(which ranged from 1-2 second time headway). ACC
braking was limited to about 0.3 g's (2.94 m/sec2) of
deceleration, which is comparable to moderate
application of the vehicle's brakes.

These Deployment Vehicles were then given to
96 test subjects who, after receiving training on the
ACAS system, drove these vehicles as their own
personal cars for three or four weeks. The 96 lay
drivers chosen for this experiment were randomly
selected from three age groups (20-30, 40-50, and 60-
70 years old) balanced for gender. During the first
week of each subject’s use, the ACAS features were
not available to the drivers. During the subsequent
weeks, the ACAS features were available. A robust
data acquisition system was employed to capture a
wealth of data from each driver’s use of the ACAS 
cars. This data included a myriad of signals from the
host car’s J1939 data bus as well as visual images of 
the road ahead, and the driver’s face.  Radar tracks of 
cars, stationary objects, and other “targets” ahead 
were detected by the radar. Altogether some 1.4
terabytes of information were collected for analyses.
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Interviews, questionnaires, and focus groups were
also employed to capture the test participants’ 
subjective evaluations.

When the FOT began in March 2003, the initial
acceptance response of the ACAS system was much
less positive than was reported by participants during
earlier pilot testing. This dissatisfaction was based on
what drivers considered to be false alarms (i.e., alerts
perceived as too early or unnecessary). About half of
the alerts were due to stationary objects along the
roadside being detected by the radar and erroneously
classified as “threats”.  Many other alerts occurred 
under conditions that drivers simply felt did not
warrant an alert.

To address this situation, a 3-phased approach
was implemented. First, in order to ensure sufficient
information was garnered from the original algorithm
(called Algorithm A), a total of 15 drivers drove with
this original set of software. While this testing was
underway, an improved algorithm was quickly
developed and installed on the ACAS vehicles for a
second set of 15 drivers (called Algorithm B). This
software included several improvements over
Algorithm A and also eliminated all alerts from
stationary objects that the radar had never before seen
moving during the approach (e.g., a roadside sign).
Algorithm B still issued alerts to stationary objects
that the radar had previously seen moving during an
approach, such as when a lead vehicle came to a stop.
Finally, a very ambitious set of software was
developed (called Algorithm C) which restored alerts
from “never before seen moving” stationary objects 

and added a host of features to further reduce the
number of false alarms. The remaining 66 test
subjects drove their vehicles with Algorithm C as the
operating software. Overall, the efforts made to
reduce false alarms produced approximately an order
of magnitude reduction in these alarms from the first
algorithm implemented in the Prototype vehicle to the
most advanced algorithm that was ultimately
employed in the formal ACAS FOT.

It is important to emphasize that the FCW and
ACC sub-systems examined could potentially reduce
the incidence of rear-end crashes, as well as the harm
caused by such crashes, in primarily two different
ways. First, these systems could reduce the amount
of tailgating behavior, that is, the amount of time
drivers spend following a vehicle ahead at short time
headways under “steady state” driving conditions.  A 
lengthening of headway times under these conditions
can provide the driver with additional time to respond
should an unexpected rear-end crash scenario unfold.
Secondly, the FCW system may at times (e.g., when
the driver is distracted) alert the driver to an approach
(or closing) conflict earlier than the driver would
have detected such a conflict. These approach
conflicts, as well as tailgating behavior, can
ultimately lead to a rear-end crash.

A high-level overview of the ACC and FCW
safety- and acceptance-related results are shown in
Table 1. Results indicated that both the FCW and
ACC sub-systems reduced the incidence of tailgating
behavior relative to manual driving without the
support of these systems. Overall, as can be seen in
Figure 7, the incidence of less than 1-second time
headways were 26% with FCW system support, and

Safety Acceptance
Forward
Collision
Warning

- Reduced tailgating behavior
- “Valuable” alerts identified 
- No broad “closing conflict” effect
- No unintended safety consequences

- Purchase interest low
- Too many alerts

perceived as unnecessary

Adaptive
Cruise

Control

- Reduced tailgating behavior
- Increased lane dwelling
- Perceived as having more safety value than FCW
- No unintended safety consequences

- Purchase interest high
(without price target)

Figure 6. ACAS FOT graded, looming visual alert approach.

Table 1.
Overview of ACAS FOT safety and acceptance findings for
Forward Collision Warning and Adaptive Cruise Control.
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30% without FCW system support. This overall
FCW headway lengthening effect was also observed
at 0.1 second headway steps starting from cumulative
time headway at less than 1.6 second headways all the
way down to cumulative time headway at less than
0.5 second headways. A more detailed examination
indicated that this effect was restricted to daytime
driving and freeway driving conditions.

Perhaps more notably, as can be seen in Figure 8
(which shows headways under heavy traffic
conditions), the incidence of less than 1-second time
headways was three times lower during ACC relative
to manual driving. This may in part explain why
drivers’ ratings of whether the system increased their 
driving safety were more positive for ACC than
corresponding ratings for FCW. It should be pointed
out that although this lengthening of headway times
caused by ACC will naturally lead to increased cut-in
behavior by other drivers, the warm driver acceptance
of ACC suggests that the perceived ACC benefits
clearly outweigh this potential annoyance.

The more dramatic effects of ACC on tailgating
behavior are in all likelihood a direct result of the
system preventing the driver from selecting an ACC
gap (or time headway) setting of less than 1-second
following time. The exact source of the FCW
headway lengthening effect on tailgating is less clear,
but can be potentially attributed to either the FCW
tailgating advisory display (or possibly a transfer of
training from the ACC system) increasing the driver’s 
general awareness of their car following behavior.

On the other hand, evidence that the FCW and
ACC systems reduced approach conflict behavior was
mixed. Approach conflict metrics examined included
the frequency of imminent alerts (where “silent” or 
"virtual” alerts were examined when the ACAS 
system was not activated), required deceleration to
avoid impact and time-to-collision at brake onset, as
well as peak conflict measures during approach
events to a lead vehicle. Results indicated that the
FCW system did not have a broad effect on reducing
approach conflict behavior. Nevertheless, a small
number of FCW imminent alert incidents were
identified that were judged to have increased drivers’ 
awareness of a potential rear-end crash and/or
encouraged the driver to brake. Hence, the potential
for the FCW system to help the driver avoid rear-end
crashes and reduce the harm caused by such crashes
was demonstrated.

With respect to ACC, it can be hypothesized that
this system has at least the potential to increase
approach conflict behavior, either because of the
manner in which ACC controls the vehicle in
approach situations and/or due to the choices drivers
make in allowing ACC control in their assumed

supervisory role. Results indicated that ACC did not
negatively impact approach conflict behavior. On the
contrary, it appears that ACC may reduce risks
associated with lane changes by decreasing passing
behavior (thereby increasing lane dwelling) and
increasing the range at which drivers initiate certain
lane-change-and-passing maneuvers on freeways
(presumably to avoid ACC braking during passing).

Results did not indicate any unintended safety
consequences of these systems (e.g., no notable
increases were observed in secondary task behavior
such as cell phone conversation, passenger
conversation, eating, grooming, smoking). However,
it should be noted that the increased percent driving
time with ACC relative to conventional cruise control
(overall, 37% versus 20% usage) was evident across
all driving conditions, with the most notable increase
of ACC usage occurring under heavy traffic
conditions.

In addition, the rare occurrence of events in
which the ACC system provided the maximum level
of ACC braking was observed almost exclusively
under surface street conditions. The rate of these rare
events dropped substantially over the course of the
three weeks of driving with ACAS enabled. Overall,
there is a clear suggestion that drivers strongly
preferred intervening with manual braking before the
ACC applied its maximum braking authority,
suggesting that drivers were not being overly reliant
on ACC braking. Finally, a search for drivers who
may have been experimenting with ACC and FCW
systems failed to yield a single ACC maximum
braking incident caused by driver experimentation,
and suggested that the heightened level of driver
attentiveness during this experimentation may serve
to mitigate the risks associated with this activity.
Driver acceptance of the FCW system was clearly
mixed, and uniformly high for the ACC system.
Overall, the older drivers tended to be more accepting
of these systems. Without a hypothetical system cost,
45% and 75% of drivers indicated positive purchase
interest toward the FCW and ACC systems,
respectively. With a $1000 system cost for each
system individually or a $1,600 combined (ACC plus
FCW) system cost, positive purchase interest dropped
to between 30% and 35%. The higher purchase
interest in ACC may in large part be due to the fact
that ACC profoundly reduces the workload and stress
associated with the everyday task of car following
(e.g., brake apply rates were 25 times lower under
freeway conditions than with manual driving), along
with the lack of FCW alert “credibility”.  
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conditions.
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Although the ACAS test participants may not be
fully representative (e.g., from an income level or
vehicle ownership perspective) of likely buyers for
initial ACC- and FCW-equipped production vehicles,
these data clearly illustrate the importance of ensuring
FCW and ACC systems can be offered to consumers
at affordable costs in order to foster deployment of
these features.

With respect to FCW, results clearly suggest that
further reductions in false alarms (resulting in a
higher proportion of “credible” FCW alerts) are
needed to ensure widespread FCW system
acceptance. Overall, the vast majority of imminent
alerts occurred during non-ACC driving. Under these
manual driving conditions, imminent alerts occurred
at an average rate of 1.44 per 100 miles for drivers
using Algorithm C (with alerts occurring primarily on
surface streets). In addition, average imminent alert
rates varied from 0.08 to 4.34 per 100 miles across
drivers.

Roughly one-third of the imminent alerts were
issued in response to each of the following three
general alert categories: to vehicles that remained in
the same lane as the driver during the approach, to
roadside out-of-path stationary objects (such as signs
and mailboxes), and to vehicles which transitioned in
and out of the lane sometime during the approach
(e.g., when the lead vehicle was turning or during
driver-initiated lane changes). Consequently, it is not
surprising that drivers were not observed to brake
reflexively to the imminent alert.

The overall impression is that a formidable
technical challenge lies ahead in fielding a widely
accepted FCW system. Unfortunately, a comparison
of subjective results across algorithms investigated, as
well as within the 66 drivers experiencing the final
algorithm, failed to provide clear direction as to the
extent to which false alarms must be reduced in order
to ensure widespread acceptance of the FCW system.
Nonetheless, the lessons learned in this project have
suggested numerous improvements that have the
potential to lead to this broader customer
acceptability by reducing false alarms. For example,
at least for the current state-of-the-art capability, it
appears that the requirement levied on the ACAS
system to detect “always stationary” vehicles (i.e., 
vehicles that have never been seen moving by the
FCW system) may be ill-advised, based on the high
frequency of false alarms to “always stationary” 
objects (such as signs and mailboxes) relative to the
extremely rare occurrence of credible imminent alerts
to “always stationary” vehicles.

From the perspective of executing an FOT, this
effort demonstrates the value of conducting multiple
preliminary mini-FOTs (prior to the formal FOT) to

ensure system performance is commensurate with
driver expectations. Furthermore, it should be
stressed that drivers’ acceptance of systems based on 
short-term exposures can be very misleading.

CONCLUSIONS

In summary, the CAMP FCW and ACAS FOT
program have produced pioneering knowledge which
can be used to address the rear-end crash problem, as
well as other types of crashes. The CAMP FCW
project has provided important information with
respect to characterizing and modeling drivers’ 
normal and non-normal last-second braking and
steering maneuvers (or envelopes), FCW timing and
interface approach recommendations, and innovative
test-track methodologies which can be used to
examine crash avoidance systems under controlled,
realistic conditions.

The ACAS FOT augments this information with
an immense set of in-traffic, naturalistic data which
has provided much needed information on FCW
system alert rates and false alarm issues, the immense
variation of driver’s alert experiences, driver potential 
acceptance of an FCW system, and FCW system
performance requirements. In addition, the ACAS
FOT provides an equally rich set of data to
understand how drivers choose to use and behave
with an ACC system with moderate levels of braking
authority.
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ABSTRACT 

The vehicle safety and roadside safety 
communities utilize full-scale crash tests to assess the 
potential for occupant injury during collision 
loadings.  While the vehicle community uses 
instrumented full-scale crash test dummies (ATDs), 
the roadside community relies on the flail space 
model and the Acceleration Severity Index (ASI) 
models, which are based primarily on the 
deceleration of the test vehicle.  Unfortunately, there 
has been little research relating the roadside injury 
criteria to those used in the vehicle community.  This 
paper investigates the correlation of these differing 
metrics to gain insight to potential differences in 
threshold occupant risk levels in the roadside and 
vehicle safety communities.      
 

Full-scale vehicle crash tests are analyzed to 
compare the flail space model and ASI to ATD-based 
injury criteria for different impact configurations, 
including frontal and frontal offset crash tests.  The 
Head Injury Criterion (HIC), peak chest acceleration, 
peak chest deflection, and maximum femur force are 
each compared to the ASI, and flail space parameters.  
With respect to the vehicle crash test injury criteria, 
the occupant impact velocity and ASI are found to be 
conservative in the frontal collision mode.  The 
occupant ridedown acceleration appears to have the 
strongest correlation to HIC while the ASI appears to 
have the strongest correlation to peak chest 
acceleration.   

INTRODUCTION 

Full-scale crash testing is the traditional method of 
evaluating both vehicles and roadside safety 
hardware.  A critical part of these evaluations is the 
assessment of occupant risk potential.  Although the 
basic goal is the same, the vehicle and roadside 
communities approach the assessment differently.  
The vehicle safety community has developed impact 
configuration-specific crash test dummies to serve as 
a surrogate for the human response.  Due to the 
propensity for oblique collisions but a lack of 

mechanical test devices, the roadside safety 
community has developed occupant risk models, such 
as the flail space model and the Acceleration Severity 
Index (ASI), that utilize only the measured vehicle 
kinematics.  Note that the roadside hardware 
occupant risk guidelines are set forth in NCHRP 
Report 350 [1] while the occupant risk procedures for 
vehicle crashworthiness are set forth in FMVSS 201 
[2], FMVSS 208 [3], and FMVSS 214 [4]. 
 
Both the roadside and vehicle safety communities 
have attempted to link the respective criteria to the 
probability of actual occupant injury.  Little is 
known, however, with respect to how these criteria 
relate to one other.  As the update to NCHRP 350 is 
eminent, this issue is especially crucial to the 
roadside safety community.      

OBJECTIVE 

The purpose of this study is to compare roadside 
crash test injury criteria to vehicle crashworthiness 
test injury criteria utilizing full-scale crash test data. 

BACKGROUND INFORMATION 

Roadside Crash Test Injury Criteria 

Flail Space Model   Prior to the flail space model, a 
majority of the roadside occupant risk criteria were 
based simply on limiting the lateral and longitudinal 
vehicle accelerations during impact [5], [6].  In an 
attempt to better define the occupant risk criteria, 
Michie introduced the flail space concept in 1981 [7].  
The model assumes that the occupant is an 
unrestrained point mass, which acts as a “free-
missile” inside the occupant compartment.  Prior to 
impacting the vehicle interior, the point-mass 
occupant is allowed to “flail” 0.6 meters in the 
longitudinal direction (parallel to the typical direction 
of vehicle travel) and 0.3 meters in the lateral 
direction.  Measured vehicle kinematics are used to 
compute the difference in velocity between the 
occupant and occupant compartment at the instant the 
occupant has reached either 0.3 meter laterally or 0.6 
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meter longitudinally.  For ease of computations, the 
vehicle yaw, pitch, and roll motions are ignored, all 
motion is assumed to be in the horizontal plane, and 
the lateral and longitudinal motions are assumed to 
be independent.  At the instant of occupant impact, 
the largest difference in velocity (lateral and 
longitudinal directions are handled independently) is 
termed the occupant impact velocity (VI).  The 
occupant ridedown acceleration is the maximum 10 
ms moving average of the accelerations subsequent to 
the occupant impact with the interior.  Again, the 
lateral and longitudinal directions are handled 
separately producing two maximum occupant 
ridedown accelerations. 
 
To ensure that the device does not create undo risk to 
the occupants of an impacting vehicle, the VI and 
subsequent occupant ridedown acceleration are 
compared against established thresholds.  Table 1 
summarizes the current threshold values, as 
prescribed in NCHRP 350.  Although values below 
the “preferred” are desirable, values below the 
“maximum” category are considered acceptable.  
Note that the “maximum” thresholds correspond to 
serious but not life-threatening occupant injury [7].      

Table 1.  

Current US Occupant Risk Threshold Values. [1]] 

Occupant Impact Velocity Limits 

Component 
Direction 

Preferred 
Value 

Maximum 
Value 

Lateral and 
Longitudinal 

9 m/s 12 m/s 

Occupant Ridedown Acceleration Limits 
Component 
Direction 

Preferred 
Value 

Maximum 
Value 

Lateral and 
Longitudinal 

15 g 20 g 

 
European test procedures (CEN) utilize the flail space 
concept to compute the Theoretical Head Impact 
Velocity (THIV) and Post-Impact Head Deceleration 
(PHD), which are analogous to VI and the occupant 
ridedown acceleration, respectively [8].  Unlike the 
NCHRP 350 version, the CEN version of the model 
utilizes the coupled equations of motion, includes 
vehicle yaw motion, and computes the resultant 
velocities and accelerations rather than resolving 
them into components.  To ensure adequate occupant 
protection, the THIV and PHD are compared to 
established threshold values.  The THIV threshold is 
33 km/hr (~9 m/s), which corresponds to the 

“preferred” NCHRP 350 VI value, while the PHD 
threshold is 20 g, equal to the “maximum” NCHRP 
350 ridedown acceleration threshold.   

The Acceleration Severity Index 

Using measured vehicle acceleration information, 
CEN test procedures [8] indicate the ASI is computed 
using the following relationship: 
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where xa , ya , and za  are the 50-ms average 

component vehicle accelerations and xâ , yâ , and 

zâ are corresponding threshold accelerations for each 
component direction.  The threshold accelerations are 
12 g, 9 g, and 10 g for the longitudinal (x), lateral (y), 
and vertical (z) directions, respectively.  Since it 
utilizes only vehicle accelerations, the ASI inherently 
assumes that the occupant is continuously contacting 
the vehicle, which typically is achieved through the 
use of a seat belt.  The maximum ASI value over the 
duration of the vehicle acceleration pulse provides a 
single measure of collision severity that is assumed to 
be proportional to occupant risk.  To provide an 
assessment of occupant risk potential, the ASI value 
for a given collision acceleration pulse is compared 
to established threshold values.  Although a 
maximum ASI value of 1.0 is recommended, a 
maximum ASI value of 1.4 is acceptable [8].  Note 
that if two of the three vehicular accelerations 
components are zero, the ASI will reach the 
recommended threshold of unity only when the third 
component reaches the corresponding limit 
acceleration.  If more than one component is non-
zero, however, the unity threshold can be attained 
when the components are less than their 
corresponding limits.  According to the EN-1317 [8], 
the ASI preferred threshold corresponds to “light 
injury, if any”.  No corresponding injury level, 
however, is provided for the ASI maximum 
threshold. 

Although the CEN procedures do not provide detail 
regarding the basis for ASI threshold values, the 
computation of the ASI is identical to the “severity 
index” proposed by researchers at Texas 
Transportation Institute investigating injury in slope-
traversing events in the early 1970’s [9].  The 
maximum threshold values proposed in the TTI study 
for the longitudinal, lateral, and vertical directions are 
shown in Table 2, based on the level of occupant 
restraint.  Note that the “lap belt only” limits 
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correspond to those utilized in the current version of 
the ASI.  According to Chi [10], these limits are 
based principally on a military specification for 
upward ejection seats [11] and a study done by Hyde 
in the late 1960’s [12].  Chi also notes that neither 
study provides any “supporting documentation or 
references” for the presented information.        

Table 2.  

Tolerable Acceleration Limits [9] 

Maximum Acceleration (G) Restraint 
Longitudinal Lateral Vertical 

Unrestrained 7 5 6 

Lap Belt 
Only 

12 9 10 

Lap and 
Shoulder 
Belt 

20 15 17 

Vehicle Crashworthiness Injury Criteria 

The Head Injury Criterion  A refinement of the 
Gadd Severity Index [13], the Head Injury Criterion 
(HIC) was first defined in 1971 by Versace [14] as 
follows: 
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Where a(t) is the resultant linear acceleration time 
history (G’s) of the center of gravity of the head, and  
t1 and t2 are two particular time values that maximize 
the above expression.  Traditionally, the National 
Highway Traffic Safety Administration (NHTSA) 
has limited the separation between to t1 and t2 to no 
more than 36 milliseconds.  Based on this separation, 
the maximum value for the HIC for an adult mid-size 
male anthropomorphic test dummy is 1000 [3].  
Recent research completed by NHTSA in 2000, 
however, has led to the addition of a 15 millisecond 
HIC with a corresponding limit of 700 [15].   
 
Chest Injury Criterion Several injury criteria have 
been developed to predict chest injuries in humans.  
Most notable perhaps is the viscous criterion 
developed by Viano and Lau [16] which is based on 
the assumption that a certain level of injury will 
occur if the product of the compression and rate of 
compression of the chest exceeds a particular limiting 
value.  Currently, NHTSA mandates a variation of 
this idea that accounts for the chest compression as 

well as chest acceleration independently.  For chest 
acceleration, NHTSA prescribes a maximum of 60 
G’s, except in cases where the duration of the peak is 
less than 3 ms (often referred to as simply the “3 ms 
Clip”).  For chest deflection, a maximum value of 76 
mm (3 inches) was previously prescribed.  This 
criterion is based on a study by Neathery [17] that 
analyzed previous cadaver data to estimate that a 
33% chest compression (or 76 mm in a 50th percentile 
male) would result in severe but not life threatening 
injury (AIS value of 3).  In conjunction with the 
update to the HIC requirements, NHTSA reduced the 
maximum chest compression value to 63 mm (2.5 
inches) [15].     
 
Lower Extremity Injury Traditionally, lower 
extremity injury has focused on limiting the axial 
force in the femur.  NHTSA requires that the peak 
force in each femur should not exceed 10 kN and 6.8 
kN for the 50th percentile male and 5th percentile 
female crash test dummies, respectively [4].  A 
comprehensive study of femur impact test data, done 
by Morgan et al [18] found that the femur force is a 
good predictor of knee and upper leg injury and that 
the 10 kN threshold value corresponds to a 35 percent 
probability of fracture. 
 

CORRELATION BETWEEN INJURY 
CRITERION 

Despite a long history of injury criteria usage in both 
the roadside safety and vehicle safety communities, 
there has been only a relatively small amount of 
research aimed at establishing a correlation between 
the criteria.  As a critical goal for both groups is to 
provide enhanced protection for the vehicle occupant, 
regardless of the collision type, an understanding of 
this link is advantageous to both parties.    
 
As part of the development of the current roadside 
safety crash testing guidelines, Ray et al. [19],[20] 
investigated the correlation of the flail space model to 
the HIC.  A total of 7 sled tests were performed using 
a 1979 Honda Civic body buck: 3 frontal impacts 
(25, 35, and 45 fps) using a 5th percentile female 
dummy and 4 side impacts (20, 30, 35, and 45 fps) 
using a 50th percentile side impact dummy (SID).  
Note that in both test types, the surrogate occupant 
was not restrained.  For each sled test, the crash 
dummy response was compared to the respective flail 
space occupant risk value.  A 40 fps (12 m/s) 
occupant impact velocity was estimated to coincide 
with HIC36 value of 1000 while an occupant impact 
velocity of 35 fps (10 m/s) appeared to coincide with 
a peak chest acceleration of 60 G’s.  With respect to 
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the lateral flail space limits, the sled tests indicated 
that the roadside criteria may be overly conservative 
as a 25 fps (8 m/s) occupant impact velocity 
corresponded to a mild 316 HIC and a relatively low 
Thoracic Trauma Index (TTI) of 113 (16% 
probability of AIS 3 injury or greater).  Note that the 
results from this study led to the subsequent increase 
in the lateral occupant impact velocity from 30 fps (9 
m/s) to 40 m/s (12 m/s) in NCHRP Report 350. 

More recently, Shojaati [21] correlated the ASI to 
risk of occupant injury via HIC.  For nine lateral sled 
tests, the HIC determined from a Hybrid III dummy 
was plotted against the ASI as determined from the 
measured vehicle acceleration.  The available data 
suggested an exponential relation between HIC and 
the ASI.  Up to an ASI value of 1.0, Shojaati 
approximates that the value of the HIC is below 100.  
Likewise, ASI values of 1.5 to 2.0 are estimated to 
correlate to HIC values ranging between 350 and 
1000.  

APPROACH 

The general approach of this portion of the analysis is 
to use full-scale vehicle crash tests, with reported 
vehicle injury criteria, and compute the roadside 
injury criteria based on the available vehicle 
kinematics information.  For each selected full-scale 
crash test, the occupant impact velocity, occupant 
ridedown acceleration, and ASI values are computed 
for comparison purposes.   
 
Case Selection Using the crash tests available from 
NHTSA, an attempt was made to select tests with 
varying impact speeds.  A particular emphasis was 
placed on the frontal and frontal offset configurations 
due to the availability of these test types.  Table 3 
summarizes the data selected for analysis. 
 
A total of 24 crash tests are evaluated which results 
in a total of 44 occupant responses (a number of tests 
have crash test dummies in the right and left front 
seats).  Approximately fifty percent of the vehicles 
chosen are passenger cars while the remaining fifty 
percent are LTV type vehicles including pickup 
trucks, sport utility vehicles as well as full size vans 
and minivans.  Although vehicle type would not be 
expected to have a large impact on any correlation 
between the criteria, an effort was made to choose 
tests with varied vehicle types.  Also note that all 
tests utilized the Hybrid III 50th percentile male crash 
test dummy.         
 
 
 

Table 3.   

Summary of Selected NHTSA Crash Test Data 

Test 
Speed/Type 

Number 
of Tests 

Occupant 
Responses 

Restraint 
Status 

25 MPH/ 
Frontal 

4 8 
Airbag 
Only 

30 
MPH/Frontal 

4 8 
Airbag 
Only 

35 
MPH/Frontal 

12 24 
Airbag 

and Belt 
40 

MPH/Frontal 
Offset (40%) 

3 3 
Airbag 

and Belt 

40 
MPH/Frontal 1 1 

Airbag 
and Belt 

Totals 24 44  
 
 
Flail Space Computations As the NHTSA full-scale 
crash tests provide measured vehicle kinematics 
analogous to those recorded in a roadside hardware 
crash test, the computation of the occupant impact 
velocity and occupant ridedown acceleration is 
identical to the procedures outlined in NCHRP 
Report 350 [1].  Accelerometer data was chosen as 
close to the vehicle center of gravity as possible to 
best describe the movement of the occupant 
compartment.  Typically, utilized sensors included 
those attached to the vehicle rear floor pan, rear sill, 
or rear seat.  The raw acceleration data from the 
selected channel is filtered using CFC 180 filter prior 
to integrating for velocity of position.  Note that for 
the frontal offset tests that both the lateral and 
longitudinal vehicle accelerations are considered 
whereas the purely frontal collisions only consider 
longitudinal information.    
 
ASI Computations For the frontal offset tests, the 
procedure for the ASI computations is identical to 
that outlined in both NCHRP Report 350 and the EN-
1317 [8].  The same accelerometer channel used for 
the flail space computations is also used for the ASI 
computations.  A slightly modified procedure is 
adopted for the computation of the ASI in the purely 
frontal tests since only information in the longitudinal 
direction is provided.  For these cases, it is assumed 
that the lateral and vertical motions of the vehicle are 
negligible.  The ASI relation then simplifies to the 
maximum 50 ms average acceleration over the 
duration of the pulse divided by the respective 
acceleration limit in the longitudinal direction (12 G).   
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RESULTS 

Correlation of Roadside Criteria to HIC 

Based on the analysis of the full-scale vehicle crash 
tests, the roadside criteria are plotted as a function of 
HIC.  Figure 1, Figure 2 and Figure 3 show the 
occupant impact velocity, ASI, and occupant 
ridedown acceleration as a function of HIC, 
respectively.   Each figure is divided by crash type: 
the “open” points represent full frontal collisions 
while the “closed” points represent the frontal offset 
crashes.  Note that differing impact speeds for the full 
frontal collisions are signified through the use of 
differently shaped data points.  For instance, the 
square points correspond to the 25 mph tests in the 
data set while the diamond-shaped points indicate the 
30 mph tests. 
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Figure 1. Occupant Impact Velocity and HIC 

Especially evident in Figure 1 and Figure 2 is the 
relatively small variation in the roadside criteria 
occupant impact velocity and ASI) while there is a 
large variation of HIC.  The range of occupant impact 
velocity is approximately 12 m/s to 17 m/s while the 
range of ASI values is approximately 1.4 to 2.35.  
Unlike the variation observed in these roadside 
criteria, the HIC ranges from 50 to approximately 
1000; essentially a zero value to the current 
maximum threshold specified by NHTSA for a 36 
millisecond time separation.  As expected, this 
reinforces that the vehicle occupant risk criteria is 
much more dependent on the occupant restraints than 
the roadside criteria.  It is also noteworthy to view 
these plots with respect to the threshold values.  
Essentially, all of the ASI values in Figure 2 are 
greater than the current prescribed maximum limit of 
1.4.  A similar observation can be gleaned from 
Figure 1 as all but 2 of the data points are in excess of 
the occupant impact velocity maximum threshold of 
12 m/s.  Although both of the roadside criteria 

indicate unacceptable levels of occupant risk, all HIC 
values in the plot fall below the maximum limit of 
1000 suggesting that the ASI and occupant impact 
velocity may be conservative in comparison to HIC 
in the frontal collision mode.    
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Figure 2.  ASI and HIC 

Unlike the occupant impact velocity and the ASI, 
however, the occupant ridedown acceleration appears 
to show evidence of a correlation to HIC.  Although 
there is evidence of scatter in Figure 3, a trend of 
increasing occupant ridedown acceleration values is 
apparent as the value of HIC increases.  More data 
points and statistical analysis would be necessary to 
quantify the level of correlation.  Another interesting 
difference is the distribution of the points with 
respect to the corresponding threshold limits.  Unlike 
the occupant impact velocity and ASI, all but one 
case is at or below the maximum occupant ridedown 
acceleration of 20 G.   
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Figure 3.  Occupant Ridedown Acceleration and 
HIC 
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Correlation of Roadside Criteria to Chest 3-ms 
Clip 

Based on the analysis of the full-scale vehicle crash 
tests, the roadside criteria are plotted as a function of 
chest 3 millisecond clip.  Figure 4, Figure 5, and 
Figure 6 show the occupant impact velocity, ASI and 
occupant ridedown acceleration as a function of chest 
3 millisecond clip, respectively.   Each figure is 
divided by crash type: the “open” points represent 
full frontal collisions while the “closed” points 
represent the frontal offset crashes.  Again, note that 
the full frontal collisions use differing shapes to 
differentiate between the vehicle impact speeds. 
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Figure 4.  Occupant Impact Velocity and 3 ms 
Chest Clip 

The obvious observation from this series of plots is 
the much smaller range of chest 3 ms clip values, 
especially in comparison to the analysis involving 
HIC.  In Figure 4, the range of the occupant impact 
velocity remains between 12 and 18 m/s while the 
corresponding range for 3 ms clip is between 26 and 
60.  Although still a large range, in terms of 
percentage of the limiting value, it is about half of 
that observed in the HIC analysis.  The same holds 
for Figure 5 involving the ASI.  There does, however, 
appear a stronger relation between the ASI and chest 
3 ms clip than evident in the occupant impact 
velocity data.  Perhaps the ASI is more indicative of 
an occupant subjected to the damped accelerations of 
the vehicle caused by the interaction with the seat 
belt.  With respect to the differences in occupant 
restraint systems, the smaller range of 3 ms clip 
values may suggest that this vehicle injury criterion is 
less sensitive to changes in the restraints.  Again, 
however, it is interesting to note that both the 
occupant impact velocity and ASI are in excess of the 
current recommended maximum limits while all 3 ms 
clip values are below the recommended limit of 60 G.    
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Figure 5.  ASI and 3 ms Chest Clip 

Although evidence of a correlation between the HIC 
and occupant ridedown acceleration is evident, 
Figure 6 appears to imply a weaker correlation to 
chest 3 ms clip.  This may be a result of the timing of 
the ridedown acceleration.  If the peak acceleration 
value occurs later in the collision when the dummy is 
interacting with the belt and bag system, vehicle 
accelerations will be transferred mechanically to the 
occupant.  However, if the peak accelerations occur 
earlier in the collision before the occupant has taken 
up all the seatbelt slack, then the chest acceleration 
will not be directly influenced by the accelerations.  
The latter situation is more dependent on the relative 
speed of the occupant and vehicle when the occupant 
begins to load the restraint system.  Based on the 
available data, the occupant ridedown acceleration 
appears to increase at a faster rate than the peak chest 
acceleration when the impact speed is increased.  As 
with the HIC investigation, more data coupled with a 
statistical analysis would be necessary to determine 
the level of correlation. 
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Figure 6.  Occupant Ridedown Acceleration and 3 
ms Chest Clip 



 
  Gabauer 7 

Correlation of Roadside Criteria to Chest 
Deflection 

Based on the analysis of the full-scale vehicle crash 
tests, the roadside criteria are plotted as a function of 
chest deflection.  Figure 7, Figure 8, and Figure 9 
show the occupant impact velocity, ASI, and 
occupant ridedown acceleration plotted as a function 
of chest deflection, respectively.   Each figure is 
divided by crash type: the “open” points represent 
full frontal collisions while the “closed” points 
represent the frontal offset crashes.  Again, note that 
the full frontal collisions use differing shapes to 
differentiate between the vehicle impact speeds. 
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Figure 7.  Occupant Impact Velocity and Chest 
Deflection 

For the occupant impact velocity and ASI, the plots 
as a function of chest deflection exhibit the 
characteristics observed in the HIC plots.  Both 
Figure 7 and Figure 8 indicate a large amount of 
variation in the chest deflection compared to a 
relatively small change occupant impact velocity and 
ASI, respectively.  Likewise, all the chest deflection 
values are within acceptable FMVSS limits while a 
majority of the ASI and occupant impact velocity 
values exceed the currently prescribed thresholds.  
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Figure 8.  ASI and Chest Deflection 

Based on Figure 9, there is no evidence of a strong 
correlation between the occupant ridedown 
acceleration and chest deflection.  Again, the 
distribution of both criteria is analogous: 
approximately all the data points fall at or below the 
current threshold limits.  The available data does 
appear to suggest a weak inverse relation between the 
ridedown acceleration and chest deflection.  As 
expected, this suggests that the chest deflection 
criterion is a more crucial injury mechanism in lower 
speed collisions.  Conversely, the weakly positive 
relation evident in Figure 6 suggests that the peak 
chest acceleration is the more significant criteria in 
higher speed collisions. 
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Figure 9.  Occupant Ridedown Acceleration and 
Chest Deflection 

Correlation of Roadside Criteria to Maximum 
Femur Force 

Based on the analysis of the full-scale vehicle crash 
tests, the roadside criteria are plotted as a function of 
maximum femur force.  Figure 10, Figure 11, and 
Figure 12 show the occupant impact velocity, ASI 
and occupant ridedown acceleration as a function of 
maximum femur force, respectively.   Each figure is 
divided by crash type with the “open” points 
representing full frontal collisions and the “closed” 
points representing the frontal offset crashes.  Again, 
the various data point shapes distinguish the differing 
impact speeds of the analyzed full frontal crash tests. 
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Figure 10.  Occupant Impact Velocity and 
Maximum Femur Force  

Figure 10 and Figure 11 demonstrate a scatter of the 
maximum femur force analogous to that observed in 
the HIC analysis.  This variation may be due to the 
differences in vehicle structures (especially with 
respect to the toe pan area) for the chosen crash tests.  
Note the higher levels of femur force in the 25 and 30 
mph crashes which is due to the unbelted crash test 
dummy.  Again, the levels of the occupant impact 
velocity and ASI are in excess of the prescribed 
maximum values while the femur loads are within 
current NHTSA limits.  The lack of correlation in 
Figure 11 is surprising due to the findings of Morgan 
et al [18] indicating a strong correlation of femur 
force to injury as well as the findings of Gabauer and 
Gabler [22] indicating a statistically significant 
correlation between ASI and low severity injury to 
the lower extremities.  
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Figure 11.  ASI and Maximum Femur Force 

Consistent with the chest deflection plots, the 
occupant ridedown acceleration appears to have a 
negative correlation to the maximum femur force.  
This is more evident in Figure 12 than in Figure 9.  
Additional data coupled with a statistical analysis, 

however, would be needed to confirm this 
correlation.  As with the chest deflection, note the 
higher femur forces in the lower speed frontal impact 
tests, presumably due to the unrestrained surrogate 
occupant.     
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Figure 12.  Occupant Ridedown Acceleration and 
Maximum Femur Force 

CONCLUSIONS 

The following conclusions can be drawn from the 
available data: 
 

1. HIC and chest deflection appear severely 
dependent on the vehicle’s restraint system.  
This is especially evident when comparing 
these criteria to the occupant impact velocity 
and the ASI. 

2. The occupant ridedown acceleration appears 
to have the strongest correlation to HIC of 
the three examined roadside injury criteria. 

3. The ASI appears to have the strongest 
correlation to the maximum chest 
acceleration of the three examined roadside 
injury criteria. 

4. With respect to vehicle crash test injury 
criteria, the occupant impact velocity and 
ASI appear conservative in the frontal 
collision mode. 
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ABSTRACT 
 
A candidate anthropometric test device (ATD), or 
crash test dummy, must undergo a rigorous 
evaluation and documentation process before it can 
be considered for incorporation into Part 572 of the 
Code of Federal Regulations.  This process has been 
developed over many years and includes (1) thorough 
dummy and drawing inspection, (2) establishment of 
dummy certification criteria, (3) evaluation of the 
dummy’s durability, biofidelity, repeatability, and 
reproducibility, and (4) the generation of a detailed 
manual for dummy assembly procedures.  The 
evaluation process will be outlined and explained in 
detail.  Recent dummy evaluations for the Thor Lx, 
the ES-2re and the Ten-year-old HIII dummies will 
be utilized as examples of the various parts of the 
process.   

 
INTRODUCTION 
 
The National Traffic and Motor Vehicle Safety Act 
of 1966 (the Safety Act) [1] authorizes the National 
Highway Traffic Safety Administration (NHTSA) to 
prescribe motor vehicle safety standards to reduce 
deaths and injuries resulting from traffic accidents.  
The Act requires that each Federal Motor Vehicle 
Safety Standard (FMVSS) shall be practicable, meet 
the need for motor vehicle safety, and be stated in 
objective terms.   
 
NHTSA’s FMVSSs generally consist of three groups 
of regulations: 1) the 100-series dealing with pre-
crash avoidance requirements, 2) the 200-series 
dealing with crashworthiness requirements and 3) the 
300-series dealing with post-crash requirements.  
Many of the 200-series crashworthiness standards 
specify dynamic crash tests, either full-scale vehicle 
crash testing or sled crash simulations, that replicate 
real-world crash scenarios.  Anthropomorphic test 
devices (ATDs or test dummies) are used in these 
dynamic tests as measuring tools that render 
repetitive and correlative results under similar test 
conditions and to reflect the protective performance 
of a vehicle or item of motor vehicle equipment with 

respect to human occupants.  NHTSA enforces the 
FMVSSs by testing vehicles or equipment as 
described in the test procedures contained in the 
FMVSSs.   
 
In 1970, NHTSA amended Federal Motor Vehicle 
Safety Standard 208 (FMVSS 208) to require 
automatic crash protection for all passenger cars as of 
July 1, 1973 and for most light trucks and vans as of 
July 1, 1974.  Compliance would have been 
determined by a crash test with ATDs in the front 
outboard seats.  Shortly after the March 10, 1971 
final rule, Chrysler, et al. [2] filed lawsuits in the U.S. 
Court of Appeals for the Sixth Circuit challenging the 
automatic crash protection requirements.  The 
plaintiffs argued that the automatic crash protection 
requirement were: (a) not “practicable,” as required 
by the Safety Act, because the technology needed to 
comply with automatic protection was not 
sufficiently developed at the time; (b) did not “meet 
the need for motor vehicle safety,” as required by the 
Safety Act, because seat belts offered better occupant 
protection than automatic protection; and (c) were not 
“objective,” as required by the Safety Act, because an 
ATD built to the existing SAE Recommended 
Practice [3] did not produce consistent, reliable or 
repeatable test results. 
 
In Chrysler v. DOT, the Sixth Circuit announced its 
decision on the lawsuits.  The court ruled in favor of 
NHTSA on the first two arguments, but found in 
favor of the manufacturers on the third argument that 
the ATD specified by the standard did not meet the 
criterion of objectivity.  The court remanded the case 
to NHTSA with instructions that further specification 
be made in objective terms to assure comparable 
results among test sites.  The court further noted that, 
“The importance of objectivity in safety standards 
can not be overemphasized.”  Objective in the 
context of this case means that (1) the tests and 
dummies used to determine compliance or non-
compliance with the standard produce identical 
results when the test conditions are duplicated 
(repeatability and reproducibility), (2) that the 
accuracy of the tools be demonstrable in a reasonable 
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test procedure and (3) that vehicle compliance be 
based upon instrument readings (crash test dummies) 
as opposed to the opinions of human beings.  
 
NHTSA developed new specifications for the 
anthropometric test dummy following the Chrysler 
decision.   In 1973, the agency created Part 572 under 
Title 49 of the Code of Federal Regulations [49 CFR 
572], to be a repository for specifications of crash test 
dummies and similar test devices.  At the same time, 
the agency issued much more detailed test dummy 
specifications for the ATD to be used in FMVSS 208 
testing.  That first crash test dummy was the Hybrid 
II Part 572 Subpart B, 50th Percentile Male. 
 
Since the time of the Chrysler decision, NHTSA has 
sought to ensure that any candidate ATD considered 
for possible use in a Federal Motor Vehicle Safety 
Standard undergoes a rigorous evaluation and 
documentation process to determine the ATD’s 
suitability for incorporation into Part 572 of 49 CFR.  
This process includes, as a minimum, the assurance 
that the dummy meets: 

• dimensional, mass, and construction 
specifications as contained in a drawing set 

• performance requirements based on test 
procedures, also called certification 
procedures, that assure the dummy responds 
accurately and repeatably under specified 
loading conditions 

• documented procedures for the assembly, 
disassembly, and inspection (PADI) of the 
dummy such that any users performing an 
FMVSS crash test are able to prepare the 
dummy before and after testing 

• documentation that the dummy is 
sufficiently durable, repeatable, 
reproducible, and biofidelic to be used as a 
test instrument, in combination with 
appropriate injury criteria, to assess the 
potential for injury in an FMVSS crash test. 

 
Of these elements, the drawing part numbers as well 
as the certification test procedures and performance 
specifications appear in Part 572 of 49 CFR.  The 
PADI and the supporting documentation are placed 
into the docket.  Injury criteria, which are part of the 
FMVSS, appear in Part 571 of 49 CFR.   
 
Every dummy must undergo a rigorous assessment 
process, often called “federalization,” that 
incorporates these elements.  Incorporation of a 
dummy into Part 572 includes a proposal stage 
through the publication of a notice of proposed 
rulemaking (NPRM) in the Federal Register, a public 
comment stage, and a publication of a final rule that 

addresses the public comments.  Publication of the 
final rule completes the addition of the ATD into the 
Part 572 regulation. 
 
THE FEDERALIZATION PROCESS 
 
The Federalization process requires a thorough 
inspection of the dummy and comparison to the 
drawings, certification and laboratory testing, sled 
testing and crash testing.  Because of the high cost 
associated with crash testing and, to a lesser extent, 
sled testing, it is logical to perform those tests after 
the less expensive inspection and lab tests.  Cost 
efficiency suggests a sequence of operations moving 
from inspection through lab testing to sled and crash 
testing.  The various objectives of the Federalization 
process do not lend themselves to a sequential 
process because several requirements can only be 
fulfilled with multiple types of testing.  For example, 
durability of a dummy is tested in the lab, on the sled 
and in crash tests.  Figure 1 shows a chart cross-
referencing the objectives of Federalization with the 
sequential operations of testing.  In Figure 1 time and 
test operations progress from left to right while the 
functional objectives of Federalization are shown 
vertically on the left.  This chart will be updated in 
each section of the following discussion indicating 
under which sequential task each Federalization 
requirement is met. 
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Figure 1.  Federalization objectives versus 
scheduled tasks matrix. 
 
 
DRAWING PACKAGE 
 
An engineering drawing package defining the 
physical dimensions of the dummy assembly, all sub-
assemblies and detail drawings of all of the parts is a 
Federalization requirement and is incorporated into 
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Part 572 49 CFR by reference.  The weight and 
center of gravity (CG) of the dummy component 
segments are also specified in the drawing package.   
 
The actual physical drawings reside in the docket 
room at NHTSA headquarters in Washington, D.C. 
and are also available from the Docket in electronic 
graphics format (.pdf).  The drawing package is 
intended to minimally specify the dimensional and 
mass properties of the dummy and all of the dummy 
parts. 
 
The drawing package is usually produced by a 
dummy manufacturer and obtained by NHTSA 
during the dummy evaluation process.  Most 
dummies are designed and developed in collaboration 
with national and international organizations such as 
the SAE, ISO, OSRP, EEVC, etc.  Before the dummy 
is considered for incorporation into Part 572, the 
agency assures that the drawings and all associated 
information are accessible and freely available to the 
public without any restrictions, such as proprietary 
claims, patent rights, trade names, etc. 
 
Inspection 
 
Several dummies are acquired and completely 
disassembled and inspected.  If more than one 
manufacturer supplies the dummy, at least one 
dummy from each supplier will be purchased for 
inspection and subsequent testing.  Physical 
dimensions of each part of the disassembled dummy 
will be measured and compared to the drawing 
package and any discrepancies will be noted.  This 
includes a check on the weights and CGs of 
component segments.  In the case of flesh and foam 
parts with irregular shapes the critical dimensions are 
checked against the drawing, allowing for an 
appropriate tolerance on these soft parts.   
 
The list of discrepancies is brought to the attention of 
the dummy manufacturer and the party responsible 
for the drawings.  Often the discrepancy is a simple 
mistake in a drawing and easily corrected; however, 
sometimes a modification to the physical dummy is 
required.  If a significant modification to the dummy 
is needed, the dummy may be returned to the 
manufacturer for correction.  In many cases work can 
continue while the modified part is produced either 
by working with other dummy components that are 
not affected by the change or by substituting a 
prototype part that does not affect the dummy 
configuration or dynamic response.  In the case when 
there are two, or more, manufacturers of a dummy 
who make a component part differently, a 
compromise on the discrepancy is sought.   If 

agreement cannot be reached, NHTSA will make a 
decision and incorporate a satisfactory design into the 
Part 572 drawing package. 
 
The Federalization requirement for a drawing 
package is satisfied in the disassembly and inspection 
task (See Figure 2).  
 
Modification 
 
Before proceeding on to the testing phases of the 
evaluation process, the drawing and physical 
configuration issues must be resolved.  Otherwise, it 
is likely that changes will be made to the dummy 
after testing has begun and these changes will 
invalidate the test results and require retesting.  This 
process of examination and testing leading to 
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Figure 2.  Drawing package requirement satisfied 
by the dummy inspection task.  

 
modifications continues throughout the evaluation 
process.  It is a time consuming and frequently 
expensive iterative process.  This examination and 
modification process is the principal reason that the 
evaluation proceeds from the least expensive to the 
most expensive type of examination, i.e., inspection, 
lab testing, sled testing and crash testing.  It is quite 
possible at any point in the Federalization process 
that a shortcoming of the dummy will become 
apparent and modification will be required.  If this 
occurs it is often necessary to back up and repeat 
some, or all, of the testing.  This iterative, exacting 
and often expensive process results in a dummy that 
meets the Federalization requirements for durability, 
biofidelity, repeatability and reproducibility. 
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HIII Ten-year-old Child Dummy 
 
The Ten-year-old Hybrid III child dummy (Figure 3) 
was developed under the direction of the SAE Hybrid 
III Dummy Family Task Force and in collaboration 
with First Technology Safety Systems (FTSS) and 
Denton Anthropometric Test Devices (DATD).  
NHTSA participated in this dummy design and 
evaluation.  This dummy was divided into an upper 
half and a lower half and each half was designed and 
prototype parts fabricated by different manufacturers.  
Drawings and computer aided design (CAD) files 
were then exchanged, through the SAE committee, 
and each manufacturer then fabricated the other half 
of the dummy.  The result was dummies 
manufactured by both suppliers that were nearly 

identical.  In the case of the Ten-year-old, NHTSA 
bought a whole dummy from each manufacturer and 
also bought the half of the dummy each had 
designed, assembling the two halves to make a third 
dummy.   
 
The SAE committee provided the drawings and CAD 
files to NHTSA for the purposes of inspection.  As 
would be expected under this collaborative design 
approach, the inspection process for the HIII Ten-
year-old yielded only a small list of discrepancies 
between drawings and dummies.  Table 1 shows the 
segment weight specifications and the actual weights 
of the dummies from each manufacturer indicating 
very good compliance with fairly tight tolerances. 
 

 
 
 
 
 
 
 
 
 

Table 1. 
Ten-year-old Segment Weights. 

 

Segment Part Number Dummy 1 Dummy 2 Average 
Head Assembly 880105-100X 8.23 +/- 0.10 8.25 8.16 8.21 
Neck Assembly 420-2000 1.77 +/- 0.10 1.78 1.80 1.79 
Upper Torso Ass'y 420-3000 17.94 +/- 0.30 17.82 17.82 17.82 
Lower Torso Ass'y 420-4000 19.21 +/- 0.30 19.16 19.42 19.29 
Upper Arm, Left *420-7000-1 1.78 +/- 0.10 1.66 1.74 1.70 
Upper Arm, Right *420-7000-2 1.78 +/- 0.10 1.71 1.73 1.72 
Lower Arm, Left *420-7000-1 1.35 +/- 0.10 1.33 1.36 1.35 
Lower Arm, Right *420-7000-2 1.35 +/- 0.10 1.34 1.37 1.36 
Hand, Left 420-7231-1 0.38 +/- 0.10 0.35 0.46 0.41 
Hand, Right 420-7230-2 0.38 +/- 0.10 0.35 0.47 0.41 
Upper Leg, Left *420-5000-1 5.90 +/- 0.15 5.89 6.02 5.96 
Upper Leg, Right *420-5000-2 5.90 +/- 0.15 5.89 6.02 5.96 
Lower Leg, Left *420-5000-1 4.92 +/- 0.15 4.83 4.96 4.90 
Lower Leg, Right *420-5000-2 4.92 +/- 0.15 4.97 4.97 4.97 
Foot, Left 420-5500-1 0.90 +/- 0.05 0.90 0.90 0.90 
Foot, Right 420-5500-2 0.90 +/- 0.05 0.92 0.88 0.90 
TOTAL WEIGHT 420-0000 77.61 +/- 2.00 77.15 78.08 77.62 

Specification 

 

CERTIFICATION 
 
All regulated dummies are subjected to a series of 
tests in order to ensure that their components are 
functioning properly.  These tests are typically 
conducted immediately before and after an FMVSS 
test is conducted to support the validity of the test 
results.  The certification tests by and large evaluate 
the dummy’s components that have important 

consequences in their proposed FMVSS applications.  
With this in mind, the tests are generally designed to 
load the dummy at a range similar to what it is 
expected to undergo in the proposed application.  The 
certification tests are also intended to monitor the 
responses of components that may have a tendency to 
deteriorate over time.  Some typical certification tests 
include: 
 

Figure 3.  The Ten-year-old HIII dummy. 
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• head drop 
• neck flexion and extension 
• thorax impact 
• knee/femur impact 
• torso flexion 

 
Generally, by the time the Agency begins the 
federalization process, a preliminary set of 
certification procedures have been developed.  
NHTSA must then acquire or fabricate any new 
equipment required to conduct the tests.  The process 
of evaluating the certification test procedures can 
then be initiated.  This includes assessing: 

• Test procedures.  Can the set-up be 
repeatably achieved?  Are the speeds 
realistic?  Is the test user-friendly? 

• Response corridors.  Can the dummy meet 
the corridors?  Are the corridors reasonable 
approximations of the loading that the 
dummy will experience in its intended 
application? Are the corridors within the 
dummy’s mechanical limits and the 
instrumentation capacities? 

• Repeatability and reproducibility.  Does 
each dummy provide repeatable responses?  
Do all of the dummies respond similarly? 

 
In some cases, as with the Thor Lx and FLx advanced 
instrumented lower legs, the Agency has led the 
development of the design, independent of broad 
industry involvement.  In this instance, there were no 
preliminary set of certification procedures and thus 
the Agency independently developed procedures and 
response corridors. 
 
To establish certification procedures for the Thor 
Lx/FLx lower legs, the Agency developed 
preliminary test procedures based around the 
following biomechanical response requirements: 

• quasi-static response characteristics for: 
o axial loading at the heel (force-deflection) 
o dorsiflexion/plantarflexion response 

(torque-angle) 
o inversion/eversion response (torque-

angle) 
• dynamic response characteristics for 

o axial loading at the heel (force-deflection) 
o dorsiflexion response (torque-angle) 

 
After fabricating the necessary hardware, a 
preliminary test procedure was developed for each of 
these biomechanical requirements.  Initial testing, 
however, revealed that the quasi-static testing was 
time consuming and difficult to set-up.  Further 
development led to a dynamic inversion/eversion test 
procedure and thus the quasi-static tests were 

relegated to the status of design guidelines, which are 
used in the development of the design, but not 
required for certification purposes.  As a result, all of 
the certification tests would be dynamic impact tests 
– a heel of foot impact; a ball of foot impact; and an 
inversion/eversion impact. 
 
After establishing the test procedures, the next step 
was to determine the response corridors.  To 
accomplish this, multiple leg samples were acquired 
from several manufacturers and each leg was 
subjected to three repeats of the test procedures.  
From the data collected, the mean values of the 
significant responses were computed.  Finally, the 
response corridors were constructed using a tolerance 
of 10% of the mean response value - the upper limits 
were set at 110% of the mean and the lower limits 
were set at 90% of the mean. 
 
The final step is to document the certification test 
procedures in sufficient detail including: 

• identification of the components included in 
each test 

• a description of the test set-up geometry, 
speed, and orientation 

• a diagram which supports the text 
description of the set-up 

• definition of test probe properties including 
geometry and mass moment of inertia 

• clearly stated response requirements 
 
The Federalization requirement of developing 
certification procedures and response requirements is 
achieved through lab testing as shown in Figure 4. 
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Figure 4.  Certification requirement is satisfied by 
the Lab testing. 
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DURABILITY 
 
A dummy intended for use in an FMVSS crash test 
must be durable on several levels.  To be valid as a 
regulatory test instrument that makes measurements 
to be used to pass or fail a vehicle it is desirable, 
although not necessarily mandatory, that the dummy 
survives the crash event intact and still be able to 
make accurate measurements.  This durability is 
normally ascertained by performing dummy 
certification tests both before and after the crash test.  
It is important to recognize that a dummy used in 
FMVSS testing is intended to identify those vehicles 
having unacceptable occupant protection capability 
and to provide data to indicate whether or not the 
vehicle fails the crash performance test.  The dummy 
needs to be durable at, and above, the failure injury 
criteria levels. This is likely to be at the upper end of 
the dummy’s mechanical and electronic limitations.  
Further, the use of dummies in New Car Assessment 
Program (NCAP) testing at high crash energy levels 
requires a dummy to be durable well above the 
FMVSS crash test energy level.  Finally, for cost 
reasons it is desirable that a dummy be sufficiently 
durable to be used for many years in many tests with 
only a reasonable level of maintenance and repair.  
 
It is interesting to note that in addition to the 
durability requirements discussed in the previous 
paragraph, a dummy is expected to be sensitive to 
variations in crash loading ranging from low energy 
levels to high energy levels and to distinguish among 
good and poor restraint systems of widely varying 
design.   
 
Certification Testing 
 
Dummy durability assessment begins with 
certification laboratory testing.  A typical thorax 
certification test setup is shown in Figure 5.  The 
dummy designers generally provide certification test 
procedures and performance specifications, as was 
discussed in the previous section.  These 
recommended test procedures serve as the starting 
point for assessment of dummy durability.  The 
recommended certification tests will be performed 
repeatedly on several dummies, preferably made by 
different manufacturers.  This testing will also serve 
as repeatability and reproducibility testing, as will be 
discussed in the next section.   
 
As the evaluation progresses, the dummy will be 
visually inspected after each test for damage or 
excessive wear.  Should a change in response data be 
observed, either sudden or gradual, the dummy will  

Figure 5.  Ten-year-old dummy thorax impact. 
 
 
be disassembled to ascertain if the reason for the 
change is breakage or wear.  If breakage or wear of a 
dummy part is found, a decision must be made as to 
whether this is a tolerable situation and parts should 
be replaced as routine maintenance or an intolerable 
situation requiring either dummy modification or 
abandonment as a candidate test device.   
 
When an intolerable durability problem is observed, 
the dummy manufacturer and the dummy designers 
are generally contacted in an effort to resolve the 
issue in the optimum manner: modification of the 
dummy, the test procedure or the maintenance 
procedure.  With relatively new dummy designs it is 
not uncommon to discover durability problems due to 
extensive repeat testing of the dummy. 
 
Note that at this point a modification to the dummy 
may be required and the certification testing will 
likely have to be repeated with the new part, which 
may be a prototype.  This is the same iterative 
process discussed previously.  When this occurs the 
NHTSA evaluation testing has effectively become 
part of the development process.  It should also be 
noted that repeat certification tests with multiple 
dummies will provide repeatability and 
reproducibility data. 
 
High-Energy Laboratory Testing 
 
Following satisfactory performance in the 
certification testing, sets of high-energy certification 
tests are performed.  These high-energy tests 
typically involve raising the kinetic energy of the 
impact in order to expose the dummy to impact 
severities slightly greater than those that might be 
expected in crash tests.  Care must be taken in 
selecting which tests should be performed, e.g., a 
high-energy chest impact to the Ten-year-old dummy 
might be excessively severe for a dummy intended to 
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be loaded with a three-point belt restraint in a booster 
seat.  Also, the process of careful inspection and 
possible modification is again followed with the 
possibility of iteratively repeating previous tests 
always present. 
 
Out-of-Position Testing 
 
In the case of small adult dummies or some child 
dummies, out-of-position (OOP) testing is performed.  
In these cases the OOP tests are performed with 
known aggressive airbag restraint systems to assure 
that the dummy can withstand severe loading to the 
head, neck and thorax.  Figure 6 is an example of the 
Ten-year-old child dummy in the head-to-bag OOP 
position. 
 

Figure 6.  OOP testing for the Ten-year-old child 
dummy. 
 
 
Sled Testing 
 
Sled testing of the dummies is performed at FMVSS 
and at NCAP crash test energy levels.  For frontal 
dummies sled testing is normally performed in a sled 
buck modeling a typical vehicle in the current fleet.  
For side impact dummies sled testing is normally 
performed in a flat wall sliding hard-seat type buck 
with and without wall padding.  For child dummies 
the stylized FMVSS 213 bench seat is normally used 
with a Child Restraint System (CRS) or a booster 
seat.  Note that the sled testing used to assess dummy 
durability may also be used to assess dummy 
repeatability and reproducibility. 
 
Among other considerations, the typical sled testing 
matrix will be designed to subject the dummy to 
various seating positions and test conditions that may 
expose potential weaknesses of the dummy design.   
 

Crash Testing 
 
Crash testing in the anticipated FMVSS configuration 
is the final phase of durability assessment.  If a 
dummy is to be used in NCAP testing, the higher 
energy crash test would be performed on the 
assumption that a durable dummy at NCAP speed 
would also be durable at the lower FMVSS crash 
speed.   
 
Federalization Requirement 
 
The Federalization requirement for dummy durability 
is satisfied by laboratory testing, sled testing and 
crash testing (See Figure 7).   
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Figure 7.  Durability requirement satisfied by the 
lab, sled, and crash testing. 

 
 

REPEATABILITY AND REPRODUCIBILITY 
 
Repeatability and reproducibility (R&R) are 
important considerations in the evaluation of a 
dummy.  In the context of dummy evaluation, 
repeatability is defined as the similarity of responses 
from a single dummy when subjected to multiple 
repeats of a given test condition.  Reproducibility is 
defined as the similarity of test responses from 
multiple dummies when subjected to multiple repeats 
of a given test condition.  Any ATD that is to be used 
for federal regulatory testing must have an acceptable 
level of R&R to ensure confidence in the responses 
provided by the dummy. 
 
R&R analysis requires the replication of tests on 
multiple samples of a dummy, preferably samples 
from multiple manufacturers.  Clearly, the R&R 
results will depend largely on the dummy’s ability to 
provide similar responses to each test.  However, 
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several external factors may also play a role in the 
R&R results, such as the repeatability of the 
dummy’s setup or the impact speed.  In order to 
provide a meaningful R&R analysis, control of the 
test conditions must be exercised.  Component tests, 
such as the certification tests, are more readily 
controlled and thus may be expected to provide the 
best estimates of a dummy’s R&R.  Sled testing 
provides an efficient alternative to vehicle crash 
testing and offers insight into the dummy’s 
performance as a complete system.  Full vehicle 
crash testing does not provide a desirable 
environment for R&R testing as the variation in 
structural materials of the crash vehicle are difficult 
to account for. 
 
Additionally, the severity of the test conditions 
utilized for R&R assessment must also be considered.  
For example, if the test conditions are so severe that 
the responses are near or beyond the dummy’s 
mechanical limits or electronic capacity, then the 
corresponding R&R analysis may not be meaningful.  
Consider a dummy that is mechanically limited to 50 
mm of rib displacement.  The rib is impacted 
repeatedly and the dummy measures rib 
displacements of 50 mm for each test.  The analysis 
would indicate excellent R&R; however, due to the 
dummy’s mechanical limitations, it is unknown 
whether this response is truly repeatable.  A better 
evaluation might seek to impart, for example, 40 mm 
of rib deflection so that the mechanical limits are not 
approached. 
 
A quantitative assessment of R&R is achieved using 
a statistical analysis of variance.  The coefficient of 
variation (CV) is a measure of variability expressed 
as a percentage of the mean.  CV is calculated 
according to the formula below: 

%100×=
X

CV
σ

 

 
where 

=σ standard deviation of responses  

X  = mean of responses 
 

 
Historically, NHTSA has categorized the CV scores 
according to Table 2. 
 
There are several considerations that must be taken 
into account when CV scores are interpreted.  One 
such consideration would be the relevance of the 
response.  For example, the lateral shearing forces 
measured in a dummy designed for frontal impacts 
are generally considered to be of less significance.  In 

Table 2. 
Assessment of CV Scores. 

 
CV Score Assessment 

0 – 5% Excellent 
>5 – 8% Good 
>8 – 10% Marginal (Acceptable) 

>10% Poor (Unacceptable) 
 
this scenario, a poor CV score may not provide 
sufficient reason for concern.  Consideration must 
also be given to the magnitude of the response.  If the 
mean response is small, then even a small number for 
the standard deviation can result in a large CV.  This 
consideration is closely related to the first one, in that 
responses which exhibit a low mean generally have 
less relevance to the given test condition. 
 
As an example, the agency recently initiated an 
evaluation of the EuroSID-2re (ES-2re) dummy.  To 
that end, the ES-2re was subjected to repeated 
certification and sled tests to establish its 
repeatability and reproducibility as a test tool. 
 
To assess the ES-2re’s R&R in certification tests, two 
sample dummies were each subjected to five repeats 
of each of the certification tests.  The response data 
was collected and filtered according to the test 
procedures.  Next, statistical analysis of the response 
criteria resulted in CV scores of repeatability for each 
dummy and reproducibility for both dummies.  Table 
3 presents a summary of the ES-2re’s R&R analysis 
for certification tests.  It is observed that the vast 
majority of the responses would be considered 
excellent, with only four CV scores falling in the 
‘good’ range and just one score in the ‘marginal’ 
range. 
 
The Federalization requirement for repeatability and 
reproducibility is satisfied by laboratory and sled 
testing (See Figure 8).   
 
BIOFIDELITY 
 
Biofidelity is a measure of how well a dummy 
replicates the response of a human.  If a dummy 
replicates the human response quite well, it is said to 
have good biofidelity, or be quite biofidelic.  
Although not a requirement in Part 572, the dummy’s 
biofidelity is an important consideration in the 
decision of whether or not the dummy is suitable for 
incorporation into Part 572.   
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Figure 8.  The Lab and Sled testing satisfy the R 
& R requirement. 

 
 

Until recently, NHTSA assessed dummy biofidelity 
based on subjective, qualitative analysis of dummy 
data fit within cadaver response corridors.  Two 
methods are currently available for assessing the 
biofidelity of a dummy in side impact testing: 1) the 
ISO 9790 Biofidelity Classification System [4] and 2) 
the Biofidelity Ranking System developed by Rhule 
et al in 2002.   
 
Although the ISO Biofidelity Classification System is 
well known and accepted within the biomechanics 
community, it contains several subjective features 
that limit its capability for impartial evaluation of the 
biofidelity of dummies that are to be considered for 
incorporation into Part 572.  The ISO System utilizes 

 
 
 

Table 3.  ES-2re Certification Test R&R Analysis 
(ref. Docket # NHTSA-2004-18864-15). 

Dummy 
S/N 070 

Dummy 
S/N 071 

Both 
Test/Criteria 

CV (%) CV (%) CV (%) 
Head Drop 
Peak Resultant Acceleration 1.1 1.6 5.4 
Neck Flexion 
Flexion Angle 0.9 0.5 0.9 
Time of Flexion Angle 2.3 2.7 2.4 
A Angle 0.7 0.5 0.9 
Time of A Angle 2.2 1.4 1.8 
B Angle  0.7 0.5 0.9 
Time of B Angle  1.6 2.6 2.5 
Shoulder Impact 
Impactor Acceleration  2.7 9.3 6.9 
Thorax – Rib Impacts 
Upper Rib Def. - 815 mm Drop Height  1.5 3.9 3.1 
Middle Rib Def. - 815 mm Drop Height 0.3 0.3 0.3 
Lower Rib Def. - 815 mm Drop Height 0.4 0.0 0.5 
Abdomen Impact 
Maximum Impactor Force  2.1 2.0 1.9 
Time of Max. Impactor Force  0.7 1.2 1.1 
Maximum Abdomen Force  6.9 3.8 6.4 
Time of Max. Abdomen Force  1.7 1.0 1.6 
Lumbar Spine Flexion 
Flexion Angle  0.8 1.4 1.1 
Time of Flexion Angle  1.7 1.9 1.7 
A Angle  0.9 1.5 1.5 
Time of A Angle  1.4 2.3 1.8 
B Angle  0.3 1.3 0.9 
Time of B Angle 1.8 .7 1.3 
Pelvis Impact 
Maximum Impactor Force 3.5 1.3 2.8 
Time of Max. Impactor Force  3.1 4.4 3.6 
Max. Pubic Symphysis Force  4.0 1.1 3.1 
Time of Max. Pubic Symphysis Force  3.4 4.6 4.2 
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assigned weights for the response measurements, test 
conditions and body regions.  The weights were 
determined by averaging results of a poll of the ISO 
members.  Since the responses of the poll may or 
may not be in line with the philosophies of the 
NHTSA, and since all body regions must pass their 
individual injury criteria in an FMVSS test, all body 
regions should be equally weighted when assessing 
dummy biofidelity.  Moreover, the dummy responses 
are subjectively assigned a numeric value based on 
the qualitative assessment of the data fit within the 
cadaver corridors.   
 
As the Biofidelity Ranking System [5] quantifies the 
biofidelity of a dummy in an objective manner, it was 
used by NHTSA to evaluate recent dummy 
biofidelity.  The Biofidelity Ranking System is 
comprised of multiple tests of various types that have 
associated human response corridors.  Each test is 
assigned a test condition weight in an objective 
manner that gives the highest weights to those tests 
that are most representative of the intended dummy 
test environment and that have response corridors 
developed from a large number of human subjects.  
For each measurement of each test, the dummy and 
human responses are compared over time and their 
differences quantified, where a lower number 
indicates better response similarity between the 
dummy and human.  External and Internal biofidelity 
ranks, which are both deemed equally important for a 
dummy to possess, are computed to assess the overall 
biofidelity of a dummy.   
 
As an example, the ES-2re dummy biofidelity was 
evaluated and found to be relatively good when 
compared to the SID-HIII, which is currently in Part 
572.  Tables 4 and 5 show the External and Internal 
Biofidelity ranks, respectively, for the ES-2re and 
SID-HIII.   
 

Table 4. 
External Biofidelity Ranks for the ES-

2re and SID-HIII.  
(ref. Docket NHTSA-2004-18865-8) 
EXTERNAL 

BIOFIDELITY 
ES-2re SID-HIII 

Overall Rank 2.6 3.8 

Head/Neck Rank 3.7 1.0 

Shoulder Rank 1.4 5.1 

Thorax Rank 2.9 6.1 

Abdomen Rank 2.6 3.0 

Pelvis Rank 2.7 3.8 

 re - rib extensions 

Table 5.  Internal Biofidelity Ranks for the ES-2re 
and SID-HIII. (ref. Docket NHTSA-2004-18865-8) 

INTERNAL BIOFIDELITY ES-2re SID-HIII 

Overall Rank with abdomen n/a n/a 
Overall Rank without 

abdomen 1.6 1.9 

Head Rank 1.0 1.1 

Thorax Rank 1.91 2.22 

Abdomen Rank n/a n/a 

Pelvis Rank 2.03 2.53 
n/a - not applicable (No human subject internal 
force data for comparison with the ES-2re; SID-
HIII dummy does not make a measurement in the 
abdomen.) 
re - rib extensions 
1. Upper & lower thorax rib deflections & T-12 
lateral acceleration 
2. TTI 
3. Pelvis lateral acceleration 

 
The biofidelity requirement is satisfied in lab and 
sled testing as shown in Figure 9.  
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Figure 9.  The lab and sled testing satisfy the 
biofidelity requirement. 
 
 
PROCEDURES FOR ASSEMBLY, 
DISASSEMBLY AND INSPECTION 
 
When a dummy is federalized it is necessary to 
document how the dummy is assembled, 
disassembled and inspected so that contractors who 
perform the FMVSS tests can put the dummy and its 
instrumentation together appropriately.  This 
document, referred to as the Procedures for 
Assembly, Disassembly and Inspection, or PADI, is 
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incorporated by reference into Part 572.  The PADI 
serves as a manual that illustrates how the dummy is 
put together and taken apart, as well as where and 
how the instrumentation is installed, and where to 
route the sensor cables within the dummy.  It also 
includes procedures for inspection to aid in 
determining if certain parts are worn or damaged and 
need to be replaced.   
 
Procedures for measuring external dimensions, 
segment weights and sensor output polarity for the 
dummy and free air resonant frequency and mass 
moment of inertia of the certification probes are also 
integral parts of the PADI.   
 
If the dummy appears to be a reasonable tool for use 
in FMVSS and NCAP testing with regard to 
durability, biofidelity, repeatability and 
reproducibility, the documentation of the PADI 
becomes necessary.  Since project engineers and 
technicians become expert at assembling and 
disassembling the dummy as the dummy evaluation 
progresses, it makes sense to document the 
procedures for assembly, disassembly and inspection 
after most of the evaluation is complete.   
 
The PADI is organized into sections for each body 
segment: head, neck upper torso, lower torso, arms, 
legs and feet. Each section contains procedures for 
removal of the segment from the dummy, 
disassembly, inspection, assembly and attachment to 
the dummy.  Exploded views of the body segment 
with its individual parts identified help to illustrate its 
construction.  A table in each section identifies the 
parts of the body segment, with part number and title 
that match those of the Drawing Package.  The 
dummy is disassembled from the head down in a 
piecewise fashion, with instructions, figures, and 
photographs shown to illustrate each step of the 
disassembly.  Specific instructions on inspection of 
parts for wear and replacement are included, as well 
as procedures for assembling the segment and 
attaching it to the dummy. 
 
Once the disassembly, inspection and assembly 
sections are complete, then the instrumentation 
installation and sensor cable routing sections of the 
PADI are written.  These sections are also separated 
by body segment with photographs to illustrate 
specific steps to be taken. 
 
Experience obtained during all phases of the 
evaluation process - inspection, lab testing, sled 
testing and crash testing - contributes to the 
development of the PADI (Figure 10). 
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Figure 10.  The experience gained in all phases of 
the evaluation process contributes to the PADI. 
 
 
SUMMARY 
 
A dummy that is a candidate for incorporation into 
part 572 49 CFR for potential use in a FMVSS 
performance standard must undergo a rigorous 
evaluation process: this process is often referred to as 
the Federalization process.  This process is a 
standardized set of inspections and tests that result in 
quantified measures and corresponding 
documentation of the dummy’s assembly and 
disassembly, drawing package, certification test 
procedures, durability, repeatability, reproducibility 
and biofidelity.  Although no two dummy designs are 
identical and; therefore, no two dummy evaluation 
processes are identical, the skeleton of the process 
and the expectation for performance of the dummy 
remain constant.   
 
It is important to recognize that a critical aspect of 
the evaluation process is the assessment of dummy 
suitability for the intended use.  For example, a 
dummy designed for frontal impacts may not provide 
meaningful responses when tested in a side impact 
condition.  This suitability evaluation is part of the 
entire process although it is not specified as an 
evaluation task.  Further, it is important to be 
constantly aware of dummy behavior that is not 
suitable or human-like but may not be exposed in the 
scheduled testing.  A recent example of this type of 
non-suitability was the lateral load path caused by the 
ES-2 back plate.  This non human-like load did not 
become evident except after extensive crash testing 
with multiple vehicles. 
 
Many new dummies are being developed by 
committee or consortium (HIII Ten year-old, SID IIs 
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and WorldSID) and it is important for those 
organizations to realize that the products of their 
extensive efforts must still undergo the rigorous 
Federalization process if the dummy is to be 
considered for use in the FMVSS.  Further it is 
required that NHTSA possess, without restriction of 
any kind, an accurate and complete drawing package 
for the dummy for incorporation into part 572 by 
reference.    
 
Similarly, vehicle manufacturers can be assured that 
a dummy that is incorporated into part 572 has been 
rigorously evaluated and is a dependable and reliable 
test tool that can be used in regulatory compliance 
testing (FMVSS), market incentive testing (NCAP) 
and will also be useful for research testing in other 
test configurations. 
 
The details of the Federalization process outlined 
here will be continually updated as new techniques 
are developed and new biomechanical data becomes 
available. Examples of this are the Bio Rank 
approach [5] recently developed to quantify the 
assessment of biofidelity and the ongoing 
development of R&R procedures that are time history 
based rather than maximum value based.  
Nonetheless, the essential framework of 
Federalization will remain and the need to rigorously 
evaluate a dummy before it is used in testing will 
remain. 
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ABSTRACT  

INTRODUCTION  
Pedestrian-vehicle crashes result in a substantial 
number of pedestrian fatalities and injuries 
worldwide. Computer models are powerful tools in 
understanding how the severity of injuries could have 
been reduced in the crash. Pedestrian real-world cases 
serve as an important source of information to 
evaluate the dynamic performance of pedestrian 
models and their ability to reconstruct injury-causing 
events.  

 
Road crashes result in a substantial number of 
pedestrian fatalities and injuries worldwide. 
Statistics from 35 European countries have shown 
that pedestrian fatalities represented on average 25% 
of road users killed throughout Europe (ECMT, 
2003). In Japan, pedestrian fatalities accounted for 
28% of the road toll (ECMT, 2003), while in 
Australia approximately 16% of road fatalities were 
pedestrians (ATSB, 2003). Pedestrian fatalities as a 
proportion of road fatalities were estimated at 13% 
in the USA and were as high as 40-50% of the 
annual road toll in India and Thailand (Mohan and 
Tiwari, 2000). Head injuries are the most common 
cause of pedestrian fatalities. Injuries to the chest, 
spine, abdomen and the lower extremities are also 
commonly sustained (Anderson and McLean, 2001, 
Fildes et al., 2004). 

 
The objective of this study was to evaluate the ability 
of a mathematical pedestrian model to assess the 
severity of an impact using real-world data. The 
dynamic performance of the pedestrian model was 
evaluated by the reconstruction of six real-world 
pedestrian collisions, which occurred during 1995-
2003 in the surroundings of Hanover, Germany. The 
impact severities were 32-59km/h. Each case 
contained information about the pre-crash, crash, and 
post-crash events. This information included hospital 
reports and detailed description of damages to the 
vehicle, pedestrian injuries, and the crash environment 
collected at the scene. The evaluation focused on head 
injuries since these are the most common cause of 
severe injuries and fatalities of pedestrians involved in 
passenger vehicle-pedestrian crashes. 

 
Computer simulations provide a powerful tool for 
studying the loading to the pedestrian in a crash. For 
the study of overall human kinematics in a crash, 
computer models based on rigid bodies connected to 
each other by joints are time efficient. The dynamic 
and kinematic response of computer models is 
validated towards biological test results. However, it 
is important to include evaluation towards real-
world cases as part of this process in order to 
determine the models ability to assess the impact 
severity in a wide range of scenarios. 

 
The results showed that the model produced injury 
measures and readings of the magnitude expected for 
the highest severity head injuries sustained by the 
pedestrian in the reconstructed case. Furthermore it 
highlights the usability of mathematical pedestrian 
models in evaluating the severity of a vehicle-
pedestrian collision. 

 
The aim of this study was to evaluate the ability of a 
mathematical pedestrian model to assess the severity 
of an impact by reconstruction of six real-world 
passenger vehicle-pedestrian collisions.  
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MATERIALS AND METHODS The impacting vehicle was a 2000 2-door VW Golf. 

Marks on the vehicle showed that the pedestrian 
struck the front right quarter panel, the right side of 
the windshield and the right side of the roof adjacent 
to the windshield (Figure 2). The pedestrian was 
thrown 9.4m from where the impact occurred. The 
range of thrown distance was estimated to be ± 1m. 

 
Six real-world vehicle-pedestrian crashes were 
reconstructed using PC-Crash and MADYMO. The 
data about the collision and the injuries were 
compiled from on-site collected data and hospital 
records coded using AIS (AAAM, 1990) when 
available. The on-site inspection provided detailed 
information about the site and circumstances for the 
crash, such as skid marks and resting positions, in 
addition to detailed documentation of the damages 
to the vehicle. 

 

 

 
Real-World Cases 
 
The real-world cases were collected around the area 
of Hanover, Germany in an area with a radius of 
approximately 70km. An inspection team consisting 
of 4 members perform an investigation of the 
collision. Two team members go to the scene, one 
team member follows the injured person and the 4th 
team member is the coordinator. The police or fire 
brigade alert the team and the team normally arrived 
30min after the collision. 

Figure 2. The impact locations of the male 
pedestrian on the front right quarter panel, 
windshield and roof on the VW Golf in Case 1. 
  
The pedestrian was a 68-year-old male, 175cm and 
85kg. He sustained MAIS 3 injuries. All the injuries 
were: multiple left side rib fractures AIS 3, left tibia 
fracture AIS 2, concussion AIS 2, open fracture of 
nose bone AIS 1. 

Case 1 (ID 030816) 
A male pedestrian was hit with an estimated impact 
velocity of 45-50km/h by a VW Golf in an 
intersection. The intersection consisted of three 
lanes for forward traffic and one lane for left turning 
traffic. Vehicles were stationary in the inner forward 
running lane and the case vehicle was in the forward 
running lane next to the left turning lane (Figure 1). 
The driver of the case vehicle saw from a distance 
the light change from red to green and entered the 
intersection at a travel speed of 45-50km/h. A 
pedestrian was walking quickly across the 
intersection, hidden from the case vehicle by the 
stationary vehicle. The pedestrian was hit by the 
right front of the case vehicle, which started to brake 
at impact.  

 
Case 2 (ID 030945) 
Two pedestrians, one male and one female (denoted 
Case 2a and 2b), were hit with an estimated impact 
velocity of 43-49km by a BMW when they appeared 
suddenly from between parked cars in the dark. The 
male pedestrian was hit by the left front and the 
female pedestrian was hit by the centre of the case 
vehicle (Figure 3). 
 

Rest position, 
male pedestrian

Rest position, 
female pedestrian

Impact location

 

 

Figure 3. The road where a BMW struck two 
pedestrians. The pedestrians appeared suddenly 
from between parked cars and attempted to cross 
the street in Case 2. Figure 1. The intersection in Case 1 where a VW 

Golf struck a pedestrian. The pedestrian was 
hidden from the view of the driver in the case 
vehicle by stationary vehicles in the forward 
running lanes. 
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The male pedestrian impacted the left a-pillar; the 
front left side of the hood and the area above the left 
side of the head-lamp (Figure 4). The male 
pedestrian was thrown 8.5m from where the impact 
occurred. The range of thrown distance was 
estimated to be ± 1m. The female pedestrian hit the 
centre of the hood (Figure 4) and was thrown 
approximately 15m from where the impact occurred. 
The female pedestrian rose immediately after having 
landed on the ground and there were no marks that 
could further verify the orientation of the pedestrian 
in her rest position. The range of thrown distance 
was estimated to be ± 2m. 

 

  
Figure 4. The impact locations of the male 
pedestrian on the BMW in Case 2. 
 

 
Figure 5. The impact locations of the female 
pedestrian on the BMW in Case 2. 
 
The striking vehicle was a 1999 BMW 3 Series 
Touring Wagon. The more severely injured 
pedestrian in Case 2 was a 48-year-old male 
(denoted Case 2a). He sustained MAIS 4 injuries. 
All the injuries were: head haematoma and oedema 
AIS 4, subarachnoidal bleeding and fractured base 
of the skull AIS 3 and skull and fractures to the orbit 
AIS 2. The other pedestrian in Case 2 was a 23-
year-old female (denoted Case 2b). She sustained 
MAIS 1 injuries. All the injuries were: haematoma 

of pelvis and lower leg and distortion of cervical 
spine AIS 1. 
 
Case 3 (ID 17028) 
A male pedestrian was hit by a VW Passat with an 
estimated impact velocity of 59km/h. The case 
vehicle was driving in the right lane and the traffic 
light showed a green light for the vehicle. The 
pedestrian started crossing the street and was hit by 
the right front of the vehicle (Figure 6). The case 
vehicle started to brake at impact.  

Traveling direction 
of pedestrian

Rest position of 
pedestrian

Impact location
Rest position of 
case vehicle

 
 
Figure 6. The road where a VW Passat struck a 
male pedestrian in Case 3. The pedestrian walked 
out despite having a red light in an attempt to 
cross the street. 
 
The male pedestrian was hit by the right side of the 
windscreen, the front right side of the hood and the 
on the right side of the bumper (Figure 6). The male 
pedestrian was thrown 10.3m from were the impact 
with the vehicle occurred. The range of thrown 
distance was estimated to be ± 1m. 

 

 
Figure 7. The impact locations of the pedestrian 
on the VW Passat in Case 3. 
 
The striking vehicle was a 1987 to 1995 VW Passat. 
The pedestrian was a 35 years old male, 172cm and 
70kg. He sustained MAIS 3 injuries. All the injuries 
were: haematoma frontal thorax and lacerations right 
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forehead AIS 1, fracture right tibia AIS 3 and 
fracture right fibula AIS 2. 

 
The striking vehicle was a 1998 VW Caravelle. The 
pedestrian was a 77-year-old female. The pedestrian 
sustained no recorded injuries. 

 
 

 Case 4 (ID 17910) 
Case 5 (ID 30010020) A female pedestrian was hit by a VW Caravelle with 

an estimated impact velocity of 32-35km/h. The case 
vehicle was driving along the road and the 
pedestrian started crossing the street and was hit by 
the left front of the vehicle (Figure 8). The case 
vehicle started to brake prior to impact. 

A male pedestrian was hit by a Ford Mondeo with 
an estimated impact velocity of 40-45km/h. The 
pedestrian crossed the street at night and was struck 
by the case vehicle (Figure 10). 
 

  
  
Figure 10. The road where a Ford Mondeo 
struck a male pedestrian in Case 5. The 
pedestrian attempted to cross the street. 

Figure 8. The road where a VW Caravelle struck 
a female pedestrian in Case 4. The pedestrian 
walked out in an attempt to cross the street.  

  
Marks on the vehicle showed contact with the 
vehicle at the windshield and the hood. The 
pedestrian was struck by the centre front of the 
vehicle, slid to the right along the hood and hit the 
head on the windshield (Figure 11). The male 
pedestrian was thrown 7.8m from where the impact 
occurred. The range of thrown distance was 
estimated to be ± 2m. According to a witness the 
pedestrian was seen to run across the street. 

Marks on the vehicle showed that the female 
pedestrian hit the left side of the front (Figure 9). 
The female pedestrian was thrown approximately 
12.5m from where the impact occurred. The 
pedestrian rose immediately after having landed on 
the ground and there were no marks that could 
further verify the orientation of the pedestrian in her 
rest position. The range of thrown distance was 
estimated to be ± 2m. 

 

 

 
Figure 11. The impact locations of the male 
pedestrian on the Ford Mondeo in Case 5. 
 
The striking vehicle was a 1998 Ford Mondeo. The 
pedestrian was a 19-year-old male, 182cm, 72kg. 
The pedestrian sustained deep lacerations forehead, 
nose and right ear, lacerations to the fingers on the 
left and right hand and ligament rupture to the right 
knee. 

Figure 9. The impact locations of the female 
pedestrian on the VW Caravelle in Case 4. 
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Case 6 (ID 17946)  
A female pedestrian was hit by a Mercedes with an 
estimated impact velocity of 43km/h. After having 
reached the middle of the road the pedestrian turned 
back (Figure 12). The case vehicle braked and 
struck the pedestrian with the left front. The 
information about the rest position of the pedestrian 
was that she ended up within the area where glass 
splinters from the windshield were found. 

Reconstruction of Pedestrian Collisions 
 
For some cases the range of the impact velocity was 
estimated based on thrown distance and braking 
distance. The pedestrian collisions were then firstly 
reconstructed with PC-Crash to verify the estimation 
of impact velocities. Secondly, the collision was 
reconstructed in MADYMO 5.4.1 (TNO, 1999), 
using EASI-CRASH and the pedestrian model by 
Yang et al. (2000). 

 
Impact 
location Glass 

splinters

 

 
In the MADYMO simulations, an impact velocity 
that generated the best match with the thrown 
distance measured at the scene was used. In the 
cases where the pedestrian was not regarded as 
stationary it was given a velocity perpendicular to 
the vehicle. The velocity of the pedestrian was 
chosen within the ranges obtained as follows: A 
healthy male in his 20s performed tests on a 
treadmill. From these tests, running was established 
to be ≥ 3m/s and fast walking was established as 1.5 
- 3m/s. All cases were initially reconstructed with 
the 50th percentile male model. In Case 2 where the 
height and weight of the pedestrians were unknown 
additional simulations with the 5th percentile female 
and the 95th male model were performed. 

 
Figure 12. The road where a Mercedes struck a 
female pedestrian in Case 6. The pedestrian 
turned back after having reached the middle of 
the road. 
 
Marks on the vehicle showed that the female 
pedestrian hit the left side of the windshield (Figure 
8). The female pedestrian was thrown approximately 
9-14m from where the impact occurred.  
 For the MADYMO simulations the position of the 

pedestrian prior to impact was estimated from the 
photos of the damaged vehicle. The orientation of 
the pedestrian prior to the impact was thus estimated 
individually for all cases. For each case 
approximately 20 simulations were run to tune the 
positioning and the velocity of the pedestrian, in the 
aim of matching the thrown distance, braking 
distance and impact locations on the vehicle and the 
ground to the real-world cases. 

 

 
The reconstruction of the real-world cases in 
MADYMO is schematically illustrated in Figure 14. 
The figure shows the flow of data and the loop of 
iterations of the MADYMO simulations.  Figure 13. The impact location of the female 

pedestrian on the Mercedes in Case 6.  
 
The striking vehicle was a 1988-9 Mercedes 200E. 
The pedestrian was a 45 years old female, 170cm 
and 70kg. She sustained MAIS 2 injuries. All the 
injuries were: concussion AIS 2, laceration right 
forehead and nose, haematoma right side of right 
knee AIS 1. 
 
 
 
 
 

 Linder 5



Scene Inspection
Report

Vehicle Inspection
Report

Injuries Sustained
by the Pedestrian

PC-Crash
Simulation

Vehicle Velocity and
Dynamics

Pedestrian Velocity
and Stance

MADYMO
Simulation

Check Impact
Dynamics and Resting

Positions

Refinement of Initial
Impact Conditions

Comparison of
Pedestrian Model
Loading to Injuries

Recorded

Iterate
Iterate

CheckCheck

Check

Check

Work
completed by

MUARC

Work
completed by

MUH

Check loop
Input from case

Reconstruction
Complete

 

Iterative loop

 
Figure 14. A schematic illustration showing the 
reconstruction of the real-world cases in 
MADYMO, the flow of data and the loop of 
iterations of the simulations. 
 
Mathematical models of the vehicles’ structure were 
constructed using dimensioned drawings obtained 
from the web page of 3dcenter.ru. These were cross 
referenced against measurements taken from a 
vehicle of the same make, year and model as in the 
cases using straight-edges, tape measures and rulers 
with particular focus on the pedestrian impact point 
locations. The force-penetration curves used for the 
MADYMO vehicle models were approximated from 
van Rooij et al. (2003) and Mizuno and Kajzer 
(2000). For the windshield the centre force-
penetration curve (Mizuno and Kajzer, 2000) was 
used. The roof was given a force-penetration loading 
curve obtained from the average between the hood 
and hood edge of van Rooij et al. (2003). The hood 
edge and the quarter panel were given midsection 
hood edge force-penetration loading curve of van 
Rooij et al. (2003). The door was given midsection 
door force-penetration loading curve and the upper 
and lower bumper the midsection bumper force-
penetration loading curve of van Rooij et al. (2003). 
The a-pillar was given the force-penetration loading 
curve of the a-pillar as in van Rooij et al. (2003). 
 
The contact interactions between the vehicle and the 
pedestrian were defined as 'ellipsoid-ellipsoid' using 
the 'evaluations' keyword where necessary to avoid 
multiple contact interactions. A friction coefficient 

was applied to the pedestrian to vehicle contact (0.3) 
and the pedestrian to ground contact (0.7), as well as 
a small amount of damping. Where applicable the 
vehicle was subjected to deceleration and nose-dive 
due to braking. The amount of braking was chosen 
so that the final position of the case vehicle being 
simulated matched as close as possible to that of the 
case. A 50mm nose-dive and 2 degrees rotation 
around the front was applied to the models when 
braking prior to impact was present. 
 
MADYMO Vehicle Model and pedestrian 
position Case 1 
The VW Golf was generated using 15 ellipsoids. 
The front-right quarter panel, a-pillar and roofline of 
the vehicle were modelled in detail. Impact velocity 
of 11.8m/s, braking prior to impact and a braking 
distance of 13.3m were applied. The pedestrian's 
initial posture was in a walking stance with the left 
leg slightly in front of the right. The pedestrian was 
given an initial velocity of 3m/s. 
 
MADYMO Vehicle Model and pedestrian 
position Case 2 
The BMW was generated using 22 ellipsoids. As a 
result of the multiple pedestrian impact condition, 
the curvature of the front of the vehicle was 
constructed using 3 sections of ellipsoids. As the 
male pedestrian struck the right hand edge of the 
vehicle, it was necessary to include an a-pillar, side 
guard and a door to represent the vehicle being 
struck. Impact velocity of 12.7m/s and a braking 
distance of 10.1m were applied. The male 
pedestrian's initial posture was in a walking stance 
with the left leg slightly in front of the right. The 
females pedestrian's initial posture was facing 
towards the vehicle, right leg slightly in front of the 
left and using her arms to protect herself from the 
impact. Both pedestrians were given an initial 
velocity of 1.5m/s. 
 
MADYMO Vehicle Model and pedestrian 
position Case 3 
The 1993 VW Passat was generated using 11 
ellipsoids. The front-right quarter panel was 
modelled in detail. Impact velocity of 12.7m/s, 
braking prior to impact and a braking distance of 
18.6m were applied. The pedestrian's initial posture 
was in a walking stance with the right leg in front of 
the left. The pedestrian was given an initial velocity 
of 2m/s. 
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MADYMO Vehicle Model and pedestrian 
position Case 4 

 

  

  

The VW Caravelle was generated using 11 
ellipsoids. Impact velocity of 9.5m/s, braking prior 
to impact and a braking distance of 5.5m were 
applied. The pedestrian's initial posture was in a 
walking stance with the left leg slightly in front of 
the right. The pedestrian was given no initial 
velocity as it was deemed to be small. 
 
MADYMO Vehicle Model and pedestrian 
position Case 5 
The 1998 Ford Mondeo was generated using 9 
ellipsoids. Impact velocity of 9.7m/s, braking prior 
to impact and a braking distance of 10.4m were 
applied. The pedestrian's initial posture was in a 
running stance with the left leg in front of the right. 
The pedestrian was given an initial velocity of 2m/s. 
 
MADYMO Vehicle Model and pedestrian 
position Case 6 Figure 15. Photos of the impacted VW Golf and 

images from the simulation of the male 
pedestrian hit by the vehicle with an impact 
velocity of 45km/h, Case 1. 

The 1988-9 Mercedes 200E was generated using 12 
ellipsoids. Impact velocity of 12m/s, braking prior to 
impact and a braking distance of 8.8m were applied. 
The initial posture of the pedestrian was in a 
walking stance, turned slightly towards the vehicle 
with the left leg in front of the right. The pedestrian 
was given an initial velocity of 1m/s to simulate this 
walking motion.  

 
Case 2 
Figure 16 shows photos of the impacted vehicle and 
images from the simulations of the male pedestrian 
Case 2a (simulated with the 95th percentile male 
model) impacting the front left side of the vehicle. 
The simulated throw distance was 9.3m from the 
vehicle and the impact velocity used in the 
simulation was 46km/h. Head impact occurred at 
similar spot on the a-pillar as in the real-world case. 

 
RESULTS 
 
The results showed that the kinematics of the 
pedestrian model in the MADYMO simulations 
were comparable with that in the real-world cases in 
terms of impact location, resting position and throw 
distance. An increased 3ms linear acceleration and 
HIC15 corresponded to an increased severity of the 
collision in terms of MAIS head injuries for MAIS 
2+. This applied to three out of the four cases and 
for the exception case an unusual initial posture 
made this impact less severe in terms of injuries 
compared to what the output from the simulation 
indicated. Furthermore, both the 3ms linear head 
acceleration and HIC15 showed the highest values 
for the case where the highest severity of head 
injuries occurred. 

 

 

 
Case 1 
Figure 15 shows photos of the impacted vehicle and 
images from the simulations of Case 1 where the 
male pedestrian impacted the side of the vehicle. 
The simulated throw distance was 9.8m forward of 
the vehicle with the impact velocity of 45km/h. 
Head impact occurred at similar spot on the vehicle 
as in the real-world case. 

Figure 16. Photos of the impacted BMW and 
images from the simulation of the male 
pedestrian hit by the vehicle with an impact 
velocity of 46km/h, Case 2a. 
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Figure 17 shows photos of the impacted vehicle and 
images from the simulation of the female pedestrian 
Case 2b (simulated with the 5th percentile female 
model) impacting the centre of the vehicle. The 
female pedestrian showed no sign of head impact, 
neither from marks on the vehicle nor from injuries. 
The simulated throw distance was 14.7m from the 
vehicle and the impact velocity used in the 
simulation was 46km/h. 

 

 
 

 

Figure 18. A photo of the impacted VW Passat 
and images from the simulation of the male 
pedestrian hit by the vehicle with an impact 
velocity of 47km/h, Case 3. 

 
Case 4 
Figure 19 shows a photo of the impacted vehicle and 
images from the simulation of Case 4 where the 
female pedestrian impacted the front side of the 
vehicle. The simulated throw distance was 12m from 
the vehicle and the impact velocity used in the 
simulation was 34km/h. The impact occurred at 
similar spot on the hood as in the real-world case. 

 

Figure 17. Photos of the impacted BMW and 
images from the simulation of the female 
pedestrian hit by the vehicle with an impact 
velocity of 46km/h, Case 2b. 

 
 

Figure 19. A photo of the impacted VW 
Caravelle and images from the simulation of the 
female pedestrian hit by the vehicle with an 
impact velocity of 34km/h, Case 4. 

Case 3 
Figure 18 shows a photo of the impacted vehicle and 
images from the simulation of Case 3 where the 
male pedestrian impacted the front right hand side of 
the vehicle. The simulated throw distance was 
10.3m from the vehicle and the impact velocity used 
in the simulation was 46km/h. Head impact occurred 
at similar spot on the windshield as in the real-world 
case. 

 
Case 5 
Figure 20 shows photos of the impacted vehicle and 
images from the simulation of Case 5 where the 
male pedestrian was impacted while running across 
the road. The simulated throw distance was 8.2m, 
with an impact velocity of 35km/h. Head impact 
occurred at similar spot on the windshield as in the 
real-world case. 
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Figure 22 shows the thrown distance from the real-
world cases and those generated in the simulations 
of the cases. The impact velocities used in the 
simulations are shown in Figure 23 together with 
the calculated range of the impact velocity based 
on thrown and braking distance and velocities used 
in the PC-Crash simulations. 
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Figure 20. Photos of the impacted vehicle end 
images from the simulation of the male 
pedestrian struck by a Ford Mondeo with an 
impact velocity of 35km/h, Case 5. 

Figure 22. The thrown distance measured at the 
crash scene and from the simulation of the six 
cases. The bars on the measured data represent 
the range of thrown distances. 

 
Case 6 
Figure 21 shows photos of the impacted vehicle and 
images from the simulation of Case 6 where the 
male pedestrian impacted the front of the vehicle. 
The simulated throw distance was 10.1m from the 
vehicle and the impact velocity used in the 
simulation was 36km/h. Head impact occurred at 
similar spot on the windshield as in the real-world 
case. 
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Figure 23. The impact velocity estimated from 
the crash scene data and the impact velocity in 
the simulation of the six cases. The bars on the 
estimated data represent the calculated range 
of impact velocities based on thrown distance 
and braking distance. 
 
 
The HIC 15 and 3ms head linear and rotational 
acceleration from the simulations of the six cases 
is shown in Figures 24-26. 
 

Figure 21. Photos of the impacted vehicle and 
images from the simulation of the female 
pedestrian struck by a Mercedes with an impact 
velocity of 36km/h, Case 6. 
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Figure 24. The HIC 15 from the simulations of 
the six cases. 
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Figure 25. The 3 ms head linear acceleration 
from the simulations of the six cases. 
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Figure 26. The 3ms head angular acceleration 
from the simulations of the six cases. 
 
DISCUSSIONS 
 
Through simulating six real-world pedestrian 
vehicle crashes, it was observed that in general, the 
kinematics of the pedestrian model of Yang et al. 
(2000) corresponded well with crash scene data in 
terms of impact location, thrown distance and 
resting position. Even though the model was used 
for various impact conditions in terms of pedestrian 
posture, orientation and velocity prior to impact, 

the pedestrian model was able to generate a close 
match to the on–scene collected data. Also head 
loading was compared to the real-world injury 
outcome without any internal modifications of the 
model needed. 
 
The head injuries MAIS from the six cases is shown 
in Figure 27. The simulation of the case with the 
highest MAIS head injury, MAIS 4, produced a HIC 
15 of 2660. A HIC of 2660 correspond to 85% risk 
of skull fracture according to the relation determined 
by Hertz (1993) and in this case the pedestrian 
sustained skull fractures. 
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Figure 27. The head injuries MAIS from the six 
real-world cases. 
 
Of the dynamic responses investigated, it was 
found that both 3ms Linear Head Acceleration and 
HIC15 displayed the same trend as did the severity 
of head injuries. An increase in either of these 
parameters corresponded with an increased severity 
of the collision, with respect to MAIS 2+ head 
injuries (Figures 24, 25 and 27). The exception 
being case 2b, where the pedestrian had an unusual 
initial posture, due to her awareness of the 
approaching vehicle. This consequently led to her 
having a very different kinematic response to the 
other cases. Specifically, for this case, the 
pedestrian managed to avoid any noticeable head 
contact with the vehicle. This event was unable to 
be replicated through simulations. 
 
It was also observed that both 3ms Linear Head 
Acceleration and HIC15 showed the lowest values 
for cases 3, 4 and 5. For these cases, head impact 
severity was limited to AIS 0 or 1. For Case 4, an 
AIS 0 was estimated as no official injuries were 
recorded as the pedestrian had left the hospital prior 
to meeting with the investigation team. If the 
pedestrian in this case sustained any head injuries it 
was most likely a low AIS head injury. 
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The thrown distances observed in the MADYMO 
simulations were shown to be within the range 
given from the real-world cases (Figure 22). To 
generate the match between simulated and 
measured thrown distance, in combination with 
vehicle impact location and braking distance, the 
impact velocities were in some cases somewhat 
lower than those estimated from the crash scene 
data (Figure 23). 

Figure 29. The simulation of the 5th percentile 
(left) female and the 50th percentile (right) male 
pedestrian model impacting the BMW with the 
simulated impact velocity of 46km/h, Case 2a. 

 
All cases were initially simulated using the 50th 
percentile male pedestrian model. For Cases 1,3,5 
and 6 the height and weight of the pedestrian was 
similar to that of the 50th percentile male model. 
Whereas the height and weight of the pedestrians in 
Case 2 and 4 were unknown. In Case 4 a reasonable 
match between simulated, measured and estimated 
values of kinematics, impact locations and rest 
positions were obtained using the 50th percentile 
male model. However this was not the situation for 
Case 2, thus models other than the 50th percentile 
male were necessary to be used. For both 
pedestrians in Case 2, the 50th percentile male was 
not able to generate the kinematics, impact 
locations and rest positions expected from the crash 
scene data. In the case of the male, the 50th 
percentile male model predicted a lower impact 
location on the a-pillar to what occurred in Figure 
4. For the female’s impact, the 50th percentile male 
model struck his head on the windshield. This is 
thought to be unlikely, as if this was the case, 
windshield damage would be expected. This led to 
the choice of using the 5th percentile female and 
95th percentile male models for the female and male 
in this case. When simulating the case with the 
large male and the small female pedestrian models, 
the impact locations, thrown distance and 
kinematics were closer to that observed in the real-
world case. The head impact location from the 
simulations with the various models is shown in 
Figures 28-29. 

 
In Case 2 there were remarkable differences 
between the injury outcomes for the two 
pedestrians. The male pedestrian struck the a-pillar 
and suffered severe head injuries, whereas the 
female pedestrian only sustained minor injuries. 
The pedestrians were struck by the same vehicle 
and by the same impact velocity. This case 
highlights the importance of preventing pedestrians 
from hitting high stiffness structures and the large 
difference that can occur for a given impact 
velocity. 
 
The stiffness of various vehicles parts was 
generated from component tests at 40 km/h (van 
Rooij et al., 2003 and Mizuno and Kajzer 2000). 
The range of impact velocities used in these 
simulations was 40 ± 6 km/h. The simulations were 
thus carried out at a range of impact severities close 
to that for which the force-penetration curves were 
defined. 
 
It has previously been highlighted by among others 
van Rooij et al. (2003) that generating a vehicle 
model with the correct geometry largely determines 
where on the vehicle various parts of body impact. 
In addition, localized contact stiffness 
characteristics have a great influence on the injury 
outcome. Therefore great care was taken to ensure 
that for each case vehicle, profiles and appropriate 
stiffnesses were used in the simulations. 
Furthermore, the initial position of the pedestrian, 
braking distance and impact velocity from the real-
world case were important factors in the 
reconstruction of the real-world pedestrian 
collisions. These all played an important role in 
order to generate the match between measured and 
simulated thrown distance (Figure 22) and the 
impact locations of the pedestrian on the vehicle 
(Figures 15-21). 

 

 

Figure 28. The simulation of the 95th percentile 
(left) and the 50th percentile (right) male 
pedestrian model impacting the BMW with the 
simulated impact velocity of 46 km/h, Case 2a. 
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In depth analysis and reconstruction of real-world 
collisions are important to link simulation 
responses to real-world outcomes. In this study, 
the pedestrian model was used to identify two head 
loading measurements that corresponded in 
increased magnitude to increased severity of 
MAIS 2+ head injuries. Further study of higher 
severity head injuries sustained in real-world 
pedestrian-vehicle crashes may enable a stronger 
link to be generated between these simulated 
dynamic responses and actual head injury. 
 
CONCLUSIONS 
 
In the reconstruction of six real-world pedestrian-
passenger vehicle crashes in the range of impact 
velocities around 40km/h it was found that an 
increased 3ms linear acceleration and HIC15 
corresponded to an increased severity of the 
collision in terms of MAIS head injuries for MAIS 
2+. 
 
The results of this study showed that the 
kinematics of the pedestrian model in the 
MADYMO simulations of the six real-world cases 
were comparable with that in corresponding 
collisions in terms of impact location and throw 
distance. 
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ABSTRACT 

 

A finite Element (FE) model of the next-generation 

flexible pedestrian leg-form impactor (Flex-PLI) 

developed by the Japan Automobile Manufacturers 

Association (JAMA) and Japan Automobile Research 

Institute (JARI) was developed in this study. The 

Flex-PLI is intended to be used in evaluating safety 

of car front structures against the lower limbs of 

pedestrians. A 3D geometry of each part was 

reproduced in PAM-CRASHTM based on drawings of 

the Flex-PLI. For material characterization, the 

stress-strain characteristics were determined from the 

results of the material tests on each individual 

component, with the strain rate dependency of the 

material taken into account. The results of the 

dynamic 3-point bending test for the thigh and leg 

and the dynamic 4-point bending test for the knee 

joint performed by JARI were used to validate the 

model. The validation results showed that the 

computer simulation results for the force-deflection 

response of the thigh and leg as well as the 

moment-angle response of the knee joint agreed well 

with the test results. Impact tests against vehicles at 

40 km/h were reproduced using the model, and the 

results were compared with the test results. The 

results of the comparison showed that the kinematics 

of the Flex-PLI could be reproduced by the computer 

simulation. It was also found that the bending 

moment of the thigh and leg as well as the elongation 

of the ligament cables of the knee joint could be 

accurately reproduced. 

 

INTRODUCTION 

 

According to pedestrian accident data, pedestrians 

account for approximately 30% of fatalities in traffic 

accidents in Japan.  For this reason, pedestrian 

protection along with occupant protection is 

considered as an important issue in the improvement 

of vehicle safety [1]. Distribution of AIS 2+ injuries 

from the Pedestrian Crash Data Study (PDCS) 

database in the U.S. shows that the frequency of 

injuries to the head and lower limb dominates as 

shown in Figure 1. Because injuries to the head are 

often fatal, head injuries are considered as the most 

serious injuries. Lower limb injuries are also 

important because of their long-term consequences 

and high social costs. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Distribution of AIS2+ pedestrian
injuries by body region 
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In order to reduce these injuries in pedestrian 

accidents, the European Enhanced Vehicle-safety 

Committee (EEVC) Working Group 17 has proposed 

a vehicle test procedure employing a head-form 

impactor, upper leg-form impactor, and leg-form 

impactor. For the leg-form impact test, a leg-form 

impactor developed by the Transportation Research 

Laboratory (TRL) known as TRL-PLI has normally 

been used [2]. However, it has been pointed out that 

it is necessary to improve the biofidelity of the 

TRL-PLI and the validity of the injury criteria [3]-[5]. 

Accordingly, a flexible-pedestrian leg-form impactor 

(Flex-PLI) has been developed jointly by JAMA and 

JARI as a next-generation impactor that has greater 

biofidelity. The thigh, knee joint and leg of the 

Flex-PLI have been built of flexible structure in order 

to obtain more realistic kinematics of the human 

lower limb. The published test results using Post 

Mortem Human Subjects (PMHS) were used to 

validate the dynamic response of the limb [6]-[8].  

In this study, an FE model for the Flex-PLI was 

developed for use in vehicle development for 

improved safety of vehicle front structures against 

pedestrian lower limbs. 

 

MODEL DESCRIPTION 

 

As shown in Figure 2, the Flex-PLI consists of three 

segments, the thigh, knee joint, and leg. The thigh 

and leg were made flexible in order to reproduce 

deflection of the human bones. The knee joint of the 

Flex-PLI has a simplified structure that represents 

geometry of bones and ligaments.  However, the 

knee joint is capable of reproducing bending and 

shear in human knee joint due to lateral impact from 

a vehicle to the lower limb of a pedestrian. 

The 3D geometry of each component of the Flex-PLI 

was precisely reproduced in PAM-CRASHTM based 

on the drawings of the Flex-PLI [9]. Since the fairly 

rigid steel and aluminum parts were modeled as rigid 

bodies, it was necessary to determine mass and 

moment of inertia of those parts for the rigid body 

definitions. Those numbers were determined by 

importing the 3D geometry of the parts into 

PAM-GENERISTM and giving appropriate density for 

the parts [10]-[12].  

 

 

 

 

 

 

 

 

 

 

Thigh and Leg 

Figure 3 shows the bony structure of the thigh and 

leg. The bony structure is assembled by surrounding 

the bone core with the core spacer and core binder, 

fixing these parts together with adhesive, inserting 

them into the exterior housing, then bolting them 

from outside of the exterior housing, as shown in the 

cross-sectional diagram (Figure 4). By tightening the 

bolt, the core binder is pushed against the core spacer 

compressing it, after which the exterior housing is 

fixed to the bone core. The exterior housings are 

piled up axially with the rubber spacers in between. 

The thigh and leg are with nine and eleven exterior 

housing blocks, respectively. Figure 5 shows the FE 

model for the thigh and leg. Since the resin bone core, 

core spacer and rubber spacer are subjected to large 

deformation, those parts were modeled as deformable 

solid elements. The fairly rigid steel and aluminum 

parts such as the exterior housing and core binder 

were modeled as rigid bodies. The cross section of 

Thigh

Knee joint

Leg

Figure 2. Flex-PLI

Thigh

Knee joint

Leg

Figure 2. Flex-PLI

Thigh

Knee joint

Leg

Thigh

Knee joint

Leg

Figure 2. Flex-PLI
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the bone core is shown in Figure 6. Since the length 

of one side of the bone core is not long enough to 

provide practical level of time integration step in 

PAM-CRASHTM (estimated time step was   

0.575μsec), it was decided to simplify the cross 

section with a rectangular shape in such a way that 

the areal moment of inertia is conserved as shown in 

Figure 7. This resulted in the time step of 1.04 μsec 

and significantly reduced CPU time. 

The constraints used in the model for each part were 

determined based on the actual Flex-PLI assembly 

procedure. Because the core spacer and core binder 

are glued to the bone core and core spacer, 

respectively, there is no degree freedom on the 

interface.  Consequently, Sliding Interface Type 10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Tide Contact) was used on the contact surface 

between the bone core and the core spacer as well as 

the contact face between the core spacer and core 

binder. A joint element with all degrees of freedom 

fixed was used to connect the core binder to the 

external housing. Since the rubber spacer is glued to 

one side of the exterior housing, Sliding Interface 

Type 10 was applied to define the interface between 

those parts. On the other side of the rubber spacer, 

which is not glued to the exterior housing, Sliding 

Interface Type 33 was used to define the contact with 

the exterior housing. This modeling reproduced the 

deformation of the rubber spacer by selecting 

appropriate contact models that accurately represent 

the actual interface conditions. 
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Knee Joint 

Figure 8 shows the structure of the knee joint for the 

Flex-PLI. The upper and lower tibia condyle surface 

are glued to the lower tibia condyle surface and the 

tibial condyle, respectively. Knee springs that 

determine the tensile properties of the knee ligaments 

are installed in the femoral and tibial condyle. Knee 

cables simulating the knee ligaments pass through 

the inside of the knee springs, connecting the femoral 

condyle to the tibial condyle to configure the knee 

joint. 

The FE model for the knee joint is shown in Figure 9. 

Rigid aluminum components such as the femoral 

condyle, upper tibia condyle surface, and tibial 

condyle were modeled as rigid bodies while the 

lower tibia condyle surface, which is made of hard 

urethane, was modeled using solid elements. All 

nodes were shared on the two interfaces between the 

upper and lower tibia condyle surface and the tibial 

condyle. Each pair of the knee springs and knee cable 

representing four major ligaments in a human knee 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Anterior Cruciate Ligament; ACL, Posterior 

Cruciate Ligament; PCL, Medial Collateral 

Ligament; MCL, Lateral Collateral Ligament; LCL) 

was lumped together and modeled using one single 

bar element as shown in Figure 10. The material 

properties of the springs were modeled using 

Material Type 205 in PAM-CRASHTM. 

Flesh 

As shown in Figure 11, Neoprene sheets with the 

thickness of 10 mm and 5 mm are wrapped around 

the thigh, knee joint and leg as the flesh of the 

Flex-PLI. In addition, on the side of the impactor that 

is supposed to be impacted by a vehicle, a rubber 

sheet with the thickness of 5 mm was inserted 

between the two Neoprene layers. Those sheets were 

modeled using solid elements with exactly the same 

thickness as shown in Figure 12. For defining contact 

of the flesh to the thigh, leg, and knee joint, Sliding 

Interface Type 33 was used in order to accurately 

reproduce motion of the flesh relative to the thigh, 

leg, and knee joint. 
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VALIDATION OF MATERIAL PROPERTIES 

 

In order to ensure accuracy of the model, the 

stress-strain characteristics of the material models for 

the resin parts were determined by running some 

material tests using those parts. The target for the 

model validation was that the computer simulation 

results fall within ±10% of the average experimental 

results.  

Bone Core 

The bone core model was validated against the 

results of the quasi-static and dynamic 3-point 

bending tests performed by Konosu et al. [6]. Figure 

13 shows the test set-up used by Konosu et al. The 

bone core was simply supported using circular 

cylinders with 50 mm diameter placed underneath its 

both ends. The span length was set at 250 mm. An 

impactor with 43.2kg weight and 50 mm diameter tip 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

applied load at mid-span in quasi-static condition 

(0.1mm/s) as well as at impact speeds of 0.99 m/s 

and 1.44 m/s to obtain force-deflection response. 

Since the rate dependency was not observed in the 

measured force-deflection response, Material Type 

16 in PAM-CRASHTM was used to apply linear 

elastic material model. Figure 14 shows a set-up of 

the model that simulates the 3-point bending test 

conducted by Konosu et al. The results of the 

comparison between experiment and computer 

simulation are shown in Figure 15 and 16 for the 

thigh and leg bone core, respectively. The computer 

simulation results fell within ±10% of the results of 

the test results in all loading rates, indicating good 

agreement. The results also suggest that the model 

with a simplified cross section can yield good results 

as long as the areal moment of inertia is maintained. 
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Figure 15. Comparison between load-deflection response and simulation result of thigh bone core in
3 pint bending
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Other Resin Components 

The mechanical characteristics of the resin 

components such as the core spacer and rubber 

spacer of the thigh and leg, the lower tibia condyle 

surface in the knee joint, and the flesh were measured 

in this study. As shown in Figure 17, compression 

tests with the impactor of 41.6 kg weight and 50 mm 

diameter tip were run against a test specimen made 

of each material, and the dynamic foece-deflection 

responses were measured. Similarly, quasi-static 

compression tests were also performed in order to 

obtain quasi-static force-deflection responses that 

were used to determine stress-strain relationship for 

the materials. 

The degree of strain rate dependency can be 

evaluated by comparing the quasi-static and dynamic 

force-deflection responses of each material. Since the 

test results showed that the materials tested were rate 

dependent, strain rate dependent material models 

were used. As shown in Figure 18, computer 

simulation models that simulate the material tests 

were built in order to determine material model 

parameters. Force-deflection responses from the 

quasi-static compression tests were converted into 

stress-strain relationships. The stress was obtained 

from the compressive force divided by the initial 

cross sectional area of the test specimen, and the 

strain was calculated from the displacement of the  

 

 

 

 

 

 

 

 

 

 

impactor divided by the initial thickness of the test 

specimen. Material Model Type 21 (Solid element) in 

PAM-CRASHTM was used to characterize the 

materials. As for the strain rate dependency, 

Cowper-Symonds strain rate model was used and the 

strain rate parameters for this model were determined 

in such a way that the computer simulation results 

best match the test results. Figure 19 shows the 

results of a comparison between experiment  and 

computer simulation in quasi-static compression for 

each material. The results showed that the 

stress-strain relationships estimated from the 

force-deflection responses were valid. Once 

quasi-static stress-strain relationships were 

established, strain rate parameters were determined 

so that the computer simulation results for dynamic 

compression of the materials agree well with the test 

results. As shown in Figure 20, the simulation results 

were within ±10% of the test results, thus indicating 

that the strain rate parameters used in the models 

accurately characterize the strain rate dependency of 

the actual materials.  

 

VALIDATION OF THIGH AND LEG MODEL 

 

Since the results of the material model validation of 

the bone core and each resin part confirmed accuracy 

of the material models, the dynamic response of the  

Figure 16. Comparison between load-deflection response and simulation result of leg bone core in
3 pint bending
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Figure 16. Comparison between load-deflection response and simulation result of leg bone core in
3 pint bending
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thigh and leg model was validated as the next step. In 

the model validation, the results of the 3-point 

bending tests for the thigh and leg performed by 

Konosu et al. [7][8] were used. As shown in Figure 

21, both ends of the thigh or leg were simply 

supported. An impactor that weighed 67.8 kg was 

impacted against the mid-shaft of the thigh or leg in 

lateromedial direction at an impact speed of 1.0 m/s, 

and the force-deflection response was measured. The 

computer simulation model shown in Figure 22 was  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

created using the thigh and leg model to simulate the 

experiment, and the test results were compared with 

the computer simulation results. Figure 23 shows the 

results of the comparison between the test and 

computer simulation for the force-deflection 

response. The figure shows that the computer 

simulation results are within ±10% of the test results, 

thus confirming that the model can accurately 

reproduce the dynamic response of the thigh and leg. 

As can be seen from the cross-section of the 
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Figure 19. Comparison between load-deflection response and simulation result of resin materials in
quasi-static compression test
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Figure 19. Comparison between load-deflection response and simulation result of resin materials in
quasi-static compression test
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Figure 20. Comparison between load-deflection response and simulation result of resin materials in
dynamic compression test
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Figure 20. Comparison between load-deflection response and simulation result of resin materials in
dynamic compression test
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deformed thigh model in Figure 24, the rubber spacer 

and core spacer of each part are compressed, the 

internal bone core deflects smoothly without large 

local deformation, the exterior housing and core 

binder follow the bone core, and the overall 

deflection of the bone structure is reproduced. By 

determining constraints for the model of each part in 

such a way that the constraint precisely represents the 

actual assembly procedure, it was possible to 

simulate the response of the thigh and leg as a result 

of accurate reproduction of load paths inside the 

exterior housings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VALIDATION OF KNEE JOINT MODEL 

 

To validate the knee joint model, the results of the 

4-point bending test of the knee joint performed by 

Konosu et al. [7] were used. The set-up used by 

Konosu et al. is shown in Figure 25. A load cell and a 

shaft were installed on both sides of the knee joint, 

and both ends of the knee test specimen assembly 

were rigidly attached to a support roller to provide 

simply supported condition. A fork with two prongs 

weighing 74.5 kg applied load onto the knee joint test 

specimen assembly at a speed of 1.4 m/s in such a  
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way that the knee bends in valgus. The 

moment-angle response of the knee joint was then 

measured. The definition of the knee moment was the 

average moment from the load cells installed on the 

inferior and superior side of the knee joint. A 

computer simulation model that simulates the 

experiment was created as shown in Figure 26 in 

order to validate the dynamic response of the knee 

joint. Figure 27 shows the comparison between 

experiment and computer simulation. The bending 

moment in the initial phase generated by the inertial 

effect was higher for computer simulation. However, 

the bending moment in the subsequent phase, which 

is primarily from the knee bending response, agreed 

well between the test and computer simulation, 

confirming that the dynamic response of the knee 

joint can be reproduced by the model. 

Based on the above shown validation results, high 

accuracy of the model was confirmed in component 

level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MODEL VALIDATION AGAINST VEHICLE 

IMPACT TEST 

 

Vehicle impact tests using the Flex-PLI were 

performed and the results were used to validate the 

model in assembly level. A passenger car and an 

SUV were used in the vehicle impact tests to 

investigate the differences in the impact response of 

the Flex-PLI due to the difference in car front shape. 

As shown in Figure 28, the vehicle tests were 

performed at 40 km/h, and the Flex-PLI was 

propelled into the laterally center part of the vehicle. 

In terms of instrumentation, three and four strain 

gauges were affixed to the bone core of the thigh and 

leg, respectively, as shown in Figure 29. The bending 

moment at each position on the thigh and leg (Thigh 

1-3, Leg 1-4) was calculated from the strain 

measured. The moment calculation was based on the 

separate quasi-static mid-shaft 3-point bending test 

where the correlation factor between the strain of 

each strain gauge and the moment calculated from 

the reaction force from one support multiplied by the 

distance between the strain gauge and the support 

was determined. In addition, the knee joint of the 

Flex-PLI features potentiometers to measure the 

displacement of both ends of the ligament cable 
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relative to the tibial and femoral condyle. In order to 

compare the results of those measurements with the 

computer simulation results, Section Fore in 

PAM-CRASHTM was set at each position of the strain 

gauges to provide bending moment at each 

cross-section. In the model, each set of the knee 

cable and knee springs was modeled as a single bar 

element and force-elongation property that 

corresponds to the stiffness of the combination of the 

two knee springs was applied to it, the displacement 

of the ends of the knee springs was automatically 

obtained by looking at the elongation of the bar 

element. Thus, the elongation of the bar element 

from the computer simulation was directly compared 

with the displacement of the ends of the knee spring 

in the experiment. Figure 30 compares the kinematics 

of the Flex-PLI between the computer simulation and 

experiment for both the passenger car and the SUV. 

As seen from the test results for the passenger car, 

the thigh and leg were significantly deformed around 

the knee joint, then the thigh leans onto the hood, and 

the leg is bounced off the bumper. The computer 

simulation model reproduces the same behavior as 

that obtained experimentally. In the case of the SUV, 

since the hood edge is high relative to that of the 

passenger car, the hood and the grille of the SUV can 

restrain the thigh. This results in smaller deflection of 

the thigh compared to that of a passenger car. 

However, the leg enters the space beneath the bumper, 

resulting in greater deflection in the lower end of the 

leg. The computer simulation model also shows 

deflection of the thigh and leg similar to that of the 

experimental results. It was therefore confirmed that 

the characteristic kinematics resulting from the 

difference in the front shape of the passenger car and 

SUV can be reproduced. 

Figure 31 shows a comparison between the results of 

the experiment and computer simulation for the 

maximum values of the bending moment of the thigh 

and leg. While the simulation result for Thigh-1 in 

the case of the passenger car is higher than the test 

results, the simulation results for other parts are 

within ±10% of the test results, indicating good 

agreement. Because Thigh-1 is struck by the hood 

edge, deforms about the hood edge, and consequently 

generate bending moment, the hood edge of the 

vehicle model is most likely more rigid relative to 

that of an actual vehicle considering the fact that the 

FE model for the passenger car used in this study was 

for a slightly different model from the car used in the 

tests. Therefore, better agreement between the test 

results and computer simulation results for Thigh-1 

should be able to be obtained by improving the 

model for the parts in the vicinity of the hood edge. 

However, since the objective of this study was to 

validate the Flex-PLI model, improved accuracy of 

the vehicle model was considered as an issue for 

future study. In the case of SUV, the trend of the 

simulation results for the bending moment of both 

the thigh and leg agreed with that of the test results, 

and the simulation results were within ±10% of the 

test results. This indicates good quantitative 

agreement between the test results and computer 

simulation results. Figure 32 shows a comparison of 

the maximum elongation of the bar element that 

represents the knee cable and knee springs (for the 

experiment, this is equivalent to the displacement of 

the ends of the knee springs) between the experiment 

and computer simulation. The simulation results for 

the elongation of the knee cables were within ±10% 

of the test results for both the passenger car and SUV, 

indicating good accuracy. 
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CONCLUSION 

 

In order to reduce the CPU time for the bone core 

model in the bony structure of the thigh and leg, a 

model was made by calculating the areal moment of 

inertia from the cross-section of the bone core, and 

by replacing the cross section with more simple one 

yet conserving the areal moment of inertia. As a 

result, it was possible to reduce the CPU time 

without compromising the accuracy of the model. In 

addition, the force-deflection property obtained from 

the 3-point bending tests for the bone core were 

compared with the simulation results, and the 

comparison showed that there was good agreement 

between the results even with the simplified 

cross-section of the bone core. 

Regarding the resin material characterization for each 

part, quasi-static and dynamic compression tests 

were carried out to determine the material property. 

Because the strain rate dependency of the material 

for each resin material was observed from these 

results, the strain rate dependency was incorporated 

in the material model. Consequently, the results of 

the quasi-static and dynamic compression tests 

agreed well with the simulation results, confirming 

that the force-deflection response of the resin 

material could be reproduced. 

An FE model that accurately reproduced the 

geometry of the parts based on the Flex-PLI drawing 

was validated in 3-point lateral bending of the thigh 

and leg and 4-point lateral bending of the knee joint. 

It was found that the simulation results for both the 

thigh, leg and knee joint fell within ±10% of the test 

results. This indicates good accuracy of the model as 

well as validity of the modeling technique. 

In the validation of the Flex-PLI assembly model, 

vehicle impact tests were performed. The kinematics 

obtained from the tests with the passenger car and the 

SUV, which have different front shape, was 

compared with that of the model. As a result, it was 

confirmed that the model reproduced the 

characteristic kinematics of the Flex-PLI due to the 

difference in the vehicle front shape. Also, the 

maximum bending moment of the thigh and leg as 

well as the maximum elongation of the knee cables 

were compared between the experiment and 

computer simulation. The results showed that there 

was quantitative agreement between the experiment 

and computer simulation. However, in the 

reproduction of the vehicle impact test, a highly 

accurate vehicle model is required.  Thus, more 

accurate modeling for the parts in the front of the 

vehicle as well as improvement in the accuracy of the 

material model for those parts are issues for future 

study. 
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ABSTRACT 
 

Whiplash, or soft tissue cervical  injury, is a 
common injury incurred by occupants of passenger 
cars in rear-end collisions. Despite much 
investigation into the cause of  such  injury, no 
single mechanism describes it completely. Proposed 
criteria focus on the relative motions of the head and 
the thorax, while few case studies have been made 
on the motions of the cervical vertebrae. Recently, 
the human body finite element model 
called ”THUMS”(Total HUman Models for Safety) 
and the use of X-ray cineradiography devices by 
volunteers have accelerated the investigation into the 
motions of the cervical vertebrae. 

Seats have been developed that are specially 
designed to reduce impact on the neck in rear-end 
collisions by simultaneously restraining the head and 
body of the occupant and controlling their motion 
relative to each other. We have developed a seat that 
also reduces local strain of the neck by preventing 
the rotation of the head, and that uniformly 
distributing the loads on the cervical vertebrae.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

A finite element model was used to simulate 
rear-end collisions under the same conditions as sled 
tests using a BIO-RID II dummy, with a THUMS 
human model placed on our newly developed seat.  
Prior to the simulation, the validity of the THUMS 
was investigated by comparing its head and neck 
motions with those in experiments. The validated 
THUMS predicted a reduction of local strain in the 
neck on the newly developed seat. 

Having succeeded in reducing both the injury 
values to the dummy and the local strain of the neck 
of the THUMS, we predict that our new seat design 
to help reduce whiplash injury. 
 
1. INTRODUCTION 
 

Soft tissue cervical injury (whiplash) is a 
common injury resulting from rear-end collisions in 
passenger cars. As shown in Figure 1 [1-2], rear-end 
collisions account for about 50% of accidents 
resulting in injury, although only a small number of 
them are fatal. About 80% of injured occupants 
suffer neck injury, and the reduction of whiplash is,  
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Fig.1  Realities of rear-end collision.  
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therefore, an important issue. 
 Krafft, et al. [4] analyzed the acceleration pulses 

of actual collisions using an in-vehicle data recorder. 
Based on this data, acceleration pulses obtained 
from sled tests conducted by rating organizations, 
including Folksam, IIWPG and ADAC, were 
considered. So far, a triangular pulse sled of ∆V = 
16km/h is the most widely adopted test. In this test, 
the equivalent collision velocity is 32 km/h for a 
vehicle-to-vehicle collision between two cars of the 
same weight, which represents only a 60th percentile 
collision in Japan, as shown in Figure 2 [3]. If 
collision velocities of up to 50 km/h are examined, 
as much as 90% of all such collisions can be 
represented. In other words, when converted into ∆V 
for a collision between two cars of the same weight, 
the ∆V = 25 km/h. 

Various attempts have been made to clarify the 
injury mechanism of whiplash. However, whiplash 
injury cannot be described with only a single 
mechanism, and so a variety of criteria have been 
proposed. Bostron, et al. [5] have proposed a  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

criterion called a neck injury criterion (NIC) based 
on the variation in the pressure of the spinal fluid 
within the cervical spinal canal.  Schmitt, et al. [6] 
have proposed Nkm focusing on the shear force and 
bending moment of the upper neck, whereas  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2 Cumulative incidence rate of travel 
 speed immediately before accident.

Fig.3 Whiplash injury lessening concept. 
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Heitplatz, et al. [7] have suggested a lower neck load 
index (LNL) that correlates with insurance claims 
for cervical vertebrae injuries, and emphasizes the 
shear force, axial force, and bending moment of the 
lower neck. Viano, et al. [8] have developed an 
advanced a neck displacement criterion (NDC) as a 
criterion for the movable range of the head and neck 
based on tests conducted on volunteers. Additionally, 
Panjabi, et al. [9] have presented IV-NIC for 
evaluating neck injury based on the ratio of it to the 
physiological limit rotating angle of the cervical 
vertebra joints. 

Deng et al. [10] and Ono et al. [11] have analyzed 
the motions of the cervical vertebrae of corpses and 
of volunteers using X-ray cineradiography devices. 
On the other hand, Ejima et al. [12] and Hasegawa [13] 
have used human FE models to perform in-depth 
analyses of the stress and strain of the cervical 
vertebrae.  Additionally, Lee et al. [14] have 
attributed cervical facet capsule distraction as a 
cause of neck pain by whiplash per their 
e x p e r i m e n t s  o n  r a t s .  R e s e a r c h  i n t o  t h e   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

mechanism of whiplash is thus shifting focus away 
from the relative motions of the head and the thorax 
and neck loads, toward the relationship of the local 
motions of the neck to whiplash.  

We have developed a WIL seat [15] designed to 
reduce load on the neck based on a unique concept 
of the prevention of whiplash achieved by 
restraining the head and body of the occupant 
simultaneously and thereby controlling relative 
motions in a rear-end collision, as shown in Figure 3. 
Other companies have developed the shock 
absorption seat [16] and the active head restraint seat 
[17], both of which are intended to reduce loads on 
the neck. We have developed a seat that not only 
achieves the abovementioned objectives, but can 
also control local strain of the neck by preventing 
the rotation of the head and by uniformly 
distributing load on the cervical vertebrae. We also 
verified the effects of the seat through experiments 
using a BIO-RID II dummy and finite element (FE) 
analyses on a human FE model (THUMS).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4 Comparison between a conventional seat (Seat A) and the newly developed seat (Seat B). 
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2. TEST METHODS 
 
2.1 Test samples 
 

Figure 4 shows a comparison between a 
conventional seat (Seat A) and the newly developed 
seat (Seat B). One of the features of the new design 
is that the position (b) of the upper part of the frame 
and the stiffness of the seatback cushion were 
changed so that the thorax of the occupant sinks 
deeper into the seat in Phase 1 (until the head 
contacts the head restraint). This delays the onset of 
the rebounding motion of the thorax G (T1G) and 
reduces the velocity relative to head, as shown in 
Figure 5 (a). Similarly, the design of this newly 
developed seat (Seat B) aims to reduce the velocity 
relative to thorax G (T1G), but takes a different 
approach than the active head restraint, which causes 
the head G to rebound from the head restraint earlier 
as shown in Figure 5 (b). 

We also reviewed the vertical position (a) of the 
head restraint and the F-S characteristic of the head 
restraint cushion to ensure restraint in Phase 2 (after 
the head contacts the head restraint). The balance of 
seat frame strength was also reconsidered, to provide 
reliable restraint performance at higher velocities up 
to ∆V = 25 km/h. These factors were changed with 
the aim of preventing the head of the occupant from 
extending over the head restraint even in a 
high-velocity rear-end collision by securely 
restraining the head at a higher position. 

 As mentioned earlier, currently there is no 
commonly accepted theory for the mechanism of 
whiplash at present, and a variety of criteria are 
proposed. In the following section, we verify the 
performance of the seat developed based on the 
abovementioned design through FE analyses using 
these proposed criteria and THUMS. 
 
2.2 Test devices and conditions 
 

An electrically controlled servo-hydraulic sled 
tester (Figure 6) was used to reliably generate free 
collision acceleration pulses. We conducted tests 
using a BIO-RID II (Figure 7) dummy, the most 
popular dummy for whiplash evaluation. The test 
method complies with the IIWPG test protocol [18]. 
Sled acceleration Pulses 1, 2, and 3 (shown in Figure 
8) were used for testing. Pulse 1 is the most widely 
adopted acceleration pulse and a triangular pulse of 
∆V = 16 km/h, tested by ADAC, Folksam and each  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.6 Electrically controlled 
     servo-hydraulic sled tester. 

Fig.7 BIO-RIDⅡdummy. 

（b）Active head restraint system concept 
Fig.5 Whiplash lesseing concept comparison. 

（a）Development concept 
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IIWPG organization (IIHS and Thatcham). Since 
there is no standardized sled acceleration pulse of 
∆V = 25 km/h, we tested a triangular pulse of ∆V = 
25 km/h used by ADAC [19] for pulse 2, and a 
trapezoidal pulse of ∆V = 24 km/h adopted by 
Folksam [20] for pulse 3. 
 
3. RESULTS OF EXPERIMENTS AND 

DISCUSSION 
 

This section discusses the results of 
conventional seat (Seat A) and the newly developed 
seat (Seat B), with sled acceleration pulses of pulses 
1 to 3. 
 
3.1 Discussion based on new criteria T1GHRC, 

T1VHRC and T1SHRC 
 

Figure 9 shows the analysis results of thorax G 
(T1G). As shown in Figure 9 (a), there is no 
significant difference in T1Gmax between the 
conventional and new seats. However, the new seat  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

produced lower values for T1G (T1GHRC) until the 
head contacts the head restraint (THRC), for velocity 
variation T1VHRC (Expression 1) and for 
displacement T1SHRC (Expression 2) as shown in 
Figures 9 (b) to (d). This result indicates that the 
relative G, V, and S of the head and thorax are low in 
Phase 1 and head and thorax are more uniformly 
restrained. Figure 10 shows a comparison of head G  
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and thorax G (T1G) in Phase 1 between the two 
seats. At maximum T1G, the head and the thorax are 
restrained, T1G(t) < HeadG(t), and the head is 
securely restrained and its extension restricted. Both 
seats had almost equal THRC, but T1GHRC (and 
T1VHRC and T1SHRC) was lower in the new seat 
(Seat B). This indicates that the thorax sinks deeper 
into the seat in Phase 1 as intended. 
                               

（1） 
 
 
 

（2） 
                        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2 Discussion based on conventional criteria 
 

Figure 11 shows test results compiled based on 
the whiplash evaluation criterion NIC proposed by 
Bostron, et al. [5]. The NIC is a criterion for 
evaluating Phase 1 with emphasis placed on the 
relative motions of head G and thorax G (T1G) 
(Expression 3) and considered to be consistent with 
the new seat concept. NICmax of the new seat (Seat 
B) was smaller than that of the conventional seat 
(Seat A) at the three sled pulses. 
 

(3) 
 
 
 
 
 
 
 

Figure 12 shows the relationship between (a) 
horizontal displacement and head rotation at the 
NDC proposed by Viano, et al. [8] and between (b) 
horizontal displacement and vertical displacement. 
This criterion is considered to match the design 
concept of simultaneously restraining the head and 
the thorax and thereby preventing head rotation in 
Phase 2. Both seats securely prevent the vertical and 
rearward motions, rearward rotation of the head and 
the thorax, and are expected to provide a higher 
level of whiplash-reducing performance.  
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 (a) Relationship between Horizontal Displacement and Head Rotation 

Fig.12  NDC examination. 
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 (b) Relationship between Horizontal Displacement and Vertical Displacement 

Fig.12  NDC examination. 
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Figure 13 shows the value of each component 
of the LNL (Expression 4) advanced by Heitplatz, et 
al. [7]. The LNL is a criterion focusing on the shear 
force, axial force, and bending moment of the lower 
neck in Phase 2. It draws attention as a criterion 
relating to the large angular variation and strain of 
the lower cervical vertebrae, such as C4-C5, C5-C6, 
and C6-C7, obtained from the results of the 
volunteer tests conducted by Sekizuka [15] and the 
results of the human FE analyses performed by 
Hasegawa [13]. The LNL indicates that the new seat 
(Seat B) produces lower values than the 
conventional seat (Seat A) at all three sled pulses 
and is, therefore, expected to yield a higher level of 
whiplash prevention.  

Figure 14 shows the maximum value of lower 
neck extension moment My. This criterion was 
developed by focusing on the direct representation 
of load on the neck when it extends in Phase 2. This 
is also used in Expression 4 of the abovementioned 
LNL. The Mymax of the new seat (Seat B) is lower 
than that of the conventional seat (Seat A) at all 
three sled pulses, suggesting that the former better 
prevents neck extension.  
 
 
 
 
 
                                 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

It can be seen in Figures 9 through 14 that the 
pulse shape exerts a significant effect on the injury 
value, for example there was a large difference in 
injury value between pulses 2 and 3 even though 
their ∆V is almost equal. On the whole, it was 
revealed that the injury value at pulse 2 was higher 
than that the value at pulse 3.  
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4. FE ANALYSES 
 
4.1 FE model and its verification 
 

To confirm the ability of the new seat to reduce 
loads on the human neck and to analyze how load on 
the neck occurs, we used a human FE model called a 
total human model for safety (THUMS) to simulate 
rear-end collisions. Figure 15 shows an enlargement 
of the entire body and neck of the THUMS-AM50 
OCCUPANT Ver.1.63-050304. This model is an 
upgraded version of conventional THUMS 
passenger model v1.5, and was subjected to 
significant improvements such as the added ability 
to represent the structure of the spinal cord and the 
cervical vertebrae joints in detail, in order to 
accurately reproduce the motions of the neck and to 
evaluate the strain of the soft neck tissues in rear-end 
collisions. We also prepared a seat model 
representing a conventional seat structure and one 
combining newly developed structural design 
attributes (Figure 16), both of which were given the 
strength characteristics obtained from component 
tests (Figures 17 and 18). A THUMS v1.63 was 
placed in almost the same posture as the BIO-RID II 
dummy in both seat models, and rear-end collisions 
were simulated by inputting acceleration pulses 
equivalent to those used for the sled experiments. 
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Before examination, we first made a 
comparison of the response of each portion between 
the computer models and the BIO-RID II dummy 
under the same conditions to verify the prediction 
accuracy of the models. Figure 19 shows a 
comparison when Seat B (the new seat) was used 
and pulse 1 (∆V = 16 km/h triangular pulse) was 
input. With regard to the seat angle representing seat 
deformation, the calculation results obtained from 
the THUMS v1.63 and the experimental results 
using the BIO-RID II dummy matched well, as 
shown in Figure 19 (a). Additionally, the 
acceleration pulses and peak levels of head G and 
thorax G (T1G) depicting the motions of the 
occupant’s head and neck almost matched, as shown 
in Figures 19 (b) and (c). A high level of consistency  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

was also obtained for the calculated NIC, as shown 
in Figure 19 (d). Although we could not make any 
comparison with data on human subjects in this 
examination, the THUMS v1.63 and the seat models 
are considered to be highly accurate in predicting the 
motions of the head and the neck in rear-end 
collisions because their overall motions matched 
well with the BIO-RID II dummy, which is regarded 
as having high biofidelity. 
 
4.2 Results of FE analyses 
 

Figure 20 shows the motions of the head and 
the neck and the strain distribution of the neck soft 
tissues at 106 ms after a collision. The seat B model 
was used for calculation, and pulse 2 (∆V = 25 km/h 
triangular pulse) was input. Concerning the strain of 
the neck joint capsule (the soft tissue of the cervical 
vertebral joints) that is said to correlate with neck 
whiplash in rear-end collisions, it reached high at 
C5-C6 and C6-C7 vertebral (red area) and showed a 
similar tendency to the results of the volunteer tests 
performed by Sekizuka [15] and those of the human 
FE analyses conducted by Hasegawa [13]. 

Figure 21 shows the results of comparing neck 
soft tissue strain for the three input pulses between 
the conventional seat (Seat A) and the new seat (Seat 
B). The ratio of calculated strain output to the 
generally proposed criterion [21] was assigned to the 
vertical axis in the figure. The strain level was lower 
for the new seat than for the conventional seat for 
every input impulse.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.20  Example of strain distribution  
by FE analysis（106ms）. 

(Seat B, pulse 2 : ΔV=25km/h Triangular pulse) 

Fig.21  Strain on Joint Capsule / Criterion 
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5. CONCLUSIONS 
 
1. We have developed a seat using the design 

concept of simultaneously restraining the head 
and thorax while preventing head rotation.  
The design employs higher strength seat 
components and an updated component layout. 

 
2. The newly developed seat is able to 

simultaneously restrain the head and thorax, 
while minimizng the extension of the head, as 
intended. Measurements of simulated T1GHRC, 
T1VHRC, T1SHRC, and NIC were used to confirm 
simultaneous restraint of the head and thorax; 
the NDC was used to measure head rotation; the 
LNL was used to measure load on the lower 
neck, and lower Mymax was also used to ensure 
that the new seat could reduce whiplash injury.  

 
3. There is a great difference in injury value even 

between the triangular pulse and the trapezoidal 
pulse at the same ∆V. In general, when a car 
suffers a rear-end collision G, the collision 
acceleration pulse seems to depend on the bullet 
vehicle and the wrap rate.  The triangular pulse 
is considered to be effective in dealing more 
severe collision conditions. 

 
4. In rear-end collision simulations using 

THUMS-AM50 OCCUPANT Ver.1.63-050304, 
the strain distribution of the neck soft tissues 
was larger in the lower neck, as observed in 
experiments. We also investigated the strain of 
the neck joint capsule, and confirmed that the 
strain level was lower for the new seat than for 
the conventional seat. This result proves that our 
new design is effective in reducing load on the 
neck. The seat development concept we 
proposed was proven to the effective by 
experiments and FE analyses.  
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ABSTRACT 
 

The purpose of this paper is to clarify the 

suitable warning timing of “Lane Change 

Decision Aid Systems (LCDAS)” for a driver’s 

lane change maneuver. The relationship between 
lane-change tasks and closing vehicles in the 

passing lane was investigated by field 

experiments on the Chuo expressway in Japan. 

The driver’s steering during the lane change was 

simulated using a linear prediction model. Based 

on these results, the system requirements of 

warning timing and sensing area for LCDAS are 

proposed. 

 

INTRODACTION 
 

Several warning systems, including Forward 

Vehicle Collision Warning Systems (FVCWS) 

and Lane Departure Warning Systems (LDWS) 

have been proposed as advanced vehicle safety 

devices using ITS technologies. A Lane Change 

Decision Aid Systems (LCDAS) is one of such 

devices that warns the subject vehicle driver of 
potential collisions with other vehicles in the 

adjacent lane during lane change maneuvers. The 

warning can be one of two categories: a blind 

spot warning that informs the driver of other 

vehicles on the side of the subject vehicle and a 

closing vehicle warning that informs of a faster 

vehicle closing from the rear. 

For application to large trucks, several blind 

spot warnings using ultrasonic sensors were 
introduced into the market in the 1990s [1,2]. 

However, the obstacle detection accuracy was 

insufficient and there were many unnecessary or 

false alarms that made the warning system 

unsatisfactory. With the advance of sensing 

technologies, such as image processing and laser 

radar, interest in practical application of LCDAS 

has been rekindled [3,4], and LCDAS 

standardization has begun as an ITS device at 

ISO/TC204/WG14 [5]. 

The design of the warning timing is 
discussed in the development and standardization 

stage of a warning system like LCDAS. To 

ensure effectiveness, warnings must be presented 

to the driver in a timely manner. Although the 

warnings should be presented early when 

considering the driver’s safety as the first priority, 

if warning timing is set too early, the driver may 

consider it unnecessary or a false alarm, reducing 

the effectiveness of the warning system. 
Therefore, it is important that the contradicting 

issues of establishing safety and reducing 

nuisance be resolved. 

The purpose of this study is to clarify the 

suitable warning timing of the LCDAS based on 

the driver’s lane change maneuver. The 

relationship between lane change tasks and 

closing vehicles in the right-side lane (i.e., 

passing lane) was investigated by field 
experiments on the Chuo expressway in Japan. 

The driver’s steering when reversing a lane 

change based on the output warning was 

simulated using the driver’s linear prediction 

model. Based on these results, the system 

requirements of warning timing and sensing area 

for LCDAS are proposed. 

 

INVESTIGATION OF LANE CHANGE 
MANEUVER 
 

Test Method 
Ten male and five female subjects, ages 23 

to 56, with valid driving licenses and normal 
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visual and auditory senses, participated in this 

test. The subject drivers drove the a test vehicle 

that installed with four CCD cameras installed for 

recording of the driver’s face and the traffic 

conditions as shown in Figure 1. 

The subjects drove on the left-side lane (i.e., 
cruising lane) of a four-lane road, overtaking 

slower vehicles by changing to the right-side lane 

(i.e., passing lane) as shown in Figure 2. The 

subjects could stop the lane change task if they 

judged it risky based on closing vehicles in the 

adjacent lane. The rear-view image of the 

right-side lane in Figure 1 was also recorded (on 

different tapes) to calculate the headway distance 

from the subject vehicle to the target vehicle by 
image analysis.  

The experiment was conducted using the 

Chuo expressway between Chofu interchange and 

Hachioji interchange, a distance of about 17 km. 

The subjects made three round trips in this 

section for a total distance of 100 km, and total 

time of 70 minutes per subject. 

 

Speed meterSpeed meter

Rear view of right sideRear view of right side

Front viewFront view

Driver’s faceDriver’s face

LED lamps synchronized 
with turn signal

LED lamps synchronized 
with turn signal

 

Figure 1.  Example of recorded scene using 
four CCD cameras. 
 

 

Subject vehicleSubject vehicle

Target vehicleTarget vehicle

Preceding vehiclePreceding vehicle

 
Figure 2.  Image of driving task. 
 

 

Calculation of Headway Distance 
By analyzing the rear view image of the 

right side, the headway distance from subject 

vehicle to target vehicle in the adjacent lane was 

obtained for both the lane change execution and 

the lane change cancellation. The headway 
distance was measured as the drivers checked the 

adjacent lane from the moment the driver begins 

to return the viewpoint from the rear view mirror 

to the front. To calculate the relative velocity with 

respect to a target vehicle, the headway distance 

before one second was also measured. 

A personal computer mounted to a video 

capture board (resolution 640×480 pixels) was 

used for the analysis. The corresponding tread 
width of the target vehicle and pixel number on 

the screen were used to calculate the headway 

distance. The accuracy of the image analysis was 

verified using the test vehicle placed 3.5 m to the 

right side of the subject vehicle with a 1.48 m 

tread width. Figure 3 shows that the method used 

to calculate headway distance using the image 

analysis was appropriate (full-scale error is ±3% 

or less). 
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Figure 3.  Verification of headway distance 
calculated from video analysis. 
 

 

TEST RESULTS 
 

Number of Acquisition Data 
Table 1 presents the total amount of data 

acquired for each subject, divided into the 

number of lane changes and lane-change 

cancellations. A headway distance of 100 m was 
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the criterion for judging a target vehicle in the 

adjacent lane. 

The field experiment totaled 1500 km driven 

by fifteen subjects, with 1097 data points 

obtained. There were 538 lane changes with an 

adjacent vehicle present, which meant that 
headway distance was less than 100 m.  

Furthermore, there were 266 instances of lane 

change cancellation influenced by adjacent 

vehicles. The average speed of all vehicles was 

91.3 km/h. 
 

Table 1. 
 Number of experimental data 

No target
vehicles

(Dist.≧100m)

With target
vehicles

(Dist.＜100m)

1 15 46 14 75 94.3
2 33 40 10 83 97.2
3 9 41 16 66 88.9
4 16 52 27 95 94.3
5 14 25 20 59 88.0
6 25 30 14 69 94.4
7 25 30 8 63 95.0
8 22 46 21 89 89.3
9 7 46 32 85 86.9

10 33 37 8 78 95.3
11 21 30 8 59 92.7
12 0 41 23 64 86.2
13 18 22 17 57 88.1
14 27 21 17 65 88.3
15 28 31 31 90 91.1

Total 293 538 266 1097 −
AVE 19.5 35.9 17.7 73.1 91.3
S.D. 9.2 9.3 7.7 12.3 3.5

Subject
number

Average
speed

（km/h）
Total

Cancel
lane

change

Execute lane change

 
 

Relationship between Headway Distance and 
Relative Velocity 

Discriminant analysis is a technique for 

assigning measured values to data groups when 

multiple data groups exist. The boundary line to 

decrease the probability of the most erroneous 
distinction is called a discriminant function. 

The discriminant function with the execution 

group and the cancellation group is expressed as 

y=0.496x-1.91 in Figure 4, and it was found that 

the boundaries approximately agreed with the 

diagonal. 

 

Relationship between Lane Change Maneuver 
and TTC 

The reciprocal of the gradient in the above 

discriminant function, i.e., the headway distance 

divided by the relative velocity, corresponds to 

the time to collision (TTC). The distribution of 

TTC for headway distance was examined by 

separating the execution group and the 

cancellation group. This facilitated understanding 

by using TTC in a discussion of the warning 
timing, which was related to the danger of 

collision. Figure 5 shows that the TTC for the 

execution group exceeded 6 seconds, regardless 

of the headway distance. However, TTC for the 

cancellation group was 10 seconds or less. 
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Figure 4.  Relationship between headway 
distance and relative velocity of target vehicles 
(  :Lane change execution    :Cancellation). 
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Consideration in Warning Timing 
From this analysis, TTC can be used as an 

evaluation index for deciding the warning 

requirements for LCDAS. Any warning 

requirement established, however, must resolve 

the contradictory issues of establishing safety and 
reducing nuisance alarms. 

Of the 538 data points acquired in this test, 

the minimum TTC of the execution group was 

6.17 seconds. When TTC was 6 seconds or less, 

all drivers concluded that the lane change would 

be dangerous and abandoned execution. 

Therefore, the warning should be presented at 

this minimum threshold to keep the driver’s 

nuisance to almost zero in theory. For all 266 data 
points of the cancellation group, the maximum 

TTC was 9.98 seconds, and  lane changes were 

not cancelled over this value, concluding that all 

drivers perceived a TTC of 10 seconds or over 

within the safety range. Therefore, a warning 

issued at over this threshold will increase the 

driver’s annoyance. 

The above findings set a reasonable standard 

of the warning threshold for LCDAS: TTC 
should be set at 10 seconds if the designer gives 

precedence to safety and to 6 seconds in order to 

minimize the driver’s annoyance. We now 

examine why the threshold of TTC ranges from 6 

to 10 seconds, i.e., why the decision point for 

lane change or cancellation exists in this range. 

Drivers’ predictions before lane changing greatly 

influence this. Figure 6 shows a histogram of 

required time for lane change for all 831 data 
points in which the driver executed a lane change. 

The time required is distributed between 3.1 

seconds and 8.8 seconds, and the average is 

5.3±1.0 seconds. Therefore, the driver estimates 

the positions of his own vehicle and the adjacent 

vehicle for a period of lane changing, from the 

headway distance and the relative velocity of the 

vehicles. We next assume that the drivers will 

change lanes when they judge that their own 
vehicle will not collide with the leading vehicle 

and will not interfere with the adjacent vehicle. 

The driver may expect about 2 seconds as a 

margin of safety. When an error in these 

predictions and judgments, including missing the 

adjacent vehicle, is made, the potential for 

accidents increases. An important role of LCDAS 

is to anticipate the lane change when such errors 

occur. 
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Figure 6.  Distribution of required time for 
lane change. 
 
 

SIMULATION OF LANE CHANGE 
MANEUVER 
 

In the previous section, the warning timing 

of LCDAS was investigated based on the driver’s 

lane change judgment. By making TTC an 

evaluation index, a warning threshold of 6 to 10 
seconds was obtained. However, we cannot 

conclude that the LCDAS must warn the driver 

within this threshold. The TTC threshold should 

become lower if the driver rapidly returns to the 

original lane after the lane-changing warning is 

given. In this section, the minimum TTC at which 

the LCDAS must give a warning is verified from 

the results of lane-change simulations using a 

driver model. 
 

Simulation Models and Conditions 
A vehicle model with four degrees of 

freedom (longitudinal, lateral, yaw and roll) was 

used to calculate vehicle motion [6]. A passenger 

car of normal size (Table 2) was assumed. 

The first prediction model (the most 

fundamental model) was used to calculate the 

driver’s steering behavior. In this model, a driver 
estimates his/her vehicle’s position after traveling 

Tp seconds at the present velocity and direction, 

then sets a steering wheel angle proportional to 

the error with the target course. In this study, 

prediction time Tp was set at 1 second, and the 

time lag of the steering input was set at 0.3 

seconds. The driver gain, which is a proportional 
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constant of the steering wheel angle to the 

prediction error, was obtained by optimization so 

that the lateral deviation between running path 

and target course was minimized. Although the 

driver gain was slightly different from each 

driving conditions, it was about 0.4 rad/m. The 
velocity of subject vehicle was set at 100 km/h, 

and the lane width was set at 3.5 m. The target 

course in lane changing was a curve connecting 

the start point and the end point by a half-cycle 

sine wave. This end point was determined 

according to the time required for the lane 

change. 
 

Table 2. 
Vehicle parameters for simulation model 

 Total mass 1180 kg

 Length 4.400 m

 Width 1.695 m

 Height 1.385 m

 Tread (front / rear) 1.470 / 1.460 m

 Wheelbase 2.550 m

 Distance from front / rear axle to C.G. 1.046 / 1.504 m

 Overall steering gear rario 17.5  
 
 

SIMULATION RESULTS 
 

Normal Lane Change 
A normal lane change task is simulated in 

Figure 7. The horizontal axis shows the elapsed 

time from the start of the lane change. The 
vertical axis shows the steering wheel angle 

(upper part) and the vehicle lateral position 

(lower part). The necessary time for lane change 

was set at 5.3 seconds, which was the average of 

the above-mentioned field experiment. 
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Figure 7.  Simulation of normal lane change 
task. 

The purpose of LCDAS is to cause the 

driver to steer in the opposite direction in order to 

return to the original lane after the warning 

output. Therefore, it is important to determine 

how long it takes the subject vehicle to return to 

the original lane. The situation in which the lane 
change was interrupted by a warning was 

simulated under the following conditions. 
 
• Warning system detects the lane change with the 
start of steering input. 

• System delay time from the lane change 

detection to output warning is 0.3 seconds. 

• Driver’s reaction time for presented warning is 

0.89 seconds, which is the 95%ile of the steering 

reaction time for LDWS. 

• Lane change time is 3.9 seconds, which is the 

5%ile value of the above-mentioned field 

experiment. 
 

Figure 8 shows that the maximum lateral 

position deviation reaches 0.50 meters 1.96 

seconds after the start of lane change. If the 
subject vehicle is running in the center of the lane 

before the lane-changing starts, it can return to its 

original course without entering the adjacent lane. 

However, it risks colliding with the adjacent 

vehicle if the lane change is initiated from around 

the lane marker. In addition, if there are manifold 

lane widths and vehicle widths, it is more 

important to evaluate the delay time until the 

vehicle begins to return than to evaluate the 
vehicle’s absolute lateral position. In short, the 

risk of collision is small if the adjacent vehicle 

does not catch up to the subject vehicle when the 

subject vehicle reaches maximum displacement. 

However, the risk of collision is high when the 

adjacent vehicle overtakes the subject vehicle 

before this maximum point. LCDAS should warn 

the driver to interrupt the lane change. Figure 8 

clearly demonstrates that it is imperative for 
LCDAS to present a warning when the TTC with 

the adjacent vehicle is equal to or less than 2 

seconds. 
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Figure 8.  Simulation of stopped lane change 
situation. 
 

From another perspective, we consider the 

situation in which the adjacent vehicle avoids the 

collision by applying the brakes when the subject 
vehicle changes lanes. In this case, the following 

conditions are required to prevent the adjacent 

vehicle from colliding with the preceding vehicle 

in the lane change, which means that the headway 

distance before lane changing must be less than 

the necessary distance for the following vehicle’s 

deceleration. 
 
   ∆V • TTC > ∆V • T + ∆V 2 / 2α 

    TTC > T + ∆V / 2α 
 
Where, 

∆V : Relative velocity between lane-changing 

vehicle and following vehicle 

TTC : Time to collision with lane-changing 

vehicle and following vehicle 

T : Delay time until following vehicle starts the 

braking 

α : Deceleration of the following vehicle 

 

When it is assumed that T=1second, 

∆V=30km/h and α=4m/s2, TTC required to avoid 

the collision is calculated to be over 2.04 seconds. 

Therefore, we can expect the following vehicle to 

avoid collision by braking, even if the warning is 

not presented for the lane-changing vehicle driver 
for TTC over 2 seconds. Braking alone will not 

avoid the collision when TTC is less than 2 

seconds. From this perspective, it is imperative to 

warn the driver who initiates a lane change when 

the TTC with the adjacent vehicle is 2 seconds or 

less. 

 

CONSIDERATION OF SENSING RANGE 
 

From the above analysis, three TTC 

thresholds (2 seconds (time required for collision 

avoidance), 6 seconds (minimum value at lane 

change execution) and 10 seconds (maximum 
value at lane change cancellation)) were obtained 

as LCDAS warning requirements. Next, we 

examined the required sensing range for the 

adjacent vehicle detection based on these results. 

TTC is calculated from the headway 

distance and the relative velocity. The relative 

velocity was obtained from all 804 field test data 

points in which there was an adjacent vehicle. 

Figure 9 shows that the 90%ile speed difference 
between the cruising lane and the passing lane in 

the four-lane expressway was 30 km/h or less. 

The headways obtained were 17m for a TTC of 2 

seconds, 50m for a TTC of 6 seconds, and 83m 

for a TTC of 10 seconds (calculated from the 

headway distance using the TTC threshold and 

assuming an upper relative velocity limit of 

30km/h). Therefore, the range in which LCDAS 

should detect the adjacent vehicles is 20m as a 
minimum requirement, 50m for lane-changing 

decision support, and 80m for maximum safety. 
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Figure 9.  Distribution of Relative velocity of 
adjacent vehicle. 
 
 

CONCLUSION 
 

In order to determine suitable LCDAS 

warning timings from the drivers’ characteristics 

at the lane-changing, field experiments were 

conducted on an expressway and computer 

simulations of lane change maneuver were 

performed. Using TTC with the adjacent vehicle 
as an evaluation index, the following warning 

times are proposed. 
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 • 10 seconds and over : Unnecessary 

 (LCDAS must not give a warning) 

 • 6 to 10 seconds : Adjustable range 

 (LCDAS may give a warning) 

 • 2 to 6 seconds : Recommended 

 (LCDAS should give a warning) 
 • Under 2 seconds : Imperative 

 (LCDAS shall give a warning) 

 

For the range to detect an adjacent vehicle, 

we consider 20m for the minimum requirement, 

50m for lane-changing decision support, and 80m 

for maximum safety, when the upper relative 

velocity limit is assumed to be 30 km/h. 

The values obtained in this study are the 
results simulated from representative driving 

situations. The following approaches will be 

continuously examined: Timing of the turn signal 

activation, tolerances of the lateral deviation, and 

necessary time for collision avoidance. 
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ABSTRACT 
 

The number of fatalities from automotive traffic 
accidents in Japan is on a downward trend. However, 
the number of injuries is tending to increase. 
Consequently, there is a need for further safety 
measures to reduce the number of casualties.  In order 
to achieve progress on vehicle safety measures, it is 
essential to develop human body models for use as 
tools to quantify injury parameters.  The crash test 
dummies and impactors in common use, however, 
require consideration of durability and reusability.  
This gives rise to structural differences from the human 
body, and makes it difficult to evaluate any but 
preexisting injury parameters.  Recent years, therefore, 
have seen the use of simulated models of the human 
body generated by computer.  These models take 
advantage of the ability to model the structure of the 
human body and mechanical properties in minute detail, 
and are applied to explain the injury mechanisms and 
to evaluate vehicle collision safety.  Joint cooperative 
projects have been initiated by automobile 
manufacturers, related research institutes, and other 
such organizations, particularly in the United States 
and Europe, bringing advances in development of 
models that more closely resemble the human body.  
Given these circumstances, the Japan Automobile 
Manufacturers Association, Inc. (JAMA) has initiated 
activities for development and research of 
computer-modeled human bodies in impact 
biomechanics, which can analyze pedestrian and 
occupant injury, through a system of cooperation 
between industry and academia for 3 years.  This 
report introduces the substance of those activities, their 
status, and some initial results. 
 
 
INTRODUCTION 
 

The number of fatalities in automotive traffic 
accidents has, in the past few years, shown a 
decreasing trend, thanks in part to automotive safety 
technology.  On the other hand, there has been an 

increasing trend in the number of people injured, with 
more than a million people injured annually (Figure 1).  
Accordingly, further safety improvements are required, 
to reduce the number of fatalities and the number of 
people injured. 
 

Figure 1 Trend of traffic accident fatalities and 
injuries in Japan 
 

In order to make progress with safety 
improvements on the vehicle, research is being carried 
out into human body response to impact, to determine 
the mechanisms causing human body injury, and its 
limits.  At the same time, in order to predict injuries to 
the human body, particularly during impact, and to 
prevent these injuries, it is necessary to estimate the 
effectiveness of safety devices and so on.  As a tool to 
this end, development of a human body model is 
essential.  For the human body model, volunteers or 
post-mortem human subjects (PMHS) could be 
considered, but generally, a human body simulation 
device (a crash test dummy that simulates the whole 
human body and impactor that simulates part of the 
human body) is used most frequently.  However, the 
crash test dummy and impactor are structurally 
different from the human body because they must be 
equipped with devices to measure impact response and 
must be given to ease of use (durability, repetitive 
performance, etc.), so one concern has been the 
difficulty of evaluation outside of existing injury 
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parameters. 
On the other hand, in recent years there has been 

a focus on human body simulation models using 
computers, as tools that push the boundaries of existing 
technology, to bring new possibilities.  Human body 
simulation models utilize features that make possible 
detailed modeling of both the human body structure 
and mechanical properties.  These models can be used 
in analysis of injury mechanisms, and in evaluation of 
vehicle crash safety (Figure 2).  Concerning human 
body simulation models, conventionally modeling was 
carried out for each body regions being researched, but 
recently, development has been carried out for 
full-body models such as Total Human Model for 
Safety (THUMS, Toyota Central R&D Labs., Inc. and 
Toyota Motor Corporation)[1] and H-Model (ESI)[2].  
In addition, cooperative projects have begun in the 
USA (Human Body Modeling Partnership) and in 
Europe (HUMOS: Human Model for Safety)[3][4] 
between multiple automotive manufacturers and related 
research organizations, etc.  These have led to the 
development of models that are closer to actual human 
bodies.  This focus is on effective human body model 
research. 
 

Figure 2. Necessity of human body model 
 

Against this background, the Japan Automobile 
Manufacturers Association, Inc. (JAMA) has begun 
industry-wide activities aiming to improve research 
capabilities through technological interactions among 
automotive manufacturers and with academia, 
concerning human body computer model development 
(which has conventionally been carried out by 
individual automotive manufacturers) and research for 
this development (impact biomechanics research).  
This paper introduces the background of these 
activities, and their content. 
 
 
FLOW OF AUTOMOBILE COLLISION SAFETY 

DEVELOPMENT OF SAFETY IMPROVEMENTS 
 

When adopting automotive collision safety 
improvements (test methods and protective devices), 
generally research in the flow shown in Figure 3 is 
necessary. 
 

Figure 3 Flow chart of research of safety 
improvements 
 

The first phase, “Analysis of Accidents”, is 
generally understood as the phase where problems are 
raised.  From analysis of individual accidents and the 
results of statistical evaluation of accidents, the 
problematic accident configuration (vehicle collision 
direction, collision speed, passenger restraint 
conditions, etc.), injured body region, detail of injuries, 
etc. are understood, and if possible, cause analysis is 
carried out, to predict the items coming into contact 
with the human body. 

The next phase, “Analysis of Injury Mechanism”, 
is the phase for understanding the phenomena 
themselves.  In this phase, concerning the problems 
identified in the accident analysis phase, accident 
reconstruction, that is to say, vehicle and human body 
behavior assumptions are made, and impact conditions 
and impact load relating to the human body are 
predicted.  Furthermore, from tests, etc., under impact 
conditions close to actual accident conditions and using 
the human body model, the injury occurrence 
mechanisms and human body impact tolerance are 
learned.  At this time, depending on the type of human 
body model, it is not necessarily true that the impact 
conditions are equivalent to that of actual accidents 
without doubt.  For example, in the case of actual tests 
using volunteers, it is necessary to estimate human 
body response that approximate actual accidents from 
data on impact conditions lower than those of actual 
accidents. 

The phase “Proposing Test Methods and 
Developing Safety Devices” is the improvement phase.  
In this phase, the administrative side prepares test 
methods, and in the form of regulations or standards, 

Evaluation of automotive safety performance that matches actual accident state

Traffic accident casualties more than 1 million people

Evaluation through impact testing
・Evaluation outside of existing parameters 
is difficult
・Other than simple collision configurations, 
accident reproduction is difficult
・Dummy is structurally different from 
human body. 

Evaluation through computer simulations
・Evaluation outside of existing parameter 
is possible
・Complex accident reproduction is 
possible, simply by modeling
・There is no fully verified human body 
model

Human body simulation model is necessary

Presumption of injury mechanism and 
impact tolerance of human body

Effective safety countermeasures

Limits

Supplementary 
relationship

1.Analysis of Accidents
(Raising problems)

2.Analysis of 
Injury Mechanism

(Understanding 
current situation)

3.Proposing Test 
Methods and Developing 

Safety Device
(Countermeasures)

Study Issues
・Accident Configuration
・Injured Region
・Injury Detail

Study Issues
・Human Body Behavior
・Occurrence Mechanism
・Impact Tolerance

Confirmation of Improvement Effect

Study Issues
・Human Body Simulation 
Device (dummy, impactor)
・Test Condition (impact 
speed, impact angle, etc.)
・Injury Criteria and 
Reference Value

Development of Safety Device
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uniform safety improvements is determined for the 
product (automobiles).  On the industry side vehicle 
design changes are made to meet the regulations and 
standards, and protective devices are developed 
according to in-house standards, leading to the 
development of a safer vehicle.  In any case, test 
methods are necessary to evaluate safety performance, 
and for these tests, development of dummies or 
impactors, setting of test conditions (test vehicle or 
impactor collision speed and collision angle, etc.), and 
the selection of physical parameters for evaluation of 
injury and the injury reference values (impact 
tolerance) are all necessary. 

When the improvement phase is complete, that 
series of research is complete, but confirmation of 
improvement effectiveness is necessary as continued 
work.  This means a return to accident analysis, and 
the improvement is seen to be effective, then that issue 
is finished and identification of other problems is 
carried out.   However, if the initially expected effect 
of the improvement is not sufficiently realized, once 
again it becomes necessary to understand the current 
situation and search for further improvements. 
 
 
NECESSITY FOR HUMAN BODY COMPUTER 
MODEL 
 

With the human body computer model, 
development of bones, internal organs, and outer skin, 
etc., has just begun, so it is not yet perfected.  
However, because it has the feature of being able to 
make detailed models of the human body structurally 
and of its mechanical properties, it is expected that it 
will be frequently used in the collision safety 
improvement flow outlined above.  The following 
shows the items in which it is thought this model can 
be used. 
 
Accident Reconstruction 

At present, accident reconstruction is generally 
through impact tests using crash test dummies and 
actual vehicles.  However, there are the problems that 
it is difficult to set test conditions for accidents where 
there are many vehicle behaviors, and that there are 
limits to the areas of the crash test dummy that can be 
measured, and to physical properties.  Therefore, 
these issues can be resolved by utilizing the human 
body computer model and the vehicle model as a set. 
Although there are many problems in modeling the 
vehicle and human body, it can reproduce human body 
injuries and can help analyze vehicle body and human 
body collision reaction forces, so it is an important tool 
in accident analysis. 
 
Analysis of Injury Mechanism and Impact 

Resistance 
Tests concerning this item generally use 

volunteers and PMHS.  However, problems include 
the fact that there are limits to the physical properties 
that can be measured in these tests, and the fact that 
differences in properties due to individual physical 
differences (variations in shape and strength, changes 
in characteristics due to age, the presence of disease or 
illness, storage conditions, etc.) must be considered.  
Considering the physical properties that can be 
measured, the human body computer model is more 
effective in determining physical properties directly 
connected to human body tissue damage.  In addition, 
because the model was built based on fundamental 
standard values, the problematic effect in the tests of 
individual physical differences is eliminated.  On the 
other hand, it is possible to change, depending on the 
purpose of the test, the computer model’s age or 
physique, and to analyze differences in impact 
resistance between the changed model and the standard 
model. 
 
Crash Test Dummy and Impactor Development 

When developing a crash test dummy or 
impactor that simulates specific parts of the human 
body, the problem is the biofidelity to the human body 
in the conditions used.  In many cases, to confirm 
biofidelity, test data (drop test, impactor test, etc.) is 
used from tests implemented under simple impact 
conditions, to make a comparison for each human body 
part with volunteers or PMHS.  However, if the 
human body computer model is used, it is possible to 
estimate human body response under a variety of 
condition, and it is possible to confirm dummy and 
impactor biofidelity with a wider variety of evaluation 
parameters. 
 
Setting Injury Criteria 

As for parameters to evaluate injury, the physical 
properties measured in tests using volunteers and 
PMHS, and the physical properties created using 
statistical models based on that data, are often used.  
However, parameters that are thought to be difficult to 
measure and have a low level of effect are often 
eliminated.  With the human body computer model, it 
is possible to study many physical properties, and it is 
expected that it will be possible to select more 
appropriate injury evaluation parameters. 
 
Confirming the Effectiveness of Safety Devices 

When automotive manufacturers have 
implemented vehicle safety improvements and 
developed new safety devices, conventionally, 
evaluation is made from tests using crash test dummies 
and impactors simulating part of the human body.  
With crash test dummies, there is the problem of limits 
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to the areas and physical properties that can be 
measured.  With the human body computer model, 
many physical properties can be measured, so it is 
possible to evaluate the effect on the human body in 
many aspects.  
 
 
JAPAN AUTOMOBILE MANUFACTURERS 
ASSOCIATION, INC. (JAMA) ACTIVITIES 
 
In the Japanese automotive industry, development of a 
human body computer model has been mainly carried 
out by individual automotive manufacturers.  
Research by JAMA has been carried out together with 
JARI (Figure 4), and the focus has been improving 
parts of the existing model, based on human body data. 
 

Figure 4 Simulation of cervical spine motion at 
rear-end impact (JAMA/JARI study) 
 

In contrast, in the USA (Human Body Modeling 
Partnership) and in Europe (HUMOS), the joint 
research organizations (consortiums) have spanned 
automotive manufacturers, research organizations, and 
universities, etc., accelerating the development of the 
human body computer model. 

Building on this situation, JAMA, too, has 
studied the promotion of a joint research organization 
involving automotive manufacturers, JARI, and 
universities, in order to strengthen human body model 
development. 

Figure 5 is an outline of that concept.  The aim 
is cooperation with research organizations related to 
the automotive industry and with universities, to 
implement research concerning human body 
characteristics and injury criteria and to build a human 
body computer model that can be used in automobile 
safety design.  The plan is for an organization where 
research is carried out with the automotive 
manufacturers, JARI, and universities, etc., each 
having their own responsibilities for individual and 
joint research.  Among the research items, there are 
some where cooperation is essential – for example, 
content such as human body characteristics that cannot 
be implemented without the cooperation of a medical 
university, content such as human body model 

mechanism and function theory construction which 
requires the cooperation of an engineering university, 
or content requiring vehicle shape data for analysis 
using vehicle computer models which must be carried 
out by automotive manufacturers, etc.  In addition, 
research organizations, such as JARI, are necessary, to 
carry out engineering analysis of medical data, or to 
assist in the development of the human body computer 
model.  Moreover, there is a plan to enlist the help of 
software manufacturers who have the know-how 
concerning computer models to help with some of the 
work, when necessary. 
 

Figure 5 Outline of a joint research on human body 
modeling 
 

As for the research schedule, we are starting in 
fiscal year 2004, and plan is to complete a human body 
computer model that can be used in pedestrian and 
passenger analysis within the next three years.  In 
Japan, human body computer models such as THUMS 
and the pedestrian model based on the H-model[5] 
already exist (Figure 6).  This year, from the point of 
view of utilization of existing models, a pedestrian and 
passenger basic model (AM50 equivalent) that 
integrates the existing models will be developed.  In 
the following two years, it is planned that the model 
will be modified based on the latest knowledge, and 
posture changing technology and scaling technology 
will be created.  Through more rapid development of 
a human body computer model, it will be possible to 
undertake early initiatives to reduce the number of 
casualties in automotive traffic accidents in Japan, and 
at the same time, Japan will play a leading role in 
contributing to safety improvements around the world. 
 
 
 
 
 
 
 

44ms        88ms        110ms        154ms        198ms  220ms44ms        88ms        110ms        154ms        198ms  220ms

JAMA

University 1University 1

University 2University 2

University 3University 3

University 4University 4
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JARIJARI

OfficeOfficeJAMA membersJAMA members
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Figure 6 Existing human body models in Japan 
 

The development of a human body computer 
model is also being tackled overseas, and JAMA would 
like to cooperate in those research organizations, too.  
However, from the point of view of taking safety 
improvements that match the situation in Japan, and of 
enhancing Japan’s research base by contributing to the 
education of Japanese researchers, it is necessary to 
proceed with independent Japanese research activities. 
 
 
STATUS OF DEVELOPMENT OF JAMA 
HUMAN BODY MODEL 
 

JAMA has a plan to develop basic models for the 
pedestrian and passenger through the first half of 2005.  
These models will correspond to two kinds of solver 
(LS-DYNA and PAM-CRASH) respectively. 

Development has almost been completed for the 
LS-DYNA version of a basic pedestrian model (Figure 
7 and Figure 8).  The basic pedestrian model has been 
developed based on both the THUMS and the 
pedestrian model based on the H-model.  Concretely, 
the feature of each model was made the best use of, the 
THUMS was used for the upper half of the body, and 
the pedestrian model based on the H-model was used 
chiefly for the lower half of the body.  The basic 
pedestrian model consists of 90,995 elements and 
71,136 nodes, and the physique is near the AM50. 
 
 
 
 
 
 
 

Figure 7 JAMA pedestrian model (externals) 
 

Figure 8 JAMA pedestrian model (internals) 
 

The basic pedestrian model for PAM-CRASH 
will be developed by converting the model data of the 
LS-DYNA version.  We will establish the conversion 
technology by accumulating experience and technology 
though it is difficult to convert the model for a different 
solver. The basic passenger model will be developed 
by changing the posture of the basic pedestrian model. 

Basic models for the pedestrian and passenger 
will be improved based on the result of volunteer and 
PMHS tests during the next two years. 
 
 
TRENDS IN OVERSEAS RESEARCH 
 

As noted earlier, human body computer model 
research is being carried out in the USA and Europe, 
involving joint research organizations. The following is 
a brief explanation of their recent activities and 
situation. 

(a) THUMS (b) Pedestrian model 
based on H-model 
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In the USA, the Human Body Modeling 
Partnership began, with automotive manufacturers 
taking the initiative.  The emphasis is on consortium 
style activities involving automotive manufacturers and 
research organizations, etc. including those outside the 
US.  The aims are to modify injury evaluation 
parameters and criteria through the development of a 
human body computer model, and to expand accident 
reproduction research.  In addition, through 
consortium type activities, it is expected that 
redundancy or incompatibility will be eliminated, 
development of the model will be accelerated, and 
costs will be reduced.  Although full-scale activities 
will begin next year, in the first five years adult models 
of three physiques for both men and women (small 
frame, standard and large frame) will be created. 

In contrast, in Europe, the consortium called 
HUMOS is already active.  Participating members 
include five European automotive manufacturers, three 
software manufacturers, and seven research 
organizations or universities.  Their goals and aims 
are basically the same as the Human Body Modeling 
Partnership noted above.  Their research schedule is 
divided into phase 1 (HUMOS 1) and phase 2 
(HUMOS 2).  In phase 1, they were developing a 
passenger model of a European adult male 50th 
percentile size.  This activity is complete.  At present, 
phase 2 activities are being carried out, and with a 
target of the autumn of 2005, they are hurrying to build 
a model lineup of three models – a 5th percentile 
female, a 50th percentile male, and a 95th percentile 
male. 
 
 
THE DIRECTIONS OF HUMAN BODY 
COMPUTER MODELS 
 

Finally, the following is a discussion of the 
future directions for the human body computer model. 
 
Detailed Modeling 

The first human body computer models were 
based on multi-body dynamics.  At that time, the aim 
was mainly analysis of the motion of human bodies 
during collisions.  Later, for injury evaluation, it 
became necessary to have detailed modeling of each 
human body area, and so human body computer 
models were most often based on the finite element 
method (FEM).  Models according to FEM were, at 
first, most often detailed models of the skeleton only.  
However, at present, there are also examples of 
modeling of internal organs or blood vessels.  In the 
future, other human body systems (muscles, nerves, 
etc.) will also be modeled in detail. 
 
Diversification of Injury Detail 

In recent automotive accidents in Japan, there 
has been a reduction in the number of fatalities, with 
8,000 people in 2003.  In contrast, the number of 
people injured exceeded one million people in 1999, 
and has continued to grow since then with almost 1.2 
million people the past few years. 

Knowing this, vehicle safety improvements that 
have conventionally placed emphasis on reducing 
fatalities, have recently also begun to tackle reducing 
the number of people injured.  For example, in the 
case of Japan, in safety standards that have existed for 
some time, the evaluation index was based on injury 
criteria in areas of the human body that cause death.  
However, in automotive assessment that aims at 
technology innovations that give better safety 
performance, the evaluation area extends into areas of 
the human body that have very little chance of causing 
death. 

Accordingly, it seems that in the future research 
will focus on things other than large injuries causing 
grave damage such as death or severe injury.  This 
means that detailed modeling of areas that have been 
omitted in the past will become important. 
 
Improvements for the Elderly 

In Japan, the number of deaths of elderly people 
is fewer over the past few years, but looked at as a 
portion of the whole, it is a rising trend.  In 2003, 
there were 3,109 fatalities (of people 65 years old or 
older), and this accounted for approximately 40% of 
the total fatalities, including juveniles.  In addition, in 
the case of the elderly in comparison with young 
people, it was learned that their rate of fatality is high, 
and when they are passengers in the vehicle cabin, they 
are more easily injured in the chest, etc.  However 
there is not sufficient understanding of the causes of 
these phenomena.  In Japan, the population of elderly 
people is rising dramatically, and in the future, there 
will even greater demand for research into collision 
safety for the elderly. 
 
Enhancement of Surrounding Technology 

With the latest human body computer model, 
each area of the human body is modeled in some detail, 
and even joint modeling, which traditionally had 
mathematical joint mechanisms, is now closer to actual 
human beings.  Through this type of detailed 
modeling, position changing, which wasn’t a problem 
with the first human body computer models, has 
become more difficult with recent models.  Position 
changing technology is becoming increasingly 
important in actual analysis. 

Furthermore, when evaluating vehicle safety, it is 
becoming necessary to ensure safety performance for 
passengers of a variety of physical types, other than the 
standard physique.  When analyzing accident 
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reproductions, too, there is a requirement for 
technology that can freely change the physical type.  
Therefore, in the future, body frame scaling technology 
must be developed.  
 
 
CONCLUSIONS 
 

In automotive safety performance research, 
vehicle and part impact tests are carried out using crash 
test dummies and impactors that simulate areas of the 
human body, and evaluations made of the safety 
performance, as to whether or not it meets human 
impact tolerance (injury criteria) as determined from 
tests using volunteers and PMHS.  Impact 
biomechanics research, which is the foundation in 
determining these injury criteria, has mainly been 
implemented in Europe and the USA, with little 
contribution from Japan.  However, in the future 
through the development of human body models, at the 
same time as comprehensively and systematically 
incorporating impact biomechanics research, a 
Japanese research system will be enhanced following 
the consortium organization system, raising the level of 
Japan’s contribution, and creating an environment 
where comprehensive injury reduction improvements 
that match the Japanese situation will be tackled. 
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ABSTRACT 
This paper describes the electric pressure sensor-based 
abdominal injury measuring method employed in the 
Japan’s CRS assessment program. 
The CRS assessment program was launched in 2001 in 
Japan[1]．The objective of this program is to assess 
usability of CRSs for infants and toddlers and the 
systems’ safety in frontal collision. 
This assessment has started due to recent increase of 
casualties among minor passengers and to introduction 
of the mandatry use of CRSs for six-year-old or younger 
passengers. 
The safety assessment test determines performance of 
CRSs by evaluating behavior of dummies and the target 
CRSs as well as damage caused by the CRS. It also 
investigates whether or not the CRS is constraining 
vulnerable parts of the child’s body.  In the initial plan, 
high-speed photography was to be used for determining 
the scale of the injury caused by restraining gear such as 
a harness on a child’s body. It was found, however, that 
images from high-speed photography are not suited for 
determining degrees of compression on the abdomen, 
the most vulnerable part of the body. In order to solve 
this problem, we have started an investigation for an 
alternative method capable of quantitatively measuring 
abdominal compression. 
Throughout the study, the electric pressure sensor-based 
method was employed for determining abdominal 
compression from the CRS assessment in 2003. This 
method allows for quantitatively observing the 
ever-changing pressure distribution on the abdomen. 
This approach first calculates abdominal loads from the 
pressure data collected from the area corresponding to 
the child’s abdomen, and then selects the maximum 
load among them for use in the actual assessment. We 
have derived children’s resistibility to abdominal load 
by scaling the relation between the waist belt and 
Abbreviated Injury Scale (AIS) among adults to the 
children’s physique. 
 
 
 

 
1. INTRODUCTION 
In Japan, evaluation of usability of CRSs for infants and 
toddlers as well as safety of these systems in frontal 
collision has been conducted as part of the CRS 
assessment program since 2001. 
In the frontal collision test, a cut body of Toyota’s family 
wagon type Estima secured to the sled testing machine 
is caused to collide at a testing speed of 55km for an 
hour (see Figure 1). Safety of the CRS under test is 
evaluated based on behaviors of the dummies, degrees 
of damage on the dummies, scale of injury caused by 
the restraint and degrees of damage on the CRS body 
(see Tables 1, 2, 3 and 4)． 
In the usability evaluation test, five specialists is to 
assess ease of use of CRSs in the light of how they are 
protected from inappropriate usage. Usability of a 
system is rated for each of the evaluation items on a 
five-point scale from 1 to 5. Average of the scores on the 
five evaluation areas is then computed and published 
(see Table 5)． 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

55km/h 

CRS 

Figure 1 Test configuration 

Sled 
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Table 1 Individual rating for rear-facing infant CRS

Rating items Criteria Rating
No ◎
Slight ○
Terrible ×
60deg.  ≧ angle ◎
60deg.  ＜  angle ≦ 70deg. ○
70deg.  ＜  angle ×
No projection ◎
73mm  ≧ projection ○
73mm  ＜  projection ×

539m/s2(55G)  ≧ acc. ◎

539m/s2(55G)  ＜  acc. ○

×
×

Release of buckle
Released from seatbelt

Damage of such as
fixtures

Inclination angle of
seat back (A)

Projection of the head
from CRS (B)

Chest resultant 3ms
acceleration (C)

(A)

(B)

(C)

Table 2 Individual rating for bed-type infant CRS 

Rating items Criteria Rating
No ◎
Slight ○
Terrible ×
Rotating rearward
(No projection of the head) ◎

No rotation
(No projection of the head) ○

Rotating forward or
projection of the head ×

600mm  ≧ excursion ◎
600mm  ＜  excursion
                      ≦ 750mm ○

750mm  ＜  excursion ×

539m/s2(55G)  ≧ acc. ◎

539m/s2(55G)  ＜  acc. ○

×
×

Damage of such as
fixtures

Restraining condition
(Projection of the
head from CRS,
bottom angle of bed
(A))

Head excursion in
forward direction　(B)

Chest resultant 3ms
acceleration (C)
Release of buckle
Released from seatbelt

(A)

(B)

(C)

Table 3 Individual rating for forward-facing toddler 
CRS 

Rating items Criteria Rating
No ◎
Slight ○
Terrible ×
550mm  ≧ excursion ◎
550mm ＜ excursion
             　　 ≦ 700mm ○

700mm ＜ excursion ×

785m/s2(80G)  ≧  acc. ◎

785m/s2(80G)  ＜  acc. ○

588m/s2(60G)  ≧  acc. ◎

588m/s2(60G)  ＜  acc. ○

×
×

×

×Dropped from vehicle seat

Damages of such as
fixtures

Head excursion in
forward direction (A)

Head resultant 3ms
acceleration (B)

Chest resultant 3ms
acceleration (C)

Possibility of injury, such as that a harness press
weak parts of the child's body (abdomen etc.).

Release of buckle
Released from seatbelt

(A)

(B)
(C)

Table 4 Overall evaluations for frontal collision test 

Excellent No "× " and the results of all 4 rating
items are "◎ ".

Good
No "× ", the results of any 3 rating
items are "◎ "and the result of the rest
of rating item is "○ ".

Normal No "× " and the number of "◎ " is two
or less.

Not recommended If there is any "× " as the result of the
test.
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2. STUDY OF ABDOMINAL COMPRESSION 
EVALUATION METHODS 
As to the vest-type CRSs, high-speed video was found 
to be incapable of determining the degree of abdominal 
compression caused by the worn harness because of 
complex behavior of the dummies during the test. We 
have therefore launched an investigation to find another 
abdominal compression measuring method and also to 
develop a well-defined evaluation method usable for 
this method. 
 
2.1 Measuring Methods usable for Evaluating 
Abdominal Compression 
Six measuring methods were examined for the above 
purpose, and usefulness of five of them has been 
verified in the tests similar to the frontal collision test 
used in the assessment program. 
 
(1) High-speed photography 
We have observed the state of the restraint applied to the 
dummies as well as their behavior using high-speed 
cameras. Two cameras were provided in the dynamic 
test; one was installed on the side position of the cut 
body to measure the amount of motion of the head and 
the other was placed on the front side of the cut body to 
observe the state of the restraint (see Figure 2)．The 
front side camera was first set on the ground but then 
affixed to the cut body so that the relative distance 
between them will not be changed by movement of the 
cut body. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(2) Iliac bone load meter 
We measured the load to the iliac bone after changing 
the original iliac bone of Hybrid III-3YO to Anterior 
Superior Iliac Spine (ASIS) load cell DENTON 3079. 
ASIS responses to the load in four separate areas of the 
right, left, top and bottom, allowing measurement for 
four channels of data for a single body of Hybrid 
III-3YO ( see Figure 3)． 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(3) Strain type manometer 
Strain type manometers having a recipient pressure 
surface of 6 mm in diameter (KYOWA PS 1 MPa) were 
set at five positions along the centerline extending from 
the lumbar to the abdomen of the dummy (see Figure 4)．
With this arrangement, referencing outputs from the 
manometer allows us to observe where the harness is 
applied - lumbar or abdomen. 
 
 

Area Target
Instruction manual
Package
Information content
Belt guide
Movable structures (usability of
reclining, rotation structures)
Seat cover (ease of maintenance)
Internal storage (for instruction
manual, accessories)
Belt routing

Installation
Harness
Buckle
Fitting

Structural design

Ease of installation
(installation to
vehicle seat)

Each survey area is scored on a scale of 1 to 5, with
a standard score of 3.

Instruction manual,
etc.

Information on CRS

Ease of fitting

Table 5 Evaluation items used in usability test 

Figure 2 Layout of High-speed Camera 

（on-board） 

Camera A

Camera B 

CRS

（ground） 

Figure 3 Image of ASIS Load Cell installed on Hybrid III-3YO 

Iliac

(a) Human body (b) Dummy 

ASIS Load Cell* 
*: measuring the load applied 

to the top, bottom, right 
and left 

Harness compressing the abdomen 

Harness affecting 
the iliac bone 
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(4) Pressure-sensitive sheet 
The dummy’s torso was wrapped with FUJIFILM 
Prescale LW, the surface of which turns red depending 
on the magnitude of given pressure (see Figure 5)．
Measuring range of the pressure-sensitive sheet is from 
2.5 to 10MPa. This was used to measure distribution of 
the stresses generated by the restraint on the dummy’s 
torso. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(5) Electric pressure sensor 
A sheet-type, electric pressure sensor having 
approximately 0.1 mm in thickness, was installed on the 
dummy’s abdomen to measure the applied pressure 

there (see Figure 6)． 
The electric pressure sensor was placed so that the lower 
end of the sensor coincides with the upper end of the 
hollow for installation of the Hybrid III-3YO legs. The 
measurement area was set to cover the spaces beyond 
the abdomen (see Figure 7)． 
The TEKSCAN Tactile Sensor High Speed System 
complied with the following specifications was selected 
as the sensor. Major specifications are described as 
follows.  
- Measuring range was from 0 to 1.96 MPa. 
- Measuring area was 120 mm in the vertical direction 
and 250 mm in the horizontal direction. 
- Measuring cells were arranged in 12 lines in the 
vertical direction and 25 columns in the horizontal 
direction, enabling measurement of the pressure in 300 
divisions. 
- Resolution of the analog-to-digital converter used was 
8 bits or more. 
- The sampling frequency was 500 Hz or more. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Strain Type Pressure Manometer installed on 
Hybrid III-3YO 

80 

30 

30 

30 

30 

Unit : mm 

Upper end 
level of iliac 

No. 1 

Manometer 

No. 5 

No. 4

No. 3

No. 2

Figure 5 Pressure-sensitive Sheet installed on Hybrid 
III-3YO 

Upper end 
level of iliac 

Pressure sheet 

Figure 6 Electric Pressure Sensor installed on Hybrid 
III-3PO 
 

Hollow for 
installation of leg

Sensor

Dummy torso

(a) Installation position 

(b) Actual situation 
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(6) Styrofoam 
Inserting Styrofoam in the dummy’s abdomen is used as 
a method of determining scale of injury caused to the 
abdomen by the submarine phenomenon (see Figure 8)．
This approach is intended to measure scale of 
abdominal injury by referencing the deformation caused 
on Styrofoam during the test. However, since this 
approach requires use of Styrofoam and retrofitting the 
dummy to accommodate Styrofoam, we gave up using 
it for the CRS assessment before conducting its the 
dynamic test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.2 Study on Effectiveness in Frontal Collision Test 
(1) High-speed photography 
Figure 9 shows high-speed photos of the time when 
forward movement of the dummy’s knees reached the 
maximum. We can recognize on the vest type test 
product that the waist harness that had originally been 
applied around the pelvis was pushed up due to the 
impact. It is, however, difficult to determine the degree 
of abdominal compression from the high-speed photos 
alone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Lower end 
of rib 
Upper end of 
ilium 

Abdomen 
Measurement 
area

Figure 7 Image of Electric Pressure Sensor’s 
Measurement Areas 

Figure 8 Styrofoam Installed in Hybrid III-3YO 
(Reference [2]) 

Figure 9 Check of Abdominal Compression by use of 
High-speed Photos 

Sample A (vest type) Sample B (vest type) 

Sample C (shell + harness type) Sample D (shell + harness + pad type)

Pad
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(2) Iliac load meter 
Figure 10 shows the time series data obtained from the 
iliac load meter. Loads to the right and left side are 
summed up as shown in the figure. The time when the 
combined load to the upper and lower part of the iliac 
becomes the maximum roughly coincides with the time 
when the forward movement of the dummy’s knees 
reaches its maximum. The above finding indicates that 
the tensile force of the harness has a relationship with 
the load on the iliac. 
With the vest type systems as well as the systems on 
which shell’s shield is used for constraint, our 
measurement detected existence of the load in the 
pulling direction rather than the compressive load in the 
load applied to the upper part of the iliac. Such pulling 
load was essentially not observed on the harness type 
shell. It comes from the structural features of the iliac 
load meter - the meter measures pulling load in the 
upper iliac load as the dummy’s abdomen is 
compressed. 
The above findings seem to suggest that the upper and 
lower iliac loads increase even when the pelvis is 
securely constrained, and looser constraint generates a 
larger difference between them. 
Since the iliac load meter reacts to external force not in 
the sensing direction, we must determine the meter’s 
response patterns to various external forces before using 
it for the evaluation. 
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(3) Lumbar and abdominal manometer 
Figure 11 shows the maximum pressure obtained from 
the measurements done at five points in the lumbar and 
abdomen. The sensor number is sequentially assigned in 
ascending order from the bottom. No. 2 sensor was 
placed at the boundary of the lumbar and abdomen. 
On Sample C and Sample D of the shell type, pressure 
measured by No. 1 sensor was greater than that obtained 
from other measuring points possibly because of the 
compression applied to the manometer from the crotch 
harness routed right above No. 1 sensor. 
On Sample C where the harness type shell was used, 
pressure measured by No. 4 and 5 sensors was greater 
than that obtained from other measuring points possibly 
because the buckle on the measuring point compressed 
the manometer. 
Measurement by use of the lumbar/abdominal 
manometer is available in limited areas only and 
pressure measurement beyond the measuring points is 
unavailable. The manometer protruding from the 
dummy’s surface can interfere with the intended 
constraining behavior. 
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(4) Pressure-sensitive sheet 
Figure 12 shows the pressure distribution obtained by 
use of the pressure-sensitive sheet. The color becomes 
darker as the pressure goes higher. With the vest type 
products tested, traces of relatively high pressure applied 
to the abdomen were noticed. While on Sample D 
where the shell type pad is used, relatively high pressure 
is generated in the abdomen by the pad as well as the 
lumbar harness situated at a higher position. 
However, change in the color was also noticeable on the 
pressure-sensitive sheets that had been set in the areas 
completely free from constraint. In this case, change in 
the color must have resulted from friction on the sheet 
surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(5) Electric pressure sensor 
In order to determine effectiveness of this sensor in 
measuring pressure to the abdomen (the most 
vulnerable part of the torso), measurements on 
abdominal pressure obtained from various systems were 
compared after removing pressure to the chest and 
lumbar. For the comparison, pressure to the abdomen 
was first converted to load on the measuring cell basis 
and the loads were added together. In the following, the 
added load is referred to as the abdominal load. 
Figure 13 shows the pressure distribution at the time 
when the abdominal load grows to the maximum. With 
Sample A of the vest type, pressure is distributed over 
almost the entire abdomen. With Sample B also of the 
vest type, pressure distribution is noticeable in the center 
part of the abdomen where the lumbar harness is 
applied. 
Figure 14 shows change in the abdominal load over 
time. The load data fairly coincides with the dummy’s 
behavior. 
On various types of CRSs each using a different 
restraining method, we measured the pressure applied to 
the dummy’s abdomen by use of the electric pressure 
sensor in the frontal collision test conducted under the 
same conditions as those used for the CRS assessment. 
The sensor was capable of measuring the change in 
pressure distribution over time that is possibly caused by 
the harness and buckle of the respective CRSs. The 
above findings seem to well depict the features of the 
constraining method and behavior of respective CRSs. 
These results prove that the electric pressure sensor is 
capable of measuring the pressure distribution 
overcoming the differences in the constraining methods 
or equipment shapes of the CRSs. This allows us to 
implement quantitative comparisons relating to the 
pressure applied to the abdomen. We have therefore 
decided to employ this approach for the evaluation of 
abdominal compression. 
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Figure 12 Pressure Distribution measured by 
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2.3 Abdominal Compression Evaluation Methods 
Abdominal compression comprises two types of load - 
one is the load that is applied to broader areas in the 
abdomen and the other is the load that is applied locally 
by the harness or buckle. As to the local compression, 
there are no studies available today on characteristic 
response to or resistance of the human body to such 
loads. Therefore, this subject was removed from our 
current study. 
As for the load applied to broader areas, there is a 
reference document describing the relation between the 
waist belt and Abbreviated Injury Scale (AIS) [3] 
among adult males．We converted the adult males’ 
resistance data to that of a 3-year-old child using scaling 
technique being employed by the Federal Motor Vehicle 
Safety Standards (FMVSS) [4, 5]． 
It is difficult in the frontal collision test to directly 
measure tensile force of the lumbar harness on a CRS. 

Thus we measured the pressure on the abdomen instead 
of measuring tensile force of the lumbar harness on the 
above with pressure measurement in the abdomen. The 
abdominal load was used to relate the pressure data to 
the lumbar belt’s tensile force. Our research results on 
the relation between the waist belt and abdominal load 
were used in the conversion of the waist belt tension to 
the abdominal load. Conversion of the pressure data to 
the abdominal load was done by first converting 
pressure at each cell to load and then summing up the 
respective loads in the abdominal part. 
We gave up using the concept of impulse (the value 
derived by integrating load with time) as an index in 
evaluation of the abdominal load since its relation with 
injury currently remains uncertain. 
 
 
 
 

2.4 Resistance Value 

Figure 15 Concept of Abdominal Compression Evaluation Method
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(1) Resistance value of abdominal load in adult 
Figure 16 shows the relation between the lumbar belt 
and abdominal injury among adult males. The findings 
were derived from the experiments conducted by using 
cadavers. If the waist belt’s tensile force was used to 
represent the intersections of the approximate 
logarithmic curve and respective AIS level, AIS 0 (No 
injury) becomes 2.38 kN, and AIS 1（Minor）and AIS 2 
(Moderate) become 3.20 kN and 4.31 kN, respectively. 
This is the only document that refers to the relation 
between the abdominal compression and injury scale. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(2) Scaling of resistance values 
We attempted to calculate the coefficient fR  that can 
be used in scaling the adult males’ resistance value to 
that of three-year-old children. Since the coefficient for 
soft tissues such as the abdomen is not available, we 
employed the intensity coefficient of sinew fσλ . 

Dimensional coefficient of the torso Yλ  and Zλ  
were employed as the size-related coefficient [4, 5]． 
 

ZYffR λλλσ=  

     602.0*556.0*18.1/0.1=  
     284.0=  
 
 
 
As a result, AIS 0 became 0.68 kN，and AIS 1 and AIS 
2 became 0.91 kN and 1.22 kN, respectively. 
 
(3) Conversion from waist belt to abdominal load 

A static test as shown in Figure 17 was conducted to 
determine the relation between the waist belt’s tensile 
force and abdominal load measured by the pressure 
sensor. An electric pressure sensor was attached to the 
abdomen of Hybrid III-3YO with laid on a sturdy table 
with its face up. Then a weight was hung by use of 
webbing. With this arrangement, the relation between 
the weight and abdominal load measured by the electric 
pressure was investigated. Figure 18 shows the results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
From Figure 18, we can convert each AIS level to 
equivalent waist belt tension from the electric pressure 
sensor as follows - AIS 0 to 0.85kN, AIS 1 to 1.38kN 
and AIS 2 to 2.24kN. 
 
 
 
 
(4) Study on resistance values 

Figure 16 Relation between Waist Belt Tensile Force and 
AIS among Adult Males [3] 

Figure 17 Electric Pressure Sensor used in Static Test 
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We can determine the relation between the degrees of 
injury and abdominal loads in children measured by the 
electric pressure sensor first by scaling the relation 
between the waist belt tension and injury among a body 
size of adult males and children, then by determining 
the relation between the waist belt tension and 
abdominal loads obtained from the electric pressure 
sensor.  No injury results were found from the above 
study then the abdominal load measured by the electric 
pressure sensor was 0.85 kN or less.  Injuries of AIS 1 
level and AIS 2 level resulted from loads of 1.38 kN and 
2.24 kN, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.5 Evaluation Method 
Using the findings on abdominal loads corresponding to 
the injury level from AIS 0 to AIS 2, we have developed 
a tentative evaluation method. It is tentative because we 
could not find technical data or documents on 
characteristics of a baby’s abdomen. In this approach, a 
four-level scale was set up for the evaluation as 
described below. Abdominal load equivalent to AIS 0 - 
“Abdominal compression is less likely”, above AIS 0 
up to AIS 1 - “Injury due to abdominal compression is 
likely”, above AIS 1 up to AIS 2 - “Injury results from 
abdominal compression”, and above AIS 2 - ”Serious 
injury results from severe abdominal compression”. 
 
 
Table 6 Tentative evaluation criteria developed for this 
study 

Abdominal load (AL) Tentative evaluation criteria 

AL ≤ 0.85 kN Abdominal compression is less 
likely 

0.85 kN < AL ≤ 1.38 kN Injury due to abdominal 
compression is likely 

1.38 kN < AL ≤ 2.24 kN Injury results from abdominal 
compression 

2.24 kN < AL Serious injury results from 
severe abdominal compression 

We attempted tentative evaluations using the above 

tentative evaluation criteria. We sorted the data by the 
pressure measurement data provided from CRS 
assessment 2002 (done by tentatively using the electric 
pressure sensor) and other research data by the 
constraint type (vest type, harness type, pad type and 
shield type). Load value of the harness type products is 
measured as “Abdominal compression is less likely” 
when constraint of pelvis is available in a static 
condition (see Table 7)．Load value of one of the pad 
type as well as shield type products was rated as “Injury 
due to abdominal compression is likely”. 
There were substantial variations in the measured load 
values among the vest type products without the seat 
surface and backrest. The values ranged from 
“Abdominal compression is less likely” to “Injury due 
to abdominal compression is likely” and “Injury results 
from abdominal compression”. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19 Relation between Abdominal Loads and AIS 
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Table 7 Maximum abdominal loads measured 

Main structure etc. Abdominal load [N]
529
920

1615
1160
647
365
234
153

 shell + harness type B 155
 shell + harness type C 134
 shell + harness type D 110
shell + harness type E 469
shell + harness type F 693

716
748
568
564

 shell + harness + pad type C 890
 shell + harness + pad type D 694

829
860

 shell + shield type B 395
 shell + shield type C 724

 vest type A

 shell + harness + pad type B

 shell + shield type A

 vest type B

 vest type C

 shell + harness type A

 shell + harness + pad type A
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The threshold 0.85 kN between “Abdominal 
compression is less likely” and “Injury due to 
abdominal compression is likely” may appear to be a 
large load, but this load is the maximum value of the 
dynamically applied loads and not a constantly applied 
static load. If you drop a basketball from 5.9 m, 
resulting impact load on the floor surface is 1.02 kN, 
namely greater than the threshold (see Figure 20)．
Unlike the results in the frontal collision test, load values 
of every product of the traditional harness, and almost 
all pad type and shield products were the threshold. 

These CRSs are used over a long time and there is no 
report that claims of abdominal injury are remarkable 
among the children using these products. It seems 
therefore reasonable to set the pass or fail threshold at 
0.85 kN. We are considering employing this evaluation 
of abdominal compression as one of the items in the 
frontal collision test for children, "Possibility of injury, 
such as from a harness pressing weak parts of the child's 
body." 
 
 

Figure 20 Impact Loads resulting from various Tests 
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3. SUMMARY 
The above findings suggest that measurement of 
abdominal compression by a pressure sensor is effective 
and the measurement-based evaluation method is useful 
in comparing the degree of compression to abdomen. 
This approach therefore has been employed as a means 
for evaluation in the assessment program. 
It would be effective in preventing injury due to the 
so-called bite from the harness to compare abdominal 
loads in the three vertically divided areas in the 
abdomen by use of the pressure sensor. If significant 
differences were detected among them, it would be 
useful to warn the users of the potential danger of bite 
from the harness. 
It is difficult to quantitatively evaluate the influences of 
abdominal compression being locally applied by the 
harness or buckle since there is no available report on 
their resistance values or characteristics. Thus, 
evaluation of injury due to local compression is left as a 
subject for future study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4. RESULTS OF EVALUATION OF 
ABDOMINAL COMPRESSION IN CRS 
ASSESSMENT 2003 
Evaluation of abdominal compression by use of the 
electric pressure sensor was officially started from the 
2003 CRS assessment. In the CRS assessment of 2003, 
seven products were selected as the target of evaluation 
[6]．Among them, abdominal compression was tested 
on six products - three seats for toddlers and three other 
seats for both infants and toddlers. One of the toddler’s 
seats was a vest type CRS. 
 
Figure 21 shows results of the test. Abdominal loads 
beyond the threshold 1.38kN were measured on the vest 
type product alone. However, we could not install the 
waist belt of this product in a position to sufficiently 
cover the pelvis despite the instructions provided in the 
manual. Thus only the result of each category is given 
here instead of providing a holistic evaluation of the 
product. 
No other products produced abdominal loads beyond 
the threshold. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 21 Results of Evaluation of Abdominal Compression in CRS Assessment 2003 
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ABSTRACT 
 
Hydrogen fuel cell vehicles are expected to come into 
widespread use in the near future. It is therefore important 
to predict whether risks from hydrogen leaked caused by 
accident in semi-enclosed area can be avoided.  In this 
study, CFD simulation was carried out for hydrogen 
leakage in typical tunnels, underground parking lot, and 
multistory parking garage. Simulation scenarios were as 
follows. The hydrogen leak rate was chosen to be the 
equivalent energy of allowable gasoline fuel leak in a 
vehicle collision test, as prescribed in FMVSS301. The 
ventilation rate was zero for the case of tunnels, and air 
exchange rate was zero or ten times per hour for 
underground parking lots. The analytical periods were 
thirty minutes for all cases. It can be said that the area of 
flammable mixture was limited that close to the hydrogen 
leaking vehicle even when there was no ventilation and 
become smaller when the ventilation exists. The results 
would therefore indicate that safety was maintained in 
cases of hydrogen leakage in the semi-enclosed areas even 
with existing equipment. 
 
INTRODUCTION 
 
Recent years have seen an advance in global warming due 
to carbon dioxide and other emissions, and various 
approaches are being investigated to suppress these 
emissions. One approach is to promote to cleaner 
emissions from automobiles, which use mainly fossil fuels. 
Another approach is the development of fuel cell vehicles, 
which use hydrogen instead of fossil fuels as an energy 
source.Fuel cell vehicles have attracted much attention as 
clean cars with no harmful emission gases. Today, various 
public and private organizations are conducting driving  

 
 
 
 
 
 
 
 
 
 
tests on public roads of fuel cell vehicles produced by 
major automakers in each country, and collecting data to be 
used in developing these vehicles for the commercial 
market. To promote the use of these vehicles, Japan is 
today reviewing its relevant laws and regulations. Before 
regulations can be revised, however, it is necessary to 
investigate the safety of fuel cell vehicles during accidents. 
 
In the present study, tunnels, an underground parking lot, 
and a multistory parking garage were chosen as 
semi-enclosed spaces where fuel cell vehicles would be 
driven and stored. Safety of hydrogen leakage in such 
spaces was investigated. The purpose of the present 
experiment was to predict whether leaking hydrogen 
would pose a danger to the selected facilities. Specifically, 
we wanted to investigate the diffusion of leaking hydrogen 
in semi-enclosed spaces, where it accumulates in those 
spaces, the behavior in which it accumulates, and the 
region above the lower flammable limit. 
 
SUBJECTS OF ANALYSIS 
 
Tunnel 
 
Two tunnel shapes were chosen for the present study. To 
simulate a long tunnel we selected a cross-sectional 
configuration with a 2% uniform rising and downing 
longitudinal slope, and to simulate an underwater tunnel 
one with a 5% uniform trough longitudinal slope [1]. The 
space for analysis was limited to a length of 50 m. Tunnel 
width was 10 m, and tunnel height was 7 m for the long 
model tunnel and 4.5 m for the underwater model tunnel. 
Both model tunnels were considered to have one way 
direction road with 2 lanes. The hydrogen leakage was 
from a fuel cell vehicle driving in the tunnel, resulting from 
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a collision or other accident. The leak occurred in the 
middle of the tunnel with the vehicle stopped. The vehicle 
with the hydrogen leak was in the passing lane, followed 
by 4 other vehicles. Thus, there was a total of 5 vehicles in 
the tunnel. This calculation was done under a condition of 
no ventilation. Figure 1 shows a cross-section of the 2 
model tunnels. 
Analyses were done for the following 3 cases. 

Case T-1: Long model tunnel 
Case T-2: Underwater model tunnel 
Case T-3: Long model tunnel (length 200 m) 

 
Figure 1.  Tunnel configuration. 

 
Underground Parking Lot 
 
A general self-parking underground parking lot [2] was 
adopted as the configuration for analysis. One section from 
among all the areas of the parking lot was taken as the area 
for analysis. This section was one with 9 vehicles each in 2 
rows, a total floor area of 480 m2 and ventilation equipment. 
This area was subject to the requirement for underground 
parking lots with a floor area of greater than 500 m2 to have 
air exchange at least 10 times/h (Fire Defense Law 
enactment order). 
The parking lot had air duct to the road, and was equipped 
with emissions ducts in the parking areas. And the number 
of air exchanges per hour was set at 0 times/h (assuming 
equipment failure) and 10 times/h. The hydrogen-leaking 
vehicle was located in the middle of the 9 vehicles; in other 
words, some distance from the entrance and exit. Figure 2 
shows the arrangement of the vehicles in the underground 
parking lot. 
Analyses were done for the following 3 cases. 

Case U-1: Air exchange 10 times/h 
Case U-2: No air exchange 
Case U-3: No air exchange (2 leaking vehicles) 

 

 

Figure 2.  Configuration of underground parking lot. 
 
Multistory Parking Garage 
 
The configuration adopted for analysis was an elevator 
parking tower [3], which are commonly seen in Japan in 
recent years (432 in operation in 2001). The frontage of the 
parking garage is 6.5 m x 7.5 m in depth x 30 m in height. 
The garage holds 24 vehicles (12 vehicles x 2 rows). 
Vehicles enter and exit this parking garage through a 
ground floor opening that directly faces the outside 
atmosphere, and there is an emissions louver (ventilation 
hole) near the ceiling. The location of the vehicle leaking 
hydrogen was set as an analysis parameter, with the 2 
locations of the lowest and the second from highest 
positions. Figure 3 shows the location of the vehicles in the 
multistory parking garage. 
The following 3 cases were selected for analysis. 

Case M-1: Leaking vehicle on the lowest level 
Case M-2: Leaking vehicle on the second from highest 

level 
Case M-3: Leaking vehicle on the lowest and the second 

to highest levels (2 leaking vehicles) 

Figure 3. Schematic representation of multistory 
parking garage. 
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NUMERICAL SIMULATION METHOD 
 
Simulation Scenario 
 
The number of vehicles leaking hydrogen was set at 1 or 2 
for the tunnel, underground parking lot, and multistory 
parking garage. The vehicles were given a linear 
configuration with dimensions of 4.7 m x 1.8 m x 1.7 m. 
The hydrogen leak rate was set at 133 L/min (20°C), which 
is the energy equivalent of the allowable gasoline leak and 
prescribed in the "Fuel system integrity" of U.S. federal 
automobile safety standard FMVSS301. The hydrogen 
leak rate was considered to be a constant flow during the 
release period of 30 minutes within the given space. The 
leaking portion of the vehicle was the boundary surface 
with a rate of 0.887 m/s, and the leak direction was 
horizontal from the rear of the vehicle. The leak hole was a 
square with sides of 0.05 m. The hydrogen did not enter the 
vehicle passenger compartment. 
 
In an actual fuel cell vehicle, hydrogen gas leaking from 
the fuel system is sensed and the fuel supply is cut off with 
an interlock or some other device. Thus, an actual fuel leak 
can be expected to continue only for several minutes. The 
present simulation is therefore for a situation more 
dangerous than an actual occurrence. 

 
Calculation Model 
 
Calculations were done with the general flow modeling 
software program STAR-CD, using the following 
calculation model. The governing equation for flow was 
taken to be a 3-dimensional nonsteady Navier-Stokes 
equation (continuous, momentum; gravity was considered), 
and a preservation formula was applied to the 
concentration site with hydrogen and air shown as mass 
fractions. The working fluids were standard air and 
standard hydrogen of 20 °C, in noncompressed flows. The 
temperature was constant. Table 1 shows the property 
values used. The turbulence model and other factors used 
in the calculations were as follows.  
Turbulence model: Standard k-ε model (high Reynold's 
number, combined with wall functions) 
Turbulence intensity: 10% of main flow at leaking hole 
Turbulence length scale: 5% of leaking hole diameter 
Differencing scheme: third order scheme for convection 
term (QUICK: Quadratic upstream interpolation of 
convective kinematics) 

Turbulence Schmidt number: 0.9 
Time interval: 0.2 sec 
Solution method: PISO (Pressure Implicit Split Operator) 
 

Table 1. 
Property values of hydrogen and air used 

 

Mesh 
 
Unstructured mesh (hexahedral mesh) was used for all 
cases, and the mesh number was approximately 200,000 
points in cases of tunnel and multistory parking garage, and 
was approximately 400,000 points for the case of 
underground parking lot. A half-model was used for the 
underground parking lot because of its symmetrical 
configuration. 
The meshes for the tunnel, underground parking lot, and 
multistory parking garage are shown in Figs. 4, 5, and 6, 
respectively. 
 

 
Figure 4. Tunnel mesh (long model tunnel) 
 

 

Figure 5. Underground parking lot mesh (half model) 
 
 
 

Air Density 1.204 [kg/m3] 

 Kinematic viscosity 1.50E-05 [m2/s] 

Hydrogen Density 8.38E-02 [kg/m3] 

 kinematic viscosity 1.05E-04 [m2/s] 

Mutual diffusion coefficient[4] 7.77E-05 [m2/s] 
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Figure 6. Multistory parking garage mesh 
 

RESULTS AND DISCUSSION 
 
In all cases, the changes with time in hydrogen 
concentration are shown in a representative cross-section 
including the hydrogen-leaking vehicle and so on. The 
hydrogen concentration contour is shown in a total of 14 
colors against a blue background. The region above lower 
flammable limit for hydrogen in air (4 volume %) is shown 
in red. 
 
Tunnel 
 
Two representative cross-sections including the 
hydrogen-leaking vehicle for tunnel results are shown in 
Figure 7. 

 
Figure 7. Cross section showing tunnel results 
 (Section A: from side; Section B: from rear). 
 
Effects of cross-sectional configuration of tunnel 
 
Figure 8 shows the leaked hydrogen distribution within the 
long model tunnel simulation in Case T-1. 
Hydrogen leaking toward the rear from the back of the 
vehicle has a much lower density than air, so it 
immediately flows upward. After the leaking hydrogen 
rises and reaches the ceiling of the tunnel, it mainly 
disperses in the longitudinal direction. At the point when it 
reaches the ceiling, the hydrogen concentration is already 

below the lower flammable limit. The region above the 
lower flammable limit is restricted to a small area around 
the source of the hydrogen leak, up to a height of 
approximately 3 m. 

 

After 20 sec 

  
After 600 sec 

  
After 1800 sec 

Figure 8. Hydrogen distribution in long model tunnel 
(left: Section A; right, Section B). 
 

Next, Fig. 9 shows the hydrogen dispersion in Case T-2 
simulating the underwater model tunnel. In this case, the 
upper wall slope of tunnel is upward toward the tunnel 
before and behind, so the time until the diluted hydrogen 
reaches the tunnel end is shorter than in Case T-1. This is 
because the buoyant force of the hydrogen acts in the 
direction of easy diffusion. After the diluted hydrogen 
reaches the tunnel end, the hydrogen concentration 
distribution remains unchanged and constant. Just as with 
the long model tunnel, the region above the lower 
flammable limit is restricted to a small area close to the 
hydrogen leak. 

  

After 20 sec 

  
After 1800 sec 

Figure 9. Hydrogen distribution in underwater model 
tunnel (left: Section A; right, Section B) 

 
Influence of tunnel length 
 
To investigate the influence of tunnel length for the long 
model tunnel, calculations were made for a length of 200 
m (Case T-3). The mesh number was approximately 
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300,000 points. The results are shown in Fig. 10. Because 
of the long tunnel length, the height of the exits at either 
end of the tunnel is shorter than in Case U-1, and a thick 
layer of diluted hydrogen accumulates at the tunnel ceiling. 
However, as in Case U-1 the region above the lower 
flammable limit is restricted to a small area immediately 
next to the hydrogen leak. 

  

After 20 sec 

  
After 600 sec 

  
After 1800 sec 

Figure 10. Hydrogen distribution in long model tunnel 
with length of 200 m (50 m section is magnified and 
shown; left: Section A; right, Section B). 
 
Longer tunnel length is considered to more closely 
resemble existing tunnels, and there was a greater tendency 
for accumulation with a tunnel length of 200 m. However, 
in the case of hydrogen leaks below the allowable level in 
collisions, it may be possible to enough confirm the effects 
due to differences in tunnel cross-sectional shape even with 
a tunnel length of 50 m. 
 

Underground Parking Lot 
 
Two representative cross-sections for underground parking 
lot results are shown in Figure 11. These are cross sections 
including the hydrogen-leaking vehicle, and near the 
ceiling. 

 
Figure 11. Cross section showing underground parking 
lot results (left: cross section including 
hydrogen-leaking vehicle from side (Section A); right: 
near ceiling at 3.5 m from above (Section B)). 
 

Effects of air exchanges 
 
Firstly, the hydrogen concentration distribution when there 
is air exchange (Case U-1) is shown in Fig. 12. The flow of 
hydrogen leaking backward from the rear of the vehicle is 
deflected upward immediately since hydrogen has a much 
lower density than air, and rises to the ceiling where it 
gradually diffuses in a radial pattern. The leaking hydrogen 
maintains a concentration above the lower flammable limit 
until it reaches the ceiling at a height of 3.5 m, where it 
diffuses and becomes diluted to below the lower 
flammable limit. A portion of the diffused hydrogen is 
partly drawn into the emissions duct, so almost none of 
region of diluted hydrogen (0.3 volume%: gray) reaches 
the vehicle entrance and exit. Moreover, the hydrogen that 
flows into the emissions duct is below the lower flammable 
limit. The hydrogen flowing out through the parking lot 
emissions duct is proportional to that leaking from the 
vehicle, and it takes about 900 sec to reach a steady state. 
The region above the lower flammable limit is restricted to 
a small area directly behind the hydrogen leak.  

 

After 20 sec 

 

After 120 sec 

 

After 900 sec 

 

After 1800 sec 
Figure 12. Hydrogen distribution in underground 
parking lot (Case U-1; left: Section A; right, Section B). 
 
Next, Figure 13 shows the hydrogen concentration 
distribution when there is no air exchange (Case U-2). The 
flow of hydrogen leaking backward from the rear of the 
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vehicle is immediately deflected upward because of its low 
density. It rises to the ceiling and gradually diffuses in a 
radial pattern after slowly colliding with the wall. That is 
the same as Case U-1. The region of diluted hydrogen (0.3 
volume %) reaches the parking lot entrance and exit about 
120 s (2 min) after the start of the leak. The flow out from 
the parking lot entrance and exit is proportional to the 
hydrogen leak from the vehicle, and hydrogen distribution 
condition in area is reached in a steady state after about 
1200 s. Even with no ventilation, the region above the 
lower flammable limit is restricted to a small area 
immediately next to the hydrogen leak. 

 

After 20 sec 

 

After 120 sec 

 

After 900 sec 

 

After 1800 sec 
Figure 13. Hydrogen distribution of underground 
parking lot (Case U-2; left: Section A; right, Section B) 
 

Figure 15 shows the changes with time of hydrogen 
concentration inside the parking lot at various points from 
the results of Cases U-1 and U-2. Measurements were 
taken at 3 points just below the ceiling: directly above the 
leaking vehicle, on the opposite side from the leaking 
vehicle, and at the entrance and exit on the vehicle side. 
The hydrogen concentration was lower at all 3 points in the 
simulation with air exchange than in that without air 
exchange. The hydrogen concentration at the entrance and 
exit was decreased from about 1.4 % to below 0.05 %. The 
hydrogen concentration directly above the hydrogen 
leaking vehicle decreased from 4 volume % to below the 

flammable limit. 
 

 
Figure 14. Data collection points on ceiling in 
underground parking lot (A: directly above 
hydrogen-leaking vehicle; B: vehicle lane (same side as 
hydrogen-leaking vehicle); C: opposite from 
hydrogen-leaking vehicle). 
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Figure 15. Changes with time in hydrogen 
concentration at each point on ceiling in underground 
parking lot (Cases U-1 and U-2) 
 

Influence of number of  leaking vehicle (1 or 2)  
 

Figure 16 shows results of the hydrogen concentration 
distribution with 2 leaking vehicles under no air exchange 
condition. The region of diluted hydrogen concentration 
near the ceiling is a little thicker because the number of 
leaking vehicles was increased from 1 to 2. However, the 
region of hydrogen above lower flammable limit is 
restricted to around the hydrogen leaks and a very small 
area on the ceiling above the hydrogen leaks. 
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After 20 sec 

 

After 120 sec 

 

After 900 sec 

 

After 1800 sec 
Figure 16. Hydrogen distribution in underground 
parking lot (Case U-3; left: Section A; right, Section B). 
 

Multistory Parking Garage 
 
Figure 17 shows the cross-sectional positions from the 
results for the multistory parking garage. 

 

 

Figure 17. Cross section showing results for multistory 
parking garage (A: cross section including rear edge of 
pallet; B: cross section including hydrogen-leaking 
vehicle; C: cross section of center space in vehicle 
arrangement). 
 
Influence of leaking position 
 

Firstly, a representative hydrogen concentration distribution 
when the leak is from a vehicle on the lowest level is 
shown in Fig. 18. The flow of hydrogen leaking backward 
from the rear of the vehicle shifts immediately upward 
because of its low density, then rises and gradually collides 
with pallets or other structures and diffuses. The leaking 
hydrogen is above the lower flammable limit in a range as 
high as the pallet, but afterward the concentration thins. 
The region of diluted hydrogen (0.3 volume %: gray) 
reaches the emissions louver about 480 sec (8 min) after 
the start of the leak. The hydrogen flowing out from the 
emissions louver is proportional to that leaking from the 
vehicle, and a steady state is reached in about 900 sec (15 
min). The region above the lower flammable limit is 
restricted to a small area immediately behind the hydrogen 
leak, and to a height of about the distance to the pallet 
above.  

  
After 20 sec 

  
After 900 sec 

  
After 1420 sec 

Figure 18.  Hydrogen distribution in multistory 
parking garage (Case M-1; left: Section A, center: 
Section B, right: Section C). 
 



Mukai 8 

Secondly, the hydrogen concentration distribution in the 
case when the leak is from a vehicle on the second to 
highest level is shown in Fig. 19. The flow of hydrogen 
leaking backward from the rear of the vehicle is 
immediately deflected upward because of its low density. It 
rises and gradually collides with the pallet or other structure 
above and disperses. This is the same as in Case M-1. The 
region of diluted hydrogen (0.3 volume %: gray) reaches 
the emissions louver about 60 sec (1 min) after the start of 
the leak. The hydrogen flowing out from the emissions 
louver is proportional to that leaking from the vehicle, and 
a steady state is reached in about 600 sec (10 min). The 
region above the lower flammable limit is restricted as 
same as Case M-1.  
 

  
After 20 sec 

  
After 300 sec 

  
After 600 sec 

Figure 19.  Hydrogen distribution in multistory 
parking garage (Case M-2; left: Section A; center, 
Section B, right, Section C). 
 

Next, the changes with time in the hydrogen concentration 
at the upper edge of the emissions vent and at the center of 

the ceiling are shown for Case M-1 and Case M-2 in Fig. 
20. The results show that when the hydrogen leak was 
from the lowest level the hydrogen concentration at the 
both the ceiling and emissions vent was below 1 %, and 
even when the leak was from the vehicle on the second to 
highest level the concentration was lower than 2 %. 
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Figure 20. Changes with time in hydrogen 
concentration at ceiling and emissions vent in 
multistory parking garage (Cases M-1 and M-2) 
 

Influence of number of leaking vehicle 
 
Figure 21 shows the hydrogen concentration distribution 
when there is a leak from both the vehicle on the second to 
top level and that on the bottom level (Case M-3). A small 
difference was seen in the diluted hydrogen concentration 
in the section above the highest vehicle pallet between 
Case M-3 and Case M-2. The diluted hydrogen in Case 
M-2 was stratified, whereas in Case M-3 the leak from the 
vehicle on the bottom level gave rise to slight turbulence 
owing to the gentle flow of dilute hydrogen within the 
parking garage. However, even in this case the region 
above the lower flammable limit was restricted to the space 
between the leaking vehicle and the pallet just above it.  
 
From the above, it thought that when predicting the 
diffusion of diluted hydrogen within a multistory parking 
garage, the hydrogen diffusion following a leak can be 
enough understood from a simulation of a hydrogen leak 
from 1 vehicle as a parameter of leak position. 
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After 20 sec 

  
After 600 sec 

  
After 1800 sec 

Figure 21.  Hydrogen distribution in multistory 
parking garage (Case M-3; left: Section A; center, 
Section B, right, Section C). 
 

CONCLUSIONS 
 
Continuous hydrogen leaks from 1 or 2 hydrogen fuel 
vehicles in large semi-enclosed spaces are not necessarily 
dangerous if they are at the allowable level for fuel leaks in 
collisions. This is because the hydrogen above the lower 
flammable limit is just one restricted area. 
The phenomena on leaked hydrogen diffusion in each of 
the semi-enclosed spaces may be summarized as follows. 
 

Tunnel 
In a long tunnel with a rising and downing slope, hydrogen 
accumulates at below the lower flammable limit along the 
tunnel ceiling, but in an underwater tunnel there is no 
accumulation even at the tunnel ceiling. This is because the 
tunnel longitudinal slope rises toward the tunnel end, 
promoting the diffusion of hydrogen. 

Underground Parking Lot 
When air exchange occurs a regulated number of times, the 
leaked hydrogen is eliminated through the emissions vent. 
The hydrogen concentration flowing into the emissions 
vent is already below the lower flammable limit.  
When there is no ventilation, hydrogen below the lower 
flammable limit spreads throughout the parking garage 
according to the shape of the ceiling. 
 

Multistory Parking Garage 
The leaked hydrogen soon diffuses to the pallet just above 
the vehicle at levels above the lower flammable limit, but 
afterward falls below the combustion limit. 
 
When the leak is from the bottom level, diluted hydrogen 
below the lower flammable limit is filled in almost part of 
the parking garage.  
 
Even when the leak is from the second to highest level, the 
hydrogen that accumulates at the ceiling is below the lower 
flammable limit. This is because parking garages are 
equipped with emissions vents at the top. 
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ABSTRACT 
 
To realize a dream of “zero-nize” the fatalities and 
injuries in traffic accidents, or even accidents 
themselves, related to commercial vehicles, future 
concepts for both large truck and small delivery truck, 
with a name ASV concept L (long haul truck), and 
ASV concept C (city use) were studied. 
The newest available traffic accident statistics data in 
Japan was used for analyses to know the characteristics 
of accidents each types of commercial vehicles are 
involved.  The result showed the accidents related to 
large trucks and one related to small trucks are quite 
different.  Among the accidents related to large trucks 
used mainly for long haul use, which consist 15% of all 
fatalities, almost 50% of the fatalities are car occupants.  
For the small trucks used mainly in city for delivery 
purpose, almost 40% of the accidents are with 
pedestrians and cyclists. 
From these analyses, it was concluded that the 
following three areas are the most important areas to 
tackle with. 
1 .Frontal collision between car and large trucks 
2. Rear-end collision of large trucks 
3. Small truck accidents of pedestrians and cyclists at 
intersections 
In ASV concept L, Energy Absorbing Front Structure 
was proposed to reduce a damage of car occupants and 
50% decrease in fatalities in such accidents may be 
possible with the structure.  Pre-crash Safety System 
is to cope with rear-end collision. With 
millimeter-wave length radar, objects are found and the 
system gives warning to the driver.  In case driver 
takes no avoiding maneuver, the system automatically 
applies brake to reduce the impact speed. 
In ASV concept C, Body Structure for Pedestrian 
Safety was proposed.  Blind-spot Monitoring System 
for vehicle front, rear and below to assist the driver, 
Ultra-thin Pillar for better frontal view and Pedestrian 
Detection and Warning System were proposed. 
 
INTRODUCTION 
  
Fatalities in traffic accidents in Japan have been 
decreasing for this 10 years and it came to the number 
7,358 in 2004.  On the other hand, injuries and 

number of accidents have been increasing.  This trend 
is also true for the accidents which involved 
commercial vehicles, i.e. large trucks, medium trucks 
and small trucks (See Figure 1).  Reduction of traffic 
accidents and their casualties is worldwide target and 
Japan is one of the countries which have tackled to 
achieve the target.  In January 2003, Japanese prime 
minister announced his vision of halving the fatalities 
in traffic accident in ten years, and various measures 
are now under way.  Final target is to “zero-nize” the 
accidents, or realization of accident free society.  To 
reach this final target, there must be some big jumps 
which are something different from current measures.  
 

 
 
Figure 1.  Changes of casualties in traffic 
accidents. 
 
VISION ON SAFETY IMPROVEMENT  
 
Hino Motors, Ltd., a commercial vehicle manufacturer 
in Japan holds a vision of achieving the zero casualties 
in accidents which involve commercial vehicles (See 
Figure 2).  Here, to realize this vision, safety 
concepts; both for large truck and small truck were 
studied. 
 

 
 
Figure 2.  Vision on safety improvement. 
 
 
 
 
ANALYSIS OF COMMERCIAL VEHICLE 
ACCIDENTS 
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Using the most recent available accident statistic data 
in Japan, traffic accidents which involved commercial 
vehicles were analyzed for each truck category.  Here, 
the large truck is with the GVW of more than 8 tons, 
medium truck is with the GVW of 7 tons to 8 tons, and 
small truck is with the GVW of less than 7 tons.  
Result shows that the contents or types of accidents 
differ from category to category because of the 
difference in use; large trucks are mainly used on 
highways and trunk routes, small trucks are mainly 
used for delivery purpose, and medium trucks are just 
between these two (See Figure 3). 
In accidents involved large trucks, which make up 13% 
of all traffic accident fatalities and 53 % of all fatalities 
related to commercial vehicles, passenger car 
occupants hold the largest shear and it is almost 50 %.  
This leads to the fact that the first priority in the safety 
of large truck shall be given to the accidents with 
passenger cars.  Type of accident most frequently 
happen in passenger car to truck accident is frontal 
collision.  From the analysis, 90 % of these frontal 
collisions occur as a result of departing lanes of 
passenger cars.  In frontal collisions higher relative 
speed easily result in fatal accidents.  Next there 
comes the rear-end collision.  The rear-end collision, 
especially the high speed accidents on the highways, 
can result in fatal accidents for passenger car 
occupants. 
In accidents involved small trucks, which make up 5 % 
of all traffic accident fatalities and 22 % of all fatalities 
related to commercial vehicles, pedestrians and cyclists 
hold the largest shear and should be given the first 
priority.  In pedestrian accidents, accidents on 
intersection in daylight time are most common, and 
accidents at right turn maneuver are most frequent.  
(Japan is in left-hand traffic, and the right turn means 
the turn across the opposite traffic lane.) 
 

 
 
Figure 3.  Fatal accidents which involve 
commercial vehicles. 
 
STUDY ON SAFETY CONCEPT  

 
Based on the result of accident data analysis, safety 
concepts both for large truck and small truck were 
studied.  Basic idea was as follows.  To operate the 
vehicle safely, it is most important that the vehicle is 
easy to operate for every person; for male and female, 
for young and elderly person.  So, for the basis of 
safety concept trucks, “Universal Design” concept was 
applied for the cab interior and driving devices.  Upon 
this base, appropriate safety systems both in active 
safety and in passive safety were built up (See Figure 
4). 
In active safety, assist of driver’s recognition and 
judgment, using intelligent traffic system technology 
was studied. “No blind spots around the vehicle” is the 
main concept in this facet (See Figure 5). 
In passive safety, “compatibility” was studied.  In 
passenger car in general, compatibility is the idea to 
keep equivalent safety level for both cars in case of 
collision between small-size car and large-size car.  
Compatibility in commercial vehicles is a little 
different.  In the case of large truck, it is the matter 
between passenger car and large truck and the 
compatibility is to reduce the risk of passenger car 
occupants in case of collision.  In the case of small 
truck, it is the matter between pedestrian and small 
truck.  And the compatibility is to reduce the damage 
of pedestrian in case of pedestrian accidents. 
 

① Active Safety
（Assist in Recognition
and Decision with ITS 
Technology）

② Passive Safety
（Compatibility）

③Universal Design

① Active Safety
（Assist in Recognition
and Decision with ITS 
Technology）

② Passive Safety
（Compatibility）

② Passive Safety
（Compatibility）

③Universal Design

 
 
Figure 4.  Safety concept of future trucks. 
 

● CCD Cameras

①

②

●

●

Rear side

③
④ ⑤

⑥

Front under Under

Rear

Rear Under

● CCD Cameras● CCD Cameras

①

②

●

●

Rear side
①

②

●

●

①

②

●

●

Rear side

③
④ ⑤

⑥

Front under Under

Rear

Rear Under

 

Figure 5.  No blind spot around the vehicle. 
 
Safety Concept of Large Truck: ASV concept L 
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In the study of safety concept of large truck: ASV 
concept L, area of the study was focused on long-haul, 
cargo truck.  Protection of passenger car occupants in 
case of frontal collision, mitigation of damage in case 
of rear-end collision and support of visibility in 
highway cruising are main topics.  Systems included 
in the concept are introduced in the following (See 
Figure 6). 
 

 
 
Figure 6.  ASV concept L. 
 
Energy Absorbing Front Structure 
ASV concept L has energy absorbing front structure 
which aims at the reduction of impact and damage to 
the passenger car in case of frontal collision (See 
Figure 7).  This energy absorbing front structure has 
two functions.  One is to absorb crash energy of 
passenger car, and another is to put the opposing car 
aside in offset collision case which is most common in 
the frontal collision.  This can reduce the damage 
which can be expected in subsequent events in the 
accident (See Figure 8).  In our estimation, this 
structure has potential to cope with frontal collision up 
to 90 km/h and saves the 50 % of fatalities in the type 
of accidents, compare to the 15 % with front under-run 
protection device in ECE regulation (See Figure 9).  
To put this structure into practice in the long-haul truck, 
relaxation of the restrictions on total vehicle length 
shall be discussed.  Our study showed that 500 mm 
crash stroke is necessary to provide sufficient 
effectiveness.  This is basically to reduce, not the 
damage of the truck driver, but damage of opposing car 
occupants, and to make the technology become widely 
used, load capacity shall not be reduced from the one 
current trucks have.  Discussion among the users, 
legislative, and manufacturers is necessary. 
 

 
 
Figure 7.  Energy absorbing front structure. 
 

 
 
Figure 8.  Simulation result. 
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Figure 9.  Estimation of reduction in fatalities. 
 
Pre-crash Safety Technology 
To reduce the fatalities in rear-end collision of large 
trucks, the pre-crash safety technology was proposed.  
Millimeter wave radar detects obstacle ahead and if 
there is any possibility of collision, gives warning to 
the driver.  If driver does not take any avoiding 
maneuver, the system automatically applies brake force 
and reduces the impact speed and thus mitigates the 
damage to the obstacle (See Figure 10). 
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Figure 10.  Pre-crash safety system. 
 
Adaptive Front-lighting System (AFS) 
Adaptive front-lighting system (AFS) aims to offer 
drivers better view compared to the traditional 
head-light system, in case of driving curve or turning 
an intersection at night.  The proposed system has a 
function to direct the main head-light beam to the 
direction where the vehicle will be, according to the 
steering angle.  In addition, based on the maneuver of 
large truck at an intersection, additional sideward lamp 
is turned on when the vehicle makes turning with 
certain low speed and with turning lamp activated (See 
Figure 11, 12, 13). 
 

 
 
Figure 11.  Adaptive front-lighting system (AFS). 
 

 
 
Figure 12.  Function of AFS at curves. 

 
 
Figure 13.  Function of AFS at intersections. 
 
Side Obstacle Advisory System 
Side obstacle advisory system informs presence of 
vehicles on adjacent lane when driver intends to make a 
lane change.  ASV concept L is equipped with 
cameras on the right and left of the cabin instead of 
current mirrors.  By analyzing the view of the cameras, 
only the objects which are approaching to the vehicle 
on adjacent lane are detected and the system gives 
warning to the driver (See Figure 14, 15). 
 

 
 
Figure 14.  Side obstacle advisory system; cameras. 
 

 
 
Figure 15.  Detection of objects. 
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Safety Concept of Small Truck: ASV concept C 
 
In the study of safety concept of small truck: ASV 
concept C, area of the study was focused on delivery 
truck mainly used in urban area.  Protection of 
pedestrians in case of pedestrian accidents is the main 
topic.  Systems included in the concept are introduced 
in the following (See Figure 16). 
 

 
 
Figure 16.  ASV concept C. 
 
Ultra Thin Pillar 
Ultra thin pillar is to improve the visibility of 
pedestrians and cyclist in the right and left turning 
maneuver.  When the section of the pillar is thinner 
compared to the width of right and left eyes of the 
driver, objects behind the pillar do not hide behind the 
pillar because of the parallax of right and left eyes (See 
Figure 17, 18). 
 

 
 
Figure 17.  Ultra thin pillar. 
 

Figure 18.  Function of ultra thin pillar. 
 
Pedestrian Detection and Warning System 
Pedestrian detection and warning system detects 
pedestrians in the right and left turning maneuver and 
warns the driver when there are pedestrians.  Stereo 
cameras on both right and left side of roof take images 
of side-rear of the vehicle.  From the image data 
processing, only pedestrians are extracted and the 
direction and movement of the pedestrians are analyzed.  
If there is possibility of contact between pedestrians 
and the vehicle, the system warns the driver with sound 
alarm (See Figure 19, 20). 
 

 
 
Figure 19.  Pedestrian detection and warning 
system;   stereo cameras. 
 

 
 
Figure 20.  Detection of pedestrians. 
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Blind Spot Monitoring System (Front, Rear and 
Under the vehicle) 
To realize the concept of “No Blind Spot around the 
Vehicle”, Cameras are used to support the driver’s 
visibility and to detect objects and warn the driver.  
Wide angle camera on the front of vehicle is effective 
when the vehicle going out from narrow alley 
surrounded by walls.  With the image data processing, 
system detects objects approaching the vehicle from 
left side and right side and warns driver (See Figure 21, 
22).  Wide angle camera on the rear-end of the vehicle 
provides the view on the back of vehicle where drivers 
usually have difficulty to confirm the safety, and if 
there are any moving objects system gives warning to 
the driver (See Figure 23, 24).  Wide angle camera on 
the bottom of the vehicle takes the first photograph 
when driver stops the vehicle and removes the key.  
When driver returns to the vehicle and inserts the key 
again, the camera takes the second photograph.  If 
there is any difference between the first and the second 
photograph, the system warns the driver of the 
possibility that something entered beneath the vehicle.  
It is also possible to disable the engine start (See Figure 
25, 26). 
 

 
 
Figure 21.  Blind spot monitoring system; front 
camera. 
 

 
 
Figure 22.  Detection of objects by front camera. 
 

 
 
Figure 23.  Blind spot monitoring system; rear 
camera. 
 

 
 
Figure 24.  Detection of objects by rear camera. 
 

 
 
Figure 25.  Blind spot monitoring system; bottom 
camera. 
 

 
 
Figure 26.  Detection of objects by bottom camera. 
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Body Structure for Pedestrian Safety 
The rare event of collision with pedestrians, the bonnet 
structure with high impact absorbing capacity protects 
the pedestrian’s head (See Figure 27). 
 

 
 
Figure 27.  Body structure for pedestrian safety; 
head impact test. 
 
CONCLUSION 
 
Based on the analysis of most recent traffic accident 
statistic data, safety concepts of both large truck and 
small truck which aim at the realization of “zero traffic 
accident” are studied.  In large truck, protection of 
passenger cars, and in small truck, protection of 
pedestrians is the first priority.  To realize the 
“accident free society” it is necessary to expand the 
ideas beyond the limit of current vehicles.  The shape 
of the future truck may have different shape from the 
current one.  The system proposed here in the 
concepts will be realized one by one.  Discussion with 
people from wide area; users, legislatives, 
manufacturers is most welcomed. 
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ABSTRACT 
 

The population density in Taiwan is very high, 
especially in the metropolitan areas. The huge 
amount of motorcycles (532 motorcycles/1000 
people) results in complicated traffic conditions and 
safety problems such as cars and motorcycles 
competing for lanes. Moreover, in-vehicle 
multimedia systems have become popular in Taiwan.  
A driver’s workload increases when he or she 
watches or listens to a multimedia program.  

The analysis of official accident reports shows 
that, among various types of crashes in which 
motorcycles involved, side collisions and side-swipe 
collisions account for about 50% of all collisions. 
Normally, drivers tend to look forward while driving. 
Therefore, car crashed could easily happen if drivers fail 
to notice their surroundings when motorcycles suddenly 
approach. In this context, Side-Collision Avoidance 
Systems (SCAS) could be capable of alerting drivers 
and enhancing safety. However, few studies and 
systems reflect on traffic conditions where motorcycles 
are mixed in the traffic. This study employed a driving 
simulator to assess the effects of using SCAS and 
in-vehicle multimedia on drivers’ workload and 
driving performance (i.e., drivers’ perception reaction 
times, the change in heart rate and eye blinks) while 
moving in traffic mixed with cars and motorcycles.  

A primary finding of this study was that cars 
equipped with SCAS could decrease drivers’ 
perception-reaction times effectively. The type of 
vehicle cutting in (car or motorcycle) had a 
significant influence on drivers’ perception-reaction 
times—drivers displayed longer perception-reaction 
times when a car cut in than when a motorcycle cut 
in. This result indicates that drivers were more 
attentive in the traffic flow mixed with motorcycles. 
In addition, the change in drivers’ eye blinks (from 
before a vehicle cut to after a vehicle cut in) were all 
negative--drivers blinked less frequently after a 
vehicle cut in.  This finding indicates that drivers 
were more alert after vehicles cut in than before 
vehicles cut in.  
 
INTRODUCTION 

 
According to the traffic accident reports in 

Taiwan, side collisions, intersection collisions, 
side-swipe collisions and head-on collisions are the 
major types of crashes. Driver distraction and lack of 
caution are typical causes of crashes. In this context, 
Collision Avoidance Warning System (CAWS) shall be 
the focus of ITS development in Taiwan. The system is 
designed to alert drivers and therefore to prevent 
accidents. The population density in Taiwan is very 
high, especially in the metropolitan areas. The huge 
amount of motorcycles (532 motorcycles/1000 
people) results in complicated traffic conditions and 
safety problems. Motorcycles mixing with cars in the 
traffic flow and competing for lanes are particular 
traffic conditions in Taiwan. Among various types of 
crashed in which motorcycles are involved, side 
collisions and side-swipe collisions account for about 
50% of all crashes. Normally, drivers tend to look 
forward in the course of driving. Therefore, car crashed 
could easily happen if drivers fail to notice their 
surroundings when motorcycles suddenly approach. In 
this case, cars equipped with Side-Collision Avoidance 
Systems (SCAS) will be able to alert drivers and 
prevent accidents such as side collisions or side-swipe 
collisions. In particular, motorcycles relative to cars are 
small in size and aggressive in motion. The effect of 
motorcyclists on car drivers’ driving performance may 
be quite distinct from that of other car drivers. However, 
few studies and systems reflect on traffic conditions 
where motorcycles are mixed in the traffic flow. This 
study aimed to assess the effects of using in-vehicle 
multimedia on drivers’ workload and driving 
performance (i.e., drivers’ perception reaction times, 
the change in heart rate and eye blinks). In addition, 
we also explored the volume of CAWS warning 
signals on drivers’ perception-reaction times when an 
in-vehicle multimedia was used during driving. 

In this study, a driving simulator was used to 
perform the driving simulation experiments in order 
to measure the following situations:  

1. The effect on drivers’ perception-reaction 
times and the change in heart rate 
with/without CAWS while moving in 
traffic flow of cars only and when moving 
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in traffic mixed with motorcycles; 
2. The effect of collision warning sounds in 

various dB on drivers’ perception-reaction 
times. 

3. Drivers’ eye blinks while watching a news 
program played by the in-vehicle 
multimedia device; 

 
EXPERIMENTAL DESCRIPTION 
 
Simulator and Tasks 
 

The Institute of Transportation in Taiwan 
started developing a driving simulator in 1997. It is a 
six-degree-of-freedom hydraulically driven Stewart 
platform simulator. The horizontal front field-of-view 
is 135 degrees and vertical field-of-view is 36 
degrees in the experimental scene. The simulated 
setting for this study was daytime roadways in 
downtown. There were three lanes in each direction, 
and each lane was 3.5 meter wide. The driver was 
asked to drive in the middle lane at normal speed 
(speed limit 50 km/hour). The driver was listening to 
a TV news program played by the in-vehicle 
multimedia device while driving. The participants 
were young men between the ages of 21 to 30. 
Totally, 12 men participated in this study. 
Accordingly, the selected programs played by the 
in-vehicle multimedia were those contents in which 
young men are interested, such as sports, informative 
or fantastic stories, entertaining information, etc. 
This was designed to measure the drivers’ eye blinks 
when something interested him as well as his 
perception-reaction time when an unexpected 
incident (i.e., a car or motorcycle cutting in) arose.  
 
Experimental Design 
 

This study aims to explore the effect of SCAS 
on driver behavior while moving in the mixed traffic 
flow where cars are mingled with motorcycles. In the 
experimental setting, motorcycles would compete 
with cars for lanes. Pursuant to Australia statute [1], 
motorcycles have to keep at least 1 meter away from 
motorcars while driving. In this study, the alert range 
defined for the warning system was one-meter (see 
Figure 1 as the dotted line shows). When any 
motorcycle or car approached the alert range, the 
warning system would send a collision-warning 
signal to the driver. The speed limit of the downtown 
roadway was set to 50 km/hr. A traffic “incident” 
occurred when a motorcycle or a car would travel 60 
km/hr, appear in either direction on the right side or 
left side of the subject vehicle, and then cut in and 
overtake the subject vehicle.   
 
 
 
 
 

1m

host vehicle

alert range
 

Figure 1.  Alert Range 
 

Pursuant to SAE J2400 [2], the Default 
Warning Intensity of audio signals should be less 
than 75 dB. Cheng [3] studied how the loudness of 
warning signals influenced driver behavior. Cheng 
used two different levels of loudness (68 dB and 78 
dB) to sound the warning signals. The difference 
between the two volume levels was 10 dB. In respect 
of the audio frequency, Cho [4] and Cheng [3] in 
their findings concluded that 2000 Hz had better 
efficacy in the driving performance. The measured 
value that sounded from the driving simulator 
developed by IOT is 63 dB. Consequently, we set the 
loudness of warning signals in this study as 65 dB 
and 75 dB respectively. The sound frequency was set 
to 2000 Hz. The news program that drivers heard 
from in-vehicle multimedia was set to 65 dB.  

In addition to a beep sound, the warning 
system also presented warning symbols on a 
Heads-Up Display (HUD). The driver could 
determine from which direction the vehicle (car or 
motorcycle) was approaching based on the diagram 
shown on the HUD. This study employed collision 
avoidance/warning symbols that Campbell [5] used in 
his study. For instance, the warning symbol shown in 
Figure 2 represents a danger on the right side of the 
vehicle, Figure 3 on the left side of the vehicle, and 
Figure 4 up front. The position of HUD makes 
reference to the research outcome of Green [6]. The 
ideal location to mount the HUD is 5 degree laterally to 
the right of the driver’s horizontal vision. 

 

 
Figure 2.  A danger on the right side 
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Figure 3.  A danger on the left side 

 

 
Figure 4.  A danger up front 

 
According to AAM [7] regulations, the display 

of any in-vehicle multimedia device shall be 
mounted in a position where the viewing angle is less 
than 30 degrees downward and up to 40 degrees 
laterally. The LCD used in this study was mounted 
16 degrees downward and 21 degrees laterally to the 
right of the driver’s vision (see Figure 5). Another 
position was placed 30 degrees downward and 27 
degrees laterally to the right of the driver’s vision 
(see Figure 6). 

 

 
Figure 5.  The LCD position (high) 

 

 
Figure 6.  The LCD position (middle) 

 
The experiment designed in this study 

employed two blocks by the factors of “LCD 
position”. The experimental factors and 
corresponding levels are shown in Table 1. When 
traffic flow consisted only of cars, only cars cut in 
front of the subject vehicle.  In the mixed traffic 
flow (including motorcycles), two types of incidents 
occurred as both cars and motorcycles cut in from of 
the subject vehicle.  Consequently, there were 9 
simulative combinations of factor levels in each 
block. 
 

Table 1. 
Experimental Factors and Corresponding Levels 

Factor With/Without 
CAWS 

Type of Traffic 
Flow 

Type of 
Vehicle 

Cutting in 
Yes 

(Beeps - 65 dB) 
Cars Alone Car 

Yes 
(Beeps -75 dB) 

Level 

No 

Cars Mixed with 
Motorcycles Motorcycle 

 
Experimental Procedure 
 

Each subject had eight trials to become 
familiar with the driving simulator in terms of 
operating the accelerator, the brake and so on. After a 
short break, the subjects were asked to perform the 
experiment and then to complete a questionnaire 
regarding the content of the news program played by 
the in-vehicle multimedia. On average, the subjects 
would take one hour to finish the whole experiment.  
 
EXPERIMENTAL DATA ANALYSIS RESULTS 
 

This study aims to explore the effect of SCAS 
on drivers’ perception-reaction times. The SCAS 
used in the experiment is set to produce 3 kinds of 
auditory signals: (1) without any signal; (2) a 
warning signal in 65 dB; and (3) a warning signal in 
75 dB. The experiment designed in this study 
employed two blocks by two positions to mount the 
LCD. News programs were played by the in-vehicle 
multimedia during the experiment. We examined 
drivers’ perception-reaction times as well as the 
change in heart rate by variables such as the type of 
vehicle cutting in accidentally, the position of LCD, 
and the SCAS with/without auditory warning signals. 
In addition, we also examined the effect of the above 
variables on drivers’ eye blinks. 
 
Drivers’ Perception-Reaction Times 
 

Table 2 shows that, drivers’ average 
perception-reaction time was 1.47 sec without any 
warning signal; 0.94 sec with a warning signal in 65 
dB; and 0.74 sec with a warning signal in 75 dB. 
According to the Duncan multiple comparisons 
method, drivers displayed significantly longer 
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perception-reaction times when no SCAS was 
provided than when warning signals appeared. There 
was no significant difference between the two levels 
of dB with respect to drivers’ perception-reaction 
times. The volume of news program played by 
in-vehicle multimedia was 65 dB. Even though the 
volume of warning signal was the same as the 
volume of the news program (65 dB), the beep sound 
of the warning signal was effective at alerting drivers 
to be more attentive. Table 3 shows the results of a 
t-test for drivers’ perception-reaction times by the 
type of vehicle cutting in. The type of vehicle cutting 
in had a significant influence on drivers’ 
perception-reaction times (p = 0.05). On average, 
drivers displayed longer perception-reaction times 
when a car cut in suddenly (1.18 second) than when a 
motorcycle cut in (.72 second)—the former took 0.46 
seconds longer than the latter. The findings suggest 
that drivers were more mindful in the traffic flow 
mixed with motorcycles and were more alert to 
unexpected motorcycles cutting in. Table 4 shows the 
results of a t-test for drivers’ perception-reaction 
times by the position of LCD. The LCD used in the 
experiment was mounted 16 degrees downward and 
21 degrees laterally to the right of the driver’s vision. 
Another position was placed 30 degrees downward 
and 27 degrees laterally to the right. There was no 
significant difference between the two positions with 
respect to drivers’ perception-reaction times (p = 
0.6851).  

 
Table 2. 

Effect of SCAS on Perception-Reaction Time  

SCAS Warning 
Signals 

Mean 
(sec) 

Std 
Dev 

Multiple 
comparison 

(Duncan, α=0.05) 
No 1.47 0.9 A  
Yes 

（Beeps in 65 

dB） 

0.94 0.8  B 

Yes 

（Beeps in 75 

dB） 

0.74 0.9  B 

 
Table 3. 

Perception-Reaction Time by the Type of Vehicle 
Cutting in 

Type of Vehicle Cutting in Mean  
(sec) 

Std Dev 

Car 1.19 1.03 
Motorcycle 0.75 0.53 

t-value=2.34   df =64.8    p-value =0.05 
 
 
 
 

 
 

Table 4.  
Perception-Reaction Time by LCD Positions 

LCD Position* Mean 
(sec) 

Std Dev 

A 1.08 0.71 
B 0.99 1.04 

t-value=0.41   df =64.4    p-value =0.6851 
Note: * Position A is 16 degrees downward and 21 
degrees laterally to the right. Position B is 30 degrees 
downward and 27 degrees laterally to the right. 

 
Change in Heart Rate 

 
The change in heart rate defined in this study 

refers to the difference of average heart rate (x2 - x1) 
10 seconds after a vehicle cuts in (x2) and 10 seconds 
before a vehicle cuts in (x1). Table 5 shows the effect 
of SCAS on the change in heart rate by multiple 
comparisons. According to the findings, there is no 
significant difference in the change in heart rate 
between vehicles with and without SCAS.  Table 6 
and 7 show the results of t-tests for the change in 
heart rate by the LCD positions and by type of 
vehicle cutting in, respectively. There was no 
significant difference in change in heart rate with 
respect to the two positions (high/middle) (p = 
0.3916) or with respect to the two types of vehicles 
cutting in (car/motorcycle) (p = 0.5205). 

 
Table 5. 

Effect of SCAS on the Change in Heart Rate  

SCAS Warning 
Signals 

Mean 
(beats/sec) 

Std 
Dev 

Multiple 
comparison 

(Duncan, α=0.05) 
No 0.89 2.3 A 
Yes 

（Beeps in 65 dB） 
0.44 2.1 A 

Yes 

（Beeps in 75 dB） 
0.24 1.7 A 

 
Table 6.  

Change in Heart Rate by LCD Positions 

LCD Position Mean 
(beats/sec) 

Std Dev 

A 0.36 2.10 
B 0.79 1.91 

t-value=-0.86   df =68    p-value =0.3916 
 

Table 7.  
Change in Heart Rate by the Type of Vehicle 

Cutting in 

Type of Vehicle 
Cutting in  

Mean 
(beats/sec) 

Std Dev 
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Car 0.40 1.98 
Motorcycle 0.73 2.14 

t-value=-0.65   df =68    p-value =0.5205 
 
Eye Blinks 
 

We also recorded drivers’ eye blinks during the 
experiment. This is designed to measure drivers’ eye 
blinks under the circumstance of different types of 
vehicles cutting in, the position of the LCD, and 
SCAS warning signals provided. The change in eye 
blinks defined in this study refers to the change in 
average blink frequency 10 seconds after a vehicle 
cuts in and 10 seconds before a vehicle cuts in. Table 
8 shows the effect of SCAS on the change in eye 
blinks by multiple comparisons. There was no 
significant difference in the change in eye blinks 
among the three set-ups of warning signals. 
According to the findings in Table 9 and 10, the 
changes in drivers’ eye blinks were all negative for 
all experimental conditions. This result indicates that 
drivers blinked less frequently after a vehicle cut in 
and were therefore more alert after this occurred 
(however, the changes in eye blinks from before the 
incident to after the incident were not significant (p = 
0.38 and p = 0.61 for LCD position and for type of 
vehicle cutting in, respectively)). 

 
Table 8.  

Effect of SCAS on the Change in Eye Blinks  

SCAS Warning 
Signals 

Mean 
(times/sec) Std Dev 

Multiple 
comparison 

(Duncan, 
α=0.05) 

No -0.04 0.2 A 
Yes 

（Beeps in 65 dB） 
-0.06 0.2 A 

Yes 

（Beeps in 75 dB） 
-0.07 0.2 A 

 
Table 9. 

Change in Eye Blinks by LCD Positions 

LCD Position Mean 
(times/sec) Std Dev 

A -0.08 0.21 
B -0.04 0.16 

t-value=-0.88   df =52.4    p-value =0.38 
 

Table 10.  
Change in Eye Blinks by the Type of Vehicle 

Cutting in 

Type of Vehicle 
Cutting in 

Mean 
(times/sec) 

Std Dev 

Car -0.05 0.18 
Motorcycle -0.07 0.17 

t-value=0.51   df =81    p-value =0.61 

 
V. CONCLUSIONS AND SUGGESTIONS 
 

The huge amount of motorcycles in Taiwan 
has resulted in complicated traffic conditions and 
safety problems. Moreover, in-vehicle multimedia 
systems have become popular. This study employed 
a driving simulator to assess drivers’ 
perception-reaction times as well as the change in 
heart rate and eye blinks as a result of the set-up of 
SCAS warning signals, the position of in-vehicle 
multimedia LCD and the type of vehicle that cut in 
suddenly. The conclusions and suggestions of this 
study are as follows: 
1. Drivers in a car equipped with SCAS displayed 

shorter perception-reaction times than those 
without warnings. Even though the volume of 
the news program was the same as that of the 
warning signal (65 dB), the beep sound of the 
warning signal was effective at alerting drivers to 
be more attentive. In addition, according to our 
findings, there was no significant difference in 
the change in heart rate before and after a vehicle 
cut in between vehicles equipped with or without 
SCAS. 

2. This study explored the effect of warning beeps 
only. It deserves further study of various auditory 
warnings such as voice messages and 
examination of their influence on driver behavior 
under circumstances of sound interference 
produced in the vehicle. 

3. The type of vehicle cutting in had a significant 
influence on drivers’ perception-reaction times. 
Drivers displayed longer perception-reaction 
time when a car cut in than when a motorcycle 
cut in. This result indicates that drivers were 
more attentive in the traffic flow mixed with 
motorcycles.  

4. As for the relationship between the type of 
vehicle cutting and the change in heart rate, there 
was no significant difference in the change in 
heart rate with respect to the two types of 
vehicles cutting in (car/ motorcycle). 

5. The LCD used in this study was mounted in two 
positions:  16 degrees downward and 21 
degrees laterally to the right and 30 degrees 
downward and 27 degrees laterally to the right. 
There was no significant difference between the 
two positions with respect to drivers’ 
perception-reaction times or with respect to the 
change in heart rate and eye blinks. 

6. The change in drivers’ eye blinks were all 
negatives with respect to the set-up of the 
warning signals, the position of the LCD 
(high/middle), and the type of vehicle cutting in 
(car/motorcycle). Based on the analysis results, 
drivers blinked less frequently after a vehicle cut 
in, indicating that drivers were more alert after a 
vehicle cut in than before (however, the changes 
in drivers’ eye blinks were not significant). 



  Chen  6 

 
REFERENCES  
 
[1] VicRoads. “Driving in Victoria: Rules and 
Responsibilities, First Edition” 2002. Roads 
Corporation. Victoria. Australia. 
[2] Society of Automotive Engineers. 2002. 
“Forward Collision Warning Systems: Operating 
Characteristics and User Interface Requirements 
Information Report (Draft).” SAE J2400. PA: Society 
of Automotive Engineers. 
[3] Cheng, B., M. Hashimoto, and T. Suetomi. 2002. 
“Analysis of Driver Response to Collision Warning 
during Car Following.” JSAE Review, Vol. 23, No. 2, 
pp. 231-237. 
[4] Cho, M., K.Ku, Y. Shi, and Kanagawa. 2001. “A 
Human Interface Design of Multiple Collision 
Warning System.” Paper presented at the 

International Symposium on Human Factors in 
Driving Assessment, Training and Vehicle Design. 
Aspen, Colorado. 
[5] Campbell, J. L., D.H. Hoffmeister, R.J. Kiefer, 
D.J. Selke, P. Green, and J.B. Richman. 2004. 
“Comprehension Testing of Active Safety Symbols.” 
SAE International. 
[6] Yoo, H., O. Tsimhoni, H. Watanabe, P. Green, 
and R. Shah. 1999. “Display of HUD Warnings to 
Drivers: Determining an Optimal Location.” 
Technical Report UMTRI-1999-9. 
[7] Alliance of Automobile Manufacturers(AAM). 
2003. “Statement of Principles, Criteria and 
Verification Procedures on Driver Interactions with 
Advanced In-Vehicle Information and 
Communication Systems.” PA: Alliance of 
Automobile Manufacturers. 

 



Ezoe1 

DEVELOPMENT OF PRE-CRASH SAFETY 
TECHNOLOGY FOR LARGE TRUCK 
 
Toshiki  Ezoe 
Hirokazu Okuyama 
Hino Motors, Ltd. 
Japan 
Paper Number 05-0298 
 
ABSTRACT 
 
As one of the key technologies to improve safety of 
large trucks, pre-crash safety technology (PCS) was 
studied.  PCS is the system which automatically 
activates brake when a collision is unavoidable. 
From the accident analysis, it was found that collision 
to the stationary vehicles and accidents on expressways 
shall be considered in the study.  To cope with the 
accidents on expressways where collision speeds are 
usually high, the PCS system needs to detect the 
objects and apply brake from a long distance.  To 
achieve this, sensor shall be tuned to enable the 
sensing from long distance, however, generally this can 
result in difficulties to clearly divide real objects on the 
road and something on the road side especially at 
curves. If we can limit the activation of the system 
only on expressways, there is possibility that this can 
be improved.  Because on the expressways, traffic 
lanes are wider and thus road side objects are a little 
far from the center of the traffic lane, and radius of 
curves are more than certain value.  Activation timing 
of the brake shall be decided so that the driver does not 
place too much trust in the system.  For this reason, 
the brake shall not be activated when there is certain 
possibility that the collision is avoidable. 
 
INTRODUCTION 
 
Fatal accidents on which large trucks are responsible, 
rear-end collisions to passenger cars are most common.  
Over the half of this rear-end collisions occurred on 
expressways and usual cause of the accidents are large 
truck driver’s not looking ahead carefully or 
misjudgment. 
To reduce the rear-end collisions, distance warning 
system and adaptive cruise control system which keeps 
safety distance to the preceding vehicle were 
developed and put into practical use. 
In case that the collision is not avoidable, systems 
which reduce collision speed and mitigate the damage 
to the passenger cars are desirable.  Impact energy of 
the large truck is big because of the vehicle mass and if 
we could reduce the impact speed, it can result in large 
reduction of impact energy and can mitigate the 
damage considerably. 
 

ACCIDENT ANALYSIS 
 
Based on the accidents statistic data of the year 2002, 
fatal accidents on which the large trucks are 
responsible were analyzed.  Here large truck is with 
the GVW of more than 8 tons and number of fatalities 
includes only the death within 24 hours after the 
accidents.  In large trucks to four wheel vehicle 
accidents, rear-end collision is most common and it 
accounts for 59% (See figure 1). 
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Figure 1.  Fatalities in large trucks to four wheel 
vehicle accidents responsible to large trucks (in 
2002) 
 
Within the rear-end collisions, fatalities in passenger 
car occupants make up the largest shear.  The most 
common case is the ones that the stationary cars are hit 
from behind (See figure 2).  When classified by road 
types, almost 50 % of the rear-end collision occurred 
on expressways (See figure 3).  Fatality rate of 
passenger car occupants in rear-end collision on 
expressways is eight times higher compared to that of 
on general roads. 
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Figure 2.  Fatalities in rear-end collisions (in 2002), 
classified by stationary and on driving vehicles. 
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Figure 3.  Fatalities by rear-end collisions (in 2002), 
classified by on highway and not on highway. 
 
Figure 4 shows one example of accidents where a large 
truck collided to the rear of passenger car. Eleven 
vehicles were involved and four persons in passenger 
cars died.  Accidents of large truck have possibility to 
result in loss of many lives and loss of economic 
activities.  It is strongly desired to reduce these 
accidents or reduce damages in these accidents. 
 

 
 

Figure 4.  One example of accidents; large truck 
collided to passenger cars on a highway (quoted 
from Asahi Shinbun) 
 
From the accident analysis above and general 
understanding of the operation of the large trucks, it 
was concluded that the following points shall be 
considered in the study of PCS for large trucks. 
1) Collision to stationary vehicle 
2) Rear-end collision on expressways 
 
OBSTACLE DETECTION 
 
When the system targets the activation of the brake 
with stationary vehicle ahead, obstacle detection 

technology which can clearly separate the objects on 
the road and road side objects is the key.  If the target 
of the system is just the moving preceding vehicle 
ahead, it is easy to separate it from the road side 
objects, by utilizing the speed of own vehicle and 
exclude the road side objects as objects which have 
relative speed equal to the vehicle speed.  In case we 
need to treat stationary vehicle, development of new 
algorithm to detect only the objects on the road is 
necessary.  An example of unwanted detection occurs 
when there are reflectors and other road side objects on 
curves.  One idea to cope with this example is to use 
yaw rate of the vehicle and estimate the curvature of 
road ahead and add the information to the object 
detection algorithm. 
To cope with the accidents on expressways where 
collision speeds are usually high, the PCS system 
needs to detect the objects and apply brake from a long 
distance.  To achieve this, sensor shall be tuned to 
enable the sensing from long distance, however, 
generally this can result in difficulties to clearly divide 
real objects on the road and something on the road side. 
If we can limit the activation of the system only on 
expressways, there is possibility that this can be 
improved.  Because on the expressways, traffic lanes 
are wider and thus road side objects are a little far from 
the center of the traffic lane, and radius of curves are 
more than certain value.  To maximize the 
effectiveness of PCS system, study of how to extend 
the distance of obstacle detection shall be continued. 
Some ideas to separate the stationery objects on the 
road and road side objects are to add the image 
processing, or to obtain information of road ahead 
from navigation system. 
 
BRAKE CONTROL 
 
Activation timing of the brake shall be decided so that 
the driver does not place too much trust in the system.  
For this reason, the brake shall not be activated when 
there is certain possibility that the collision is 
avoidable.  Figure 5 shows the guideline of brake 
activation in the system in Japan.  In the guideline, 
the brake can only be activated when the collision 
cannot be avoided neither by braking or steering 
maneuver. 

Fatalities in accidents 
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Figure 5.  Guideline for brake activation 
 
CONSIDARATIN ON SENSORS 
 
Table 1 shows comparison of sensors for object 
detection.  For PCS system, millimeter wave radar 
must be the current choice because of its 
environmental robustness compared to infrared laser 
sensor. 

 
Table 1. 

Comparison of sensors 
Items Infrared raser sensor Millimeter wave radar Imaging sensor

Detectable objects
Laser reflector or
Assembly of tail lights

Mainly metals
Edges of contrast on
the screen

Maximam distance of
detection

≥120m ≥150m 30m - 60m

Detectable maximam
relative speed

≥100km/h ≥100km/h ≤100km/h

レFog レFog
　Rain レRain
　Light　ｓnow レLight　Snow

Environmental
robustness  

 
SYSTEM CONFIGURATION 
 
Figure 6 shows an example of Pre-crash safety system 
configuration.  Components of the system are 
millimeter wave radar for object detection, yaw rate 
sensor for vehicle movement information, computer 
for estimation of possibility of collision, human 
machine interface for warning to driver, and Electronic 
brake system for braking. 
 

 
 
Figure 6.  System configuration 

 
CONCLUSION 

 
Pre-crash safety technology for large truck was studied 
and following points became clear. 
 
1) From the accident analysis, collision to the 
stationary vehicle and accidents on the express way 
shall be considered to have effective system. 
2) For obstacle detection, development of ways to 
separate objects on the road and road side objects is the 
key.  Millimeter wave radar together with yaw rate 
sensor can improve the accuracy to certain extent.  If 
we can limit the activation of the PCS system only on 
the expressway, obstacle detection can have better 
performance. 
3) Activation timing of the brake shall be decided so 
that the driver does not place too much trust in the 
system.  Influence to the stability of the vehicle shall 
be also considered. 
 
Accidents of large trucks can result in many loss of 
human lives and loss of economic activity.  
Prevention of the large truck accidents is highly 
expected.  However, human error can not be perfectly 
eliminated.  From this point of view, technology 
which mitigates the damage in case of accident is 
necessary.  The pre-crash safety technology is a key 
technology to mitigate damage in large truck accident.  
Development of safety technology to prevent the 
occurrence of accidents and to minimize the damage in 
accidents shall be continued until the accident free 
society would be finally realized. 
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ABSTRACT 

Regulations and interventions to protect far side 
occupants in side impact crashes do not currently 
exist, even though these occupants account for up 
to 40% of harm in real world side impact crashes. 
To address this, a comprehensive international 
research program has been assembled involving 
many of the world’s experts in side impact 
protection and biomechanics. Seven work-tasks are 
outlined for conducting this research, which is due 
to be completed by the end of 2007. 

INTRODUCTION 

Side impacts are frequent and extremely harmful 
crashes. The likelihood of being killed or seriously 
injured is very high in side impact crashes. Twenty 
five percent of vehicle casualties (28 percent of 
fatalities) occur from these crashes, accounting for 
roughly one-third of occupant Harm on our roads 
(Fildes, Lane, Lenard & Vulcan, 1994).  

Current side impact regulations in Europe, the 
USA, Japan and Australia specify acceptable 
performance levels for a single crash configuration 
and impact speed for near side occupants. This is 
appropriate as near side crashes are extremely 
common and harmful to occupants involved in side 
impact collisions. Fildes, et al, 1994; Frampton, 
Brown, Thomas and Fay (1998); and Digges and 
Dalmotas (2001) all reported that near side 
occupants account for up to 70% of all side impact 
injuries. However, far side occupants are involved 

in 30% of injuries and up to 40% of occupant Harm 
in real-world side impact crashes (Fildes, Gabler, 
Fitzharris. & Morris, 2000). This seating position is 
currently not addressed by existing vehicle safety 
initiatives around the world. It is critical therefore 
to address all side impact types and speeds in future 
designs and safety regulations.  

The in-depth study findings reported by Fildes et al. 
(1994) showed that the frequency and rate of head 
injury was greater in far side than near side impacts 
with fewer chest and abdominal injuries. The head 
injuries resulted from contact with the far side door, 
the impacting vehicle or object or other occupants. 
Dalmotas (1983) reported earlier on injury 
mechanisms for occupants in real world crashes 
restrained in 3-point seat belts in side impacts in 
Canada. While they noted different mechanisms for 
near and far side occupants, they claimed that both 
would benefit from improvements in side door 
integrity and interior padding.  

Kallieris and Schmidt (1990) conducted simulated 
far side impacts using cadavers seated in the rear 
seat with inboard-anchored shoulder belts. They 
reported no head injuries for far side occupants with 
these belt configurations compared with those of 
near side occupants and lower angular head/neck 
velocities and accelerations. However, most of the 
PMHS showed AIS1 injuries to the neck, which in 
the light of recent whiplash research corresponds to 
a high probability of disabling injury outcome (i.e. 
hemorrhages in the inter-vertebral discs). 
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There has been extensive work completed on near 
side impacts to define injury tolerance and 
biofedility requirements (Cavanaugh Walilko, 
Malhotra, Zhu and King (1990a,b); and Pintar et al., 
1997). In recent work, Pintar and his colleagues 
conducted 26-side impact sled tests with PMHS 
impacting a sidewall with a range of different 
surface conditions. They investigated a number of 
biomechanical responses and injury tolerances from 
these tests for occupants involved in near side 
crashes. Because injury criteria and biofidelity 
requirements for near side occupants are dependent 
on a direct impact to one whole side of the body, 
these results are not directly applicable to far side 
crashes. Additional far side impact tests are critical 
for understanding occupant kinematics, forces and 
accelerations for occupants involved in these kinds 
of real world crashes. Stolinski, Grzebieta and 
Fildes (1999) undertook a series of crash tests in 
Australia focussing on near and far side occupant 
outcomes. From far side HIII and US-SID full-scale 
crashes, they showed that deploying belt 
pretensioners could significantly reduce lateral 
excursion of the far side occupant and reduce lap 
belt loads. However, there is reason to question 
whether current side impact test dummies, designed 
for near side impacts can accurately reflect far side 
kinematics and injuries.  

Previous far side research undertaken in Australia 
(Fildes, Sparke, et al 2002) identified a number of 
strengths and weaknesses with existing side impact 
test dummies for far side occupant protection. They 
concluded there was scope for improving dummy 
design in far side crash testing, and that a 
comprehensive research program into far side 
crashes, occupant injuries and countermeasures was 
warranted to address this severe trauma. 

THE RESEARCH PROGRAM 

To address these concerns, an international 
collaborative research program into increased 
protection for far side occupants in a crash was 
developed and commissioned at the start of 2004. 
The research involves a consortium of universities, 
auto manufacturers, and part suppliers as shown in 
Table 1. 

The study was funded through a number of 
contributions from government and industry 
sponsors, comprising the Australian Research 
Council in Australia, Ford USA through GWU, 
Holden Australia, and Autoliv in Sweden. 
Considerable in-kind contributions were also 
provided from these sponsors as well as all the 
participants. 

Table 1: Consortium Members 

Institution Participants 

Monash University Accident 
Research Centre, Australia 

B.Fildes, A. Linder, 
C.Douglas 

George Washington 
University (NCAC), Virginia 

K.Digges, R. Morgan,  
B. Alonso 

Virginia Tech (CIB) S. Duma, E. Kennedy,  
J. Stitzel 

Virginia Tech (Mech. Eng.) H.C. Gabler 

Medical College of 
Wisconsin, Wisconsin. 

F. Pintar, N. Yoganandan, 
B. Stemper 

William Lehman Trauma 
Center, Miami 

J. Augenstein 

Wayne State University, 
Detroit 

King Yang 

Holden Australia L. Sparke, S. Smith 

Dept. Transport & Regional 
Services, Australia 

C. Newland 

Human Impact Engineering 
Sydney, Australia 

T. Gibson 

Autoliv AB O. Bostrom, R. Judd 

Ford USA S. Rouhana 

Research Objectives 

There were three objectives associated with this 
research program: 

• To obtain a more detailed understanding of far 
side crashes, injuries and injury mechanisms; 

• To develop suitable test procedures and injury 
criteria; and 

• The identification of a range of generic far side 
injury countermeasures to address this trauma. 

In addressing far side occupant injuries, it was 
obvious from previous testing that the appropriate 
strategy would be to attempt to restrain the 
occupant in the seat to prevent contact with the 
struck side of the vehicle. Current restraint designs 
fail as the sash portion of the 3-point belt offers 
little restraint to movement away from the D-ring in 
a side impact. Fildes et al (2003) showed that a 
supplementary belt on the inside while offering a 
degree of restraint in this direction, also posed a 
potential problem of neck loading from the belt and 
potential problems for the carotid artery. Hence, 
there was also a need to examine this issue during 
the research program. 

RESEARCH DESIGN 

Seven research tasks were prescribed to address 
these objectives. 
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• Task 1- to obtain a more detailed 
understanding of far-side injuries and Harm in 
real-world crashes 

• Task 2 - to undertake a comprehensive 
laboratory biomechanical test program using 
PMHS (cadavers) specimens 

• Task 3 – to identify injury criteria and risk 
functions for neck injury 

• Task 4 – to develop a suitable crash test 
program and suitable injury criteria 

• Task 5 – to revisit the suitability of current 
side impact test dummies in this crash mode;  

• Task 6 – to develop suitable computer models 
for generating far side occupant kinematics 
and injury parameters; and 

• Task 7 – to identify a range of generic 
countermeasure options for mitigating injures 
and Harm. 

Research participants were assigned to each task 
and a work task leader took responsibility for 
overseeing the research, achieving the prescribed 
deliverables and outcomes and reporting on 
progress and any problems encountered. Each of 
the work tasks is described in more detail below. 

Task 1 – Problem Identification 

Two sub-tasks were identified for this research. 

Initially, an examination was to be conducted from 
in-depth data in the USA and Australia of the level 
of Harm to far side occupants in side impact 
crashes by body region, injury source, crash 
direction, crash severity, intrusion extent, crash 
partner, occupant characteristics, and injury lesions. 
This would be used to focus the research program 
on major injury and Harm issues, as well as gaining 
a more detailed understanding of these crashes for 
addressing countermeasure strategies. 

Towards the conclusion of the program, additional 
Harm analyses would be conducted to illustrate the 
potential Harm benefits of generic counter-measure 
strategies to reduce far side injuries. 

Task 2 - Biomechanical Test Program 

The biomechanical test program is designed to 
provide a range of human-like kinematics and 
injury responses under controlled conditions to use 
for comparing with test dummy responses as well 
as in developing computer models to simulate 
occupants in far side crashes. The priority crash 
types, impact speeds and restraint conditions 
identified in Task 1 would form the basis for 
conducting these tests. 

Pre-modeling of dummy/cadaver performance 
using existing computer models of side impact 

dummies was to be undertaken prior to these tests 
to minimize any potential problems or difficulties 
and ensure a satisfactory outcome  
Follow-up PMHS tests at the conclusion of the 
research may be required as final validation of the 
countermeasure strategies. 

Task 3 - Soft Tissue Injury of the Neck 

This task has a number of sub-tasks associated with 
it. At the outset, a literature review will help 
identify current knowledge and best practice in 
neck injury causation and computer modeling with 
particular attention to carotid arteries. 

Following this, a series of tests of neck soft tissue 
injuries will be conducted to determine constitutive 
properties and failure conditions. With the 
assistance of specimen testing to be conducted at 
MCW, a computer model of the carotid artery will 
then be developed and validated against 
biomechanical test data and if possible, real world 
crash data.  

Finally, the model will be exercised to determine 
injury criteria, injury risk functions, and propose 
surrogate injury measurements for use on dummy 
outcomes to gauge the potential for serious neck 
injuries associated with any restraint solutions. 

Task 4 - Test and Injury Criteria 

As there are no agreed far side test or injury 
criteria, the fourth task is aimed at addressing these 
issues (Gibson et al, 2001).  

Through a review of existing literature and the 
injury and Harm analysis in Task 1, preliminary test 
criteria will be specified for improved far side 
impact protection. In addition, acceptable injury 
criteria for use in far side testing will be arrived at 
predominantly from current biomechanical 
tolerance knowledge and additional analyses of 
existing biomechanical test data where available. 

Throughout the research program, these will 
continue to be evaluated for their suitability for 
providing adequate protection for these occupants 
and if required modified in the light of more recent 
evidence. The findings at the end of the research 
program will be provided to auto manufacturers and 
governments around the world to encourage them 
to give greater attention to preventing these injuries. 

Task 5 - Far Side Test Dummies 

Previous work by Fildes, Sparke, Bostrom, Pintar, 
Yoganandan and Morris (2002) and Bostrom and 
Haland (2002) showed that existing side impact test 
dummies did not produce accurate occupant 
kinematics in a far side test. While a modified 
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BioSID fitted with a new design spring spine was 
found to be an improvement, it was solely a 
research instrument and had no role to play in 
regulation. Furthermore, the WorldSID test dummy 
included in this test program failed because of a 
problem between the dummy and the restraint. 

The WorldSID appeared to have the potential for 
simulating far side occupant movements in a far 
side crash because it contains a more human-like 
spine. It has been developed by an ISO WorldSID 
Task Group in anticipation that it may be the 
appropriate test device for use as a side impact 
regulation. Hence, further testing of this dummy 
(now modified to overcome the restraint problem) 
would be undertaken in this research program. 

From these tests, it should be possible to determine 
its suitability and the need for any modifications in 
this crash mode. It is planned to conduct a series of 
tests to validate the dummy responses against 
cadaver and injury outcomes (5 or 6 restraint 
combinations expected) and identify areas requiring 
further attention. 

If found to be suitable, WorldSID will be used to 
conduct any additional tests required for far side 
model development and countermeasure evaluation.  

Task 6 - Computer Model Development 

Biomechanical and physical tests are limited by the 
time required to conduct these and their associated 
costs. Given recent developments in sophisticated 
computer models of occupants, the next task will be 
to develop such a human model for use in this test 
program and beyond.  

The model will be developed from the 
biomechanical and test data collected during the 
program as well as in consultation with model 
developers around the world. A PhD scholarship 
has been provided by the Australian Research 
Council for a student to develop such a model at 
Monash University as part of his or her research 
study program. 

The model development program will contain a 
number of associated activities. Initially, existing 
models of vehicles and dummies will be used to 
study intrusion, crash pulse, and kinematics in far 
side crashes. Subsequently, an improved human 
model will be developed using FEM technology 
and validated against test and real-world crash data.  

It is expected that the model will be useful for 
examining a range of different crash types, impact 
angles and crash severities and also hopefully for 
different sexes and sizes of occupants in single and 
two-occupant interactions. The model will also 

eventually be used to predict injury reduction of 
generic countermeasures in real world crashes for 
Harm benefits analysis. 

Task 7 - Countermeasure Development 

The final work task in this study is aimed at 
providing a range of suitable in-vehicle solutions 
and strategies to improve protection for far side 
occupants in a side impact crash. Generic in-vehicle 
countermeasures will be identified, tested and 
evaluated for their likely benefits and any 
associated disbenefits. It is expected that a range of 
potential generic far side protection strategies and 
countermeasures will be identified to encourage 
manufacturers to include these in future car models. 

The countermeasures will be subject to rigorous 
testing both with the computer and physical models 
to illustrate their effects. These will be in terms of 
their likely kinematics and injury assessment 
benefits. In addition, Harm analyses will also be 
conducted to demonstrate potential benefits and 
costs for implementing fleet-wide. Optimum 
solutions and/or countermeasure packages will also 
be identified to help guide manufacturers and 
regulators in future initiatives. 

EXPECTED PRODUCTS 

The sponsors require that the outcomes of the 
research be made freely available for all to use as 
required. Hence, a number of products 
(deliverables) are expected from this research 
activity, as listed below. 

• A paper on the frequency and severity of 
casualties in far and nearside crashes for 
restrained occupants in both the USA and 
Australia is to be presented at the ESV 2005 
international conference.  

• The results of the comprehensive test program 
using PMHS will be available on request to 
technicians for use in helping to further far side 
occupant protection. 

• The identification of a suitable far side test 
dummy with appropriate kinematics, and injury 
response is expected for the far side 
environment (Max Harm and 75% of MAIS 3+ 
Injuries). 

• Suitable injury criteria and injury risk functions 
for soft tissue neck injury will be published and 
a recommended test program and injury criteria 
will be available for use by governments and 
industry engineers. 
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• An FEM human computer model will be 
developed and validated for use in counter-
measure determination and evaluation. 

• Generic countermeasure strategies will be 
established to reduce head, neck, chest, 
abdomen and pelvic injuries in these crashes 

• Harm benefits analysis of alternative generic 
countermeasures will be conducted. 

RESEARCH TIMETABLE 

A preliminary timetable for the research was 
established at the commencement of the research 
program, as detailed below. 

Year 1 – To conduct various reviews, undertaken 
data analyses and priorities, and commence 
biomechanical testing. 

Year 2 – To continue the laboratory test program, 
initiate dummy development and test procedures, 
and establish first estimates of injury criteria and 
assessment functions. 

Year 3 – To commence computer modelling of 
various crash configurations and develop generic 
countermeasures to address these. 

Year 4 – To conduct benefit-cost analyses of 
countermeasure options, complete final validation 
testing of these and write reports and papers. 

PROGRESS SO FAR 

Good progress has been made during the first year 
of the program. A Harm analysis of NASS crashes 
in the US and similar crash data at MUARC in 
Australia has been carried out revealing some 
interesting and unexpected results. A paper on these 
findings and areas of similarity and difference 
between these two data sets is to be presented in the 
side impact session of this conference. These 
findings are useful in helping to identify priority 
crash and occupant issues for research to follow. 

Details for the biomechanical test program have 
been worked through following the Harm analysis. 
Focus for the PMHS testing will be on relevant 
injuries and seat areas most likely to be amenable to 
intervention in the conduct of this research. Testing 
facilities have been agreed upon and developed and 
it is expected that testing will commence at the 
Medical College of Wisconsin early in 2005. 

A comprehensive literature review of neck trauma, 
especially that involving the carotid artery, and 
suitable modelling techniques has been conducted 
and will be ready for publication soon. In addition, 
researchers at Virginia Tech’s Center for Injury 
Biomechanics have commenced modelling these 

injuries using biomechanical results from sub-
system tests. Early results appear promising and 
subsequent research is focussed on improving these 
models for later inclusion into the far side occupant 
protection program. 

Research at George Washington University has 
focussed initially on pre-modelling of occupant 
kinematics in a far side crash using a range of 
existing dummy models to provide guidance for the 
biomechanical test program. In addition, a literature 
review of injury assessment functions and other 
relevant data is currently underway to help address 
the issue of suitable injury and test criteria for 
improved protection of far side occupants.  

Efforts are also underway to construct comparative 
tests of side impact dummies to show whether any 
of the existing side impact test dummies are capable 
of simulating real world occupant kinematics and 
injuries in a far side crash configuration.  

A student has been recruited into a PhD research 
program at MUARC in Australia to help develop a 
suitable far side human model. Four working group 
meetings were held during 2004 and the early part 
of 2005 to review research efforts and prescribe 
directions for future research. In addition, briefing 
sessions and early finding from this research have 
been presented to the IHRA Side Impact committee 
for feeding into their research program as well. The 
enthusiasm and support among the researchers 
involved in this program is especially noteworthy 
and there is high expectation that the outcomes and 
deliverables specified for the research will be 
achieved, leading to significant improvement in far 
side occupant protection in the years ahead.  

CONCLUSIONS 

The research commenced in January 2004 and a 
number of key research components are already 
well underway. Preliminary findings in the area of 
priority crash configurations, injuries and injury 
mechanisms have already been identified. 

It is expected that through a comprehensive test 
schedule, this research will lead to a better 
understanding of occupant biomechanics and injury 
mechanisms during far-side collisions.  Current 
dummy bio-fidelity can then be assessed and 
improved, appropriate far-side test measures 
developed, and recommendation for regulations 
made. It is anticipated that application of these test 
procedures will allow the development of 
innovative and world-leading far-side 
countermeasures that will ultimately improve 
vehicle occupant safety. 
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ABSTRACT 
 

To achieve good frontal impact compatibility, it 
is necessary to help match stiffness between vehicles 
in addition to the enhancement of structural 
interaction. In this paper, the issues of helping 
stiffness matching in frontal SUV-to-car impacts 
were studied using MADYMO vehicle simulation 
and MADYMO occupant dummy simulation. 

 
 

1. INTRODUCTION 
 

The introduction of various vehicle impact 
safety regulations and new car assessment programs 
in addition to automobile manufacturers' continuing 
efforts to improve vehicle safety performance have 
led to the significant improvement of vehicle safety 
performance over the past years. Especially the 
protection performance that a vehicle helps provide 
for its own occupants, which is referred to as 
self-protection, has been improved. Additionally, in 
recent years, the further improvement of the 
protection performance that a vehicle helps provide 
for the ‘opponent’ vehicle's occupants, which is 
referred to as partner-protection, and the optimization 
of both self-protection and partner-protection is 
recognized as an approach to further help enhance 
vehicle safety performance. This approach is 
generally called compatibility. 

 
Generally, it is thought that enhancing structural 

interaction between the front-end structures of 
vehicles is a first step to achieve compatibility and 
helping match stiffness between vehicles is a next 
step [1]. Approaches to enhance structural interaction 
have been proposed and discussed [2]-[8]. On the 
other hand, researches on helping match stiffness 
seem few.  

 
In this paper, the following issues in the case 

where SUV impacted on car under the condition 
shown in Table 1 were quantitatively studied.  

i) Required the increase of the car body stiffness to 
lower the deformation of car body. 
 

ii) Influence of the increase of car body stiffness on 
occupant injury indexes in fixed-barrier impact 
tests. 

 
For the purpose of focusing on 

stiffness-matching, an assumption was set in 
following study that structural interaction is 
satisfactory. The study was done using MADYMO 
vehicle model (Figure 1), in which vehicle 
components were modeled as multi-DOF masses and 
nonlinear-springs, and MADYMO occupant dummy 
model (Figure 2). Each MADYMO vehicle model 
had been correlated with the corresponding 
fixed-barrier physical impact tests.  

 
 
Table 1.  Selected vehicles and impact condition 

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Vehicle type SUV Car 
（Middle-sized 

sedan） 

Kerb mass 2,500 kg 1,400 kg 

Impact speed 56km/h each vehicle  
(closing speed=112km/h) 

Overlap ratio 50% of car’s width 

Figure 1.  MADYMO vehicle model. 

SUV Car 

Figure 2.  MADYMO occupant dummy model.  
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2. BASIC STUDY OF STIFFNESS MATCHING 
 

As a first step, basic study of stiffness matching 
by means of simplified method was made.  

When SUV with mass of m1 and pre-impact 
velocity of v1 impacts on car with mass of m2 and 
pre-impact velocity of v2, the impact phenomenon 
can be modeled simply as shown in Figure 3. 

 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
In this case, from the law of conservation of 

momentum (1) and the definition of coefficient of 
restitution (2), post-impact velocity of each vehicle 
can be described as (3) and (4). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The energy which is spent to deform both 

vehicles, the deformation energy E, is given by 
equation (5). 

 
 
 
 
 
 

Impact forces F acting on front of each vehicle 
are equal by law of action and reaction. Therefore, 
deformation of each vehicle x1,x2 in the impact are 
calculated under condition satisfying equation (6) on 
force-deformation characteristic curves F1，F2 , as 
figure below. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
According to the above-mentioned method, the 

deformation of each vehicle body in frontal 
SUV-to-car impact under the condition shown in 
Table 1 was predicted using each vehicle's 
force-deformation curve obtained in MADYMO 
64km/h ODB impact simulation (Figure 5). From 
Figure 5 it is known that there is a great difference in 
stiffness between two vehicles. Figure 6 shows the 
result of predicted deformation. Here, coefficient of 
restitution is set at zero. 
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where, 

m1,m2 : mass of vehicle 

v1,v2 : pre-impact velocity 

v3,v4 : post-impact velocity 

e    : coefficient of restitution 

Figure 5.   
Calculated force-deformation curve   
(MADYMO vehicle model, 64km/h ODB condition). 
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The ceiling of impact force F is determined by 

the car body stiffness therefore car bears unilaterally 
most of impact energy. Consequently body 
deformation of SUV is reduced to 56% of 64km/h   
ODB condition, whereas that of car increases to 
196%. This result is not considered compatible. The 
stiffness mismatch leads to this result. 

In this case, there are the following approaches to 
reduce deformation of car body. 

 
(a) By decreasing the stiffness of SUV, increase the 

deformation and impact energy absorption of 
SUV. 

 
(b) By increasing the stiffness of car, increase 

impact energy absorption of SUV. 
 

It is difficult to adopt approach (a), because this 
is directly connected to drop of self-protection 
performance of SUV in fixed-barrier tests. 
Accordingly, approach (b) is adopted and required 
amount of stiffness increase to reduce car body 
deformation is predicted (Figure 7). In this case, the 
target of reducing deformation as same level as that 
in fixed-barrier tests is set. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 shows that the car's deformation in 

frontal SUV-to-car impact will be comparable to that 
in 64km/h ODB impact by increasing car's stiffness 
1.9 times throughout. This result is considered as 
compatible. 

 
Here, an attempt to take vehicle stiffness apart 

to pieces was made. In frontal impact of a vehicle, 
behavior of power-train and body is 
quasi-independent. Consequently, it is possible to 
separate the reaction force of vehicle into two forces 
generated by each [1]. Generally, the former is called 
“Mechanical force”, the latter “Structural force”. 
Based on this approach, the result that 
force-deformation curve of the car separated into 
above two forces is shown in Figure 8.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

At the neighborhood of the peak, nearly 25% of 
car’s reaction force consists of “Mechanical force” 
generated by inertia force of power-train. However, it 
is difficult to control vehicle stiffness by this 
component in actual car. Consequently, it is 
necessary to achieve target stiffness mainly by 
increasing “Structural force”. According to this, 
required increase of car body stiffness is estimated as 
2.2 times by equation (7). 
 
 
 
 
 
 
 
 
3. DETAILED STUDY OF STIFFNESS 
MATCHING USING SUV-TO-CAR MADYMO 
MODEL 

 
From the study using simplified method in 

former chapter, the possibility is shown that required 
increase of car body stiffness amounts to 2.2 times as 
much as original car to reduce car body deformation 
in frontal SUV-to-car impact. In this method, 
force-deformation characteristic of each vehicle is 
modeled as single spring with force-deformation 
curve obtained by the simulation under 64km/h ODB 
condition. However, because the structure of actual 

Figure 6.  Predicted force-deformation curve 
(SUV-to-car impact). 
 

Figure 7.   
Predicted force-deformation curve and required 
amount of stiffness increase (SUV-to-car impact). 

Figure 8.   
Force-deformation curve of car and its component  

(MADYMO vehicle model, 64km/h ODB condition). 
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vehicle is more complicated, there is some possibility 
that those fixed force-deformation characteristics are 
not always appropriate. 

Accordingly, as next stage, simulations in which 
two MADYMO vehicle models (Figure 1) collide 
mutually were conducted. 

 
Figure 9 is the calculated result of frontal 

SUV-to-car impact simulation in which each vehicle 
collides mutually under the condition shown in Table 
1. In case of this simulation, contact definition in 
MADYMO model is set so that main structural 
members such as side-frame of both vehicles may 
transmit impact force mutually and structural 
interaction become satisfactory. Viewing the result, it 
is clear that deformation of car body becomes larger 
than that of SUV, and an unbalance of energy 
absorption occurs. Body deformation of SUV is 
reduced to 80% of 64km/h ODB condition, whereas 
that of car increases up to 150%. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
In the next step, an attempt was made to set 

deformation of each vehicle compatible by increasing 
strength of main members of car body. In case of 
increasing strength, each member is multiplied by its 
optimized ratio instead of a common ratio, so that the 
deceleration-deformation curve of the vehicle 
become close to a rectangle. By this way, occupants 
will be restrained in earlier stage of impact and this 
enables to make good use of ride-down effect, and so 
car body characteristic become favorable from 
occupant injury point of view. 

 
Result of SUV-to-car (reinforced) impact 

simulation is shown in Figure 10. With the stiffness 
increase of car, more impact energy is absorbed by 
SUV that result in large reduction of car body 
deformation. As a result, the deformation of both 
SUV and car become nearly same as that of 64km/h    
ODB condition and the deformation of each vehicle 
become compatible. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
In Figure 11, strength of each part of main 

members before/after reinforcement is shown. The 
ratios of strength increase vary with members and 
result in the range from 1.3 to 32 times. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To estimate the increase of body stiffness, 
section force of reinforced car body was calculated, 
by means of adding up strength of members in above 
per a section crossing x-axis of vehicle. Calculated 
value normalized by that of original car was 2.2, in 
the section that affects the peak force of body. 

 
From the study above using SUV-to-car 

MADYMO model, it is shown that to reduce car 
body deformation in frontal SUV-to-car impact, 
required amount of stiffness increase is over 2 times 
even if structural interaction is satisfactory. This 
corresponds closely with the result of simplified 
method in former chapter as a result (See Figure 7-8 
and equation (7)). Each result suggests the 
importance of helping match stiffness in frontal 
SUV-to-car impact. 
 

Figure 10.  Calculated vehicle body deformation 

of MADYMO vehicle model (64km/h ODB & 

SUV-to-car(reinforced) impact). 

Figure 9.  Calculated vehicle body deformation of

MADYMO vehicle model (64km/h ODB &

SUV-to-car(original) impact). 

Figure 11.  Strength of members of car model. 
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4. INFLUENCE OF STIFFNESS MATCHING 
ON FRONTAL FIXED-BARRIER IMPACT 
PERFORMANCE 

 
To help keep occupant’s compartment space 

during a frontal impact is one aspect of 
self-protection process. In case of frontal SUV-to-car 
impact, it can be achieved by limiting body 
deformation to an appropriate level. The most 
effective measure is to match stiffness of both 
vehicles as mentioned above. 

 
However, once vehicle stiffness is increased, 

vehicle deceleration in fixed-barrier tests increases in 
accordance with the relation F=m*a, since mass 
increase due to reinforcement is generally small in 
comparison with stiffness increase. In this case, 
vehicle stops its motion within smaller displacement, 
and to prevent occupant from hitting cabin inner, it is 
necessary to strengthen power of restraint system. As 
a result, occupant injury indexes may become worse 
in fixed-barrier tests. 

 
So in this chapter, verification of the influence 

arose from increase of car body stiffness to cope with 
frontal SUV-to-car impact on occupant injury indexes 
in fixed-barrier tests was conducted. 

  
In the first place, deceleration-displacement 

curves of original/reinforced car calculated with 
MADYMO model under fixed-barrier test conditions 
are shown in Figure 12-13. As mentioned above, by 
increasing body stiffness, displacement become small 
and deceleration increases about 20% throughout. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 

Occupant injury indexes were calculated under 
the condition shown in Table 2. Calculations were 
performed using MADYMO occupant dummy model 
(See Figure 2), for driver (AM50, belted) case only. 
Here, the parameters of restraint system of car 
(original) were set along to typical specifications of 
corresponding vehicle class. On the other hand, those 
of car (reinforced) were adjusted in a realistic range 
so that injury indexes might become as good as 
possible. In the concrete, parameters such as air-bag 
power, steering column absorbing load, seat belt 
load-limiting force were adjusted.  

 
 

Table 2. 
Calculation conditions of occupant injury indexes 
 

Case 1 2 3 4 

body 
stiffness 

Original Reinforced 

Impact 
condition 

56km/h 

Full-overlap 

64km/h 

ODB 

56km/h 

Full-overlap 

64km/h 

ODB 

Restraint 
system 

Typical ← Adjusted ← 

 
 

Calculated results about main injury indexes of 
car (reinforced) are shown in Figure 14. Values in the 
graph were normalized using those of car (original). 
Every item shown in this graph is higher when 
compared those of car (original). Especially, 
deterioration of HIC and chest-G is large, and those 
become 1.85 and 1.36 times each in comparison with 
that of car (original). Despite adjusting restraint 
system as much as possible, deterioration of occupant 
injury indexes was unavoidable as a result. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13.  Deceleration-displacement curve of 

MADYMO vehicle model (64km/h ODB). 

Figure 12.  Deceleration-displacement curve of 

MADYMO vehicle model (56km/h Full-overlap). 

Figure 14.   

Normalized injury indexes of occupant dummy. 
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5. DISCUSSION 
 
The study above shows for the scenarios 

analyzed that in order to realize good impact 
compatibility from the viewpoint of 
stiffness-matching, it would be necessary to increase 
body stiffness of the car over two times. 

 
It is very difficult to increase body stiffness 

within realistic mass rise that affects little on 
fundamental performance of vehicle. Moreover, even 
if it can be realized, it becomes clear that such body 
reinforcement increases deceleration of vehicle in 
fixed-barrier impact tests, and this led to deterioration 
of occupant injury indexes. 

 
These facts indicates that it is very difficult to 

cope with both measures to accomplish good impact 
compatibility in frontal SUV-to-car impact and 
measures to accomplish sufficiently low occupant 
injury indexes in fixed-barrier tests.  

 
Since design and evaluation methods for 

self-protection performance are based on government 
mandated and to some extent market driven fixed 
barrier impact tests that consequently require a 
vehicle stiffness strongly related to mass, it is 
difficult to simultaneously achieve enhanced 
compatibility.  However, from a purely frontal 
impact compatibility point of view, it is necessary to 
harmonize frontal stiffness of vehicles by means of 
increasing the stiffness of lighter vehicle or 
decreasing that of heavier vehicle.  In efforts to 
accomplish the enhanced compatibility, it is desirable 
that such changes to vehicle stiffness will not reduce 
the self-protection performance. 

 
In order to enhance compatibility while still 

maintaining self protection performance, 
harmonizing the use of MDB to imitate  vehicle 
stiffness with government mandated self protection 
performance test procedures appears to be needed. 
However, in order to actualize the above, further 
studies are required about specification of MDB that 
has meaning as vehicle stiffness standard, and 
evaluation method for partner protection performance 
(including structural interaction which is set forth as 
a prerequisite in this paper). 

 
In this paper, influences by the increase of body 

stiffness so as to achieve frontal compatibility on 
other impact modes (i.e. a stiffer car could be 
impacting the sides of other vehicles) and influences 
by mass-ratio of each vehicle on deceleration 
characteristic of smaller vehicle, were not considered. 
However, these are important matters in an attempt to 
achieve improved compatibility, and so further 
research may be needed. 

 
 
6. CONCLUSIONS 

 
Taking up full-sized SUV and middle-sized 

sedan, an attempt to quantitatively evaluate the 
matters mentioned below on 56km/h frontal offset 
SUV-to-car impact condition was made. 

 
i) Required the increase of the car body stiffness to 
lower the deformation of car body. 

 
ii) Influence of the increase of car body stiffness on 
occupant injury indexes in fixed-barrier impact tests. 
 
As a result, following knowledge was obtained. 
 
i) In order to limit deformation of car body as same 
level as that in fixed-barrier tests, even if structural 
interaction is satisfactory, stiffness of car body must 
be increased up to double, based on the models used 
for this research. 
 
ii) In case of above realized, even if occupant 
restraint system is adjusted using currently available 
technology among current vehicles, occupant injury 
indexes in fixed-barrier impact tests deteriorate in 
this study.  
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ABSTRACT 

In a laboratory crash test, the injuries of 
occupants, such as Head Injure Criterion (HIC), Nij, 
Combined Thorax Index (CTI) etc., can be obtained 
and transferred to the Abbreviated Injury Scale (AIS).  
The calculated AIS value usually represents the 
severity of injury and can be adopted to evaluate the 
safety of the test vehicle.  However, the AIS cannot 
reflect the medical resources consumed due to 
various vehicles of different designs.  This study 
presents a statistical method to estimate injury 
medical cost from the AIS value of an occupant in a 
crash test.  A frontal impact case study is illustrated.  
Five steps are carried out as follows: 
1. To link the following three Taiwan’s databases by 

the individual identification number: crash data 
reported by police officers, hospital data recorded 
in the health insurance database, and death 
database. 

2. To calculate AIS values by the diagnosis 
ICD-9-CM code written by doctors for each 
individual case. 

3. To develop a statistical model to estimate medical 
cost from massive crash cases obtained in steps 2. 

4. To simulate crash test for obtaining the injuries of 
occupant by using a validated finite element 
simulation model of Hybrid III 50th percentile male 
dummy.  The injuries of occupant are then 
converted to AIS values. 

5. To estimate the probable medical cost by the 
statistical model using the predicted AIS values 
from the crash test simulation. 

INTRODUCTION 

Crash test required in the standards like FMVSS 
208 is expected to get the minimum safety protection 
of the test vehicle.  In addition to evaluate the basic 
required safety criteria, a computer simulation test 

can further predict the occupants’ injury of slight 
changes in vehicle design and restrained features.  
On the other hand, the qualified vehicle models being 
driven on the road by different drivers in the real 
world would be involved in the crashes unavoidably.  
Then, data linkage technique could be used to link 
different real crash databases to explore more 
information between the real world and the crash test.  
In order to use the engineering variables of the 
dummy in the crash test to evaluate the injury type 
and severity of the occupants, the injury criteria such 
as Head Injure Criterion (HIC), Nij, Combined 
Thorax Index (CTI) etc., can be obtained and 
transferred to the Abbreviated Injury Scale (AIS).  
The calculated AIS value usually represents the 
severity of injury.  It can be obtained through 
biomechanical test-based injury risk functions 
(Kleinberger et al., 1998; Kuppa et al., 2001; Kuppa, 
2004; Kuchar, 2001; Newman et al., 1994).  

The biomechanical cost model proposed by 
Newman et al. (1994) utilized injury risk functions to 
predict the occurrence probability of different AIS 
scores to the head, thorax, and abdomen (Newman et 
al., 1994).  For a particular body region, average 
medical and ancillary cost of a specific AIS score 
multiplied by its probability was used to forecast the 
probable cost of an injury. 

Kleinberger et al. (1998) conducted an 
examination of biomechanical results and real world 
data in the frontal crash, and adjusted a set of logistic 
regression models of injury risk for the Hybrid III 
50th percentile male dummy.  The injury criteria 
used in their study were HIC36 (Head Injury Criteria) 
to head, Nij to neck, CTI (Combined Thoracic Index) 
to chest, and Femur load to lower extremity.  Also, 
Kleinberger et al. proposed risk functions AIS ≥ 3 of 
neck Nij and AIS ≥ 5 of chest CTI.  The risk 
function of head HIC36 AIS ≥ 2 developed by Hertz 
in 1993 was presented in Kleinberger’s study (1998).  
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A more complete Hertz’s HIC36 risk functions 
including AIS ≥ 2, AIS ≥ 3, and AIS ≥ 4 were shown 
in the study of Kuppa (2004).  Kuppa et al. (2001) 
used existing biomechanical data on lower extremity 
injuries and regression method to synthesize injury 
criteria and associated injury risk functions of AIS ≥ 
2.  Kuchar (2001) also used HIC36 and CTI risk 
functions proposed by Kleinberger et al. (1998) in his 
systems modeling approach to assess harm in the 
crash environment. 

The injury risk assessment of mechanical 
surrogate of human cannot predict the medical cost 
of the injury.  But, the medical burden is a major 
concern of injury prevention in the real world.  
Rosman and Hendrie (2002) presented a process by 
using Injury Cost Database, and linked hospital 
admission and death records of Western Australia to 
study the real world characteristics.  ICDMAP 
software developed by John Hopkins University was 
used to convert diagnosis codes to AIS score for 
different body regions.  Then a linear regression 
model of total medical costs was built up.  Hendrie 
et al. (2001) developed a generalized linear model 
(GLM) to estimate crash medical costs of the body 
regions and AIS injury scores by using Road Injury 
Cost Database of New South Wales, Australia.  The 
results indicated that GLM model could explain 36% 
of the variation in the total cost of injuries in the 
Road Injury Cost Database.  Lawrence et al. (2002) 
noted a significant low medical cost of the fatality 
showing a necessary to discuss them separately from 
the survivals.  The fatality and the survivals had 
different probability cost models in the Newman’s 
study (Newman et al., 1994) too. 

Owing to the gap between injury assessment of 
biomechanical test and the medical burden concern 
in the real world, the AIS concept could be applied as 
a bridge to the gap.  In the present study, real crash, 
hospital and death records of Taiwan are linked to 
develop a medical cost model of various crash injury 
severities.  A validated finite element simulation 
model of Hybrid III 50th percentile male dummy is 
used to simulate injury in the crash test.  Then the 
computer simulation outputs are substituted to the 
medical cost model to calculate the probable medical 
cost of the predicted injury.  

METHODS 

Medical Cost Model  

Using real world data of Taiwan can develop a 
medical cost model.  A lot of useful information in 
crash database, health insurance database, and death 
database can be found by data linkage technique.  

Table 1 shows the data items used in the present 
study.  The three databases all includ an individual 
identification number (ID) to indicate whose data 
was recorded.  The ID is a specified number issued 
by Taiwan’s government when a baby was born.  
Therefore, it is possible to obtain associated data of a 
particular person by using data linkage technique via 
ID in crash, health insurance, and death databases.  
In the present study, crash and death records are 
linked via ID firstly, to separate survivals from the 
fatality.  Then the IDs of the survivals are linked to 
health insurance database, to obtain their hospital 
treatments records and costs. 

Table 1. 
The data items used in the present study 

Database Data items 
Crash individual identification number (ID) 

victim type (driver, passenger etc.) 
crash type (frontal crash, side crash etc.) 
vehicle type (passenger car, bus etc.) 
crash occurrence date 

Health 
insurance 
(hospital 
data) 

individual identification number (ID) 
3~5 ICD-9-CM codes 
treatment type (hospitalized, outpatient 

services, emergency treatment etc.) 
medical expenditure 

admission date 
Death individual identification number (ID) 

death date 

Software ICDMAP 90 developed by the John 
Hopkins University and Tri-Analytics, Inc. can 
convert ICD coding system in the large pre-existing 
medical database to AIS coding system.  The 
principle ICD-9-CM diagnosis code in each of 
Taiwan’s injury hospital records is converted to the 
AIS score (1 to 6, 6 is for dead subject) and body 
region (1 to 10).  Then, a new database can be 
generated, including victim type, crash type, vehicle 
type, medical expenditure, AIS score, and AIS body 
region data of each person involved in the crash. 

Different crash types can result different 
probabilities of body regions injury.  While a 
specific region injured, any severity is possible, and 
various degree of injury will have significant 
influence on the variety of medical cost.  According 
to this causation, the equation of medical cost model 
is as follows: 

∑∑
= =

=
n

1j

5

1i
ijijj CPSC      (1). 

where 
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i : is the level of injury, defined by AIS scores (1 
to 5)  

j : is a particular AIS body region injured (1 to 
10). 

Sj : is the probability of each body region j 
injured in a specific crash type, such as frontal 
crash. 

Pij : is the probability of a particular AIS score i to 
a specific body region j. 

Cij : is the medical cost of each body region j 
injured with AIS score i. 

Logistic regression is used to develop the 
probability equations of Sj from real crash data in 
Taiwan.  A mathematical relationship between the 
dichotomous dependent variable (‘injury’ and ‘no 
injury’) and independent variable (crash type) is 
estimated.  Wald statistics Z2 (coefficient β 

dividing its approximating standard error) and 
-2log-Likelihood Ration are used to examine the 
significant of the coefficient and the goodness of fit 
of this logistic regression model respectively.  
Linear and non-linear regressions are used to 
calculate Cij from Taiwan’s real crash data.  The AIS 
score is the independent variable, and medical cost is 
the continuous dependent variable.  R2 is used to 
examine the explanation ability of fitted Cij equations.  
The Pij are calculated directly from the injury risk 
functions proposed by Kleinberger et al. (1998), 
Kuppa (2004), and Kuppa et al. (2001). 

Finite Element Simulation 

Software LS-DYNA3D is used to simulate the 
dynamic responses of Hybrid III 50th percentile male 
dummy (regulations of FMVSS 49CFR PART 572E) 
restrained with a seatbelt (regulation of FMVSS 208) 
in a frontal impact sled test.  The simulation model 
is validated according to Prasad’s (1990) experiment 
results.  In the present study, the test speed is 30mph 
(FMVSS 208 requirement).  The impact on the head, 
neck, thorax, and knee of the simulation dummy is 
compared to the result of Khali’s (1994) study.  
Injury criteria based on FMVSS 208 (HIC36 to head 
and Nij to neck), NHTSA suggestion (CTI to thorax), 
and Kuppa et al. (2001) result (force to femur) are 
calculated from simulation outputs. 

Crash Injury Medical Cost Prediction 

The injury criteria calculated in the above 
section are converted to the probabilities of various 
AIS scores by using the equations (2)~(5) which are 
the injury risk functions of mid-sized adult male 
based on biomechanical tests from the other studies.  
Except the seatbelt and the seat, there is no other 
interior equipment in the sled simulation model.  

Therefore, the femur and the thorax of the simulated 
dummy cannot response reasonably in the simulation 
model.  The associated injury criteria of femur and 
thorax are not calculated.  In the future, this 
shortage can be overcome when the simulation 
model is upgraded from sled model to full vehicle 
model. 

Head: (Kuppa, 2004) 

ondistributi normal veaccumulati :

73998.0 ,45231.7
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Neck: (Kleinberger et al., 1998) 
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Thorax: (Kleinberger et al., 1998) 
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Femur: (Kuppa et al., 2001) 

F326.09795.4e1

1
)3AIS(p −+

=≥    (5). 

The outputs of equations (2)~(3) are substituted 
into the Pij in the equation (1), together with the 
associated Sj and Cij stated in the above, to estimate 
the probable medical cost resulted from passenger 
car driver in the frontal impact. 

RESULTS 

Real Crash Data Analysis 

There are 330 thousands crash victims reported 
by police in Taiwan from year 1999 to 2001.  7087 
of them are found in the death records, 1118714 
survived victims are successfully linked to hospital 
data.  Among 1118714 survivals, 15177 are 
passenger car drivers. 7 of these 15177 drivers are 
assigned AIS = 6 by ICDMAP 90, 7182 drivers are in 
unknown injury state, and 7988 drivers are survived 
in AIS 1~ 5. Among 7988 survival drivers, 1737 
drivers (21.7%) are involved in the frontal crashes.  
It can be seen in Table 1 that 871 (50.1%) of these 
1737 drivers are head injured, 242 drivers (13.9%) 
are thorax injured, and 290 drivers (16.7%) are lower 
extremity injured. Very few neck injured survivals 
are recorded in Taiwan’s data and there are not 
enough to build up the Cij equation of the neck. 
Among the survived drivers in the frontal crash, most 
of them are AIS < 4 injuries. 
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Table 1. 
Number of survived passenger car driver by 

principle injured body region and AIS score in 
frontal crash 
AIS score Total 

body region 1 2 3 4 5 counts % 
Head and 
face 

512 273 31 48 7 871 50.1 

Neck 1 0 1 0 0 2 0.1 
Thorax 207 16 19 0 0 242 13.9 
Lower 
extremity 

95 129 65 1 0 290 16.7 

Others 208 102 14 7 1 332 19.2 
Total 1023 520 130 56 8 1737 100.0 

  The original medical cost distribution and 
transformed natural logarithm function data are a 
marked positive skewness (See Figure 1) and an 
approximating normal distribution (See Figure 2), 
respectively.  This attribute of medical cost 
distribution is same trend in each body region. 
Therefore, natural logarithm of medical cost is used 
during the regression. 

Figure 1.  Original medical cost distribution of 
survived passenger car driver in frontal crash.  
(1 US dollar = 33 NT dollar) 

Figure 2.  Natural logarithm of medical cost 
distribution of survived passenger car driver in 
frontal crash. 

Sj and Cij Models Development 

Equations (6)~(8) and (9)~(11) are the fitted 
regression functions for Sj and Cij, respectively.  
From equations (6)~(8), the probability to head, 
thorax, and lower extremity injured in the frontal 
crash are in the sequence of 0.56, 0.1, and 0.1.  The 
fitted regression functions (9)~(11) to head, thorax, 
and lower extremity could explain 20%, 30%, and 
50% of the variation in the associated medical cost.  
All the coefficients in equations (6)~(11) are 
statistical significant.  Owing to the few records 
number of neck injury, the associated equations 
cannot be obtained in the present study.  

crashesother for  0 crash, frontalfor  1x  
e1

e
S

x

x

j

=
+

= +

+

βα

βα

  

j = Head and face 
 0058.0=α   2474.0=β        (6). 

j = Neck, associated data were too few to fit 
equation. 

j = Thorax 
8209.1−=α  3191.0−=β    (7). 

j = Lower extremity 
 6074.1−=α  5689.0−=β    (8). 

i = AIS scores, and 
j = Head and face  

AIS640.0541.7
ij eC +=      (9). 

j = Neck, associated data were too few to fit 
equation. 

j = Thorax 
AIS129.1718.6

ij eC +=     (10). 

j = Lower extremity 
2AIS751.0AIS497.4156.4

ij eC −+=        (11). 

Validation of the Finite Element Simulation 
Model 

The validation of the finite element simulation 
model is done by comparing the simulation output in 
the present study to the test results of Prasad’s (1990) 
study.  The acceleration curve used by Prasad is 
illustrated in Figure 3, 112ms time history and 
peaking at 23.7G.  The same conditions are 
substituted into the simulation model to drive the sled.  
The resulted acceleration outputs are shown in table 
2.  In general, there is acceptable agreement in these 
results between the present simulation model and 
Prasad’s study.  
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Table 2. 
Comparison between sled simulation and Prasad’s 

(1990) sled test. 
Acceleration Simulation Prasad (1990) 

Head Figure 4. 
Thorax Figure 5. 

History 

Pelvis Figure 6. 
Head 62G 58G 
Thorax 47G 43.5G 

Peak 

Pelvis 51.5G 55G 

 

 
Figure 3.  Frontal impact sled test pulse from 
Prasad (1990). 

 
Figure 4.  Head acceleration comparison 
between sled simulation and Prasad’s (1990) sled 
test. 

 
Figure 5.  Thorax acceleration comparison 
between sled simulation and Prasad’s (1990) sled 
test. 

 
Figure 6.  Pelvis acceleration comparison 
between sled simulation and Prasad’s (1990) sled 
test. 

Injury Criteria Calculation 

By using validated finite element simulation 
model in the above section, a frontal crash test at 
30mph (48kph) is simulated in the present study.  
Maximum acceleration during the frontal crash test 
simulation is 27.5G.  Since only seatbelt and seat 
are included in the sled simulation model, the 
dynamic responses of thorax and femur cannot be 
simulated reasonably.  The associated simulation 
results and the injury criteria are not stated here.  It 
can be done when the simulation model is upgraded 
from sled to full vehicle model in the future.  A 
value of HIC36=492.6 is calculated from the peak 
head acceleration 53.4G.  The Nij to neck injury are 
Ntension-flexion = 0.85, Ntension-extension = 0.12, 
Ncompression-flexion = 0.06, and Ncompression-extension = 0.11. 
Ntension-flexion is the highest in these four Nij .  
According to our simulation experience in Nij, 
Ntension-flexion also presented the most significant 
variation to test speed. 

Probable Medical Cost Prediction  

Calculation the Probability of AIS Scores: The 
probabilities of AIS ≥ 3 can be further calculated by 
substituting injury criteria, HIC36 and Nij, into 
associated equations (2)~(3).  Then, the probability 
of AIS < 3 can be obtained by 1 minus P(AIS ≥ 3). 
Because Ntension-flexion is the highest and the most 
sensitive to test speed among the four Nij values, it is 
used in the present study to represent the Nij.  
Therefore, Nij = 0.85 is substituted into equation (3).  
From the probability results shown as below, the 
frontal crash test at 30mph (48kph) would result AIS 
≥ 3 to head and neck injury at a probability of 0.05 
and 0.11, respectively.  
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Head:  
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Probable Medical Cost Prediction: The 
probabilities of AIS ≥ 3 and AIS < 3 calculated in the 
above paragraph is used to represent the AIS = 1~5.  
The P(AIS ≥ 3) and P(AIS < 3) are the probabilities 
of AIS = 1~3 and AIS = 1~2, respectively.  These 
probability values to head, associated with Cij from 
equation (9) and Sj from equation (6), are substituted 
into equation (1) together to predict the medical cost 
of head injured to survival passenger car driver 
involved in the frontal impact.  The predicted 
medical cost to head is NTD 7,687 per survival 
passenger car driver involved in the frontal crash.  
The calculation is demonstrated as below: 

j = Head Pij (equation (2))  
ijC (equation (9)) 

i=AIS=1 0.95475 x 3572 
i=AIS=2 0.95475 x 6775 
i=AIS=3 0.04525 x 12849 
i=AIS=4 0.04525 x 24367 
i=AIS=5 0.04525 x 46212 

 

7687 1365456296.0                          
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Owing to the lack of enough neck injury records 
in the real crash data, the associated Cij and Sj 
equations are not built in the present study.  
Therefore, the medical cost of neck, thorax and 
femur cannot be predicted.  However, this can be 
done in the same way illustrated in the above when 
the sufficient associated data and a full vehicle model 

are available. 

CONCLUSIONS 

In the present study, several conclusions are as 
follows: 

1. The head, thorax, and lower extremity medical 
cost model built in the present study can predict 
the probable medical cost of survivals in the 
frontal crash.  It is possible to choose an 
economic index obtained from this model to 
evaluate car safety.   

2. By data linkage technique, crash injury 
information in the real world can be continuously 
obtained and the statistic probability model can 
bridge the injury assessments between real world 
and laboratory test data.  

3. Also, the improvement of injury protection due to 
car design and occupant restraint can cause the 
change of injury severity; therefore, the affect on 
the medical cost can be calculated.  

4. In the future, more real crash data of neck injury 
and the full vehicle simulation model including 
femur and thorax output data can be used to 
overcome some shortages of present model.  

5. In advance, the medical cost of the fatality and 
long term medical burden can be considered as the 
associated data are available. 
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ABSTRACT

Future legislation for pedestrian protection in Europe
and Japan considers standardized test methods and
test requirements relevant for a type approval. The
first phase of legal introduction starts in 2005 and a
more stringent second phase will follow in 2010.

This paper consists of three main chapters. The
chapter “Requirements” starts with a summary of the
pedestrian protection-related requirements for head
impact and its conflicting requirements for the
vehicle handling and driving.
The second chapter “Hood Concepts” discusses how
the hood design could become compatible with the
pedestrian protection requirements. Concepts for the
hood design fulfilling both, the European as well as
the Japanese requirements are described. The impact
of the hood design parameters on the head impact
performance are shown and different concept
solutions are presented.
The third chapter “Hood Hinge Concepts” examines
the hinge performance for pedestrian protection in
detail. The mounting points of the hood, such as
hinges, latches and bumper stops, are the most
critical points for head impact. Different hinge
concepts and their impact on the head impact
performance are shown. The influence of the hinge
parameters on the acceleration curves and the HPC
values is discussed and conclusions for the hinge
design as well as for the vehicle structure are drawn.

INTRODUCTION

Accident statistics (IRTAD, 2002) [1] show that in
Europe about 41.000 fatalities occur in traffic
participation. 6.100 (15%) of these are pedestrians
and another 3.900 (10%) are cyclists.
For pedestrians the most frequent injuries occur in
the head, upper and lower extremities. 62% of all
fatalities are caused by head injuries. These head
injuries occur when the pedestrian contacts the
vehicle or the ground.

To reduce the frequency of pedestrian fatalities and
injuries, measures from the automotive industry as
well as environmental changes are required.
The European Enhanced Vehicle Safety Committee
(EEVC WG 10 and WG 17) has developed test
procedures to assess the level of pedestrian
protection for vehicle fronts. Based on the EEVC
WG 17 report, legal requirements have been derived.
The European directive (2003/102/EC) [2] consists
of head impact, upper leg impact and lower leg
impact. The requirements will be enforced in two
phases. The Japanese directive (TRIAS63) [3]
consists of head impact only. Globally harmonized
requirements are currently discussed by an IHRA
working group.

The risk of head injuries is investigated by free-
flying head form impacts against the vehicle front.
The impact area is defined by reference lines
determined at the vehicle front:
- WAD 1000 = wrap around distance 1000mm
- BLE = bonnet leading edge
- BSRL = bonnet side reference line
- BRRL = bonnet rear reference line

The impact area consists of the vehicle hood and its
surrounding components such as grille, headlamps,
fender, cowl and windscreen. Major changes to these
components as well as to its mountings and the
structure underneath are required to fulfill the
requirements for pedestrian protection.
Concepts for the hood and its mountings have been
investigated at OPEL ITDC in advance. Based on
these investigations, design guidelines have been
established to enable the development of future
vehicles fulfilling these requirements.

The new OPEL ZAFIRA II [4] is GM’s first car that
has been designed to meet the targets for pedestrian
protection. Its pedestrian protection concepts are
based on the measures presented in this paper.
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REQUIREMENTS

1. Legal Requirements

For EU Phase 1 as well as for Japan, the limit for
HPC is separated into two different areas:
- bonnet top zone A: HPC≤1000
- bonnet top zone B: HPC≤2000

In addition, the bonnet top zone A must not exceed
one third of the complete bonnet top zone. It is up to
the manufacturer to define the locations of bonnet
top zone A and B.

Europe Phase 1
Just one head form (ISO child head) is applied and
will impact the vehicle with an angle of 50° to the
ground reference line at a speed of 35 km/h.

Figure 1: Head Impact EU Phase 1

Japan
Two head forms are applied: the ISO child head and
the ISO adult head. The intersection for both head
forms is located at a wrap around distance of
1700mm (WAD 1700). In comparison to EU Phase
1, the impact speed has been reduced to 32 km/h.
The impact angle will be varied depending on the
vehicle type (Sedan, SUV, Van).

Figure 2: Head Impact Japan

Europe Phase 2
In the second phase, two head forms will be
considered in Europe as well. Both head forms differ
from those used in EU Phase 1 and Japan. The
impact angle for the child head form is set at 50° to
the ground reference line whereas the impact angle
for the adult head form is set at 65°. Both head forms
should contact the bonnet top zones at an impact
speed of 40 km/h.

Figure 3: Head Impact EU Phase 2
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Currently, the EU Commission is studying the
technical feasibility of phase 2 content and
alternative vehicle safety measures.

2. EuroNCAP Requirements

European consumer (EuroNCAP) [5] tests differ
from the legal tests. The head forms used are
identical to the head forms used by EU Phase 2. The
intersection line is also located at a wrap around
distance of 1500mm (WAD 1500). The rear limit of
the bonnet top zone is not defined by the BRRL
(bonnet rear reference line) but by the wrap around
distance 2100mm (WAD 2100).

Figure 4: Head Impact EuroNCAP

3. Head Impact Performance Criterion

The head form impactors are equipped with a three
dimensional accelerometer. From the measured
resulting acceleration the HPC (Head Performance
Criterion) is calculated as
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The maximal time frame is limited to 15
milliseconds.

For the manufacturer, the optimum head impact is
achieved when the HPC target is fulfilled and the
impact on the vehicle architecture is as low as
possible.

Minimized impact on the vehicle architecture means
to provide the necessary energy absorption by the
lowest possible deformation space. According to the
HPC calculation algorithm the optimal acceleration
pulse shows an initial high peak followed by a lower
constant level [6].
To achieve the HPC target at a minimum intrusion,
the following acceleration characteristic is
recommended.

Figure 5: Optimal Acceleration Characteristic (2.5kg
head form)

It needs to be noted that real technical designs
deviate considerably from this theoretical reference
and will require more deformation space.

The above graphs have been generated with a
simplified Excel tool [7], which calculates the HPC
value and head form intrusion based on the input of
the key features for the acceleration.
To keep the HPC below the OPEL in-house target of
800, the initial acceleration peak should not exceed
200g. The later acceleration should remain at a
continuous level between 50g and 60g:
- To be outside the HPC time frame
- To reduce the occurring intrusion.
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To achieve the above listed targets, two main
principles are necessary:
- Provision of sufficient deformation space
- Provision of a low stiffness of the impacted

vehicle body parts

The deformation space is a physically necessary
enabler, whereas the stiffness is a parameter that
needs to be balanced and optimized for each vehicle.
Details about the structural measures will be
explained in other chapters.

The acceleration of the first few milliseconds is
defined by the initial active mass. Therefore the
materials, the gages and the number components
struck are of major influence. The later acceleration
is defined by the stiffness of the structure. The
component sizes, their mountings and their design
are of increasing influence at this stage.

Figure 6: Influence of Mass and Stiffness on the
Acceleration

4. Conflicting Vehicle Requirements

With regards to the upcoming targets for pedestrian
protection, it is the aim of the vehicle manufacturers
to develop future vehicles complying with both sets
of targets: the performance targets for the vehicle
driving and handling, as well as the new pedestrian
protection requirements.
The most important load cases that have to be
balanced with the pedestrian protection requirements
are listed below:
- Boundaries for vehicle dimension
- Vehicle durability under driving conditions
- Endurance of movable hang-on parts
- Misuse of components and parts
- Performance under handling conditions
- Visual impression
- Acoustical impression

- Tactile impression
- Performance under crash conditions
- Insurance classification

Since the pedestrian impact areas are defined by the
outer geometry of the vehicle, the pedestrian
protection measures are very styling-dependent. The
preferred concepts are those that leave as much
design freedom as possible.

HOOD CONCEPTS

1. Overall Hood Structure

The optimal acceleration characteristic as described
in the previous chapter is a theoretical reference
value only. In reality, the characteristic varies with
the impact location. The following list summarizes
the main parameters influencing the acceleration:
- Active mass
- Stiffness
- Clearance to package components
- Impact location (hood center, hood edge)
- Interaction of parts

The active mass varies during the impact. More and
more mass has to be accelerated, while the head
causes the impacted structure to deform. A
deformation front starting at the first point of contact
runs in a circular wave to the outer. The active mass
increases with the duration of the impact.
The active mass for a head impact at the hood edge
will be less than for an impact in the hood center, as
long as no other components (fender, hinges,
headlamp, etc.) are contacted.
The stiffness of the hood depends on the material,
the gages, the gluing and the design of outer panel,
inner panel and reinforcements. Other components
will add to the overall stiffness when located within
the deformation zone.
A certain amount of clearance is necessary to
achieve the head impact targets. To simplify the
vehicle development process with regards to
pedestrian protection OPEL has defined the
clearance required for each head form to enable the
HPC targets. These design guidelines are considered
as general enablers. Sporadic deviations from the
defined design guidelines could be accepted but
requires an adoption of contacted components
(collapsible design and/or reduced mass).
Based on the defined clearances, the required head
impact deformation space will be generated below
the styling surface. Package components that
penetrate the generated deformation space are
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considered as critical and need to be relocated or
tuned to fulfill the HPC targets.

Figure 7: Penetrating Package Components

Interactions with components underneath the hood
would result in a secondary acceleration peak.
Whether this second acceleration peak is relevant for
the HPC value depends on:
- The maximal acceleration value
- The duration
- The relative level to the first acceleration peak

to the secondary peak value
- The timing distance between the first and the

second acceleration peak

The acceleration characteristic varies with the
impact location. A short single peak usually
characterizes an impact in the center portion of the
hood, as long as no component underneath the hood
is contacted. The acceleration of a head impact close
to the hood edge usually shows several peaks and a
longer HPC relevant time frame, since many
additional components (e.g. hinge) have to be
deformed during the impact.

Figure 8: Variation of Acceleration Characteristic

2. Hood Inner Design

In the vehicle development before pedestrian
protection was necessary, the hood inner was
designed to meet the standard load cases as listed in
the chapter “Conflicting Vehicle Requirements”.
The following summarizes the main load cases
derived from these standard requirements that
influence the design of the hood inner panel:
- Vehicle durability
- Hood closing endurance
- Hood slam test (misuse)
- Lateral stiffness for mounted hood
- Hood stiffness for bending and torsion
- Denting and buckling
- Hood fluttering
- Manufacturing requirements for drawing
- Manufacturing requirements for single part

stiffness
- Hood performance for frontal high speed crash

(ODB)
- Hood performance for low speed crash (AZT)
- Hood surface quality

The exact targets for these load cases are laid down
in the vehicle manufacturers technical specifications
and test procedures.

The hood has to fulfill the HPC target at every single
point within the impact area in the bonnet top zone.
Traditionally, the hood inner panel is designed with
a rib structure supporting the hood outer panel.

Figure 9: Traditional Hood Inner Design

Such a design usually has weak points and stiff
points. For pedestrian protection, it is preferable to
design the hood inner panel with a more uniform
stiffness distribution. This could be achieved with:
- Increased number of ribs
- Alternative hood inner
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Figure 10: Hood Inner with Increased Number of
Ribs

OPEL has adopted a technology from the US GM
brands that was originally invented to enable the
manufacturing of very thin aluminum inner panels.
Multi-cones are drawn into the inner panel instead of
a rib structure. These multi-cones are glued to the
outer panel.

Figure 11: Hood Inner with Multi Cone Design

This technology has previously been used for weight
reasons to design the vehicle hood with particular
thin aluminum gages as implemented in the Cadillac
Seville.

Figure 12: Cadillac Seville

Figure 13: Cadillac Seville Hood Inner Design

Since there are no ribs and no cutouts, the local
stiffness does not vary as much as for a traditional
hood inner design. The main advantage of such a
continuous stiffness distribution is that it is easier to
tune the hood to be stiffer or weaker overall. Less
impact positions needs to be investigated.
The hood stiffness can be tuned by various
parameters:
- Geometry of cones

o Upper and lower diameters
o Drawing depth

- Cutouts of cones
- Glue type and amount

The closed structure of the multi-cone inner panel
increases the torsion stiffness of the assembled hood.
In addition, the stiffness of the single inner panel is
increased and enables a reduced inner panel gage.
Therefore the active mass as well as the local
stiffness is reduced, with benefits for head impact.
The outer frame of the inner panel mainly defines
the bending stiffness of the hood and the hood
reinforcements at the mounting points for hinges
latch and bump stops. This frame structure of the
inner panel is therefore kept and the multi-cone
design replaces the inner portion of the inner panel
only.

3. Hood Edges Design

At the hood edges, the active mass of the hood itself
is reduced but other components such as the fender
and the hood mountings are within the deformation
zone. The influence of these components is usually
more significant than that of the hood itself.
Structural changes are required, such as reduced
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section heights for the brace wheelhouse to provide
additional deformation space or weak fender
mountings.
One way to weaken the side edges of the head impact
area (bonnet top zone) is to locate the cut lines
between hood and fender at the vertical sides of the
vehicle; out of the bonnet top zone

Figure 14: Inlaid Hood versus Wraparound Hood

Such a design with a so-called wraparound hood
does not automatically fulfill the head impact targets.
Also required is deformation space between the hood
flanges and the vehicle structure (brace wheelhouse,
A-pillar etc.).
For two reasons, the wraparound hood may not be a
preferred design:
- The location of the cut line affects the styling.

A wraparound hood design restricts the styling
freedom and is not acceptable for all vehicle
categories.

- A wraparound hood design increases the
overall mass of the hood. Therefore, it is in
conflict with the targets for fuel consumption,
exhaust emission and driving dynamics (mass
distribution).

Another way to weaken the side edges of the bonnet
top zone is to design weak fender mountings. The
description of this technology is beyond the scope of
this paper. Instead the consequences for the design of
the hood edges will be discussed.
If the fender mounting provides deformation space,
the hood design should enable the use of this space:
At the side edges, a vertical flange or a hem flange
connects the hood inner and outer panels.

Figure 15: Vertical Flanges versus Hem Flanges

The vertical flange increases the local stiffness more
than the hem flange. Shortening the height of the
flange could reduce this disadvantage. The height of
the flange is restricted by the clinch point diameters.
The smaller the clinch point diameter, the lower the
necessary flange height. Designing cut outs in the
flange might reduce the local stiffness even further.
The main disadvantage of the hem flange is not the
increased local stiffness, but the reduction of the
deformation space. A head impacting the hood side
edge would force the hood to move downwards until
the bottom edge of the flange touches a rigid
structure underneath. The applied forces would be
too low to enable a local buckling of the flange.
Although the hem flange may be preferred from the
exclusive pedestrian protection point of view, other
requirements may override this to make the vehicle
compliant with all requirements. The hood of the
new OPEL ZAFIRA II [4] has been designed with a
vertical hood flange.

Figure 16: Hood Flange, OPEL ZAFIRA II

For the ZAFIRA II, a vertical flange is necessary for
manufacturing reasons. Since the steel gages have
been reduced to a minimum of 0.6mm for the outer
panel and 0.5mm for the inner panel, the vertical
flanges provide the required handling stiffness for
the single parts before assembly.
As for many vehicle components, it is always a
trade-off between different requirements that leads to
the final design.

4. Hood Material

The hood material affects the active mass, as well as
the stiffness of the hood and therefore is an
important parameter that has to be adjusted to the
pedestrian protection requirements.
Around the edges of the hood and the mountings of
the hood, it is most important to keep the mass and
the stiffness of the hood at the lowest possible level,

     OPEL ZAFIRA  OPEL ASTRA

OPEL ZAFIRA  OPEL CORSA
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since other components will add to the active mass
and the overall stiffness that the head form will “see”
at an impact.
In the center of the hood, a certain stiffness and mass
is required to limit the intrusion and to avoid a
secondary impact. Secondary impact means a second
acceleration peak, which occurs when the deforming
hood touches an engine bay component underneath.
Depending on its maximum level and the time gap to
the primary acceleration, the secondary impact
might increase the resulting HPC value (see chapter
“HPC and Acceleration Characteristic”). The larger
the hood, the weaker it will become in the center and
the more likely a secondary impact becomes.
Based on investigations by simulation and physical
impact tests, OPEL came to the conclusion that two
options will work for an inlaid hood with a sheet
metal design:
Option 1= reduced gages for a steel hood
Option 2= aluminum hood

Again, it is a necessary trade-off between pedestrian
protection and deformation space on the one hand
side and mass, front axle load, fuel consumption and
exhaust emissions on the other side, that leads to the
final, well-balanced solution for any new vehicle.

5. Consequences for EuroNCAP Performance

In all cases, there is a limitation in feasibility to
reduce the HPC values at the outer edges below the
HPC<1000 target while also satisfying the basic
handling requirements for the vehicle. Therefore it is
recommended to locate the less stringent head
impact area with the target HPC<2000 at the left and
right outer sixths of the bonnet top zone. Within the
HPC<2000 zone, no points can be gained for the
EuroNCAP rating. The EuroNCAP points have to be
collected in the inner four sixths. Consequently, the
frontal hood mounting points (latch and bump stops)
should be located in front of the 1000mm wrap
around distance if the vehicle concept allows.
At the 1500mm wrap around distance (WAD 1500),
EuroNCAP has impacts with both head forms: the
2.5kg child head as well as the 4.8kg adult head. The
more sensitive child head requires a weak hood
structure. The impact at the same spot with the
heavier adult head (higher energy) causes a larger
intrusion. This conflict is even more difficult to be
solved in the cowl area.

HOOD HINGE CONCEPTS

It is obvious that the hood hinges, latches and bump
stops are essential to mount the hood to the structure
of the vehicle. It might be questionable whether
hinges are always necessary, but some mountings are
certainly needed.
These mounting points are usually the most difficult
to fulfill head impact even for compliance with
HPC<2000. In this paper, the hinges have been
selected as an example to describe the demands of
pedestrian protection compliant mountings.

1. Vehicle Related Demands

Hood mountings such as the hinges are needed to
transfer forces from hood to vehicle and vice versa
under handling and driving conditions. The
requirements for the hood hinges are again derived
from the standard requirements listed in the chapter
“Conflicting Vehicle Requirements” and listed
below:
- Acceleration forces caused by driving

conditions should not result in visible hood
movements or material fatigue

- Aerodynamic forces should not result in visible
hood fluttering or material fatigue

- Pre-stresses are applied to the hinge in the
closed position to eliminate the play in its joints
that might cause visible movements and/or
rattle noise

- Forces are applied when the hood is pushed
into the stop position that prevents the hood
from being opened too wide

- Force, applied by somebody leaning against the
hood in the open position or leaning on the
hood in the closed position, should not cause
plastic deformation or damage due to hood
contacts with surrounding components as
fender etc.

- Hood movement at the hinges in the low speed
insurance tests has to be minimized to avoid
damage at the hood and the fenders

- The hood should not intrude into the
windscreen under high speed frontal crash
conditions

The hinges also guide and hold the hood when
opened. Their kinematics has to ensure that the hood
does not contact other components. For hinges with
a single joint, the choice of position is very limited.
In many cases, this problem can be overcome by
selecting a multi-joint hinge.
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2. Pedestrian Protection Related Demands

The ideal acceleration as described in chapter “HPC
and Acceleration Characteristic”, can usually not
been achieved in the areas of the hood mountings. In
these areas, the result is more likely to be a longer
lasting acceleration, which needs to be kept at a
lower constant level.
Most vehicles are designed with the hood hinges
located at the left and right rear edges of the hood. A
head impact in that area is influenced by many
components:
- Hood

o Outer panel
o Inner panel
o Hinge reinforcement

- Hinge
- Fender
- Wiper system
- Cowl

All these components and mountings have to react
together in a manner that satisfies the requirements
for head impact.
A certain amount of deformation space has to be
provided to fulfill the targets for head impact.
Therefore, the rigid structure of the vehicle (A-pillar,
brace wheelhouse, etc.) needs to be located at a
certain minimum distance below the outer styling
surface. Additionally, the bottoming-out depth of the
deforming components needs to be considered in
order to define the required distance from the styling
surface to the structure.
Providing deformation space is regarded as an
enabler to fulfill the head impact requirements,
whereas the relevant target values depend on the
mass and the stiffness of the components impacted.
A certain level of stiffness is required to fulfill the
handling and driving requirements for the vehicle.
These demands are contrary to the required softness
for pedestrian protection. Due to these target
conflicts, parts of the relaxation zones with the lower
target of HPC<2000 are located at the hinge regions.
The total area with HPC<2000 is limited to one third
of the bonnet top zone. The amount of the
HPC<2000 zone that needs to be located in the hinge
region depends very much on the styling and the
design of the vehicle.

3. Possible Concepts

Different design concepts for hinges have been found
which provide the deformation space required for
head impact.

Single-joint hinges:
- With joints located well outside the impact area
- Designed with deformable parts
- Designed with a collapsing mechanism

Multi-joint hinges:
- Designed with travel space in the vertical

direction
- Designed with a collapsing mechanism

A single-joint hinge with its rotation point outside
the head impact area could provide the required
deformation space when the following additional
measures are provided:
- Pivot point located with a sufficient distance to

the closest head impact point
- Sufficient deformation space above and below

the hood-side hinge part in the head impact
zone

- Limited mass added to the active mass by the
hood-side hinge part

The larger the distance of the hood-side hinge
mounting to the pivot point becomes, the stiffer the
hinge has to be designed. However, that is contrary
to the wish of a limited hinge mass and needs to be
balanced.

Figure 17: OPEL CORSA Hood Hinge

The current OPEL CORSA is an example of how the
turning point could be located well outside the head
impact deformation zone. This hinge concept
provides an inertia and stiffness, which would be
non-compliant.

A single-joint hinge with deformable parts could also
be compliant with the head impact requirements. Its
advantage is the possibility of keeping the pivot
point within the head impact zone. Its disadvantage
is the constant reaction force caused by the plastic
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deformation of the hinge parts during the head
impact.

Figure 18: OPEL ZAFIRA II Hood Hinge

The new OPEL ZAFIRA II is equipped with a
deformable single-joint hinge, which complies with
the EU Phase 1 requirements. Its design is described
in the paper PEDESTRIAN-FRIENDLY OPEL
ZAFIRA II [4].

A third possibility to design a single-joint hinge,
which does comply with the pedestrian protection
requirements, could be offered by a collapsible
mechanism.

Figure 19: Collapsible Single Joint Hinge

The collapsing mechanism consists of two body-side
parts (Å+Ç) that are combined by a pivot pointÉ
and a shear pin Ñ. The load transmitted by the
impacting head would cause a failure of the shear
pin. Due to the relative rotation of the two body-side
hinge parts, the required deformation space would be
provided.
The failure of the shear point as well as the location
of the pivot points need to be balanced for each new
vehicle.

A multi-joint hinge usually consists of a body-side
part and a hood-side part, both connected by two
levers.
Depending on the arrangement of the levers in the
closed hood position, the multi-joint hinge could
provide deformation space for the head impact. The
levers needed to be designed in such a way that they
deform in the lateral direction to give way in the
vertical direction under head impact loading.

Figure 20: Multi-Joint Hinge

Such a multi-joint hinge could be located within the
impact area of the head form and usually offers less
resistance to the head impact than the deformable
single-joint hinge. Its increased spatial requirement
is a disadvantage.

If the flexibility of the multi-joint hinge itself is not
sufficient, adding a collapsing mechanism could
increase it. Separating one of the two hinge levers
into two levers  (Å+Ç) connected by an additional
turning point É and a shear pin Ñ could provide
increased deformation space. A failure of the shear
pin under head impact forces would add another
degree of freedom to the kinematics of the hinge. In
this way, an additional travel in the vertical direction
could be provided.

Figure 21: Collapsible Multi-Joint Hinge
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The failure of the shear pin could be adjusted to the
requirements for head impact, but needs to be
balanced with the vehicle handling and driving
requirements. Unfortunately, the larger number of
parts will increase the complexity of the mechanism.

It needs to be noted, that all solutions were just able
to deliver an acceptable margin for compliance with
EU phase one requirements (HPC<2000, 35km/h
impact speed and the given impact direction).

CONCLUSION

This paper summarizes the concepts for vehicle
hoods and hood hinges that have been developed by
OPEL to fulfill the upcoming requirements for
pedestrian protection. In addition, the basic theory of
how to optimize the vehicle with regard to head
impact is discussed. Since the measures for
pedestrian protection are contrary to many other
vehicle handling and driving requirements, it is
obviously a challenge for the automotive industry to
develop future vehicles in a sufficient balance. Many
of the former valid vehicle targets for stiffness and
performance will have to be modified with the focus
on pedestrian protection.
Since the pedestrian protection performance of a
vehicle is very styling and design dependent, the
concepts presented need to be adjusted for each new
vehicle and cannot be regarded as settled off-the-
shelf technology to make a vehicle pedestrian
protection compliant.
It is obvious that the necessary measures affect the
architecture of a vehicle. Therefore, the targets have
to be fixed at the very beginning of the vehicle
development process and need considerable pre-
development time. It would not be possible to
implement pedestrian protection measures at a late
stage or even within a minor facelift.
Pedestrian protection requirements cause tremendous
additional workload within the vehicle development
particularly for styling, design, simulation and the
testing departments.
The concepts presented were developed in advance
of any vehicle-related activities. The new OPEL
ZAFIRA II is GM’s first pedestrian protection
compliant vehicle that has been developed based on
the concepts shown. It has successfully been
designed to meet the EU Phase 1 requirements.

Figure 22: OPEL ZAFIRA II
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Abstract 
 
In Japan, pedestrian accidents account for about 30% 
of traffic accident mortality. Head injuries are 60% of 
the cause of death in pedestrian accidents. Therefore, 
the pedestrian head protection performance test using 
adult and child head impactors has been conducted in 
J-NCAP since 2003.  
The testing method was created based on the Japanese 
laws and regulations and proposals made by IHRA 
pedestrian WG. However, taking into consideration the 
distribution of the head impact positions for vehicles in 
the accident data, the impact area was extended to the 
windshield section (windshield, A-pillar, roof front 
edge, etc.). In addition, in order to cover a larger 
number of accidents, the impact velocity of the head 
impactor was set at 35 km/h, approximately 10% 
higher than the legal requirement.  
The evaluation method was created based on the 
Euro-NCAP method. In order to more minutely 
evaluate the vehicle safety performance, the number of 
areas was increased in comparison with that used in 
Euro-NCAP. Moreover, in order to clearly evaluate the 
difference in the vehicle safety performance, a sliding 
scale was adopted to convert the injury values ranging 
from HIC650 to HIC2000 to the score. A vehicle is 
evaluated according to a 5-stage evaluation system 
from the total score of all the areas. In the 5-stage 
evaluation system, each stage was determined based on 
the AIS4 injury probability.  
In 2003, 19 vehicles were tested, and 4 vehicles were 
tested in the first half of 2004. The distribution of the 
evaluation results classified as levels 1 to 5 (the higher 
the level, the better the pedestrian protection 
performance) indicated that 7 vehicles were at level 3, 
13 vehicles were at level 2, 1 vehicle was at level 1, 
and none for levels 4 and 5. In general, the HIC value 
was higher in the section close to the side of the vehicle 
and the window frame.  
 

 
Analysis of Pedestrian Accidents 
 
In order to understand the actual situation of pedestrian 
accidents in Japan, the accident data was analyzed. 
 
Occurrence of Pedestrian Accidents 
Figure 1 shows the distribution of the number of 
casualties and fatalities from automotive accidents that 
occurred during 2001 in Japan [1].  
 

 
Figure 1 Number of casualties and fatalities from automotive 
accidents (ITARDA: 2001 Statistical Yearbook on Traffic 
Accidents) 
 
Pedestrian accidents account for 7% of the total in 
terms of casualties, which are comparatively minor. 
However, in terms of fatalities, they occupy nearly 30% 
of the total or more than 2,400 persons only next to the 
fatalities while riding in vehicles.  
Figure 2 shows the mortality (number of 
fatalities/number of casualties) by state.  



Ono 2

 
Figure 2 Mortality by state (ITARDA: The 2001 Statistical 
Yearbook on the Traffic Accidents) 
 
The mortality of pedestrians is the highest at nearly 3%, 
or about 6 times as high as the counterpart for while 
riding in the vehicle.  
Therefore, judging from the fatalities and the mortality, 
we can understand that we need protective measures 
for pedestrian accidents.  
Table 1 indicates the distribution of the types of 
vehicles involved in the pedestrian accidents. 
 

 
Table 1 Distribution of vehicle types involved in accidents 
 
The state of the distribution shows that most accidents 
were caused by sedans of standard size accounting for 
40% of the total vehicles. When vehicle types (in bold 
font) subject to the test method under the Japanese 
regulations are included, they account for 77 %.  
 
Analysis of Types of Injuries 
Figure 3 shows the regions of injury by the level of 
pedestrian injuries cited from the general data held by 
ITARDA for 1993 to 2000[2].  
 

 
Figure 3 Pedestrian regions of injuries (ITARDA: The 2001 
Statistical Yearbook on the Traffic Accidents) 
 
Legs have the highest ratio for serious injuries, 
accounting for over 50% of the total regions of injuries. 
On the other hand, in the case of fatalities, the legs hold 
a small ratio while heads occupy 60%. Compared with 
the fatalities, serious injuries involve a greater number 
of cases. Therefore, to take measures for a number of 
serious injuries, it is necessary to reduce injury to the 
legs. Conversely, we find that a reduction of head 
injuries is necessary as the measures for reducing 
fatalities, which have fewer cases but of a more serious 
level of injuries. 
Figure 4 shows the cumulative percentage of the 
vehicle impact velocity involving the pedestrians’ death 
and serious injuries cited from the ITARDA data of 
accident cases for 1993 to 2001. The data covers only 
those subject vehicles, excluding large trucks, whose 
impact velocity at the accident could be estimated.  
 

 
Figure 4 Cumulative percentage of vehicle impact velocity 
involving death and serious injuries of pedestrians 
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The Japanese legal test method sets the impact 
conditions by setting the vehicle impact velocity at 40 
km/h. The figure shows that approximately more than 
60% of the traffic accidents occurred at this velocity. If 
the impact velocity is raised by 10% to 44 km/h, the 
coverage ratio of the accidents rises to 70% 
approximately.  
 
Analysis of Head Impact Position 
Figure 5 shows the pedestrian head impact positions at 
different impact velocities of the vehicles causing the 
accidents. The velocity range was classified into 3 
levels of under 30 km/h, 30 to 50 km/h, and over 50 
km/h in consideration of the vehicle impact velocity 
(40 km/h) expected in the head impact test. 
 

 
Figure 5 Head impact position for bonnet type vehicles 

 
In the case of a vehicle impact velocity of under 30 
km/h, minor injuries of AIS1 or 2 frequently occur 
except in the vicinity of the edge of the bonnet where 
injuries of AIS3 and over occur.  
In the case of a vehicle impact velocity of 30 to 50 
km/h, injuries of over AIS3 tend to occur at the edge of 
the bonnet, near the strut tower, and in the vicinity of 
the window frame and A-pillar. 
In the case of the vehicle impact velocity of over 50 
km/h, the percentage occupied by minor injuries of 
AIS1 or 2 drops and the higher level of injuries tend to 
occur near the center of the bonnet and at the 
windshield.  
 
Setting of Test Method 
The test method was set based on the actual condition 
of Japanese traffic accidents and the examination 
results of related matters domestic and overseas. As 
shown in Figure 3, Japanese data on the pedestrian 
accidents indicates the head as the top region of 
injuries causing the pedestrians’ fatalities, while 
serious injuries mostly occurring to the leg region. On 
the other hand, regarding the discussion on the test 
method for the head, examinations have been almost 
completed with IHRA and the Japanese test method 
based on it. Regarding the leg region, however, 
discussion still goes on.  
Under the circumstances, while the J-NCAP pedestrian 

protection performance test is intended to reduce 
injuries of both the head and leg regions, it has been 
decided to conduct tests on the head for the time being 
since this region has acquired consensus domestically 
and overseas.  
In the current test method, specifications for the 
impactors (165 mm in diameter and 3.5 kg in weight 
for a child and 165 mm and 4.5 kg for an adult), child 
and adult ranges of impact (WAD 1000 to 1700 mm for 
child, and WAD 1700 to 2100 mm for adult), setting 
procedures for impact area, etc. were determined based 
on the test method described in the Japanese 
regulations. The following modifications were made, 
however, to understand the vehicle safety performance 
more in detail and clarify the performance difference 
among the vehicles.  
 

 
Figure 6 Test method under Japanese regulations 

 
Impact Area 
As it is thought effective to improve the head 
protection performance of the vehicle in these positions, 
J-NCAP specifies the impact range to be between 
WAD1000 to 2100 in principle and includes the 
windshield and window frame in the impact area, 
which was excluded by the Japanese legal test method. 
In addition, it made the following examinations of the 
impact area according to this precondition. 

 
Examination of Rear Edge of Impact Area 
The rear edge of the impact area shall be WAD 2100 
mm.  
The rear section was not included in the impact area 
because no injury cases were reported as caused by the 
roof although the accident data has some cases of 
injuries by the roof edge. Incidentally, Euro-NCAP[4] 
and other test methods call for no roof test, and there 
exists no impact condition to which an international 
consensus has been obtained.  
The boundary between the roof and windshield is 
defined as the line in the latitudinal direction of the 
vehicle consisting of the contact points between the 
line inclined at 75o rearward from the vertical line and 
the top of the window frame in the vertical section 
parallel to the longitudinal axis of the vehicle.  
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Figure 7 Boundary between roof and windshield 

 
Examination in vertical direction 
In a vehicle having an almost flat-formed front, WAD 
and the pedestrian height roughly coincide, but it is 
thought that pedestrians having a height of 2100 mm 
are rare. Moreover, if impacted by such a vehicle, it is 
hard to think that the head impact position shifts 
upward. Therefore, it was necessary to examine a 
limitation in the direction of height. Accordingly, it 
was decided to make the vehicle height of 1900 mm as 
the rear edge of the impact area as adopted by IHRA.  
 

1900m m

 
Figure 8 Limitation of height of impact area 

 
Examination of Leading Edge of Impact Area 
It is decided to make the front edge of the impact area 
to be WAD1000 mm. In addition, the same method 
will be used for setting the bonnet leading edge 
reference line as defined by the test method under the 
Japanese laws and regulations.  
 

W AD1000m m

 
Figure 9 Leading Edge of Impact Area 

 
Examination of Leading Edge pf Impact Area 
Regarding the evaluation of the sides around the bonnet, 
if impact is given to a sharply slanted section such as 
the fender, the impactor may show a sharp behaviour in 
the latitudinal direction that is impossible with a human 
body, possibly preventing proper evaluation. Moreover, 
it is likely that the impactor would be damaged after 
rebounding. In this respect, the longitudinal line 
(bonnet side reference line, Figure 10) along which the 
fender inclines inward at 45° is defined. The line 
entering inward from this line by half of the diameter 
of the impactor (82.5 mm) will be the side edge of the 
impact area (Figure 11). Regarding the surrounding of 
the windshield, the A-pillar is included in the impact 
range.  
 

 
Figure 10 Bonnet side reference line 
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Figure 11 Bonnet impact area side edge 

 
Impact Speed and Angle 
Regarding the impact conditions, the vehicle impact 
velocity was set to 44 km/h, 10% higher than the 
Japanese legal test method requirement. This velocity 
setting raises the coverage ratio to approx. 70% (Figure 
4) in the accidents causing fatalities and serious injuries 
of pedestrians. 
Tables 2 and 3 outline the recommended impact 
conditions for adult and child impactors by IHRA. We 
have set the impact condition as follows based on this 
data: 
 

B onnet W indshield B LE/G rille B onnet W indshield B LE/G rille
Sedan + 21.6 +/- 3.0 nc nc 65.1 +/- 0.8 nc nc
SU V 21.3 +/- 1.2 nc 21.3 +/- 6.0 55.6 +/- 5.5 nc 26.0 +/- 7.5
O ne box 20.1 +/- 0.6 nc 21.9 +/- 5.1 47.5 +/- 2.8 nc 20.3 +/- 8.0

B onnet W indshield B LE/G rille B onnet W indshield B LE/G rille
Sedan + 30.0 +/- 4.0 nc nc 66.0 +/- 6.3 nc nc
SU V 27.2 +/- 1.6 nc 32.0 +/- 3.6 59.2 +/- 2.6 nc 22.5 +/- 4.2
O ne box 27.6 +/- 0.8 nc 33.2 +/- 3.2 49.8 +/- 1.8 nc 17.4 +/- 6.1

B onnet W indshield B LE/G rille B onnet W indshield B LE/G rille
Sedan + 38.5 +/- 5.0 nc nc 65.2 +/- 6.5 nc nc
SU V 34.0 +/- 1.5 nc 44.5 +/- 1.0 61.9 +/- 3.8 nc 18.1 +/- 3.8
O ne box 36.0 +/- 0.5 nc 46.5 +/- 2.0 47.4 +/- 2.1 nc 14.8 +/- 3.6
*
 nc: N o contact, 

**
 C hild headform  im pact test conditions,

***
 Linear interpretation to be used to determ ine im pact conditions for in-betw een speeds if required.

Shape
C orridor

C ar im pact speed
30km /h

H ead im pact velocity
(km /h)

H ead im pact angle
(deg.)

Shape
C orridor

C ar im pact speed
40km /h

H ead im pact velocity
(km /h)

H ead im pact angle
(deg.)

Shape
C orridor

C ar im pact speed
50km /h

H ead im pact velocity
(km /h)

H ead im pact angle
(deg.)

Table 2 Impact conditions for child impactor 
 

B onnet W indshield B LE/G rille B onnet W indshield B LE/G rille
Sedan + 23.7 +/- 6.0 27.3 +/- 5.4 nc 78.3 +/- 5.6 48.8 +/- 9.9 nc
SU V 26.4 +/- 3.6 nc nc 73.8 +/- 21.5 nc nc
O ne box nc 20.4 +/- 3.6 nc nc 55.1 +/- 10.4 nc

B onnet W indshield B LE/G rille B onnet W indshield B LE/G rille
Sedan + 30.4 +/- 7.2 35.2 +/- 6.8 nc 66.0 +/- 14.0 38.4 +/- 10.9 nc
SU V 30.8 +/- 8.8 nc nc 76.7 +/- 22.2 nc nc
O ne box nc 29.6 +/- 3.2 nc nc 47.3 +/- 9.6 nc

B onnet W indshield B LE/G rille B onnet W indshield B LE/G rille
Sedan + 37.5 +/- 9.5 46.5 +/- 11.0 nc 56.8 +/- 11.5 33.5 +/- 11.3 nc
SU V 39.5 +/- 11.0 nc nc 73.5 +/- 25.2 nc nc
O ne box nc 43.0 +/- 6.0 nc nc 38.4 +/- 12.3 nc
*
 nc: N o contact, 

**
 A dult headform  im pact test conditions,

***
 Linear interpretation to be used to determ ine im pact conditions for in-betw een speeds if required.

Shape
C orridor

C ar im pact speed
30km /h

H ead im pact velocity
(km /h)

H ead im pact angle
(deg.)

Shape
C orridor

C ar im pact speed
40km /h

H ead im pact velocity
(km /h)

H ead im pact angle
(deg.)

Shape
C orridor

C ar im pact speed
50km /h

H ead im pact velocity
(km /h)

H ead im pact angle
(deg.)

Table 3 Impact conditions for adult impactor 
 
Test Conditions for Bonnet 
Observation of the head impact velocity data at the 
vehicle impact velocities of 40 km/h and 50 km/h in 
Tables 2 and 3 indicates a tendency where the head 
impact velocities tend to be 80% or slightly less of the 

vehicle impact velocity. Therefore, if the vehicle 
impact velocity is set at 44 km/h, the desirable head 
impact velocity would be 35 km/h being approximately 
80% of the vehicle impact velocity.  
Moreover, when the head impact angles are observed at 
vehicle impact velocities of 40 km/h and 50 km/h, no 
major difference is observed except with the adults for 
sedans. Even in the case of the adults for sedans, the 
impact angle is presumed to be between 62 and 63°. 
Consequently, the head impact angle should desirably 
be tested under the same impact conditions as the legal 
Japanese test method.  
 
Test Conditions for Windshield And Wind Frame 
IHRA defines no boundary between the bonnet and 
windshield. In the case where the head of a pedestrian 
comes into contact with the vicinity of the lower edge 
of the windshield, the impact may be similar to contact 
with the bonnet. Therefore, the impact conditions for 
the bonnet will be applied to the impact that is made to 
the lower edge of the windshield.  
Regarding the area from the center of the windshield to 
the upper edge, impact conditions will be set based on 
the recommended impact conditions for the adult. The 
estimated head impact velocity at the vehicle collision 
speed of 44 km/h will be 34 to 40 km/h according to 
the data for the head impact velocity to the windshield 
of the vehicle having impact velocities of 40 km/h to 
50 km/h in Table 3. This head impact velocity tends to 
be slightly higher than the impact velocity to the 
bonnet. However, considering that the velocity range is 
great as a whole under the recommended impact 
conditions of IHRA, and that it is difficult to take 
measures for the sides of the vehicle with the window 
frames, a desirable impact velocity would be 35 km/h 
the same as for the bonnet.  
The impact angle will be the rounded off value of the 
angle specified in the impact conditions recommended 
by IHRA. The same angle of 40° as sedans will be 
specified for SUVs since no data is available for the 
latter.  
With some of small vehicles, the windshield and 
window frame may be the range in which a child 
impactor is used. Under the current state, no data is 
available for IHRA-recommended impact conditions 
for the vicinity of the windshield for a child as in Table 
2. However, a child which collides with the windshield 
or window frame may be considered to have a height 
comparatively close to that of an adult. In this respect, 
the test will be conducted using the adult impact 
conditions for the time being.  
 
The above statements are summarized into the test 
conditions as outlined in Table 4. 
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Table 4  Impact conditions 

 
 
Evaluation Method 
 
On making evaluation, it has been decided to calculate 
the total scores by dividing the impact area for multiple 
tests to more closely understand the pedestrian 
protection performance of the vehicles. At the same 
time, to clarify the relationship between the scores and 
the injury probability, injury values obtained from the 
tests (HIC) are converted into scores representing the 
safety performance by using the evaluation functions 
associated with the injury probability.  
 
Division of Impact Area 
Euro-NCAP[5] divided the impact area and evaluated 
each divided areas. Scores for those divided area are 
aggregated and evaluated as a vehicle. The aim is to 
find the distribution of pedestrian protection 
performance of a vehicle by incorporating the concept 
of area, without having the pedestrian protection 
performance of the vehicle represented by a single 
point.  
The more divided the area, the more accurately 
understood the distribution of the pedestrian protection 
performance of the vehicle. Excessive division, 
however, may lead to a sharp and impractical increase 
of test frequency, requiring longer time and more 
expense in evaluation. Therefore, it is required to 
develop a division method that enables an efficient 
testing operation while closely understanding the 
pedestrian safety performance of the vehicles. From 
this respect, J-NCAP has decided to divide the impact 
area using the following method: 
Longitudinal Direction 
Regarding the longitudinal direction, the longitudinal 
ratio of WAD will be approximately 2:1 in the 
evaluation areas using a child impactor and an adult 
impactor. Accordingly, the evaluation area using the 
child impactor has been divided into two portions. 
In other words, three areas are set up with an 
evaluation area using an adult compactor (Area I), a 
rear part of an evaluation area using a child impactor 
divided into two parts (Area II), and the forward part 
(Area III).  

Latitudinal Direction 
The impact areas of Area I and Area II are each divided 
into 6 portions in the latitudinal direction of the vehicle. 
As to Area III, the latitudinal division is made into 3 
portions because of fewer impact positions of high 
injury value due to the structures inside the engine 
compartment, and the forward section of the bonnet 
having the possibility of occupying a smaller area than 
the rear section due to the position of the bonnet 
leading edge.  
 

 
Figure 12 Area division method by J-NCAP 

 
Subdivision of Divided Areas 
The divided areas are subdivided according to the 
following procedure for use for evaluation: 
(a) Regarding the area totally divided into 15, the 
secretariat selects one place where the HIC value is 
seemingly the highest. An impact is applied to this 
position and the subsequent injury value is used as the 
representative value with which to evaluate the area. 
(b) As may be desired by a manufacturer, each divided 
area may be further divided into 4 areas, and the test 
can be conducted with the impact positions other than 
the subdivided areas that fall under the positions 
already tested. At this time, the manufacturer selects 1 
to 3 areas for subdivision out of the remaining areas for 
subdivision. The secretariat selects an impact position 
seemingly having the highest injury value out of the 
areas for subdivision as selected by the manufacturer. 
(c) Scores of the divided areas are evaluated using the 
weighted average of the scores from 2 areas. The 
weight varies according to the number of areas for 
subdivision specified by the manufacturer as the area 
desired for the test. 
1) In the case where the manufacturer selects all of the 
remaining 3 areas for subdivision 
Score of divided area = (1/4) x (score of main test) + 
(3/4) + (score of requested test) 
2) In the case where the manufacturer selects 2 areas 
out of the remaining 3 areas for subdivision 
Score of divided area = (2/4) x (score of main test) + 
(2/4) + (score of requested test) 
3) In the case where the manufacturer selects 1 area out 
of the remaining 3 areas for subdivision 
Score of divided area = (3/4) x (score of main test) + 
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(1/4) + (score of requested test) 
 
Evaluation Function 
To make the conversion from test injury value (HIC) to 
a score, an evaluation function is used. For the 
evaluation function, a sliding scale will be used after 
making linear approximation based on the risk curve 
(relations between the injury value and the injury 
probability). Regarding the scope of evaluation, a wide 
range of evaluation will be specified to prompt 
improvement of the pedestrian protection measures on 
the part of the manufacturer.  
At J-NCAP, the evaluation function is also used to 
convert the injury value to a score in the general 
evaluation of impact safety related to the passenger 
protection. In the case of passenger protection, the head 
injury value does not necessarily rise remarkably 
thanks to the airbag, seat belt and other safety devices, 
hence the upper limit is set at HIC1000. On the other 
hand, in the case of the protection of pedestrians, it is 
difficult to reduce the injury value compared with the 
passengers under the present level of technologies due 
to the absence of having an airbag and other safety 
devices. Therefore, a wide evaluation range has to be 
set.  
As a result, based on the pedestrian protection 
performance of the present vehicles, it is decided to use 
for evaluation a sliding scale between injury 
probability of 5% (HIC650) and 90% (HIC2000) from 
the risk curve[6] of the injury value (HIC) to conduct 
evaluation in a wider range (Figure 13). The evaluation 
range will be reviewed at a stage when the 
manufacturers have improved their measures for 
pedestrian protection.  
 

 

 
Figure 13 Sliding Scale 

 
Evaluation of Windshield and Window Frame 
When testing the windshield and window frame 
portions, the windshield needs to be replaced each time. 

Considering the time needed for fitting the windshield, 
the testing period is prolonged to a large extent. The 
injury value of the windshield is expected to be 
sufficiently lower unless interfering with the window 
frame and/or instrument panel. On the other hand, the 
injury value of the window frame is expected to exceed 
the upper limit (HIC2000) in most cases. Therefore, 
unnecessary tests are omitted for the evaluation of the 
windshield and window frame according to the 
following examination results. 

 
Examination of Influence of Window Frame 
Using three types of vehicles (Sedan A, Sedan B and 
Light vehicle), relationship between the distance from 
the window frame (A-pillar, roof and instrument panel 
upper end) and HIC on four types of windshields (one 
type being of thin glass) is examined (Figure 14-16). 
As a result, it was found that, except for the instrument 
panel upper end where contact occurs, the HIC 
becomes under 650 given a distance of more than the 
radius of the impactor from the window frame. 
Accordingly, regarding the side and upper portions of 
the windshield, a full mark (automatic rating) is given 
without conducting a test at the positions away from 
the A-pillar and the roof by 82.5 mm or more.  
 

 
Figure 14 Distance from the window frame and HIC 

(Sedan A, A-pillar and adult impactor) 
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Figure 15 Distance from the window frame and HIC 

(Roof, adult impactor) 
 

 
Figure 16 Distance from the window frame and HIC 

(Instrument panel upper end) 
 
Examination of Influence of Contact with 
Instrument Panel 
From the test result of the examination of the influence 
of the window frame, the relation between the dynamic 
deformation amount of the impactor and HIC was 
examined (Figure 17). As a result, regarding the lower 
portion of the windshield, it is estimated that the HIC 
will be less than 650 given a stroke of over 70 mm 
from the windshield to the instrument panel upper end. 
Accordingly, regarding the lower side of the windshield, 
taking into consideration the standard data deviation of 
6.3 mm, full marks are given without conducting a test 
at the positions where the distance from the windshield 
and the instrument panel is more than 80 mm.  
 
 
 
 

 
Figure 17 Dynamic deformation of impactor and HIC 

 
When the above is summarized, the automatic rating 
area will be as shown in Figure. 18.  
 

 
Figure 18 Automatic rating area 

 
In addition, if evaluation is made on the windshield and 
window frame by 15-divided areas, the influence from 
the A-pillar becomes greater, tending to rate the safety 
performance of vehicles lower than it actually is. In this 
respect, it has been decided to evaluate the area near 
the connecting section of the windshield and window 
frame with the area ratio.  
 
Ranking 
The general average score is calculated on the divided 
areas for ranking. Calculation steps are as follows 
(Figure 19). 
(a) The HIC value of respective impact positions is 
converted to the score using the sliding scale. 
(b) The score for the impact position is weighted for 
each divided area to obtain the score for the divided 
areas. 
(c) The average score is obtained for the divided areas 
in Areas I, II and III to obtain the area scores. 
(d) The average score is obtained for Area I to III to 
calculate the general average score.  
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Figure 19 Calculation steps of overall average score 

 
To give ranking, overall average scores are converted 
to HIC using the sliding scale. Vehicles are classified 
into 5 levels according to their safety performance. The 
method of classification is set to rank each vehicle at a 
different level as the injury probability drops by about 
10% from the standard level of HIC1436 where the 
head injury probability is approximately 50% (Figure 
20).  
 

 
Figure 20 Ranking 

 
 
Test Results 
 
Figure 21 shows the state of the pedestrian head 
protection performance test by J-NCAP. In 2003, a total 
of 19 vehicles were tested including 9 units of 
passenger vehicles, 4 1Box/Mini Van vehicles, 4 light 
vehicles and 2 commercial vehicles (vehicle types were 
by the J-NCAP classification different from the vehicle 
classification for the pedestrian protection performance 
test). In addition, a test was conducted with 4 vehicles 
including 2 passenger vehicles and 2 1Box/Mini van 
vehicles in the first half of 2004. The evaluation results 
were distributed with 7 vehicles to Level 3, 13 vehicles 
to Level 2 and 3 vehicles to Level 1 and none for 
Levels 4 and 5 (Figure 22).  
 

 
Figure 21 Testing state 

 

 
Figure 22 Distribution of vehicle levels (fiscal 2003 and first half 
of 2004, J-NCAP pedestrian protection performance test) 
 
Figure 23 shows the state of distribution of injury 
values in the tests conducted during 2003 and the first 
half of 2004. A total of 283 impact positions were 
involved, of which the injury value reads HIC650 or 
under at 56 positions and HIC2000 or over at 26 
positions. The reading of the remaining 201 positions 
was between the upper and lower limits of HIC values. 
The mean HIC value was 1204.1.  
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Figure 23 Distribution of HIC (2003 and first half of 2004, 
J-NCAP pedestrian protection performance test) 
 
Figure 24 shows the impact positions where the HIC 
reading exceeded 2000 in the tests conducted during 
2003 and 2004. It shows that the impact positions are 
mostly on the fender, lower end of the window glass, 
and the rear end of the bonnet. The A-pillar may be 
considered as another impact position where the HIC 
rises. It is evaluated as (zero (0) score) without a test 
unless specifically desired, hence no indication on the 
graph.  
 

 
Figure 24 Impact positions where HIC reading exceeded 2000 
(2003 and first half of 2004, J-NCAP pedestrian protection 
performance test) 
 
 
Conclusions 
In Japan, pedestrian accidents account for 30 percent of 
traffic accident fatalities and head injuries account for 
60 percent of the injury regions in pedestrian fatalities. 
In view of these facts, J-NCAP has introduced a 
pedestrian head protection performance test.  
The test method has been set up based on the test 
method under the Japanese laws and regulations and 
the IHRA test method. In consideration of the 
distribution of head impact positions in actual accidents, 

subject area for evaluations has been extended to 
include the windshield, simultaneously setting the 
impact velocity 10 percent higher to understand 
differences in the safety performance among the 
vehicles. 
Regarding the evaluation method, the Euro-NCAP 
evaluation method was used to grasp the pedestrian 
protection performance of the vehicles in detail. 
Accordingly, the impact area is divided and the total 
score is calculated based on the scores from multiple 
tests. Moreover, to clearly evaluate the safety 
performance of the vehicles, a sliding scale is adopted 
to convert HIC650 to HIC2000 into the scores. The 
ranking of vehicles is given by a 5-level evaluation 
system based on the head injury probability.  
During 2003, 19 vehicles were tested followed by 4 
vehicles during the first half of 2004. Evaluation results 
were distributed with 7 vehicles to Level 3, 13 vehicles 
to Level 2 and 3 vehicles to Level 1 and none to Levels 
4 and 5. In general, higher HIC values were observed 
in the portions close to the side and the window frame 
of the vehicles.  
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ABSTRACT 

 
As far as military vehicles are concerned, in 

particular heavy logistics trucks, French land forces 
must face various constraints, often unknown to 
classical safety requirements. 

In fact, the main requirements for these 
vehicles are : 
1) long life, which implies, after years’ service, 

the risk of old-fashioned vehicles lagging 
behind, when it comes to new technologies ; 

2) cross-country capacities, which are often 
possible using off-road tyres and big-stroke 
suspensions, with sound behaviour on muddy 
or sandy soils, but only fair or even poor 
behaviour on asphalt roads  ; 

3) important payload with a high centre of 
gravity, which is detrimental to sound 
behaviour, increasing the risk of rollover in 
cornering conditions. 
 
To improve safety on these vehicles, a study 

program is in progress within the French MOD. In 
this paper, we are describing the genesis of this 
program, and the means we have chosen, 
summarised as follows : 
- 1) an analysis of all accidents involving French 

military vehicles will be carried out, as a result 
of which a complete accident database will be 
set up ; 

- 2) an exhaustive list of active or passive safety 
systems will be established ; 

- 3) a global matrix between all real accidents 
and all these safety systems will be created, 
using such methods as simulation : for each 
accident and, with the vehicle equipped 
independently with each safety system, this 
matrix is aimed at estimating if : 
- the accident would ever have occurred 

(with a level of likelihood) ; 
- the seriousness could have been reduced ; 
- no real changes would have occurred at 

all. 
At the end of the study due 2007, a list of the 

top 10 safety systems, in terms of a cost/efficiency 
ratio, will eventually be drawn to equip new or 
refurbished military vehicles, and a specific safety 
demonstrator made and tested. 

 
INTRODUCTION 
 

A study program is in progress within the 
French MoD, aiming at reducing human and 
material losses due to traffic accidents involving 
military vehicles. Accidents concerned are of all 
kinds, from single open road accidents to accidents 
happening during military operations, for example 
in cross-country conditions. 

 
Likewise, all kinds of military vehicles could 

be integrated within this study ; different categories 
such as light vehicles (4x4), heavy trucks, and 
armoured tanks are defined to distinguish them. 
  

This program is made up of different parts 
detailed below ; it is meant to be exhaustive 
towards all potential sources of loss reduction. The 
main goal is to obtain a global quantification of the 
potential contribution of actual, new or future 
civilian safety systems, issued from automobile 
industry, in relation to real accidents pertaining to 
military vehicles.  
 
GENERAL SURVEY 
 

On military vehicles, there are four essential 
elements likely to constitute a risk factor :  
 
. The vehicle, 
. The load of the vehicle, 
. The driver, 
. The environment. 
 

The vehicle can be a risk factor if its 
conception is inadequate or obsolete, if the 
maintenance is not sufficient, or in case of a sudden 
breakdown, such as for example a brake system 
failure ; 

 
The load of the vehicle can be a risk factor if it 

is inappropriate in relation to the vehicle (too 
heavy, or with a centre of gravity too high), or in 
case of the vehicle bad coupling securing; 

 
The driver can be responsible if he makes a 

driving mistake, if he is under the influence of 
drugs or alcohol, if he is inattentive because of 
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smoking, phoning, or if he does not respect road 
regulations, etc ;  

 
The environment constitutes the last factor ; 

external environment includes other vehicles, 
meteorological conditions (rainy, foggy, snowy and 
all slippery conditions), roads and their adhesion or 
flatness characteristics, and off-road specific tracks 
(sandy, muddy or underwater) ; internal 
environment includes noises and typical cold or 
warm conditions in armoured vehicles with 
enclosed cell, and big stress due to the military 
operations. 
 

Accident causes obviously vary ; one 
generally speaks of lack of attention, excessive 
speed or skidding, as the primary elements bearing 
a direct influence on the accident ; and as secondary 
or complementary causes, those which only 
contribute to the realization of the accident, the last 
case being considered as an aggravating factor.  
    
SHORT RETROSPECTIVE 
 

In France, the accident toll on the roads has 
decreased from about 17 000 to 5 200 (i.e. year 
2004) in the last thirty years ; during the same 
period, the number of kilometres travelled has been 
multiplied by about 3. It means that the risk of 
having a fatal road accident is at present the same 
for a 1000 km trip as it was three decades earlier for 
a 100 km trip.  
 

Risk reduction is due to multiple factors 
apparently difficult to quantify precisely; one can 
however safely pinpoint among those and for the 
last thirty years : the compulsory seatbelt, the 
reduction of legal alcohol intake, the MOT 
technical check-up of old vehicles, the vehicle on-
board active and passive safety systems growing in 
importance, the improvement of road 
infrastructures and road markings, etc. 

 
Concerning active and passive safety systems, 

we wish to note that light vehicles have been 
equipped before heavy trucks (e.g.  ESP program, 
airbags, etc…). 
 
MILITARY VEHICLES IN FRANCE  
 

1. Military vehicles constitute a specific 
category ; they often have a very long service-life, 
of up to 40 years, contrary to civilian vehicles, 
which can only boast of a life ranging from 8 to 15 
years. Refurbishment is always possible, but it will 
only be after a long time (often half-way through a 
life span), hence the other problem of having 
similar safety equipments on both types of vehicles.  
 

2. A lot of technical points could also cause 
problems, when it comes to integrating new safety 
systems to military vehicles. Here are some 
examples regarding active safety : 
  
- armour causes the kerb mass to be heavier on 

military vehicles than on civilian vehicles ;  
- the load often has a high level of centre of 

gravity ; 
- road mobility and behaviour can be limited by 

off-road capacities, not always compatible 
among themselves ;  

- small windscreens and armours are detrimental 
to external visibility. 

  
And other examples of passive safety are : 

 
- the capacities for structural deformations to 

occur during a crash are very poor for an 
armoured vehicle ; 

- a lot of metallic and hard elements in the 
driver’s cab or passenger cell could easily 
become blunt. Very often, doors, roof or pillars 
do not have any padding at all. 

 
3.  The actual state of safety equipments on 

military vehicles point out a lot of potential 
improvements ; some examples of which are : 
 
- ABS systems only appeared about five years 

ago on military vehicles ; and only for new or 
refurbished ones ; 

- ESP systems (and other similar systems) do not 
exist at present ; 

- safety belts, when they are present, are old-
fashioned models, often with only two points 
of anchorage ; 

- head restraints rarely exist ; 
- no vehicle is equipped with airbags. 
 
POSSIBLE ANSWERS  
 
Statistical survey 
 

Before dealing with the reduction of accident 
losses properly speaking, one should first acquire a 
sound knowledge of the accident typology 
involving military vehicles. In fact, we must 
establish the nature of accidents occurring most 
frequently, and the type of vehicles to which they 
apply. This question needs a statistical survey of 
French military road accidents in the last decade, 
based on the practices of specialised civilian 
laboratories.  

 
We shall thus constitute a database of all 

military accidents, with a lot of details, making it 
possible to acquire a good knowledge of real-life 
accidents.   
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In this database, we shall have for example the 
following standard data : 
 
- a description of the circumstances (date of 

accident, estimated speed, meteorological and 
traffic conditions, type of road…) ; 

- the probable main cause ; 
- the aggravating factors ; 
- crash type : frontal, rear or side impact, 

rollover, location of first impact, eventual 
second impact ; 

- number of vehicles or pedestrians involved ; 
- toll of dead or injured ; 
- cause of injuries (e.g. head impact on steering-

wheel) ; 
- etc 
 

And specific data linked with the military 
field : 
 
- the type of vehicle involved (light 4x4 vehicle, 

armoured vehicle, logistics truck, heavy 
tank…) ; 

- the type of movement (within or outside 
France) ; 

- the cancellation or not of the military mission 
because of the accident ; 

- the global estimated cost of  the accident 
(considering human losses, material costs, and 
other costs linked with the military mission) ; 

- etc… 
 

This statistical survey could last about six 
months ; it will be necessary to obtain all detailed 
accident reports from French land forces 
authorities, in different regiments. 

 
Once this database is complete, the second 

phase of the study can start. 
 
Security improvement 
 

In France, in Angers in particular (ETAS, 
MoD unit), specific skills required to assess road 
and off-road behaviour have been developed.  This 
competence makes it possible to impose within an 
internal regulation frame (French MoD instruction, 
partially published in April 2004), specific 
behaviour tests, compulsory for all military 
vehicles, whether they be new or refurbished. 

 
These tests include, for example, steady-state 

circular tests, braking in a 100m-radius turn, severe 
lane change manoeuvre, emergency braking, etc. 
On these grounds, ETAS has been granted ISO/CEI 
17025 accreditation. 

 
For each test, a minimum threshold is required 

to qualify a military vehicle. Specific test 
conditions are described in official documents. 

Thanks to this regulation, only vehicles having 
at least a fair behaviour will be selected ; vehicles 
with bad or poor behaviour are eliminated. 
However important this can be for active safety, it 
is always possible to go beyond. 
 

A lot of work has been carried out by the 
civilian vehicle industry in the last decade (e.g. : 
VDC or ESP with different functions such as 
cornering braking control), and research 
laboratories keep working on these safety elements 
(e.g. : CWAS –crash warning and avoidance 
system) ; the development of such safety systems 
could be of great interest to improve military 
vehicles. 
 

Passive safety has, likewise, made great 
progress ; airbags have become standard ; new 
vehicle structures can now absorb an important 
kinetic energy, passenger protection is drastically 
different from those which still existed in the ’80s. 

For that matter, a complete study of existing 
or future safety systems is needed, to evaluate 
which ones could have a real interest to military 
vehicles. 
 
METHODOLOGY CHOSEN 
 

Once the accident database has been 
established, a complete state of the art, concerning 
safety systems, must be carried out. 

 
ETAS proposes a global organisation of this 

state of the art, by grouping existing and future 
systems into specific categories. 

 
The table 1 defines the different categories 

and the corresponding systems ; it must be correctly 
completed : 
 

Safety 
improvement 

by… 

In detail Examples 

environment 
analysis 

detection of other road users 
detection of obstacles 
vision improvement (night 
vision, fog vision, rain 
vision…) 
detection of slippery 
conditions 
detection of nearby road 
profile (curvatures, 
crossings, bumps…) 

CWAS1, 
Infrared 
sensors, Grip 
estimator, 
GPS system 
with precise 
map,… 

vehicle static 
state analysis 

detection of overload 
detection of a bad position of 
the centre of gravity payload 

No example 
(not yet!) for 
in-board 
sensor 

                                                           
1 Collision warning avoidance system  
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Safety 

improvement 
by… 

In detail Examples 

vehicle 
dynamic 

state analysis 

detection of rollover 
threshold 
detection of inadequate 
speed in relation to road 
profile 

Accelerometer 
and GPS, 
pre-crash 
systems, 
ABS, ESP,… 

driver 
behaviour 
analysis 

detection of inattentiveness 
detection of alcohol or drug 
detection of excessive 
duration of driving,… 

Driver 
surveillance 
camera, 
specific 
sensor on 
steering-
wheel, 
autopilot, … 

use of 
regulation 
constraint 

limitation of  regulation 
derogations (usually made 
for military needs) 
 

Addition of a 
rear 
protective 
device 
(eventually 
retractable) 

improvement 
of the road-

holding 
ability  

Improve behaviour by 
mechanical components 
 

New chassis 
or suspension 
components, 
… 

analysis of 
the effects of 

crash on 
armoured 
vehicles  

understand the problematic 
of military vehicle during a 
crash 
 

 
Will be dealt 
with later  

structure 
improvement 

creation of capacities to 
absorb kinetic energy 
 

specific 
bumpers,… 

improvement 
concerning 
passenger 
protection 

Shock absorbers for vehicle 
occupants 
 

Airbags, 
padding 
systems, 
enhanced 
seatbelts… 

Improvement 
concerning 

pedestrian or 
other road 

users’ 
protection 

Other road users crushing 
avoidance 
 

Protective 
devices 
around 
vehicles,… 

 
Table 1 

Categories of safety systems 
 
 

At this point of the study, the important thing 
is to evaluate how each safety system could have an 
impact on the different accidents in the database. 

 
So, for each system and each accident, experts 

must analyse, with different tools such as dynamic 
simulation, the probability of : 
 

- the event suffering no real changes ; 
- avoiding accidents ; 
- reducing the seriousness of accidents ; 
- or, on the contrary, increasing the 

seriousness of accidents. 

 
For a proper evaluation of each system, this 

analysis must be carried out in terms of global 
costs. 

 
For example, if the cost of one accident is 

estimated at 70 000 €€  (10 000 €€  for injuries, 
25 000 €€  for the vehicle and 35 000 €€  for the 
military system), the best safety system will be the 
one which makes it possible to reduce the cost of 
70 000 €€  (probability of 100% for accident not 
happening) ; but often, a good system will be the 
one allowing a cost reduction of at least 50%. 

 
At the end of this procedure, we shall obtain a 

table (table 2) summarising all the results : 
 

COST REDUCTIONS Type Accident 
case (#) 

Global 
cost 
(€€ ) 

System  
#12 

System  
#2 

System  
#3 

System  
#4 

etc 

#1- F 15000 4500 7500 1500 0 … 

#2- F 28000 12000 14000 7000 3000 … 

#3- F 12000 0 3000 etc … … 

#4- F 18000
0 

15000 165000 … … … Fr
on

ta
l 

etc … … … … … … 

#1- Ro 66000 0 66000 21000 … … 

#2- Ro 94000 45000 45000 etc  … 

#3- Ro 18500
0 

0 0 40000 … … 

#4- Ro 12000 12000 12000 2500 … … R
ol

lo
ve

r 

etc … … … … … … 

#1- Re 14000 0 0 2000 3500 … 

#2- Re 35000 0 0 1500 6000 … 

#3- Re 67000 etc … … … … 

#4- Re 11000
0 

… … … … … 

R
ea

r 

etc … … … … … … 

#1- S 45000 0 4500 1500 15000 … 

#2- S 72000 2000 18000 3000 … … 

#3- S 48000 etc … … … … 

#4- S 12000 … … … … … 

Si
de

 

etc … … … … … … 

 
Table 2 

Accident cost reduction vs safety systems 
 

This table records, for each type of accident, 
and eventually each category of vehicle, the best 
                                                           
2 example : #1 = ABS , #2 = ESP, #3 = Frontal 
airbags, etc… 
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systems available in terms of accident cost 
reduction. 
 
 
CONCLUSION 
 

So, it will be possible to extract a “top ten” 
marking of the best systems, in accordance with 
their respective costs. In fact, this last parameter 
will also have to be taken into account for the best 
possible choice. 

 
A global refurbishment programme based on 

this “top ten” marking system will eventually be 
launched for the main land forces vehicles. 

 
Prior to this refurbishment, we mean to carry 

out an experimentation on demonstrator vehicles, 
including different systems derived from our “top 
ten” marking system, testing vehicles in hard 
conditions, ranging from bad weather with slippery 
conditions, to off-road configurations with 
important vibrations. 

 
In the near future, a lot of military vehicles 

will hopefully have a global safety performance at a 
high level, with a minimum factor two accident 
reduction cost. 
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ABSTRACT 

Honda is developing a computer simulation 
technology designed to predict injury levels from a 
impact to when an MATD dummy strikes the 
ground during testing. Correlation of results of full 
scale impact tests and computer simulation 
specified in ISO/CD 13232, were examined. As 
the result, it was validated that the computer 
simulation can predict injury levels from an impact 
to when a dummy strikes to the ground. The 
performance and effectiveness of an airbag system 
for a GL1800 in 200 impact configurations and 
400 cases specified in ISO/CD 13232 was evaluated 
by using the computer simulation. As a result, the 
total average benefit was 0.048, risk was 0.004. The 
highest average net benefit appears at the range 
from 20 to 25 m/s in the relative impact speed. 
 
INTRODUCTION 
 

Honda has been researching ways to increase 
the protection of motorcycle riders in accidents 
since the 1960s(1). In recent years, research has 
been conducted on the possibility of motorcycles 
equipped with an airbag system as a means of 
enhancing rider protection. In the research, an 
airbag system including impact detection sensors 
was manufactured on an experimental basis and 
mounted on a GL1500, a large touring motorcycle 
of Honda. Impact tests were conducted using the 
motorcycle. The results obtained were reported at 
the ESV conferences in 1998(2), and 2001(3). One 
of the findings from the research was that the 
changes in measured values of injury to the 
dummy most often affected by the airbag occurred 
at impact with the ground. ISO/CD 13232(4) 
contains test and analysis procedures for research  

 
 
 
 
 
 
 
 
 
 
 
 
evaluation of rider crash protective devices fitted 
to motorcycles. It specifies that the performance of 
rider crash protective devices should be evaluated 
by computer simulation in addition to impact tests 
using actual motorcycles (hereinafter referred to as 
full scale impact tests). The computer simulation is 
intended to cover a 0.5 second time period, from 
the start of impact through dummy impact to the 
opposing vehicle (hereinafter referred to as 
primary impact sequence). We determined, 
however, from consideration of the results of the 
tests described above that it would be necessary to 
evaluate the injury from the start of impact to 
when the dummy strikes the ground. 

Therefore, we conducted tests to establish a 
computer simulation technology that allows for the 
prediction of injury levels from start of impact to 
when a dummy strikes the ground (hereinafter 
referred to as entire impact sequence). For this 
analysis, an explicit method FEM software, which 
is easily expresses shapes and reproduces 
deformations of vehicles, was selected. In the 
FEM software, mesh sizes, which largely affect 
the calculation time and the accuracy of the 
calculation, were studied and decided. Models of 
motorcycle, airbag, dummy and opposing vehicle 
were created and computer simulation calculations 
were performed. From these calculations, the 
compliance of dummy motions at the time of 
dummy strike to the ground was evaluated using 
the dummy head velocity and torso angles. 

As a result, a computer simulation method 
reproducing testing results with high accuracy was 
developed. At the same time, a very effective 
method of shortening the calculation time was 
contrived. These results were reported to 
2003SETC(5). Using the aforementioned computer 
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simulation method, the research was carried out to 
evaluating the injury index from the start of impact 
to the point in time when the dummy struck the 
ground. Correlation of the results of full scale 
impact tests and computer simulation, as specified 
in ISO/CD 13232, covering seven impact 
configurations and twelve cases, were examined. 
As a result, it was confirmed that the computer 
simulation can predict injury index from the start 
of impact to when the dummy strikes the ground. 
 
EVALUATION OF INJURY INDEX TO 
WHEN DUMMY STRIKES GROUND 
 

Developing the computer simulation method 
reproducing dummy motions with high accuracy, 
and one which predicts injury levels in the entire 
impact sequence was carried out. The seven 
impact configurations specified in ISO/CD 13232 
were employed to verify the accuracy of the 
computer simulation research. The impact 
configurations are shown in Fig.1. Basically, 
simulations were conducted both with an airbag 
and without an airbag. However, incase of 
with-airbag in No.1 and No.4 of the impact 
configurations shown in Fig.1 were omitted from 
the correlation simulation results and full scale test 
results because the airbag did not deploy in the full 
scale tests in these configurations. Computer 
simulations for examination of the correlation 
were conducted with twelve cases in seven impact 
configurations. The impact speed of the full scale 
tests was set at a higher level than that defined in 
ISO/CD 13232, to evaluate under more sever 
conditions. The impact speed in the computer 
simulation was also set at the same speed as the 
full scale tests. 
 
 
 
 
 
 
 
 
 
 
 
 

Model Creation Methods 
 
Motorcycle Model  

In the previous study reported in 2003SETC, 
the motorcycle model used to validate dummy 
motion was the GL1500, a large touring 
motorcycle. The motorcycle, however, was 
changed from the GL1500 to the GL1800 in the 
subsequent research. In the computer simulation, 
therefore, a model of the GL1800 motorcycle was 
created. The motorcycle model was created using 
the procedure reported in 2003SETC. The whole 
of the motorcycle model was created as a 
deformable body for enhancing the calculation 
accuracy. The motorcycle model is shown in Fig.2. 
 
Opposing Vehicle Models 

Models of opposing vehicles were also 
created in accordance with the diversification of 
impact configurations. Because the rigid parts of 
opposing vehicle model are highly effective for 
shortening the calculation time, parts with no 
contact with the motorcycle and dummy and with 
no deformation employed the rigid model. Four 
kinds of opposing vehicle models were created, 
changing rigid parts. The models were used 
properly in accordance with the impact 
configurations. Figure 3, 4, 5, and 6 show the 
opposing models created. Opposing vehicle, 
HONDA ACCORD 4-door, 1998 to 2001 model, 
of Japanese specification is shown in Table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Full scale impact test configurations Figure 2. Motorcycle model 
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Dummy Model 

Dummy models were based on the hybrid III 
50 percentile model for LS-DYNA(6). They were 
adjusted to MATD dummy specifications as 
defined in ISO 13232. Since the evaluation 
method of injury index of the neck, undefined in 
ISO 13232, was defined in ISO/CD 13232, a neck 
model was created faithfully based on ISO/CD 
13232. Created models of the neck are shown in 
Fig.7. The bending characteristics of the neck 
model were adjusted to conform with the static 
and dynamic characteristics defined in ISO/CD 
13232. The results of static correlation are shown 
in Table 2. Dynamic characteristics of the neck 
model such as extension, flexion, lateral and 
torsion are shown in Fig.8 to Fig.18.  
As a result of this research, we determined that the 
model was usable as the neck model for 
simulation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Opposing vehicle model for side 
impact 

Figure 4. Opposing vehicle model for
front-side impact 

Figure 5. Opposing vehicle model for front
impact 

Figure 6. Opposing vehicle model for rear
impact 

Table 1 Specifications of opposing vehicle  

Figure 6. Opposing vehicle model for rear 
impact 

Figure 7. Neck model of MATD (ISO/CD
13232) 
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Table 2 Neck static characteristics of 
MATD model 

Figure 8. Dynamic extension position 

Figure 9. Dynamic extension moment vs.
head angle 

Figure 10. Dynamic flexion position 

Figure 11. Dynamic flexion bending 
moment vs. head angle 

Figure 12. Dynamic flexion neck angle vs. 
head angle 

Figure 13. Dynamic flexion occipital 
condoyle and head center of gravity 
position 
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Airbag Model 

An airbag model was created based on the 
airbag redesigned for GL1800. The V-shape of 
back of the airbag to hold the rider and the 
connecting and supporting belts from the back of 
airbag to the motorcycle frame were faithfully 
modeled. The computer simulation model of the 
airbag mounted on the model of GL1800 is shown 
in Fig.19. 
 
Methods of Improving Accuracy of Models 
 

Each model created requires high accuracy to 
enable the evaluation of injury index in entire 
impact sequence.  

As the first step for that, parts predictable of 
deformation in impact were faithfully modeled to 
simulate the actual test vehicles and motorcycle. 

As second step, tests under simple conditions 
such as the unit test defined in ISO/CD 13232 and 
the rigid barrier impact tests using motorcycles 
and opposing vehicles were conducted. Simulation 
models and some calculation factors were adjusted 
to conform to the actual tests with high accuracy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Dynamic lateral position 

Figure 15. Dynamic lateral head angle vs. 
time 

Figure 16. Dynamic lateral head center of 
gravity position 

Figure 17. Dynamic torsion position 

Figure 18. Dynamic torsion stiffness 

Figure 19. Airbag model 
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As the final step of validation, model 
accuracy and some calculation factors were 
improved by correlation with the test results of 12 
test cases using seven impact configurations 
defined in ISO/CD 13232. Some factors that are 
not in the simple unit tests or the rigid barrier tests 
are in the full scale tests, which includes complex 
phenomenon. Factors such as friction properties as 
well as detail structural parts of the motorcycle 
and the opposing vehicle that had been eliminated 
in prior simulation were added to models of the 
motorcycle and the opposing vehicle. With respect 
to these models, the accuracy of the reproducing 
motion and deceleration of motorcycle and 
dummy with the seven impact configurations was 
enhanced. Simulation results of impact 
configurations of No.3, No.5 and No.7, shown in 
Fig.1, in which the motorcycle collides with the 
side of the opposing vehicle, were examined, and 
the accuracy of models of the side of opposing 
vehicle and frontal part of motorcycle were 
enhanced. Next, using impact configuration No.2, 
shown in Fig.1, in which the motorcycle collides 
against the front of the opposing vehicle, the 
accuracy of model of the front part of the opposing 
vehicle was enhanced. In impact configurations 
No.4 and No.6, shown in Fig.1, the accuracy of 
models of the front side of the motorcycle and the 
opposing vehicle were enhanced, while in the 
impact configuration No.1, the accuracy of the 
model of the side of motorcycle was also 
enhanced. 
 
Correlation of Evaluated Injury Index 
 

The correlation was verified using the injury 
index of the dummy with 12 test cases using seven 
impact configurations. The head injury index, 
values of HIC in the primary impact sequence are 
shown in Fig.20; values of HIC after the primary 
impact sequence to the point in time when the 
dummy strikes the ground (hereinafter referred to 
as secondary impact sequence) are shown in 
Fig.21. The r2 correlation coefficient in the 
primary impact sequence and in the secondary 
impact sequence is 0.94 and 0.77, respectively. 

Figure 22 shows the maximum compression 
ratio on the chest in the primary impact sequence. 
Because the airbag receives the primary impact, 

this is an important factor. The r2 correlation 
coefficient was 0.62.  

Table 3 shows a comparison between the full 
scale test results and the simulation results for the 
fracture of leg bones and knee dislocation. The 
conforming rate of the test results and the 
simulation results was 96% in femur and 100% in 
knee and tibia.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 20. Correlation of HIC at primary 
impact sequence 

Figure 21. Correlation of HIC at secondary 
impact sequence 

Figure 22. Correlation of chest sternum
compression at primary impact sequence 
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From the results above, we judged that this 
simulation method enables us to evaluate the 
injury index of the dummy from start of impact to 
the point in time when the dummy strikes the 
ground. We judged that this computer simulation 
enables us to evaluate the risks and benefits of the 
airbag system using the 200 impact configurations 
defined in ISO/CD 13232. 
 
EVALUATION OF INJURY REDUCTION 
PERFORMANCE OF AIRBAG FOR GL1800 
 

ISO/CD 13232 defines the methodology for 
conducting the computer simulation of 400 impact 
cases, which are 200 impact configurations and 
with and without the proposed rider crash 
protective device. The combination of relative 
heading angles and contact points of 25 impact 
configurations are shown in Fig.23, and the 
differences in impact speeds are also defined. 
In combination, the impact configurations become 
200. In these 25 configurations, those 
configurations marked with X were omitted from 
simulation because the airbag did not deploy, or 
deployed but did not influence to the motion of 
riders or its injury index. Those configurations 
marked with a triangle were omitted from 
simulation because the airbag did not deploy from 
influences of impact speed. The injury index in the 
omitted configurations was defined, with and 
without airbag, as no differences of injury index.  
The final calculation of the computer simulation 
was made using 121 impact configurations and 
242 simulation cases. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Evaluation Results of Airbag System by 
Computer Simulation 
 

121 impact configurations and 242 simulation 
cases were calculated. Injury reduction 
performance by the airbag was evaluated based on 
the methodology of ISO/CD 13232, including 
omitted simulation cases. As a result, the injury 
reduction performance of the airbag system, and 
its characteristics against various impact 
configurations were determined. 
 
Rider's Injury Reduction Effectiveness 

Figure 24 shows the results of the influence 
of airbags to injury during the primary impact 
sequence and secondary impact sequence in the 
area of the opposing vehicle where the dummy 
strikes. The vertical axis represents NIC values, (0 
in NIC indicates the level without injury and 1 in 
NIC indicates level of equivalent of the fatal). 
Figure 24 shows the total average benefit and total 
average risk in the primary impact sequence. The 
total average benefit is 0.038 and total average risk 
is 0.001. The ratio of risk against benefit is 0.026. 
Also the average net benefit is 0.037. Figure 24 
shows the total average benefit and total average 
risk in the secondary impact sequence. The total 
average benefit is 0.022 and total average risk is 
0.011. The ratio of risk against benefit is 0.500. 
Also the average net benefit is 0.011. Consequently, 
the airbag system appears to provide a greater 
reduction of injury in primary impact sequence than 
in secondary impact sequence. 

Figure 23. Impact configurations for 
computer simulation 

Table 3 Correlation of leg injury for entire
impact sequence 
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Figure 25 shows the total average benefit and 
total average risk in the entire impact sequence. 
The total average benefit is 0.048 and total average 
risk is 0.004. The ratio of risk against benefit is 
0.083. Also the average net benefit is 0.044. From 
these results, it was judged that the airbag system 
has appropriate injury index reduction 
performance. 
 
Influence of Impact Speed  

The average net benefit values were 
compared by impact speeds. Figure 26 shows their 
results. Impact speed in this case indicates relative 
speed. When colliding to the side of the opposing 
vehicle, the speed of motorcycles is used as the 
relative speed. When colliding to the front of the 
opposing vehicle, the combined speed of both 
vehicle speed is used as the relative speed. When 
colliding to the rear of the opposing vehicle, the 
speed of the opposing vehicle subtracted from 
motorcycle speed is used. When colliding to the 
front and rear of the opposing vehicle, and the 
impact configuration is angled, the impact speed 
of opposing vehicle is subtracted from the angled 
impact. For instance, in No.2 of configuration 
shown in Fig.1, the motorcycle collides into the 
front of opposing vehicle at an angle of 45 degrees. 
The relative impact speed in this case was 
calculated with "13.4m/s (motorcycle speed) plus 
6.7m/s (opposing vehicle speed) times cos45o ".  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Referencing Fig.26, the benefit of the airbag for 
the GL1800 is verified from low to high speed 
ranges, and thus judged effective. The highest 
benefit appears at the range from 20 to 25 m/s in 
the relative impact speed. Therefore, the effect of 
injury reduction is significant at a high-speed 
range.  

An example of an impact configuration where 
the effect of airbags in a high-speed range appears 
clear is shown in Fig.27. Dummy motion during 
collision of the base motorcycle, without an airbag 
is shown in Fig.28. Dummy motion during 
collision of an airbag-equipped motorcycle is 
shown in Fig.29. In the base motorcycle, without 
an airbag, the head of dummy strongly impacts the 
roof of the opposing vehicle. In contrast, in the 
airbag-equipped motorcycle, the head of dummy 
softly impacts the opposing vehicle. The injury 
index is shown in Table 4. The injury index on the 

Figure 25. Total average benefits and risks, 
200 impact configurations 
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Figure 24. Total average benefits and risks, 
all calculation, primary and secondary 
impact sequence 

Figure 26. Aaverage net benefits by relative
impact speed 



dummy is shown as AIS. AIS 1 is a minor injury 
level while AIS 6 is a fatal injury level. The injury 
indices are expressed in six steps. In the base 
motorcycle, without an airbag, AIS on the head 
was calculated as 6, i.e. fatal, whereas the 
calculated AIS on the head in the airbag-equipped 
motorcycle was representative of no injury. 
Similarly, the AIS on the neck in the base 
motorcycle without an airbag was AIS 4, whereas 
the AIS on the neck for the motorcycle equipped 
with the airbag was equivalent to no injury. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
CONCLUSION 

Computer simulation using the explicit 
method FEM software permits the evaluation of 
injury index on the dummy in entire impact 
sequence in the impacts between motorcycles and 
opposing vehicles. Using this simulation method, 
the injury reduction performance of an airbag 
mounted on the GL1800 was evaluated based on 
ISO/CD 13232. 
The following conclusions regarding injury 
reduction are drawn from this research: 
 
• The total average benefit was 0.048, risk was 

0.004. The performance of the injury 
reduction system is appropriate. 

• The highest average net benefit appears at the 
range from 20 to 25 m/s in the relative impact 
speed. 

• The injury reduction effect when striking 
against opposing vehicle is greater than on 
impact with ground. 
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ABSTRACT 
 

Buses are one of the safest modes of transport 
available and one of the options that governments in 
Europe are especially trying to promote, in order to 
meet congestion and emission targets. When a bus 
accident occurs it often becomes the focus of media 
and public attention, especially because the people 
involved had confidence in the transport and 
sometimes it is their sole transport reliance. In 
particular, school bus accidents cause great public 
anxiety and often make the relative safety of buses be 
overlooked. While the incidence of bus occupant 
trauma is relatively low, there is concern on how best 
to improve bus safety. 
 
Three-point seat belts are a good way of improving 
the level of protection for occupants and it is likely 
that future legislation worldwide will move towards 
compulsory installation and use in buses. One of the 
problems with conventional three-point seat belts is 
that they need to be compatible with child restraint 
systems to be effective for children; otherwise the 
shoulder belt adds a significant risk of injury. There is 
an availability problem of sufficient numbers of 
universal child restraint systems for different mass 
categories (G0/G0+, G1, G2 and G3 according to 
ECE R-44) that ensure an adequate level of protection 
for occupants of all age groups. If child restraint 
systems are vehicle specific or integrated there is still 
a problem with adjustments and there is evident risk 
of misuse. 
 
This paper describes the development of a new 
concept of three-point seat belt for buses that is 
compatible with adults and children over 3 years, and 
self-adjustable. Applus+IDIADA designed, developed, 
tested and patented the system under contract to 
FITSA (Spanish Foundation Institute of 
Technological and Automotive Safety). This concept 
intends to provide an effective, inexpensive solution 
to the safety of children in buses. 
 
INTRODUCTION 
 

Various studies of accidents involving buses have 
proven that the main cause of severe and fatal injuries 
is partial or full ejection or projection from seats.[1] 
[2]. Any action taken in provision of restraint systems 
translates to improving the relative safety of buses by 
means of; in the first place, avoid full or partial body 
ejection, from seats and secondly, reduce the risk of 
the bodies contacting any rigid parts in the vehicles. 

Restraining all occupants, in addition to the guarantee 
of a survival space in case of a rollover, prevents the 
majority of the injuries suffered in vehicles involved in 
accidents. The correct use of safety belts (the main 
restraint system in transport) prevents the ejection of 
occupants in collisions where the most important 
direction of deceleration is the longitudinal axis of the 
vehicle, and also in rollovers. This can substantially 
reduce the number of serious injuries in the event of an 
accident. 
 
The inspiration of the project comes from a study 
based on the reconstruction of 8 severe accidents that 
occurred in Spain between 2000 and 2001 involving 
buses, which showed the reality of the protection 
offered to users. None of the passengers used a safety 
belt including the drivers. The majority of the serious 
injuries and fatalities were due to non-use of restraint 
systems, (resulting in impacts with rigid interior parts 
of the vehicle following occupant projection or 
partial/full ejection from seats). Ejection played a role 
in 86% of the fatalities, and 18% of the serious injury 
cases. 
 
The most relevant conclusion of this study was a 
recommendation that adequate restraint systems for all 
occupants would reduce the severity of injuries, and 
the number of fatalities in accidents. Of course, this is 
true for adults and for children, as well. Therefore, a 
restraint system that is compatible with all users 
represents an increase of safety for all users. It is a big 
difficulty to approach the problem of child protection 
in buses and coaches with the same concept as for 
passenger cars. Most child restraint systems to be fitted 
in passenger cars have been designed for a particular 
group of age and need a complicated set of adjustments 
that are almost inapplicable to public transport. 
 
Current safety belt design is meant for adult occupants 
and could cause injuries when applied to children. The 
design and homologation of a restraint system that is 
compatible for adults and children would mean a 
significant improvement in safety of public transport. 
 
BACKGROUND 
 
Standards and regulations 

The standards and regulations that are currently 
applicable to buses and public transport fail to provide 
a sufficient guarantee of safety to all occupants. 
Applus+IDIADA recognises this project as a pre-
legislative step; future trends in legislation are 
expected to move in the direction of making seat belts 
in buses and coaches compulsory. 
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The Spanish Royal Legislative Act 443/2001: Safety 
Conditions in School Transport. The retention of the 
occupants of buses is to be offered by the seat or 
structure immediately in front of each occupant, except 
in the case where there is no such structure, then a seat 
belt is required, and in the case that this position is to 
be occupied by children from 5 to 11 years then the 
seat belt shall be used in combination with a booster 
seat. 
 
EC Directive 2003/20: In vehicles of categories M2 
and M3, the use of seat belts is compulsory for all 
occupants over three years old, provided that their seats 
are equipped with safety belts. 
 
EC Directives 2000/3, 96/37 (Seats and their 
anchorages) & 96/38 (Anchorages and safety belts): It 
is compulsory to install seat belts in vehicles of 
categories M2 and M3. Two-point seat belts are 
allowed. There is no exact date of this directive coming 
into force. 
 
ECE Regulation 80 (Seats and their anchorages): There 
are static and dynamic requirements for the vehicle to 
restrain the occupants through the divisions in the 
vehicle (seats and structures). 
 
ECE Regulation 44 (Child restraint devices): There are 
static and dynamic requirements for the child restraint 
systems to guarantee the protection of children in 
frontal and rear impacts. 
 
The current legislation needs to be revised. Future 
legislation is expected to be a comprehensive system 
that makes the installation and use of restraint systems 
compulsory in all seating positions for all occupants of 
all vehicle categories, including buses and coaches. 
 
Case studies 
 

Applus+IDIADA carried out a study of 8 cases 
involving buses that occurred in Spain between 2000 
and 2001. In order to relate the levels of injury to the 
kinematics of the occupants, a study was undertaken to 
analyse the case of the driver, the occupants of the first 
row on the right side, the occupants of the first row on 
the left side, the occupants of the seats in front of the 
stair case area, and the passengers of a central area on 
the right side and the left side of the vehicle. 
 
Case 1 (2000-01): Frontal impact, Vehicles: Mercedes 
Benz / O 404, Touring; Truck Volvo / FH12 4X2; 
Trailer Lambert/ LVFS BAST. Following a an ill-fated 
overtaking manoeuvre by the truck, which ended in the 
total ejection of the driver, and the truck on lying 
across the road, broadside, the bus struck the rear half 
of the trailer at 105 km/h. The decelerations suffered 
are the most important consideration in frontal impacts. 
The lesser lateral component influenced the 
movements of the occupants in the bus, due to inertia; 
in this case, because the driver attempted to avoid the 

crash by steering left, the occupant inertia was to the 
right. There was no utilisation of seat belts by any of 
the occupants. 
 

 

 

 

 
Figure 1. Reconstruction of vehicle kinematics 
(Case 2000-01) 
 
The impact speed of the bus was 70 km/h and its post-
impact velocity was 47,74 km/h. The difference of 22,7 
km/h translates to 36 km/h EES (Equivalent Energy 
Speed) which is a measure of the deceleration pulse 
that the bus experienced and the value used in the 
simulations. For simulations, the first phase of the 
crash was simplified to an angled full frontal crash 
with the rear half of the trailer. The duration of the 
crash is limited to equal the duration of the 
deformation. If the deformation of the coach and the 
trailer is simplified by a uniform model, the coach and 
trailer suffered deformations of 0,6 m and 0,15 m 
respectively. The estimated deceleration pulse through 
the coach structure in the initial phase of the crash was 
13,7 g for 46 ms. There were 3 fatalities, 18 serious 
injury cases and 27 minor injury cases; 48 occupants 
all in all. 
 
Case 2 (2000-02): Coach careers off-course; Mercedes 
Benz O-303. There was 1 fatality, 10 serious injuries 
and 29 minor injuries – 54 occupants all-in-all. The 
coach careered off the road at 86 km/h and into what 
the driver thought was a slip road. He realised and tried 
to correct the error, but the drainage gutter was too 
deep to cross. The left side made contact with the 
ground at 50 km/h. This velocity was down to 18 km/h 
after the impact with a boulder in the gutter (∆V= 9 
km/h and EES 5 km/h). Maximum inclination 45°, rest 
inclination 37°. There were lateral and frontal 
intrusions of 0,19 m and 0,45 m respectively.  
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Figure 2. Reconstruction of vehicle kinematics 
(Case 2000-02) 
 
Case 3: Careered off-course on a curve followed by 
multiple impacts; Mercedes Benz O-404. There were 
24 occupants, 15 had minor injuries, 6 were seriously 
injured and there were 3 fatalities. 
 

Figure 3. Reconstruction of vehicle kinematics 
(Case 2001-03) 
 
According to the curvature and the coefficient of 
friction for asphalt, the vehicle was over the critical 
velocity. The coach failed to negotiate the curve at 80 
km/h, went into the hard shoulder, took out the safety 
barrier at 74 km/h and went down an embankment 
finally coming to rest on a dry riverbed after impact 
with a wall on the edge of the bed. All the seats had 
safety belts; three point seat belts for the driver and the 
guide, and two point seat belts for the rest of the seats, 
but none of them were utilised. 
 
 

 
Case 4: Careered off-course and over steered back in; 
Iveco Eurorider.  
 

 
Figure 4. Reconstruction of vehicle kinematics 
(Case 2001-04) 
 
Because of the rolling, the shell of the coach rather 
than the chassis took the brunt of the impact force. 
There were 7 fatalities, 10 serious injury cases, 2 minor 
injury cases, all in all 19 occupants. The coach 
careered off-course at 100 km/h. The correction 
attempt over steered and the result was that the coach 
turned over and skidded broadside into a safety barrier 
(motorway division). The impact velocity with the 
barrier was 30,28 km/h translating to EES of 16,15 
km/h.  
 
Case 5: Frontal Impact, Volvo B7R. There was one 
fatality, 8 seriously injured occupants and thirty seven 
minor injury cases; 46 occupants. A speeding truck 
failed to negotiate a curve approaching a fly-over. The 
truck went off the fly-over bridge coming to rest on the 
carriageway below, lying across two lanes on the left 
side. The coach and a passenger car were unable to 
avoid the truck; frontal crash for both vehicles. 
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Figure 5. Reconstruction of vehicle kinematics 
(Case 2001-05) 
 
The coach was travelling at 90 km/h and the calculated 
∆V of the coach was 53 km/h, about 46 km/h EES. The 
calculated deceleration pulse of 20,3 g for 74 ms was 
used in simulation. There were three-point seat belts in 
the coach, none of which was used. 
 
Case 6: Frontal impact, Pegaso 5036; Skoda Felicia 
 

 
Figure 6. Reconstruction of vehicle kinematics 
(Case 2001-06) 
 
There was a 30% overlap frontal crash when the Skoda 
failed to clear the lane during an overtaking 
manoeuvre. The coach left the road on the right, and 
went on to rollover. The impact velocity of the coach 
was 60 km/h and the post impact velocity was 54,5 
km/h. ∆V= 5,7 km/h, EES 13,3 km/h. The calculated 
longitudinal average deceleration pulse was 1,7 g for 
90 ms at the moment of the impact with the car. A 
more significant pulse of 6,5 g was produced by the 
impact in the gutter after the roll. Maximum intrusion: 
1,80 m (front longitudinal). 
 

There were 56 occupants in total. 16 of them suffered 
minor injuries and there were no other casualties. 
 
Case 7: Career off-course and rollover; Mercedes Benz 
O-404. The coach careered off the road to the right, on 
an approach to a steep embankment (11,3 m below 
level road). The vehicle came to rest on its roof. 
 

Figure 7. Reconstruction of vehicle kinematics 
(Case 2001-07) 
 
There were 5 fatalities, 5 seriously injured occupants 
and 2 minor injury cases; 12 occupants all in all. The 
coach – Mercedes Benz O-404 – was travelling at 58 
km/h at the moment of roll. The final resting position 
determined the pulse that the vehicle structure was put 
through, as it landed on the roof. The static 
deformation of the vehicle was 100 cm longitudinally 
in a simplified uniform model. The change of velocity 
∆V was 37 km/h horizontally and the vertical velocity 
was 6 km/h. The calculated pulse, used in simulation, 
was 8 g for 140 ms. 
 
Case 8: Mercedes Benz O-404; there was a judgement 
error in clearing distance during an attempt to overtake.  
 

Figure 8. Reconstruction of vehicle kinematics 
(Case 2001-08) 
 
There were 29 minor injury cases, 3 seriously injured 
people and one fatality, following an impact on the left 
side. 
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Recommendations 
 

The study showed that in frontal impacts, the 
survival space of the driver and the guide is 
substantially reduced. The existing screens of 
separation between the first row and the driver or the 
guide, as well as between the central access and the 
row located in front of it, collapsed because of the load 
exerted by the occupants of the mentioned rows and 
they did not retain the occupants in these compartments 
as proposed by the principle of the regulation that the 
structure in front of the occupant should provide 
restraint capacity.  
 
The general area-by-area injury characteristics show 
that the driver suffered fatal injuries to the head, as a 
direct result of impact with part of the trailer chassis, 
and rib-cage, due to partial ejection and impact with 
the steering wheel. 
 
Occupants in the first row left suffered serious injuries 
due to impact with the separation screen between them 
and the driver. In the first row right, occupants suffered 
fatal injuries after ejection and impact with the trailer 
chassis and the other suffered lethal internal injuries 
due to full ejection followed by violent impact with the 
driver’s separation screen. In the stair case area, the 
injuries suffered were a result of impact with the 
separation screen; vertebrae injuries, and head impacts 
following full or partial ejection. In the central areas, 
the occupants suffered dislocations and concussions as 
a result of impacts with the backs of the seats in front 
of them. The actual injuries depended on the seating 
orientation of the passengers just before the crash.  
 
The figure below illustrates the general casualty 
summary for the seating positions (frontal crash); 
serious and/or fatal injuries in black, and minor injuries 
in white/grey. 
 

 
Figure 9.  Area by area injury summary 
 
In the cases of rollover there is a more even 
distribution of the risk of injury, due to the nature of 
the accident. This is due to the fact that the simplified 
model of a rollover can have multiple loading 
directions – a function of the number of turns and other 
cinematic properties of the vehicle. In these cases, such 
as the case 2001-4, the rollover that produced the most 
fatalities, the restraint of occupants could indeed have 
saved lives or at least prevented some of the severe and 
fatal injuries.  
 

INTEGRATION OF CHILD RESTRAINT 
SYSTEM IN SEATS 
 

The full or partial ejection or projection of the 
occupants was found to be the main event preceding 
the impacts that resulted in serious or minor injuries in 
all the cases that were studied. Applus+IDIADA 
carried out accident reconstructions, and with 
simulation techniques, the mechanism of the injuries 
sustained was illustrated – the results of one simulation 
are shown below. 
  

 
Figure 10.  Without seat belts 
 

Figure 11. With seat belts (animation in 
MADYMO® for occupants on the right-isle seats, 
case 2000-1) 
 
It is reasonable to conclude that the correct use of seat 
belts could have saved lives, as well as prevent some of 
the serious and minor injuries that occurred, simply 
through restraining the occupants which would have 
reduced the probability of impacts. In all of the cases 
studied, there were no restraint systems in use, either 
for the reason that there were not provided for all 
seating positions, or there were none at all. In the cases 
where restraint systems were provided, none of them 
was in use. This fact points to a fault in legislation and 
user awareness. 
 
In tackling this problem it is necessary to make sure 
that any proposed design is compatible for use by 
adults as well as by children, without conceding to 
misuse problems, especially for children. The 
guarantee of restraint should cover all age-groups, and 
physical make-ups in order to sufficiently provide an 
increase in the overall safety for occupants. 
 
In our consideration for school buses, the use of child 
restraint systems, integrated or accessories, is 
becoming a general practice. Nevertheless, technical 
solutions do not exist that make their incorporation in 
the vehicles viable.  
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In Spain the use of school buses is very widespread, 
especially for children over 3 years old – the age at 
which compulsory primary education starts. This raises 
the necessity to design a restraint system adapted to 
these users, but ensuring that its use is simple and 
foolproof. 
 
Analysis of failure and error modes  
 

An analysis of the different failure modes that 
occur related to the current restraint system was done, 
and there were three main categories of failure found; 
use of the locking system by children in adult 
configuration, use of the locking system in infant 
configuration by adults, and restraint system misuse in 
any configuration. In school buses, misuse is a serious 
issue, and in some cases it means that there is a need 
for guardians to check the proper use of these systems. 
In the cases where adult seat belts are used in 
combination with child restraint accessories, the 
process of making sure that the correct systems are 
anchored properly has inherent error due to the long 
list of criteria that need to be met. This translates to an 
overall risk for children even in the cases where a 
guardian is available, as they are also prone to errors. 
 
The ideal solution needs to provide restraint capacity 
that is foolproof, and needs no preparation for any 
types of users, and as little supervision as possible to 
limit the possibility of misuse or failure in any of the 
modes described above. 
 
In school buses the role of the guardian will be 
conveniently limited to verifying the ‘use’ rather than 
the ‘proper use’ of the locking system by all the 
travellers. This function could in the end be 
incorporated into the vehicle safety functions such as 
seat belt reminders. 
 
Failure and related injury 

Incorrect use of seat belts can result in injuries, and 
the risk is especially high for children. Different 
accident studies have found that in the cases of injuries 
caused by the belt, the majority of these are abdominal 
injuries. These injuries relate to the mechanism known 
as submarining, consisting of the sliding of the 
occupant below the lap belt. This is known to be the 
biggest threat posed by the lap belt when incorrectly 
installed or used. 
 
Submarining takes place when the lap belt section does 
not retain the occupant by means of the pelvic crests, 
but rather by leaning into the soft weave of the 
abdomen, causing internal injuries in organs such as 
the liver or even spinal injuries. [3] 
 
Child dummy tests 

Applus+IDIADA carried out tests aimed at 
assessing the performance of the three-point seat belt, 
and the relative modes of failure; in the application of a 
restraint for children using a P3 dummy. 

Following successful modification of the initial 
designs, the results of the fourth test were the 
following. Resulting acceleration of thorax during 3 
ms: 48,61 g (below the limit of ECE R-44; 55 g), time 
with negative acceleration Z at thorax over 30 g: 0 ms 
(below the limit of ECE R-44; 3ms). No abdominal 
penetration was observed (in agreement with ECE R-
44). The head of the dummy was contained (it did not 
cross planes BA and DA, in agreement with ECE R-44 
vertical and horizontal displacement limits). In this test 
it was possible to find a configuration of a seat belt 
meeting the requirements described in ECE R-44. 

 
Figure 12. ECE Regulation 44 procedure 
 

 
Figure 13. Dummy tests 
 
Although there are other smaller size dummies, it is 
considered that this restraint system design is 
inappropriate for the categories they represent. 
 
DESIGN AND DEVELOPMENT 
 

The design by Applus+IDIADA was developed 
with the purpose of developing a locking system that 
guarantees the protection of the occupants, adults just 
as well as children, maintaining convenience for all 
type of statures, with no need of adjustments or 
preparation.  
 
Applus+IDIADA raised a solution for the integration of 
child restraint systems in bus seats which consists of 
placing an extra guide of the belt at one side of the seat 
back. 
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Figure 14 shows (clockwise from left) the simulated 
model of the proposed system in child and adult 
configurations. 
 

 
 

 

Integration of restraint 
system in seats 

Figure 14. 
 
By means of a fixed guide the belts’ tendency to fall 
off the shoulder can be controlled to adapt to different 
heights according to the stature of the occupant. In the 
cases of adult passengers, the shoulder belt would be 
located at the height stipulated by ECE Regulation 14, 
whereas in the case of children, it would be located at 
the lower end. In either of the cases, the setting would 
not affect passing homologation since the 
consideration of child restraints as well as adult 
restraint system regulations would be addressed.   
 
The pelvic points of anchorage will have to be placed 
within the vertical angle (30˚) of the P3 dummy by 
default. The belt will have to be equipped with a load 
limiter in the event that the rigidity of the seat is such 
that the tension produces too high decelerations of the 
thorax. 
 

  

 

Figure 15.  3D model 
 

 

CALCULATION OF ADULT OCCUPANT 
KINEMATICS WITH SIMULATION 
TECHNIQUES  
 
Occupant Simulation 
 

Prior to performing experimental tests using 
dummies, simulations in MADYMO® were carried 
out. These allowed the behaviour and performance of 
the system and the set-up to be evaluated through the 
virtual reproduction of the dummies and by simulating 
the true decelerations from live tests. Later, the 
correlation between the results of the simulation and 
the experimental tests was carried out in order to 
validate the simulation model. 
 
Since the system developed is to be used by children as 
well as adults, simulation of the behaviour of an ample 
margin of users was reasonable. The following family 
of dummies was used: P3, P6, P10, Hybrid III 5th 
percentile female, Hybrid III 50th percentile male and 
Hybrid III 95th percentile male. This assures the 
analysis for a complete array of possible users, from a 
three-year-old child weighting 15 kg to an adult of 
over 98 kg. 
 
Deceleration pulse 

For the purposes of simulations, average pulses 
were used, meeting the limits of the regulations. The 
average pulse is shown in the graph. 

 
Figure 16.  Limits of pulse in ECE Regulation 80 
and average pulse used 

The values associated with this graph are shown 
below. 

 
Table 1 

ECE R-80 Average pulse 
Time Acceleration 

0 ms 0 g 

20 ms 10g 

85 ms 10g 

115 ms 0 g 
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For the case of the child dummies (P3, P6 and P10) the 
same pulse was used – average within ECE Regulation 
44 limits. 

 
Figure 17. Average pulse used in Simulation – 
within limits of ECE Regulation 44 
 
The values associated to this graph are in the table 
below: 

Table 2 
ECE R- 44 Average pulse 

Time Acceleration 

0 ms 0 g 

50 ms 24g 

72,5 ms 24g 

110 ms 0 g 

 
Description of the simulation model 
 

One of the objectives of the project was the 
development of the technology of computer numerical 
simulation of the behaviour of the seat belt system for 
trials in the laboratories of Applus+IDIADA. 
 
A by-result of this project is that it created the 
possibility of making predictions on the behaviour of 
the restraint system for different dummies. For the 
accomplishment of this objective, the method of 
calculation by finite-element analysis techniques was 
used - through commercial software which is 
commonly used in the automotive industry.   
 
MADYMO® was used for the preparation of virtual 
models and calculations, Easy Crash® for the 
processes, Hyper View® for the post processing. The 
hardware used for all the simulation works was SGI 
Octane R12K/300 computers. 
 
Laboratory data was obtained using Wincarat®, and 
the processing of data in the laboratory was made with 
Diadem®. 
 
The model used the following characteristics, in the 
calculations by simulation: Row of two seats with 
anchored belt in each seat; dummy placed in the H- 
point, so that their position is natural. 
 

Hybrid III 5th Hybrid III 50th 

 
Hybrid III 95th 

Figure 18. Simulation Model 
 
The seat belt was modelled as consisting of nine bar 
sections: 1st bar; from the reel placed and fixed in the 
rigid part of the seat (down left) and going up to a first 
guide slot fixed in the back. 2nd bar; from the first to the 
second guide slot (right part of the seat). 3rd bar; right 
to the way out guide slot (excluding the thickness of 
the back) to the dummy’s shoulder. 4th bar: right to the 
shoulder (up to here it is considered that there is no 
pretension or looseness. 5th and 6th bars: cross the 
thorax of the dummy 7th bar: reach the buckle, rigidly 
fixed to the immobile part of the seat. 8th bar: from the 
buckle to dummy’s pelvis 9th bar: finally reaches the 
anchorage placed between both seats which is 
considered fixed to the immobile part of the seat).  
 
In the 5th  and 9th  bars part, a looseness of 20 mm was 
considered. In each step of guide slot and on the buckle 
a friction coefficient of 0,1 is considered. The rest of 
friction coefficients are considered as 0,02. 
 
The position of guides 2 and 3 varies based on the 
height of the dummy but their position is considered 
fixed during the impact for each dummy. The material 
of the belt allows an elongation of 10% for a 10 kN 
tension. 
 
The contacts of the seat foam with the dummy are set 
according to the characteristic functions of the seat 
model.  The ground support of the feet has been placed 
to a natural distance of the seat. In figure 19, the 
modelled system is illustrated with a Hybrid III 5th 
percentile female, a Hybrid III 50th percentile male, 
and a Hybrid III 95th percentile male. 
 
Simulation of Hybrid III 5th percentile female 

This dummy has a weight of 46,3 kg and an 
equivalent height of 150 cm. The dummy is placed, 
belted-up in a natural seating position. The spacing of 
rows is 0,8 m and the interaction between the dummy 
and the back of the seats in front is monitored. 
 
The model is put under a signal of deceleration 
generated from the limits in ECE R-80 (homologation 
of seats) as discussed in occupant simulation. The 
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results of the biomechanics values (those of greater 
importance for the evaluation according to ECE R-80) 
are shown in the table below. 
 

Table 3 
Results of H III 5th percentile female 

 
Parameter Simulation Result R-80 limits 

HIC36 65,5 500 

Thorax Acc3. 13,5 g 30 g 

Femur Force 0,65 kN 10 kN 

Femur Force20 0,4 kN 8 kN 

 
The graphs below show the main biomechanical results 
of the simulation. 
Belt Force Head acceleration 

  
Max: 2,05 kN  HIC36: 65,5 
Chest Acceleration Force in femur 

  
Max: 13,5 g Max: 0,65 kN 
Figure 19. Simulation biomechanical results 
 
Simulation of Hybrid III 50th percentile male 

This dummy weight 74,4 kg and its stature is 180 
cm. The dummy is placed, belted-up in a natural 
seating position. The spacing of rows is 0,8 m and the 
interaction between the dummy and the back of the 
seats in front is monitored. 

 
Table  4 

Results of H III 50th percentile male 
 

Parameter Simulation Result R-80 limits 

HIC36 106,4 500 

Thorax Acc3. 13,9 g 30 g 

Femur Force 1,4 kN 10 kN 

Femur Force20 0,68 kN 8 kN 

 
The model is put under a signal of deceleration 
generated from the limits in ECE R-80 (homologation 
of seats) as in the 5th percentile female simulation. The 
results of the biomechanics values (those of greater 

importance for the evaluation according to ECE R-80) 
are shown in the table above. 
 
The graphs below show the main biomechanical results 
of the simulation. 
 
Belt Force Head Acceleration 

  
Max: 2,4 kN  HIC36: 106,4 
Chest Acceleration Femur force 

  
Max: 13,6 g Max: 1,4 kN 
Figure 20 Simulation biomechanical results 
 
Simulation Hybrid III 95th percentile male 

This dummy has a stature of 185 cm and a weight 
of 97,5 kg.  
 
The dummy is placed, belted-up in a natural seating 
position. The spacing of rows is 0,8 m and the 
interaction between the dummy and the back of the 
seats in front is monitored. 
 
The model is put under a signal of deceleration 
generated from the limits in ECE R-80 (homologation 
of seats) as in the previous simulations.  
 
The results of the biomechanics values (those of 
greater importance for the evaluation according to ECE 
R-80) are shown in the table below. 
 

Table  4 
Results of H III 95th percentile male 

Parameter Simulation Results R-80 Limits 

HIC36 115,0 500 

Thorax Acc3. 14,5 g 30 g 

Femur Force 1,5 kN 10 kN 

Femur Force20 0,82 kN 8 kN 

 
The graphs below show the main biomechanics results 
of the simulation. 
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Belt force Head Acceleration 

  
Max: 3,3 kN  HIC36: 115,0 
 
Chest Acceleration 

 
Femur force 

  
Max: 14,5 g Max: 1,5 kN 
Figure 21. Simulation biomechanical results 
 
The phase of simulation was validated by experimental 
tests in Applus+IDIADA facilities; technical centre in 
L'Albornar (Tarragona - Spain).  These tests, known as 
sled tests, are carried out by means of a movable 
platform, on which the seats and the dummies are 
placed, simulating the deceleration caused by the 
impact.  
 
The sled is stopped by means of calibrated deformable 
bars, and a deceleration curve is obtained under the 
requirements demanded in the regulations that relate to 
the respective tests.  In the set of tests of the system as 
adult restraint, the settings of ECE R-80 were used, and 
for the tests with child dummies the settings of ECE R-
44 were adopted. The series of experimental tests 
correspond to the simulated cases. 
 
Therefore, a series of dynamic tests with the family of 
adult Hybrid III dummies discussed below was done. 
These tests represent head-on collisions and the human 
models used were that from the US standard 
regulations of NHTSA, Part 572. Its use is standard 
world-wide for frontal impact testing. Hybrid III 5th 
percentile female; dummy that simulates an adult of 
small stature, Hybrid III 50th percentile male; dummy 
that simulates an adult of average stature, and Hybrid 
III 95th percentile male; dummy that simulates an adult 
of big stature. The test procedure is defined in the 
regulation ECE R-80. 
 
The measured biomechanics values of the adult dummy 
family do not have to surpass the limits defined in the 
regulation: 500 in the case of HIC (Head Injury 
Criterion), 10 kN for the load in the femur, 8 kN with a 
duration greater than 20 ms for the load in femur and 
30 g of acceleration in the chest with a minimum 
duration of 3 ms.   
 
On the other hand, for the tests of the new design with 
child dummy family corresponding to ECE Regulation 
44, there was clear intention of attempting to obtain 

results that ensure performance well below the 
regulatory limits.  
 
The tests were performed with dummies belonging to 
the P family, defined in the regulation ECE R-44. Its 
use is standard in Europe for frontal impacts with child 
restraint systems. The following dummies are the ones 
with which the test was done: P3 - dummy that 
simulates a 50th percentile three year old child, P6 - 
dummy simulating a 50th percentile six year old child, 
P10 - dummy representing the average ten year old 
child. 
 
Although there are dummies representing younger 
children, the concept is not designed for children under 
3 years. 
 
During the test the dummy tends to move forwards due 
to inertia. To ensure the seat makes an adequate 
retention, it must withstand 55 g acceleration for the 
chest for longer than 3 ms in impacts for the head 
occurring over 24 km/h, with a vertical acceleration in 
the lower abdomen below 30 g for no longer than 3 ms 
and without abdominal penetration of any kind. 
Finally, it must be verified by means of high-speed 
camera shooting that the centre of gravity of the head 
of the dummy does not have an excursion exceeding a 
certain displacement point predefined with respect to 
the seat. 
 
First prototypes 
 

After the completion of the first test series on a 
bench to test design concepts, the first prototype seats 
were manufactured. The following figures show these 
first constructed prototypes. 
 

  

 
Figure 22. First prototypes 
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HOMOLOGATION TESTS ON PROTOTYPES 
 

Following necessary modifications on the first 
prototypes, a series of seats with the proposed new 
design for the purposes of homologation testing was 
built. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23   P3 dummy            Figure 24  P6 dummy 
 
The different dummies were positioned in the seats to 
determine the compatibility of the device for the 
different users. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25 P10 dummy            Figure 26 H III 5th 
 
The dummies used were P3, P6, P10, Hybrid III 5th 
percentile female, Hybrid III 50th percentile male and 
Hybrid III 95th percentile male. All of them displayed a 
suitable retention in the tests that were carried out, 
under the respective regulation requirements.  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 27 H III 50th                  Figure 28 H III 95th 
 

With the purpose of improving the retention of the 
dummy P3 (the one of smaller stature) and 95th 
percentile male Hybrid III (the one of large build), it 
was proposed to increase the dimension of the guide by 
1 cm above and 2-3 cm below the initial design length. 
These modifications were carried out on the prototypes 
used for the homologation tests. 
 
Homologation tests 
 

The homologation testing of the device was made 
following the procedures described in the following 
regulations. ECE Regulation 80: Seats and their 
anchorages (M2 and M3). EC Directive 96/37: Seats 
and their anchorages. EC Directive 96/38: Anchorages 
of lap belts EC Directive 2000/3: Lap belts and locking 
system. ECE Regulation 44: Child restraint systems.   
 
After fulfilling all the acceptance criteria, it was 
verified that the integrated child restraint system 
developed for school bus transport seats in this project 
meets the requirements to be approved as a functional 
safety system. The following slides show the film of 
the homologation tests carried out with P dummies. 
 

Figure 29. P3 and P6 Dummy homologation tests 
 
PATENT 
 

Applus+IDIADA successfully patented the 
following system; 

 
Figure 30. Patent 
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1.- System of guidance for lap belts (1), consisting of 
two lower points of anchorage (2, 3), located on both 
sides of the passenger, and a point of the guide (4) 
located at the height of the shoulder of the passenger, 
being the D-ring point (4) provided with a height 
adjuster (5), adapted to redirect the lap belt from one of 
the lower points of anchorage (2, 3) up to the locking 
system, adapted to fix the belt at the moment of the 
impact, positioning the strap (7) of the lap belt 
diagonally on the torso of the passenger, characterized 
because this height adjuster (5) of the D-ring (4) is 
automatic and consists of an element it guides fixed to 
the body or the seat of the vehicle, that it allows to 
freely move the D-ring (4) of the belt and to redirect 
the belt until a second fixed point of return (6), located 
at a height above that of the element it guides and 
arranged behind it, with which the height of the point 
of return (4) is regulated automatically, adapting to the 
height of the passenger.  2.- System of guidance for lap 
belts (1) according to vindication 1, characterized 
because the second fixed point of return (6) is shared in 
common with the seat and is located in the opposite 
side of the D-ring (4).  3.- System of guidance for lap 
belts (1) according to vindication 1, characterized 
because the second fixed point of return (6) is shared 
with the vehicle. 
 
CONCLUSIONS 

 
Buses and coaches are convenient modes of 

transport, and their safety is important especially in the 
cases of school buses which not only transport large 
groups of people, but large groups of young 
passengers, whose retention has specific requirements. 
 
The standards and regulations that are currently 
applicable to buses and public transport fail to provide 
a sufficient guarantee of safety to all occupants. The 
current legislation needs to be revised. Future 
legislation is expected to be a comprehensive system 
that makes the installation and use of restraint systems 
compulsory in all seating positions for all occupants of 
all vehicle categories, including buses and coaches. 
 
Studies of bus and coach accidents, including the cases 
covered in this project, have proven that the correct use 
of safety belts in these vehicles represents an increase 
in safety by preventing total or partial ejection and 
projection of occupants, which is the cause of most 
serious and fatal injuries. 
 
The innovative design by Applus+IDIADA is a 
contribution aimed at improving child safety in school 
buses. Applus+IDIADA designed, developed, tested 
and patented the system of a self adjustable safety belt, 
integrated into bus seats, for use by adults as well as 
children. It has been verified that the integrated child 
restraint system developed for school bus transport 
seats meets the requirements to be approved as a 
functional safety system. 
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ABSTRACT 

Methods for predicting motorcyclist injuries by 
means of computer simulation have evolved since the 
1970’s and are critically reviewed in the context of 
International Standard ISO 13232. The latter was 
approved in 1996 in order to establish minimum 
scientific requirements for motorcyclist protective 
device research, including calibration of simulations 
against laboratory and full-scale test data. Data from 
an example ISO-compliant simulation are presented 
which indicate substantial agreement between the 
distribution of predicted and real injuries in n=501 
accidents in Los Angeles and Hannover. Other data 
indicate that multi-body and finite element models 
can produce similar buckling responses when they 
incorporate similar levels of detail. Key emerging 
technologies and issues are identified. 
 
INTRODUCTION 

COMPUTER SIMULATION METHODS for 
predicting motorcyclist injuries due to impacts have 
evolved since the early 1970’s, from single mass 
models, to multi-rigid-body (MB) models, to finite 
element (FE) models, and to hybrid FE/MB models. 
This paper begins with an historical review of the 
development of these simulation methodologies, their 
standardisation under ISO 13232 [1], their 
capabilities to predict the distributions of rider injury 
severities observed in real accidents, and some 
comparisons between multi-body (MB) and finite 
element (FE) simulation methods and results. 
Conclusions and discussion are provided regarding 
the levels of agreement between simulations and real 
accidents, MB and FE models, and emerging 
technologies and issues that relate to future progress 
in this field. 
 

RESEARCH QUESTIONS 
 
This paper addresses the following research 
questions: 
1) What is the history and current status of 

motorcyclist injury prediction by means of 
computer simulation? 

2) What standards exist for motorcyclist injury 
simulations, and what are their purpose and 
requirements? 

3) How well can current simulations predict 
rider injuries distributions observed in real 
accidents? 

4) Can either multi-rigid-body (MB) or finite 
element (FE) methods be used to predict 
structural phenomena such as buckling? 

5) What are the key emerging technologies and 
issues in the motorcyclist injury simulation 
field? 

 
METHODS 

History and Status of Motorcyclist Injury 
Prediction by Computer Simulation 
 
In order to address research questions 1 and 2, a 
global English language literature search and review 
was conducted of references that had key or title 
words including “motorcycle,”  “crash” or “impact,” 
and “simulation.” The resulting papers are reviewed 
herein. 
 
Prediction of Rider Injuries 
 
In order to address research question 3, multi-body 
computer simulations of 501 LA/Hannover 
car/motorcycle accidents were run, as specified in 
ISO 13232[1]. The results in terms of distribution of 
predicted body region injury severities were 
compared to the corresponding injury distributions 
from the real accidents, as also described in ISO 
13232-2, annex C [1]. The model is described 
subsequently. 
 
     Model 
As described by Kebschull et al. [16], an ISO 
Motorcyclist Anthropometric Test Dummy (MATD) 
was modeled using the US Air Force Articulated 
Total Body (ATB) code for multi-rigid body systems. 
The MATD includes 28 standardized modifications 
to a Hybrid III 50th percentile male dummy in 
accordance with ISO 13232-3, in order to make it 
compatible with motorcycle postures and multi-
directional impacts. The motorcycle that was 
modeled was a Kawasaki GPZ 500, and for the 
current investigation this was examined in its 
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baseline, unmodified condition. The opposing vehicle 
that was modeled was a production Toyota Corolla 4 
door sedan, as specified in ISO 13232-6. Mass 
properties, dimensions, joint locations, and 
suspension properties for the motorcycle and 
opposing vehicle were determined by laboratory 
measurements of exemplar vehicles. 
 
     Model Calibration 
ISO 13232-7 specifies that 20 dynamic and 11 static 
laboratory component tests be done and 
quantitatively compared with the corresponding 
computer simulations of these tests.  In addition, a 
motorcycle barrier test is specified in order to provide 
a comparison between the modelled and measured 
response characteristics related to the front wheel, 
front suspension, and front fork bending properties 
and their effects on the motorcycle forces and 
motions resulting from frontal impact. As required by 
the Standard, Kebschull et al. [16] graphed the force 
vs. displacement for these 42 static and dynamic tests 
overlaid with the simulation results. As required, the 
simulation parameters used for the calibrations were 
used for all subsequent simulation runs. 
 
The Standard also requires comparison and 
correlation of the simulation with full-scale impact 
test results. Data from 14 full-scale tests were used 
for correlation, and for the peak resultant head 
acceleration correlation the r2 correlation coefficient 
was found to be 0.91. The percentage of femur 
fractures, knee dislocations and tibia fractures 
correctly predicted by the simulation was reported to 
be 93%, 93%, and 100% respectively. 
 
In addition, Kebschull et al. [16] presented the 
"overlaid" full-scale and simulation helmet 
displacement time histories. The authors reported that 
the limitation of this particular calibration method is 
that it compares only the end points of the time 
histories. An alternate, revised method to compare 
these time history variables, has been proposed as an 
amendment to the Standard. With this proposal, a 
correlation factor, analogous to an r2 correlation 
coefficient, is calculated over the time history as 
follows: 
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where: 
C =  correlation factor 
i =  subscript for each impact configuration 
k =  subscript for each time step 

=d ki,   i,k i,kr - r$
id  =  average value (over time) of  i,kd

=r ki,  value for test i at time k 

= ri  average value (over time) of  r ki,

=r ki,ˆ  value for computer simulation i at time k 
Using this method, the average correlation across all 
tests and all 13 variables was found to be 0.82. 
 
     Model Validation 
The injury (AIS) severities for each of six body 
regions that were calculated for the baseline 
motorcycle in the n=501 LA/Hannover impact 
configurations analyzed by Kebschull et al. [16] were 
compared to the actual injury severities from the real 
n=501 accidents. These new results are described 
subsequently. 
 
Comparison of MB and FE Simulations of a 
Simple Structure 
 
In order to address research question 4, the 
aforementioned published references in this area 
were reviewed. Various references, discussed 
subsequently, have suggested that MB may be 
unsuitable for modeling buckling or energy 
absorption phenomena.  In order to address this 
question, an MB model and an FE model of a 
deformable curved plate were developed, run and 
compared for various buckling-type impact 
conditions, in terms of their resulting deflections, 
velocities and buckling behavior. The two alternative 
models were constructed with the same 20 X 20 grid 
of elements, and such that they had the same overall 
static force-deflection characteristics for the type of 
calibration test defined in ISO 13232-7. This type of 
simple structure occasionally occurs in car structures 
such as the bonnet. The example plates were used to 
explore the buckling and energy absorption 
phenomena rather than the responses of specific 
motorcycle or car components. The two models are 
described subsequently. 
 
     MB Model 
A 20 X 20 grid of rigid hyper-ellipsoids comprising a 
curved plate was modeled with ATB, each hyper-
ellipsoid with dimensions 63 mm long x 63 mm wide 
x 4 mm thick. The grid was modeled as 20 strips of 
20 rigid hyper-ellipsoids.  Three degrees-of-freedom 
joints were placed between each adjacent pair of 
hyper-ellipsoids along the length of each strip. Each 
hyper-ellipsoid in each strip was attached to each 
corresponding hyper-ellipsoid in the adjacent strips 
with one linear and one angular spring-damper.  The 
mass, moments of inertia, and 3-axis torque-angle 
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characteristics were calculated based on aluminum 
alloy material characteristics. Linear damping with 
different compression and extension characteristics 
were used in order to model structural hysteresis (i.e., 
energy absorption), although other forms of energy 
absorption could have been used. The elements at one 
edge were constrained by a rigid joint to a wall. The 
plate was impacted at the opposite edge by a 150 kg 
rigid sphere 300 mm in diameter traveling toward the 
supporting wall at 6.7 m/s. The radius of curvature of 
the plate was 1.566 m. 
 
     FE Model 
400, 4-node shell elements comprising the curved 
plate were modeled using MSC DYTRAN, each 
element having dimensions 63 mm long x 63 mm 
wide x 4 mm thick. Material properties of the same 
aluminum alloy as was used for the MB plate were 
used, as described in Table 1. The elements at one 
edge of the plate were rigidly constrained to a wall. 
The plate was impacted on the opposite edge in the 
same manner as was the MB plate. 
  

Table 1. 
Material Properties Used in MB and FE Model 

Formulation 
 

Property Value 
Material 
Density 
Nu 
E 
Yield stress 

ISO R209 AlMg1SiCu 
2700 kg/m^3 
0.33 
69 GPa 
0.275 GPa 

 
 
 
DATA SOURCES 

ISO 13232 (INCLUDING N=501 SUB-SAMPLES 
OF LA/HANNOVER DATABASES): As a basis of 
comparison for the predicted injury severity 
distributions, the real injury severity distributions 
from the n=501 LA/Hannover car/motorcycle 
accidents were generated, based on the data in ISO 
13232-2, annex C. The latter comprise sub-samples 
of “car-motorcycle/seated-single-rider/upright-
motorcycle” accidents which were provided for use 
in the ISO Standard, which were drawn from the 
n=900 census of accidents investigated by Hurt et al. 
[14], as well as a similarly sized sample of accidents 
investigated by Otte et al. [24], as reported by Pedder 
et al. [25]. 
 

RESULTS 

Literature Review 
 
The global review of literature revealed the papers 
listed in the references. These are critically reviewed 
subsequently. A key aspect that is noted is the extent 
to which each simulation was quantitatively 
“calibrated” against laboratory and full-scale test 
data. 
 
     Early Research 
Perhaps the earliest published attempt to model 
rider/motorcycle/barrier impacts was that of Knight 
et al. [17] as summarized by Bothwell et al. [2] in 
their phase I research for the US/DOT/NHTSA. This 
involved a 2 dimensional multi-rigid-body Lagrange 
formulation of a 5 mass rider and a single mass 
motorcycle. Single-point non-linear contact forces 
acting on the masses were dependent on displacement 
and/or time. The rider model contacted the 
motorcycle at its hands, feet and pelvis, and the 
motorcycle front wheel contacted the ground and a 
rigid barrier. The rider was initially in contact with 
the motorcycle, and could separate from the 
motorcycle after it contacted the barrier. Time 
histories of the dummy cg displacement, front wheel 
force, pelvis/motorcycle force and torso pitching rate 
are presented, but these were not compared to the 
full-scale tests that were done. There was no 
discussion of parameter measurement or component 
calibration tests. Plans were described for adding an 
airbag model. 
 
Bothwell et al. [3] report on the addition of an airbag 
model, and the further work of Knight et al. [18] to 
develop a 3 dimensional multi-rigid-body 
motorcycle, rider and barrier simulation. This 
involved an attempt to combine a new, 4 mass 
motorcycle model with the 15 mass CAL 3D human 
model simulation developed by Calspan Corporation 
for the US government. Some preliminary time 
histories are presented for the motorcycle portion of 
the model (with a simplified, rigid, point-mass rider) 
impacting a rigid barrier. Knight et al. [19] present 
further derivations of and example runs with this 
model, as well as with the integrated 19 mass model. 
These include time histories of forces and 
displacements, and stick figure animations of the 
rider model. As with the earlier work there was no 
discussion of parameter measurement, or component 
or full-scale calibration tests. 
 
Sporner [27], as a doctoral dissertation, developed a 2 
dimensional 10 degrees-of-freedom multi-body 
simulation of a seated rider that collides with a 
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stationary obstacle representing a passenger car. This 
was accomplished by converting a multi-body model 
of a car occupant. The motorcycle handlebars and car 
were rigid bodies against which the rider interacted. 
Danner et al. [10] describe how this simulation was 
used to assess the change in rider trajectory (but not 
the forces or injuries) resulting from fitment of knee-
baffle pads on the motorcycle, without calibration 
against full-scale test data. 
 
Happian-Smith et al. [12] describe a 2 dimensional, 3 
mass model of a motorcycle mainframe, front wheel 
and rider torso, with single-point contact forces. This 
was used for analyzing motorcycle cg acceleration as 
the front wheel and headlamp assembly impacted a 
rigid barrier. The effects of cast wheels versus wire-
spoked wheels were described, as well as the effects 
of a 120 l airbag (data for or details of which are not 
shown in this paper). Happian-Smith and Chinn [13] 
describe a similar simulation that was developed to 
include a gas-volume model of an airbag, and the 
effects of this on the angular and linear displacement 
and velocities of a single-mass rider. Some limited 
calibrations against laboratory test data are included. 
 
Chinn et al. [7] and Chinn et al. [8] describe a 2 
dimensional single mass model of a motorcycle 
impacting an angled rigid barrier. The model 
“assumed that the rider was either immediately flung 
clear or was rigidly attached to the motorcycle.” The 
effects of motorcycle and prototype leg protector 
geometry on the yaw rotation of the motorcycle (i.e., 
tail toward or away from the barrier) was studied, 
with both a purely rigid-body model, and with spring-
dampers placed at the contact points. Rider motion, 
forces or injuries were not modelled. One example is 
presented which compares the simulation to full-scale 
test in terms of motorcycle linear and angular 
displacement. Happian-Smith et al. [13] describe 
further details and results with this model. 
 
     Models Leading up to the ISO Standard 
Zellner et al. [32] describe a 3 dimensional multi-
rigid-body model based on the ATB code. This 
comprised a 4 mass motorcycle, 25 mass Motorcycle 
Anthropometric Test Device (MATD) dummy, 7 
mass car and 62 elliptical and planar contact surfaces. 
The model was applied to 163 impact configurations 
based on groupings of accidents in LA and Hannover. 
The simulation results were input to an injury cost 
model developed by Biokinetics, Ltd. No time 
histories comparing the simulation with either 
laboratory or full-scale test were presented.  
Comparisons between the simulation and n=14 full-
scale tests are shown in terms of peak resultant head 
accelerations and simulated leg fractures. The 

correlation coefficient for head accelerations was 
0.80, and the percentage agreement for upper and 
lower leg fractures and knee dislocations was greater 
than 90%. A comparison between one frame of an 
animation and a test film was shown. 
 
Nieboer et al. [23] describe a hybrid MADYMO 
2830 element FE airbag model and MB model of a 
motorcycle sled and modified Hybrid II dummy, 
along with some comparisons of measured and 
simulated dummy acceleration time histories. 
Nieboer et al. [23] describe an extension of this to a 6 
mass motorcycle model including comparisons of 
some component tests and some test data of dummy 
and motorcycle time histories. It is noted that for “the 
motorcycle model as it is presented…the energy 
absorption is underestimated for large structural 
deformations,” and that the [then] current v 5.0 of 
MADYMO “offers adequate [MB] features to 
improve” this. 
 
Yamaguchi et al. [30] describe an FE model of a 
motorcycle frame for barrier impact analysis. The FE 
frame model was connected to ground and barrier via 
spring and dampers. Time history comparisons of 
material strain are presented. 
 
Rogers [26] describes simulations of rider injuries 
with a baseline and a modified sports motorcycle. 
The model was similar to that reported by Zellner et 
al. [32]. Time histories of laboratory and full-scale 
tests are not shown, however correlations of peak 
resultant head acceleration and leg fractures are 
reported. These indicate correlation coefficients of 
0.84 for the head, and between 82 and 88% for the 
upper and lower legs and knees. The model was 
applied to 163 LA and Hannover impact 
configurations. 
 
Yettram et al. [31] describe a 3 dimensional multi-
rigid body model of a rider, motorcycle and rigid 
barrier. The rider comprises 16 masses, the 
motorcycle 4 masses, and the barrier an infinite mass. 
Contact surfaces in general consist of “cylinders” 
(consisting of a series of overlapping spheres) and 
planes. The models are calibrated against 14 dummy 
laboratory tests and 6 motorcycle laboratory tests. 
Time histories for the overall model are then 
compared to full-scale test data in terms of 
motorcycle and dummy head and pelvis forward 
linear displacement and velocity. 
 
Zellner et al. [33] describe extensions of the Zellner 
et al. [32] simulation model, including a control 
volume airbag, an airbag mechanical sensor model, 
an igniter time delay, separate helmet mass, 
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deformable chest and abdomen models, and a refined 
injury cost model. Calibration data for a laboratory 
test of an airbag deployment with a prone dummy are 
included, comparing measured and simulated head 
and neck forces. 
 
Chinn et al. [9] describe a multi-rigid-body 
MADYMO simulation with FE airbag model. 
Descriptions of the models are not provided, except 
that the dummy was a Hybrid III rather than a 
motorcyclist dummy. Although the model is reported 
to be based on and compared to laboratory and full-
scale tests, no data or calibrations are shown. 
 
     The ISO Standard for Motorcyclist Injury 
Research 
Van Driessche [28] describes development of 
ISO/CD 13232, which specifies “Test and analysis 
methods for research evaluation of rider crash 
protective devices fitted to motorcycles. The paper 
summarizes the ISO committee process involving 
experts from 10 nations, at the request of United 
Nations ECE/TRANS Working Party 29. The 
Standard was subsequently approved at a worldwide 
level as ISO 13232 [1]. 
 
The ISO Standard provides a set of common 
requirements and assumptions for minimum levels of 
modelling detail, parameter measurement, output 
variables, post-processing (in terms of three 
dimensional animations and injury indices), 
quantitative (rather than qualitative) calibrations, 
correlations and comparisons against recorded test 
data. 
 
Specifically, the calibration procedures in the 
Standard are intended to enable physics-based 
simulations to be used to interpolate between 
conditions that have been tested in full-scale or in 
laboratory. For example, simulations are to be done 
only up to the component force levels that have been 
measured in laboratory tests, and not extrapolated 
beyond these. The purpose of the simulation tool, and 
the ISO Standard itself, is to assess the relative injury 
benefits and risks of protective devices across large 
(e.g., n=200) representative samples of conditions 
reported in real accidents, a task which is too costly 
to do exclusively by means of full-scale impact tests. 
 
Efforts were made during development of the 
Standard to ensure that it was “technology-
independent” and not “technology-restrictive.” 
Measures were taken to ensure that, for example, 
either MB or FE techniques could be used, and that 
the minimum level of modelling detail for each was 
consistent with what was achievable at the time, 

consistent with the large number of simulations 
needed to support the purpose of the Standard. The 
Standard is not intended to be either a workbook or 
user manual for “how to” implement a motorcycle 
crash simulation, but rather a standard which ensures 
that minimum levels of detail, performance and 
calibration are used, so that the results of the overall 
analysis may be relied upon. 
 
     Models Since the ISO Standard was Approved 
Kebschull et al. [16] describe the only published 
work to date that reports all laboratory and full-scale 
test calibrations and conventions required by the ISO 
Standard. The simulation comprised a 7 mass 
motorcycle, a 30 mass MATD dummy and a 7 mass 
car. Seventy-two time histories are shown comparing 
simulation to laboratory tests for various dummy, 
motorcycle and car components. One series of time 
histories is shown comparing simulation to full-scale 
helmet displacement in one full-scale test.  
Simulation/full-scale correlation data are reported, 
and the correlation coefficient was 0.91 for peak 
resultant head accelerations, and the percentage of 
injuries correctly predicted was between 92 and 
100% for the leg regions. The model was 
subsequently applied to the n = 200 LA/Hannover 
impact configurations. 
 
Iijima et al. [15] describe a hybrid FE/multi-body 
simulation involving the LS-DYNA3D and ATB 
codes. This comprised a 7 mass motorcycle, a 614 
element FE airbag, a 30 mass dummy and a 7 mass 
car. Time histories were not shown, but the 
correlation coefficient for peak resultant head 
accelerations was 0.88, and percentage injury 
agreement for the leg ranged from 94 to 97% across 
the n=14 required ISO full-scale impact 
configurations. One frame comparing a simulation 
animation to a test film is shown. The model was 
subsequently applied to the n = 200 LA/Hannover 
impact configurations. 
 
Wang and Sakurai [29] describe a multi-rigid-body 
MADYMO model of a Hybrid III dummy, a 
motorcycle and ISO Toyota Corolla saloon car. The 
dummy comprises 21 masses, the motorcycle 8 
masses, and the car 14 masses. The contact surfaces 
are ellipsoids, cylinders and planes. The model is 
described as being an initial model, which was not 
yet developed, calibrated or correlated in accordance 
with ISO 13232. The paper shows general 
comparisons of simulation animations against test 
films, but does not present any time histories. The 
paper notes that “shape inaccuracy” may occur and 
notes that “introducing finite element models for 
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some related parts may be an effective way to remove 
most of the influences of the limitations.” 
 
Chawla et al. [5] describe a finite element model of a 
motorcycle and car using the PAMCRASH software, 
and a reverse-engineering approach to generate the 
model. This is based on digitizing exterior portions of 
the motorcycle and car, and adjusting the simulation 
data in order to match component test data. The 
standard PAM-CRASH Hybrid III dummy model is 
used. The objective was to simulate the side-of-car 
impacts of ISO 13232, however, this preliminary 
paper did not address the other requirements of ISO 
13232, or present any quantitative data. A 
comparison of an animation with a test film of a 
motorcycle-to-rigid barrier test, without dummy, is 
shown. The paper also mentions the need for a finer 
mesh size in high deformation zones in FE 
simulations. Mukherjee et al. [20] describe this model 
in more detail, and state that the goal at this stage was 
to examine the overall kinematics of the motorcycle 
and car in side-of-car impacts, and that in the future 
an MATD dummy model should be used to examine 
the finer details of the response. The motorcycle 
model involved 1K elements, and the car model 
involved 15K elements. Only animation/film 
comparisons and subjective summaries are provided. 
They also point out the effect of some of the 
differences between the MATD model and the H-III 
model and specifically discuss the importance of the 
MATD hand grip in affecting the car-MC kinematics. 
Nakatani et al. [21] describe this same finite element 
model of a motorcycle (without rider) that impacts a 
rigid wall. The paper describes calibration of the 
simulation against various component tests, as well 
as the barrier force, displacement and acceleration 
time histories. Comparison of a simulation animation 
with a full-scale test film is presented. 
 
Canaple et al. [4] describe a multi-rigid body 
MADYMO model of a motorcycle, dummy and car, 
used to generate head acceleration time histories for 
input to a finite element model of a human head and 
brain. The motorcycle model consists of 6 masses, 
and the dummy is the standard MADYMO Hybrid III 
(rather than the ISO MATD) apparently with the 
head modified in order to represent a helmet. The car 
is a rather unique multi-body model involving 25 or 
more rigid-body masses, modeled by a combination 
of physically cutting up and measuring various 
structural elements and by calculating force-
deflection characteristics based on sub-structure FE 
modelling. Component calibrations are mentioned 
but not presented in the paper. Comparisons with an 
ISO-like full-scale test with an MATD dummy 
include time histories of motorcycle and dummy 

accelerations (although with different dummies), and 
an animation/film comparison. 
 
Chawla et al. [6] subjectively compare FE simulation 
animations with films of ISO 13232 car 
front impact tests. The simulation is a FE model of a 
Hybrid III frontal car occupant dummy (rather than 
the ISO MATD dummy used in the tests), a GPZ 500 
motorcycle and the Toyota Corolla saloon car 
specified in ISO 13232. The paper provides only 
animation / film comparisons and subjective 
summaries. Certain statements made in the paper 
appear to be misleading. While the ISO Standard 
evaluates safety quantitatively, this paper only 
provides a qualitative comparison of the kinematics. 
This paper gives a preliminary, subjective and 
general comparison of animations against full-scale 
test films, and should not be misinterpreted as a 
direct comparison, as different dummies were used in 
the simulation and in the full-scale tests.  The paper 
also reports using "nominal values" (rather than 
measured values) of impact conditions. The authors 
of the paper suggest that a quantitative comparison 
should be taken up only after a qualitative match is 
obtained. The paper also seems to imply that the 
Standard is only aimed at rigid body simulations. 
However, Part 7 of the Standard describes simulation 
requirements for both FE and rigid body models. The 
paper argues that "bonnet folding cannot be 
effectively modeled using rigid body models" 
probably because of the somewhat more predictive 
nature of FE models (based on material laws and 
detailed geometry) vis-à-vis rigid body models. 
However, both FE and rigid-body models require 
empirically determined input parameters, as well as 
empirical calibration against both component tests 
and whole vehicle tests, as discussed previously. The 
paper lists components which in the opinion of the 
authors were "critical" for simulating motorcycle 
impacts. However, the criticality of these components 
may vary from vehicle to vehicle and from impact to 
impact. Hence, it may be better to emphasize how 
well the simulation quantitatively agrees with the test 
data, rather than on mandating a "design" standard 
for simulation models. The ISO Standard uses this 
approach. 
 
Deguchi [11] describes a hybrid FE/multi-body 
MADYMO model comprising a 21 mass motorcycle, 
2200 membrane element airbag, a Hybrid III dummy 
(rather than a MATD dummy) and a rigid barrier. 
Force-displacement data comparing the simulation 
and laboratory tests are shown for the MC front 
structure, the MC cowl, the seat and the handlebars. 
The motorcycle and dummy models are then used in 
a “prescribed motion” simulation (using as inputs the 
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motorcycle motions recorded on a full-scale test film) 
in order to predict chest and head accelerations for 
two car side impacts, for which time history 
comparisons are shown. For a barrier test, 
simulation/full-scale comparisons are also shown for 
barrier force, MC cg and front fork accelerations, for 
a motorcycle-alone test. 
 
Namiki et al. [22] describes a hybrid FE/multi-rigid 
body model using the LS-DYNA code, comprising a 
35K element motorcycle, a 5K airbag, a 36K element 
dummy and a 169K element car.  Time histories 
comparing simulation to full-scale are shown for 
various component tests and for full-scale car side 
impact tests. In order to reduce run time 
requirements, which were substantial, “contact 
search” and “non-involved rigid model” adaptive 
algorithms were used, which reduced the run time by 
30%. Comparisons were made between animations 
and test films for 45 and 90 degrees car side impacts.   
A quantitative comparison between simulation and 
full-scale test was also made in terms of the torso 
angle and head velocity just before ground impact. 
 
MB Simulations of 501 LA/Hannover Accidents 
 
Figure 1 compares the predicted injury distributions 
from the ISO-compliant simulation of Kebschull et 
al. [16] to the injury distributions from the real 
LA/Hannover accidents, for the head, chest, 
abdomen, upper and lower legs and knees. There is 
substantial agreement for all body regions and all 
injury severities. Note that only certain severity 
levels exist for the lower extremities fractures and 
dislocations, as described in the AIS definitions and 
in ISO 13232, and the simulation is in reasonable 
agreement with those. Head AIS 1 injuries (i.e., 
headache, dizziness) are typically underreported in 
real motorcycle accidents, but the sum of “no head 
injuries” and “AIS 1 head injuries” closely match, 
between the actual and simulated accidents. 
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Figure 1.  Comparison of simulated and real 
injury severities for n=501 LA/Hannover 
accidents by body region 
 
Comparison of MB and FE Simulations of a 
Simple Structure 
 
Figures 2 and 3 compare the MB and FE simulation 
results in terms of time histories for the sphere 
longitudinal deflection and velocity and mid-span 
transverse velocity, for the 150 kg 300 mm sphere 
impacting at 6.7 m/s. As can be observed, the MB 
and FE results are in generally close agreement in 
terms of longitudinal deflection and velocity. The 
transverse rigid-span velocity responses in Figure 3 
are also similar in terms of peak velocity and decay 
time, with the MB model exhibiting a lightly damped 
mode. Each of these responses could be compared to 
actual test data for calibration purposes. 
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Figure 2.  Comparison of MB and FE time 
histories for sphere displacement and velocity for 
6.7 m/s edge impact 

 
Figure 3.  Comparison of MB and FE time 
histories for plate mid-span transverse velocity for 
6.7 m/s edge impact 
 
Figures 4a through 4c show the deflected plate shape 
at three points in time, for the FE model and the MB 
model. This indicates that both methods are capable 
of generating a very similar, non-linear buckling 
response. The notion that MB simulation methods 
cannot be used to predict buckling is not supported 
by these results. 
 

 
a) t = 0 ms 

 

 
b) t = 50 ms 

 

 
c) t = 100 ms 

 
Figure 4.  Comparison of FE (left) and MB (right) 
plate shape at three time points 
 
CONCLUSIONS 
 
Regarding Current Status of Motorcyclist 
Simulation Methods 
 
The review of the substantial literature on the subject 
indicated that much progress has been made since the 
1970’s in the field of computer simulation of 
motorcyclist injuries. Early single and multi-mass 
models with single-point contacts indicated the 
usefulness of simulation as a crash analysis tool, and 
led to multi-rigid-body with multiple contact surfaces 
in the late 1980’s, followed by finite element and 
hybrid MB/FE models. This evolution was made 
possible by the emergence of affordable high-
capacity software and computational speeds. In the 
early 1990’s, the question arose as to the purpose of 
such simulations in rider protection research, and the 
minimum requirements that they should they meet, in 
order to be relied upon in providing accident sample-
based analysis of the overall effects of various rider 
protective concepts. This led to standardisation of 
minimum requirements in ISO 13232 [1]. 
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Regarding Standardizing Motorcyclist Injury 
Simulations 
 
The review of the technical literature indicated that 
there are strong reasons why “performance” (and not 
“design”) standardisation of simulation methods is of 
vital importance. Without minimum provisions for 
factors such as quantitative calibration, level of 
modelling detail, outputs and so on, there may be 
little or no connection to real experimental data, no 
means for comparing alternative simulations of the 
same protective device, and therefore little reliability 
for evaluating the complex phenomena of motorcycle 
crashes. Typically, a qualitative comparison (for 
example, as suggested by Chawla et al, [6]) will be 
done before a quantitative comparison is attempted, 
but finally the quantitative calibration of simulation 
“performance” as required  in ISO13232 is of vital 
importance. Simulation “performance” 
standardisation as found in ISO 13232 provides 
minimum requirements that are aimed at those 
aspects which are most important, namely, rider 
motions and injury indices, regardless of whether 
multi-rigid body, finite element or other emerging 
methods are used. Specifically, the calibration 
procedures in the Standard are intended to enable 
simulation models to be used to interpolate between 
conditions for which the simulation has been 
calibrated against laboratory and full-scale tests, 
enabling a large, representative samples of real 
accidents to be simulated. At the same time, it is 
essential that such standardisation be in no way 
restrictive of new simulation technologies. A 
simulation standard must allow for evolution of 
emerging technologies, including for example, 
modal, continuum, voxel and hybrid methods. 
Finally, the currently continuing and open work of 
ISO/TC22/SC22/WG22 to improve and to revise ISO 
13232 in order to reflect the experience of users is a 
process that benefits all researchers in the rider safety 
field. 
 
Regarding Prediction of Rider Injury 
Distributions 
 
The example ISO-compliant multi-body simulation 
described by Kebschull et al. [16], which was 
previously calibrated against data for 31 laboratory 
tests and 14 full-scale impact tests, was found herein 
to be capable of accurately predicting the general 
distributions of locations, types and severities of rider 
injuries across the head, chest, abdomen, upper and 
lower legs and knees in 501 real accidents. 
 
There appears to be no fundamental reason why FE 
(or hybrid MB/FE) models, or other types of models 

(e.g., continuum, modal, voxel, etcetera) could not 
also achieve this or a higher level of accuracy, 
although to date there has been no published research 
describing such calibration, validation and 
comparison for these types of models. 
 
Regarding Comparison Between MB and FE 
Simulation Methods 
 
The comparison of MB and FE simulations of plate 
buckling-type impacts indicated that very similar 
deflections, velocities and deformed shapes were 
obtained when the models had the same number, size 
and shape of elements. This was the case for both 
longitudinal and transverse deflections and velocities 
and the buckling phenomenon itself. The notion that 
MB is unsuitable for simulating dynamic buckling is 
not supported by these results. 
 
DISCUSSION 
 
Both multi-body (MB) and finite element (FE) 
simulations, when suitably calibrated against 
laboratory and full-scale impact tests in accordance 
with ISO 13232, have a strong potential to accurately 
predict rider injury severities outcome of motorcycle 
impacts. This of course relies on the existence of a 
suitably biofidelic motorcyclist dummy and 
corresponding injury probability curves which are 
used to generate the underlying laboratory and full-
scale test. It is observed that committee 
ISO/TC22/SC22/WG22 continues to identify 
limitations of and areas for improvement in both the 
dummy and injury probability curves. Recently these 
have included upgrades for the motorcyclist dummy 
neck, to be in better agreement with the existing 
biomechanical and accident data, and as well as 
discussion of the potential improvements to other 
components of the MATD. 
 
In general, the plate comparison herein provides one 
example where FE and MB can give similar results, 
when a similar level of detail is included. The FE 
model uses a somewhat more “predictive” approach 
based on material laws and empirically measured 
material properties, while the MB model is based on 
empirically determined relations and the laws of 
rigid-body mechanics. This illustrates the point that it 
may be the "number and size of elements", and the 
“empirical relations used”, which may have stronger 
effects on the detailed accuracy, rather than whether 
the "calculation method" is FE, MB, continuum or 
some other method. This distinction is sometimes 
overlooked in the technical literature. With regarding 
to modelling alternatives, on the one hand, FE 
provides a somewhat more “predictive” method, as 
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the structure’s material properties (e.g., elasticity and 
strength) can be specified a priori, but like MB, FE 
methods also require careful empirical verification of 
structural damping and energy absorption. In 
addition, in order to be predictive, FE requires close 
attention to sufficiently small mesh size in high 
deformation zones, internal surface geometry, 
bracing and stiffening bends, as well as co-ordinated 
mesh sizes on contacting surfaces, which has not 
always been the case in MC/car crash simulations to 
date. Typically, FE (or MB using similar numbers of 
elements) require extensive human and machine 
resources, and to date, no work has been published 
which uses FE model for simulation of the 200 
impact configurations in ISO 13232, which is the 
main purpose of the simulation tool defined in the 
Standard. Further automation and optimization of FE 
and hybrid methodologies, as well as “contact 
search” and “non-involved rigid model” adaptive 
algorithms, and expected further increases in 
computational speeds, may improve this situation in 
the future and appear to be key emerging 
technologies. This needs to be done, however, with 
due attention to the calibration and correlation norms 
of ISO 13232. Needed updates, based on experience, 
to ISO 13232 and to the underlying methodologies 
include further allowances for new modelling 
techniques, and probably more rigorous calibration 
criteria, without the Standard becoming overly 
restrictive or difficult to conform to. At the same 
time, the Standard is not intended to be a workbook 
or users’ manual for “how to” implement a given 
type of simulation, but rather a guideline for a 
simulation’s reliability and performance in 
comparison to real test and accident data. The current 
Standard specifies calibration and correlation 
methods, but has minimal criteria for these, and it is 
clear that the quality and reliability of simulations 
would be further improved by implementing 
simulation performance criteria. In addition, a key 
issue continues to be the need for more detailed 
biomechanical and accident data, which have limited 
both the resolution and the domain-of-validity of the 
methodologies used to date. 
 
Limitations of this Study 
 
In the 501 simulations of real accidents reported 
herein, the overall injury distributions rather than the 
“case-by-case” outcomes were compared between the 
simulated and real accidents. “Case-by-case 
outcomes may not compare as closely, due to detailed 
differences between the modelled and the real 
motorcycle, opposing vehicle and rider types, and 
other extensive details of the real accidents.  Further 
case-by-case validation work would be useful. 

Nevertheless, as found herein, it is considered that at 
a macro level, the distributions of injury severities are 
highly reliable, and provide the “best available 
information” regarding the outcomes of 
representative samples of motorcycle accidents. 
 
In addition, a key issue continues to be the need for 
more detailed biomechanical and accident data, 
which have limited both the resolution and the 
domain-of-validity of the methodologies used to date. 
 
In the comparison between MB and FE models, the 
example used was a curved plate, which although it 
may be representative of some structures like car 
hoods, is less typical of motorcycle components such 
as wheels, which behave more as complex 3 
dimensional structures. Analogous comparisons 
between MB and FE for these more complicated 
cases could reveal other results. All such models 
however, should be quantitatively calibrated against 
real dynamic test data in order to clarify the 
significance of such findings. In addition, this 
preliminary analysis did not examine in detail the 
contribution of individual finite element “shape” 
changes, or detailed differences in total damping and 
energy absorption, or their significance, which could 
be further quantified in the future. 
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ABSTRACT 
 
     Nowadays several injury criteria are being used 
in the analysis and evaluation of whiplash risk in 
automotive rear impacts (NIC, Nkm, LNL, etc.). 
This study presents a review of the most accepted 
injury mechanisms and evaluates the advantages 
and inconveniences of the commonest criteria at 
present. Taking into account the conclusions 
arrived at during this comparison, a new criterion is 
proposed using the signals registered in the upper 
and lower neck load cells of a crash test dummy, 
trying to minimize the disadvantages previously 
found in the other criteria. In order to validate this 
study a series of sled tests with a BioRID-II 
dummy have been performed and its results 
analyzed, confirming the assumptions made during 
the review of the present criteria and showing a 
very promising response to the new one. In 
conclusion, the use of injury criteria involving the 
load cells situated in both ends of the neck at the 
same time is recommended as the best way to deal 
with the dynamics produced during the whiplash 
movement in a rear impact. 
 
INTRODUCTION 
 
     In a rear-end car crash, even at low speed, the 
head of the occupants of the struck vehicle 
normally suffers a motion related to the torso that 
produces sudden distortions of the neck. Although 
in the most severe cases this movement can 
produce the fracture of cervical vertebrae, the 
commonest related lesions are only classified as 
minor injuries (AIS 1) [1]. Nevertheless, these 
lesions, known as whiplash-associated disorders 
(WAD) or simply whiplash, produce painful and 
often long-term or even chronic symptoms, causing 
huge economic costs to the society at the same 
time. 
 
     During the last few years a certain number of 
experimental procedures have appeared trying to 
evaluate the capacity of the automotive seats to 
protect the occupants in a rear-end crash. Currently 
the most accepted of these procedures (IIWPG 
[2][3], Folksam [4], ADAC, etc.) are using 
dynamic sled tests and the crash test dummy 
BioRID-II [5][6][7]. One of the main problems in 
the development of this kind of procedures has 
been related to the lack of a full understanding of 

whiplash injury mechanisms, even though several 
theories have been proposed trying to give an 
explanation to the observed symptoms. At the same 
time, a certain number of injury criteria have been 
developed looking for a correlation with the 
different proposed mechanisms. At present there is 
still a debate about which of these criteria should 
be taken into account to describe the ability of a 
seat to protect the neck of the occupants in a rear-
end impact properly. In this situation, the groups 
that are developing new test procedures are 
adopting either several criteria simultaneously ([4]) 
or none of them, basing their assessment on the 
direct comparison of loads and accelerations ([3]). 
At this point, the lack of a criterion unifying the 
different injury mechanisms that can be used easily 
on a test protocol is clear.  
 
     The main objective of the presented work was to 
make a critical review of the commonest injury 
criteria used at present, trying to analyze the 
advantages and disadvantages of each one of them. 
The results would provide a better understanding 
about the different criteria themselves and, if 
possible, give guidelines for the definition of a new 
criterion solving the possible problems found. 
 
METHODS 
 
     Keeping this objective in mind, the first 
question is: how do we evaluate a whiplash injury 
criterion? or even better, what do we expect from 
it?. The points found by the authors to answer this 
question are the following:  
 
1. The criterion must be representative of one or 

more injury mechanisms, indicating and 
quantifying the probability of injury. It must be 
sensitive to the factors related to these injuries 
and able to give an assessment about different 
impact conditions. It must be able, for 
instance, to determine which seat is safer for 
an occupant with regard to the considered 
mechanisms when using a particular 
acceleration pulse. 

 
2. At the same time it should be repeatable and 

stable.  Values measured in similar situations 
should not be too different. 

 
3. It should not be sensitive to other processes 
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different to the mechanism analyzed. Variables 
not related with the injury mechanism should 
not have a great influence on its value. 

 
4. When possible, for practical reasons, the 

criterion should be easily and quickly 
calculated.  It should use values directly 
measured during the test and avoid non 
automatic operations.   

 
     These points evidence that in order to proceed to 
the evaluation of the different criteria it is 
convenient to get the best possible understanding 
about what happens where and when in a typical 
rear-end impact. The dynamics of the neck and 
head have been studied both in the literature and 
with results of tests using the BioRID-II dummy. In 
addition, a review of the most accepted injury 
mechanisms has been done.  
 
     After these reviews, the most common injury 
criteria have been analyzed trying to understand 
their weak and strong points. A series of four sled 
tests with seat, dummy and seat belt have been 
done in order to validate the obtained conclusions. 
All the tests have been carried out at CIDAUT, 
using a MTS inverse catapult and a BioRID-II 
Rev.f fully instrumented dummy. The forces at the 
seat belt were measured using a Messring belt load 
cell, in order to get extra information about the 
rebound phase. The seating procedure was based on 
[2]. The position of several characteristic points of 
the dummy was registered with a FaroArm portable 
3D measurement system, in order to guarantee its 
reproduction when using similar seats. The sled 
was accelerated using the IIWPG 16 Km/h pulse 
[2] (Figure 1 shows the acceleration measured in 
the different tests). Four Redlake high-speed digital 
cameras were used during the tests in both on-
board and off-board positions, taking images at 
1000 fps. When necessary, image analysis was 
done using the software Falcon eXtra. All the signs 
and axis mentioned on the present paper are 
according SAE J1733 standard ([8]). 
     Two models of seats have been chosen for the 
tests. As none of them has been specifically 
designed to prevent whiplash, we will refer to them 
as Seat “A” and Seat “B”. Seat “A” is a common 
car driver seat, while Seat “B” is a minibus rear 
seat with an integrated 3-point seat belt. This forces 
its structure to be very rigid and, therefore, is 
expected to give worst results with regard to 
whiplash protection. Three tests were done with 
“A” type new seats (numbers 001, 002 and 003), 
and a fourth one was done with a seat “B”, also 
new (number 004). In this way we could analyze 
the repeatability and sensitivity of the different 
criteria. Figure 2 shows the rotation of the backrest 
in the tests, measured from the high speed images. 
The difference of stiffness between both models of 

seats appears clearly here (the rotation on the fourth 
test has been quite lower than on the other ones). 
The variability of the behaviour of the “A” seats 
can also be observed, even when using similar 
acceleration pulses. This can be used as a reference 
when studying the repeatability of the criteria. 
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Figure 1.  Acceleration pulses of the tests. 
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Figure 2.  Rotation of the backrest during the 
tests. 

 
     In order to have numeric values to compare the 
sensitivity and the repeatability of the different 
criteria, a method has been defined using the 
Russell criterion for comparison of curves [9]. This 
criterion is normally used to compare two different 
series of data f1(i) and f2(i) defined by N points 
each, giving a numeric value εc closer to 0 when the 
curves are similar and greater when the curves are 
different. The expressions used are the following: 
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     The values εm and εp represent respectively the 
errors associated to differences in magnitude and 
phase, and x is a reference constant that, in this 
case, has been defined as π/4.  
 
     To get an indicator of the repeatability of the 
injury criteria the first three tests have been 
compared to each other (001 to 002, 001 to 003 and 
002 to 003), obtaining three εc values as results. 
The average of these values has been considered to 
be representative of the repeatability. The indicator 
for sensitivity has been calculated in a similar way, 
comparing the three first tests with the fourth one 
and calculating the average of the three obtained εc. 
As defined, the repeatability is assumed to be better 
when its indicator is closer to zero, and the 
sensitivity is better when its indicator is higher. To 
be used as a reference, the indicators of 
repeatability of the acceleration pulses (high 
repeatability and low sensitivity) and the rotations 
of the backrest (relative low repeatability and high 
sensitivity) were 0.028 and 0.108 respectively, 
while its sensitivities were 0.022 and 0.482. 
 
HEAD-NECK MOVEMENTS DURING A 
REAR-END IMPACT 
 
     In order to be able to analyze the results of the 
tests and to try to identify the time when the 
possible injury mechanisms happen, it is 
indispensable to understand the kinematics of the 
neck and the head during a typical low speed rear-
end impact. This movement is well documented 
and has been described by several authors using 
different techniques ([5], [10], [11], [12] and [13] 
among others). The main phases of the motion are 
shown in Figure 3. 
 
     In the initial state the subject is seated on the 
seat in normal position. When the vehicle is struck, 
the acceleration of the structure is transmitted to the 
seat through its anchorages, producing a movement 
forward with regard to the occupant. The first zone 
of the subject in receiving the pressure of the seat is 
normally the pelvis and the lumbar zone, followed 

by the thorax. When the spine, originally curved 
according to its physiological shape, is pushed 
forward, it tends to straighten, moving the base of 
the neck (vertebra T1) upwards and producing 
some compression on it. This phenomenon can be 
amplified by the movement upwards of the whole 
thorax due to the angle of the seat and the 
acceleration of the base. This is commonly called 
“ramping up”. Although the thorax begins to move, 
the head at this point remains in its original 
position. The T1 vertebra, which was originally 
situated behind the centre of gravity of the head, 
passes to be in front of it, and the previous 
compression of the neck becomes traction, with the 
thorax pulling on the head. The movement of T1 
makes the cervical vertebrae work as a chain, 
transmitting the motion from the lower end 
upwards, while at the upper end the inertia of the 
head produces resistance to the movement. The 
combination of these effects produces a transitory 
biphasic state known as “s-shape” in which the 
lower part of the neck (vertebrae C5-C7) presents a 
very pronounced extension, while the upper part is 
in flexion. The rearwards movement of the head 
referred to T1 is called retraction 
. 

 
Figure 3.  Different phases of the motion of the 
head in a typical rear-end impact. 

 
     When finally the head begins to rotate, the 
whole neck arrives in a state of extension with the 
head being pulled on by the thorax. When the 
acceleration of the base drops, the elastic energy 
stored on the seat and the occupant begins to be 
released, producing a rebound movement with a 
rotation forward of all the torso of the subject 
around the pelvis. The seat belt begins to tense over 
the pelvis and the thorax approximately when the 
body returns to its original position, producing a 
violent flexion of the neck. Finally, due to the 
tension of the belt, the body is stopped, and returns 
to the backrest. 
 
THEORIES ABOUT WHIPLASH INJURY 
MECHANISMS 
 
     Up to the present a wide number of research 
works have been done trying to identify the origin 
of the symptoms related to whiplash associated 
disorders. As a result of these studies several injury 

Original    S-shape  Extension   Flexion 
(rebound)
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mechanisms have been proposed, the coexistence 
of some of them being the most accepted 
hypothesis. If we want to analyze the different 
injury criteria it is necessary to understand the 
origin of the lesions as well as possible, in order to 
be able of relate them with the magnitudes 
measured in the lab. A review of the most accepted 
mechanism has been done keeping this idea in 
mind. Some of the main ones appear below: 
 
Hyperextension 
 
     The hyperextension of the neck was the first 
hypothesis trying to explain the whiplash 
phenomenon. It was proposed in the sixties by 
Macnab [14], and suggested the movement of 
extension of the neck to be the cause of the 
whiplash injuries, producing lesions on the lower 
cervical spine. In 1969 the incorporation of head 
restrains in the new cars sold in USA was made 
compulsory, trying to limit this movement. 
However, this fact did not reduce the number of 
reported whiplash cases in the expected proportion, 
making evident the necessity for further research. 
Although hyperextension is still a possible cause of 
injuries, today the extended use of head restraints 
has limited it to particular cases, such as misuse or 
failure of the headrest.  
 
Cervical flexion during the rebound phase 
 
     Opposite to the previous mechanism, Macnab 
also proposed the flexion of the neck due to the 
movement produced by the head when the seat belt 
acts on the rebound phase as a probable origin of 
injuries [15]. This was suggested after the 
observation of a higher frequency of cervical 
injuries on people using seat belt, and later 
confirmed by other authors ([16], [17] and [18] 
among others).  
 
Pressure gradients on the spinal canal 
 
     In 1986 Aldman [19] predicted that volume 
changes produced inside the spinal canal during 
sudden movements of the cervical spine on the 
sagittal plane could be the origin of injuries in the 
intervertebral tissues. In 1993, Svensson et al. [20] 
confirmed this hypothesis, measuring the pressure 
changes on the spinal canal of anesthetized pigs 
and reporting damage to the spinal ganglia that 
could explain many of the typical symptoms of 
whiplash. In these experiments the highest pressure 
oscillations were related to the phase shift from the 
s-shape to the extension, and the highest pressures 
were registered at the level of the C4 vertebra 
during the s-shape. 
 
Localized cervical compression and tension 
during the s-shape 

 
     Nowadays the most accepted cause of whiplash 
injuries is probably the one related to the 
hyperextension observed in the lower part of the 
neck during the formation of the s-shape (vertebrae 
C5, C6 and C7). In 1998 Panjabi et al. [21] 
reported that the intervertebral movements 
observed at these levels during in vitro tests 
exceeded their physiological limits, being the cause 
of lesions in the capsular ligaments and facet joints 
at the C5-C6 level. Similar findings have been done 
later by other authors ([22], [23] and [24] among 
others). 
 
 
COMPARISON OF THE MOST USED 
CRITERIA 
 
     Figure 4 shows the sensors that at present are 
being included in a BioRID-II dummy as normal 
instrumentation. The signals of these sensors and 
the measurements done by image analysis on the 
sequences registered with high speed cameras are 
the current available tools to quantify the ability of 
a seat to protect the neck of an occupant during a 
low speed rear impact. Several criteria have been 
developed in order to quantify the risk of having 
whiplash related disorders, based either on 
accelerations, displacements or loads. The most 
accepted among these criteria have been evaluated 
critically by the authors trying to understand their 
virtues and defects. Below the results of the 
evaluation and its application to the tests are 
presented: 
 
 

 
Figure 4.  Standard instrumentation in spine 
and head of BioRID-II (Adapted from R. A. 
Denton drawing 5834 www.dentonatd.com). 

Head accelerometer 
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NIC 
 
     NIC (Neck Injury Criterion) was proposed by 
Boström et al. in 1996 [25], as a value to correlate 
the movement of the head related to the base of the 
neck (T1 vertebra) with the damage found in the 
cervical spinal ganglia produced by transient 
pressure changes in the spinal canal. It uses the 
difference of accelerations in the longitudinal 
direction (x axis) between the centre of gravity of 
the head and the T1 vertebra, being therefore 
representative of the movement of the neck during 
the retraction phase. NIC is calculated as follows: 
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 (2). 

 
     The maximum reached by this expression 
during the first 150 milliseconds of the test is called 
NICmax, and for years has been considered as one of 
the main indicators of whiplash.  
 
     Figure 5 and Table  1 show the NIC values 
achieved during the tests. The repeatability of the 
results of the first three tests is very good (with an 
indicator of 0.084), and even impressive looking at 
the maximum values. It is necessary to mention 
here that such a high repeatability of the maximum 
values is not that common in practice.  On the other 
hand, the different behavior of the seats A and B 
has been well characterized, having a value of 
0.407 on the sensitivity indicator. 
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Figure 5.  NIC.  

 

Table  1.  Maximum NIC values. 

Test 001 002 003 004 
NICmax  21.94 21.94 21.93 40.08 
Time (ms) 88.6 79.9 81.8 86.7 

 
     When analyzing the causes that can produce 
different accelerations in the longitudinal axis 
between the head and the T1 vertebra and, 
therefore, cause a modification on the value of the 
NIC, we observe that this difference can not only 
be produced by distortions in the neck, but also by 
any rotation of the head and T1 around the 
transversal axis (Y) as a rigid body. This movement 
does not cause any deformation in the neck, and, 
apart from extreme cases, should not be a direct 
cause of injury. We can see a scheme of this in 
Figure 6.   
 

 
Figure 6.  Decomposition of movements 
producing NIC values. 

 
     The influence of this effect can be estimated 
dividing the relative acceleration used in the NIC 
definition in two terms: 
 

 ndeformatiorotationrel aaa +=  (3). 
 
     If we refer to the angular acceleration of T1 as α 
and the distance between the centre of gravity of 
the head and the accelerometer at T1 as d, we can 
then calculate the acceleration term corresponding 
to the deformation: 
 

 daa relndeformatio ⋅−= α  (4). 
 
     Although d is not fixed for all the configurations 
of the neck (it is deformable) we can consider 0.2 
metres as an average, and we can estimate α from 
the double derivation of the angle of the T1 
vertebra measured on the images (Figure 7). 
 

     If we use adeformation instead arel in expression (2) 
we get the curves shown in Figure 8. We will refer 
to these values as NIC*, calculated only with the 
term related to deformation. Table 2 shows that the 
maximum values obtained in this way can differ up 
to 30% from the original NIC values. This variation 
is produced by factors not directly related to the 
distortion of the neck.  

    Full motion    =   +  Deformation Rigid Body 
 Rotation  
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Figure 7.  T1 angular acceleration. 
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Figure 8.  NIC* (without effect of T1 rotation). 

 

Table 2.  Maximum NIC* values and deviation 
with regard to the original NIC. 

Test 001 002 003 004 
NIC*max  17.30 17.72 17.20 26.95 
Deviation  21.2% 19.2% 21.6% 32.8% 
 
     This fact supports the observations made by 
Suffel during the fourth BioRID User Meeting [26], 
who reported the carrying out of some tests 
blocking the movement of the neck relative to the 
T1 vertebra, but obtaining NIC values around 8 
m2/s2. 
 
     In short, NIC has shown to have a good 
repeatability and distinguishes well between the 
two different seats. It also takes into account the 
kinematics of the head with regard to the thorax 
trying to describe the retraction movement, but on 
the other hand, it is sensitive to effects not related 

to the distortion of the neck, due to the use of 
accelerations for its calculation (for instance, the 
rotation of the seatback produces the effect 
previously described).   
 
Nkm 
 
     In 2001 Schmitt et al. [27] proposed the Nkm 
criterion, based on the linear combination of shear 
forces (Fx) and sagittal bending moments corrected 
to the occipital condyle (My OC), measured with the 
upper neck load cell. This criterion distinguishes 
among four possible situations depending on the 
sign of My and Fx (see Table  3 ) 
 

Table  3.  Cases of Nkm. 

Case My Fx 
Nfa (Flexion Anterior) > 0 > 0 
Nfp (Flexion Posterior) > 0 < 0 
Nea (Extension Anterior) < 0 > 0 
Nep (Extension Posterior) < 0 < 0 

 
     The criterion is calculated as follows: 
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     Figure 9 shows two possible representations of 
the results of Nkm applied to the tests, and Table  4 
the maximum values achieved. After these results 
we can see that the criterion distinguishes both 
models of seats very well. With regard to the 
repeatability, it seems to be lower than that 
observed on the NIC. The maximum on the test 002 
is reached during the phase of extension anterior 
(Nea), instead of during the phase of flexion anterior 
(Nfa), as happens in the tests 001 and 003. This 
makes the time of the maximum differ between 
them. The indicators of repeatability and sensitivity 
have worse values than the ones obtained for the 
NIC, being 0.137 and 0.307 respectively. 
 

Table  4.  Maximum Nkm. 
 

Test 001 002 003 004 
Nkm max. 0.33 0.20 0.27 0.62 
Time (ms) 128.6 112.6 128.1 108.7 
Case FA EA FA FA 



understood more easily by looking at the first 
representation of the criterion in Figure 9. The 
rhomboidal lines represent the points with 0.3 and 
0.5 constant values of Nkm.  If we intended to have 
a continuous value of the criteria on the zones of 
the corners (change of case) we should follow a 
line with this shape, producing a change in the 
tendencies of some of the magnitudes (force or 
moment, depending on the corner) when changing 
the case, and therefore a discontinuity on its 
derivative. In practise, the change of the definition 
of the Nkm results in discontinuities on its derivative 
and possible local minimums related only to its 
mathematical formulation, although, as mentioned 
above, the influence of this effect has not been 
decisive in any of the studied cases. 
 
LNL 
 
     In 2002 (one year after the proposal of the Nkm 
criterion) the prototype of a new load cell placed on 
the T1 vertebra of the BioRID-II dummy was 
presented, designed to give information about the 
loads on the lower end of the neck, next to the 
vertebrae that had been more often related to injury 
mechanisms (C5-C7). In March 2003 the version 
“f” of the dummy was released, already equipped 
with this load cell. Taking advantage of this new 
instrument the LNL criterion (Lower Neck Load) 
was proposed, defined as follows: 
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Figure 9.  Two representations of Nkm criterion. 
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     The main advantage found for this criterion is 
the use of forces and moments, directly related to 
the loads of the neck, not being affected by other 
effects such as rotations. Another positive point is 
its definition in cases, depending on the sign of Fx 
and My OC. This allows the criterion to consider 
different values and limits depending on the load 
case. On the other hand, a possible disadvantage is 
related to the use of the signals measured only on 
the upper neck load cell, located at the occipital 
condyle, while the most common injuries have 
been described between the vertebrae C5 and C7, 
nearer to the base of the neck. Despite this, the 
combination of Fx and My OC seems to correlate 
well with the time in which the s-shape is 
produced, at least in the studied cases. 
 
     Additionally, although the observed influence is 
not high, it was noticed that the mathematical 
definition of the criterion as a lineal combination 
depending on the load case can produce local 
minimums, oscillations or variations on the 
tendencies (discontinuities on the derivatives of the 
curves) at the points of change of case. This can be 

 
 
     In this expression My lw, Fx lw and Fz lw are the 
moment and forces measured with the T1 load cell, 
and Cmoment, Cshear and Ctension reference values (15 
N·m, 250 N and 900 N respectively). The value to 
be used for the evaluation of the seats is the 
maximum of this curve. 
 
     The curves obtained when applying this 
expression to the data of the tests are shown in 
Figure 10, and the maximums in Table  5. Looking 
at these results, we can see that the repeatability for 
the first three tests is excellent throughout the 
curves (with an indicator value of 0.044), including 
the maximums, but the criterion has not been able 
to differentiate well between seats A and B, at least 
in the maximum values. The indicator for 
sensitivity has a value of 0.250.  
 

Table  5.  Maximum LNL. 
 

Test 001 002 003 004 
LNL max. 3.98 4.09 4.01 3.88 
Time (ms) 119.3 123.3 120.7 107.3 
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Figure 10.  LNL.  

 
     The advantages found for this criterion are very 
similar to the ones found for the Nkm. It is a 
criterion based directly on loads, and therefore easy 
to implement, and does not have the influence of 
other effects. It is also defined by segments 
(because of the modulus in the mathematical 
expression), although it only changes the sign of 
the reference values for positive and negative data. 
Besides, the load cell used is the nearest one to the 
vertebrae where the incidence of injuries is 
supposed to be higher, and the repeatability shown 
is very good. On the other hand, the definition by 
segments presents the same problem already 
mentioned for the Nkm, and it has not been able to 
differentiate between two seats supposed to be very 
different in terms of whiplash protection. 
 
Neck displacement based criteria (ND) 
 
     Viano and Davidsson have proposed a criterion 
based on the displacements and rotations of the 
occipital condyle with regard to the T1 vertebra 
[13]. This criterion, called Neck Displacement 
Criterion (NDC), was developed from the analysis 
of the kinematics of volunteers, and is based on two 
graphs, with the vertical displacement and rotation 
of the occipital condyle in abscissa and the 
rearwards horizontal movement of the occipital 
condyle in ordinate, all of them referred to the T1 
vertebra (ZOC-T1, θOC-T1 and XOC-T1 respectively). 
According to the zones occupied by the curves the 
behaviour is classified as excellent, good, 
acceptable or poor. This classification was done 
considering the natural range of motion of both 
dummies and volunteers.  
 
     In order to get numeric values to compare with 
other criteria, Tencer, Mirza and Huber [28] have 
defined Nddistraction, Ndextension and Ndshear as the 
quotient between the data used by the NDC 
criterion and reference values, as described in (8): 
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     Using experimental results with volunteers and 
in vitro tests, and comparing several criteria, they 
arrived at the conclusion that the best predictors of 
injury are Ndshear, Ndextension and Nddistraction, 
following this order, instead of other criteria such 
as Nkm or NIC, and therefore they recommended 
the use of criteria based on displacements. 
 
     Figure 11 shows the Ndshear calculated for the 
tests. We can see that the curves of the tests 001, 
002 and 003 have a repeatability worse than the 
previous criteria (0.163), and seat B has been well 
differentiated (sensitivity of 0.343). Table  6 shows 
the relative maximums achieved during the 
formation of the s-shape (100-150 ms). 
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Figure 11.  Ndshear. 

 
Table  6.  Maximum Ndshear. 

 
Test 001 002 003 004 

Ndshear max. 0.50 0.42 0.59 1.00 
Time (ms) 124 116 121 109 

 
     The main advantage of these criteria is that they 
represent the real kinematics of the neck, taking 
into account the whole movement of the head with 
regard to T1. On the other hand, the main 
disadvantage seems to be the necessity of 
displacements measurement using motion analysis 
software, which, although available, represents 
additional operations, time of analysis and cost in 
practise.  
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Rebound 
 
     Several authors ([15], [16], [17] and [18] among 
others) have reported the risk of injury during the 
rebound phase when the seat is not able to absorb 
energy during the impact. This phase can be 
divided into two different stages. In the first one the 
dummy receives the released elastic energy from 
the seat, moving forward freely. The second phase 
starts when the seat belt begins to act on the 
dummy, stopping the pelvis and the thorax, and 
producing a sudden flexion of the neck. Figure 12 
shows the data measured with the seat belt load cell 
during the tests and the rotation of the occipital 
condyle referred to the T1 vertebra measured by 
image analysis. We can observe how a violent 
flexion of the neck is produced when the forces in 
the seat belt grow. This is reflected also in the loads 
of the neck, as can be seen in the Nkm values on this 
phase (Figure 13). It can be observed also that the 
maximum values in some of the cases (tests 001, 
002 and 003) are considerably higher than the ones 
registered when observing only the first stages of 
the movement. 
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Figure 12.  Forces measured at the seat belt and 
angle of the occipital condyle referred to T1. 
 
     At present the capacity of the seats to prevent 
injuries during the rebound phase is evaluated 
mainly by measuring the speed of the centre of 

gravity of the head when it comes back to the 
position that it occupied at the beginning of the 
movement (the results of this operation for the 
fulfilled tests are shown in Table  7). This is 
supposed to happen just before the seat belt begins 
to work, so the behaviour of the seat belt is not 
taken into account. Normally this approximation 
should be enough, when using seat belts with 
similar mechanical characteristics on the strap and 
spool out (the loads are too low so as to be affected 
by load limiters working at common levels), but 
this can change in special cases, such as when 
using pretensioner systems or, as in the case of the 
seat “B” (test 004), when the points of fixation of 
the seat belt are fixed to parts of the seat that 
displace during the impact. Having a look at Table  
7 and Figure 13 we can see that, while the rebound 
speeds are similar for all the tests, the loads on the 
neck at the rebound are somewhat higher on the 
fourth test. This fact points to the convenience of 
reproducing the seat belt configuration in the injury 
assessment in this phase, at least in the mentioned 
particular cases. 
 

Table  7.  Rebound velocity and time of 
measure. 

 
Test 001 002 003 004 

Rebound 
velocity (m/s) 3.98 3.96 3.75 4.04 

Time (ms) 242 260 259 184 
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Figure 13.  Nkm extended to the rebound phase. 

 
     In conclusion for the rebound phase, a criterion 
based on loads seems to give more information for 
injury assessment than the calculation of the speed 
at a particular point. Considering that the possible 
injuries of the neck in this phase are better 
understood (the movements are similar to the ones 
produced in frontal crashes), a general criterion 
could be used, such as maximum loads at occipital 
condyle or Nkm. Besides, the current method to 
calculate the rebound velocity supposes normally 
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the use of image analysis, with the practical 
disadvantages already commented on in the case of 
displacement based criteria. 
 
RESULTS 
 
     The study of these criteria has evidenced weak 
and strong points in all the cases. The advantages 
more esteemed by the authors on the underlying 
concepts of the different criteria have been the 
following: 
 
1. Capacity to describe the dynamics of the whole 

neck, taking into account the upper and the 
lower parts (NIC and ND). Conceptually this 
should provide a better description of 
multiphasic states of the neck, particularly the 
s-shape.  

 
2. Avoidance of distortions due to facts not 

directly related to the studied injury 
mechanism (NDC and Rebound speed), such 
as the angular accelerations found in the NIC 
(produced by the use of accelerometers at 
different points) or the mathematical definition 
in the change of case for the Nkm and LNL.  

 
3. Facility of calculation (NIC, LNL and Nkm), 

avoiding the use of image analysis or 
complicated algorithms. For practical reasons, 
the results of the criteria should be available to 
be analyzed immediately after the test without 
extra operations. 

 
     Other considerations, such as the repeatability or 
the capability to distinguish different seats are not 
chosen in the design of the criterion, but are a 
consequence of the selection of the magnitudes or 
expressions used in the calculation. 
 
     Considering all this, we can draw some 
guidelines to be applied in the definition of a 
whiplash injury criterion, focusing on the 
advantages and avoiding the disadvantages of the 
studied ones: 
 
1. It should be representative of the dynamics of 

the whole neck. Taking into account the 
importance given to the s-shape by the 
currently accepted injury mechanisms, it 
should work with values at both ends of the 
neck in order to be able to detect and quantify 
this biphasic state. 

 
2. It should avoid the use of accelerations in more 

than one point, in order to eliminate the 
sensitivity to the rotations of the seatback.  

 
3. For practical reasons, it should also avoid the 

use of displacements or velocities measured by 

image analysis. 
 
4. It would be desirable that its mathematical 

expression was simple, avoiding the definition 
in segments.  

 
     Taking into account these guidelines and the 
current instrumentation of the BioRID-II dummy, 
the simplest solution seems to be the use of the two 
load cells that the dummy has in the upper and 
lower ends of neck within only one simple 
mathematical expression.  
 
PROPOSAL OF A NEW WHIPLASH INJURY 
CRITERION (WIC) 
 
     Having described the previous guidelines, the 
next step was to determine whether the complex 
movement of the neck during a rear-end impact 
could be described by only one mathematical 
expression using just load magnitudes. As most 
authors coincide in pointing to the s-shape of the 
neck as the most probable cause of whiplash 
injuries, it was decided to look for a function that 
had a maximum when it happened. As we have 
seen, the s-shape is a biphasic stage in which the 
upper end of the neck suffers a flexion at the same 
time as a hyperextension occurs at the lower end.  
When using the sign convention stated by the SAE 
J1733 recommended practice [8], the extension 
movement is characterized by positive moments in 
the sagittal axis (Y) of both neck load cells, while 
the flexion moment is defined by negative 
moments.  Therefore, during the s-shape of the 
neck, there must be a positive Y moment on the 
upper end of the neck and a negative Y moment on 
the lower end (see Figure 14). Taking this into 
account, the function WIC (Whiplash Injury 
Criterion) was defined as the most evident solution 
to the problem: 

 
 

lwyOCy MMWIC −=  (8). 
 
     In this expression My OC represents the Y 
moment around the Occipital Condyle (at the upper 
end of the neck), and My lw represents the Y 
moment measured at the T1 load cell.  

 
Figure 14.  SAE J1733 sign convention for neck 
moments in “Y” axis. 
 

+

+ 

- 

- 

+ 

Flexion Extension S-shape 
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Figure 15 shows the result of the application of this 
function to the data obtained in the tests. The 
maximum values registered were 25.10 Nm, 19.34 
Nm and 22.32 Nm respectively for the three first 
tests (seat “A”) and 38.67 Nm for the fourth test 
(seat “B”).  
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Figure 15.  WIC. 

 
     After the evaluation of the results we can make 
the following observations: 
 
1. The curves are very clear and easy to 

understand. There is a first peak corresponding 
to the time of the ramping up and spine 
straightening effects (50-100 milliseconds), 
coincident with the compression force 
measured on the lower neck load cell, and a 
second one, much more marked, during the 
time when the s-shape is more accentuated 
(100 to 150 milliseconds).  

 
2. The repeatability in the curves for similar seats 

(tests 1, 2 and 3) is quite good, having an 
indicator value of 0.097 (Table 8 shows a 
comparison of the different values achieved by 
the indicators of repeatability and sensitivity 
by the different criteria). We can see also in 
Table 9 that maximum values for these first 
three tests happen at very similar times, within 
a range smaller than that observed by any other 
criterion. 

 
3. There is a clear differentiation between the 

curves of the two different seats (sensitivity 
value of 0.359). The criterion has proved to be 
sensitive to the seat used and has indicated 
correctly the inferior seat with regard to neck 
protection. 

 
4. Looking at the biomechanical aspects, the 

criterion was designed seeking a function to 
describe the s-shape, based on the studies that 
pointed to it as the origin of the more common 

whiplash injuries. Figure 16 shows a detail of 
the neck and head of the dummy at the times 
when the s-shape seemed to be more 
pronounced visually. We can appreciate that, 
as expected, the s-shape was significantly more 
accentuated in the fourth test (the seat was 
much more rigid than in the other tests, so the 
thorax accelerated before and the retraction 
movement happened more violently).  

 

5. Table 9 presents the times in which the 
different criteria had a maximum, compared to 
the times when the most accentuated s-shape in 
the videos were observed (Figure 16). We can 
see how the proposed criterion was in general, 
next to Nkm, the nearest one to the observed 
times.  Besides, it quantified the magnitude of 
the loads, indicating clearly which seat 
produced a more pronounced s-shape.  

 
6. Finally, it is easily implemented, neither image 

analysis being necessary, nor additional 
instrumentation or complicated algorithms. It 
can also be easily applied to previously done 
tests using the version “f” of the dummy (the 
first one implementing the lower neck load 
cell) or later. 

 

 
Figure 16.  Detail of the head and neck at the 
time of the most accentuated observed s-shape 
during the tests. 

Table 8.  Indicators for repeatability and 
sensitivity. 

 Repeatability 
(lower better) 

Sensitivity 
(higher better) 

WIC 0.097 0.359 
NIC 0.084 0.407 
Nkm 0.137 0.307 
LNL 0.044 0.250 
NdShear 0.163 0.343 

Test 001 (130 ms) Test 002 (128 ms)

Test 003 (129 ms) Test 004 (112 ms)
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Table 9.  Times of maximum values (ms). 

Test 001 002 003 004 
Observed 
S-shape  130 128 129 112 

WIC 128.6 126.3 127.7 110.2 
NIC 88.6 79.9 81.8 86.7 
Nkm 128.6 112.6 128.1 108.7 
Fx (upper) 128.4 121.2 121.2 108.1 
Fz (upper) 115.3 123.1 119.9 98.9 
LNL 119.3 123.3 120.7 107.3 
NdShear 124 116 121 109 
 
     This study could not have been finished without 
a critical review of the new criterion. The observed 
points were the following:  
 
1. This criterion only takes into account the 

injury mechanisms associated with the 
formation of the s-shape in the neck. It does 
not reveal other possible mechanisms such as, 
for instance, damages produced during the 
rebound phase or simple hyperextension. To 
consider them it should be complemented with 
another criterion for general use (for instance, 
maximum loads on the occipital condyle or 
Nkm) 

 
2. The dynamics of the whole neck has only been 

represented by the two sagittal moments. Of 
course, this is a simplification, and a more 
complex criterion could be defined using 
additional parameters, such as forces, one 
acceleration or derivative terms. On the other 
hand, the criterion has shown to be able to 
detect and quantify the formation of the s-
shape, which was its main objective. This 
could be enough to evaluate the protection for 
the most accepted whiplash injury 
mechanisms. Further studies are suggested in 
order to analyze this point and the convenience 
of developing a more complete criterion using 
this one as a base. 

   
CONCLUSIONS 
 
     The original aim of this study was the critical 
review of the commonest injury criteria used to 
evaluate whiplash protection, analyzing the 
advantages and disadvantages of each one of them 
in order to get a more thorough knowledge of their 
use. A review of the current theories about the 
motion of the head and the injury mechanisms was 
done in order to provide a better understanding of 
the whiplash phenomenon. Four tests with a 
BioRID-II dummy were fulfilled to provide data to 
be used in the comparison of the criteria. As a 
result, some guidelines to define a new criterion 
were drawn up focusing on the advantages and 

avoiding the disadvantages of those previously 
studied. To resume, it should be based on 
measurements done at both ends of the neck, in 
order to be able to describe accurately the biphasic 
state of the s-shape, and, at the same time, it should 
avoid the use of several accelerometers or image 
analysis. Therefore, the clearest solution was to use 
the upper and lower neck load cells at the same 
time.  
 
     Following these directives a new criterion called 
“WIC” (Whiplash Injury Criterion) was proposed 
and evaluated under the same conditions that had 
been used for the study of the other criteria. The 
results have been very promising, having shown a 
good repeatability, sensitivity to the seat and 
capacity to predict and quantify the s-shape of the 
neck.  
 
     In conclusion, some ideas are suggested for 
future studies: 
 
1. Further evaluation of the new criterion with 

previously done tests, in order to confirm the 
first results.  

 
2. Definition of limit values for evaluation of 

seats, based either on biomechanical studies, 
on statistical results (taking into account the 
values given by different types of seats, as 
done by IIWPG to define their current limits 
[3]), or using either tests or simulations of real-
world accidents with known injury outcomes 
and recorded crash pulses, as done by Eriksson 
and Kullgren [29] or Linder et al. [30]. 

 
3. More in depth biomechanical analysis, 

researching into the convenience or not of 
defining a more complex criterion based on the 
same guidelines. 
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ABSTRACT 
 
In 2002, light commercial vehicles (LCV) with a 
gross vehicle weight (GVW) less than 3500kg 
accounted for 11.3% of motorised road traffic (in 
terms of billion vehicle kilometres travelled) in the 
UK, a steady increase from 10.0% in 1992.  

The UK Department for Transport (DfT) 
commissioned TRL to carry out the Heavy Vehicle 
Crash Injury Study (HVCIS), which is a multi-
disciplinary study into heavy vehicle safety. One 
part of this project is research into fatal accidents 
involving LCVs, in order to determine the causes 
of LCV accidents and to begin to identify cost-
effective countermeasures that could improve 
safety for accidents involving this type of vehicle. 

Between 1995 and 1998, there were a total of 1,221 
fatal accidents involving LCVs recorded in the UK. 
TRL obtained and analysed the police accident 
reports for 43% of these fatal accidents. Data taken 
from the police reports for analysis included 
loading details, load movement, vehicle condition, 
journey purpose and accident causation. Impact 
details were also coded, using a modified form of 
the SAE Collision Deformation Classification 
system.  

The report presents the analysis of the data from 
the completed LCV part of the Heavy Vehicle 
Crash Injury Study and investigates the types of 
accident involving these classes of vehicle and the 
road users at most risk of injury. Factors such as 
vehicle defects and driver behaviour are also 
reviewed. Suggestions are made where changes in 
vehicle design could have the potential to reduce 
the number and/or severity of LCV accidents and 
associated injury risk, including both primary and 
secondary aspects. 

 

INTRODUCTION 
 
There is anecdotal evidence to suggest that there 
has been an increase in the use of LCVs possibly 
because of increased home delivery and internet 
shopping. National transport statistics show that in 
1993, LCVs accounted for 10.1% of the road traffic 
in the UK. By 2003, this had steadily increased to 
11.8% [1]. LCV traffic increased by 39% in 
comparison with a 19% increase in all traffic [1]. 
 

The aim of this paper is to analyse the involvement 
of LCVs in accidents and identify possible cost 
effective countermeasures that can be implemented 
to reduce the number of casualties resulting from 
LCV accidents. The trends for accidents involving 
LCVs are introduced and an analysis of fatal 
accidents is described. Potential countermeasures 
to avoid and reduce the severity of accidents are 
discussed. 
 
It should be noted that the views expressed in this 
paper are the views of the authors and not 
necessarily those of the UK Department for 
Transport. 
 
 
ACCIDENT TRENDS 1993-2003 
 
Data from the UK national road accident database 
(STATS19) has been obtained and analysed for 
accidents that occurred between 1993 and 2003 
inclusive. The analysis considered accidents that 
involved at least one LCV. The accident sample 
contained data relating to 196,128 accidents 
involving 419,879 vehicles and 275,829 casualties.  
 
Figure 1 shows how the accident rate for all 
vehicles and  LCVs has changed during the ten 
year period 1993 to 2003. 
 
 

0

100

200

300

400

500

600

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003

Year

A
cc

id
en

t R
at

e 
(p

er
 b

ill
io

n 
km

)

LCV All 

 
Figure 1.  Trend in accident rate for all 
accidents and those involving LCVs, 1993-2003 
(STATS19). 

 
 
Figure 1 shows that there has been approximately a 
43% reduction in the accident rate for accidents 
involving LCVs between 1993 and 2003. Over the 
same period, the accident rate for all vehicles has 
reduced by 21%. 

Figure 2 shows the trends in casualty rates for fatal 
and killed or seriously injured (KSI) road users for 
accidents involving LCVs. The data for all road 
casualties are shown for comparison. 
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Figure 2.  Fatal and KSI casualty rates for all 
road users and those injured in accidents with 
LCVs, 1993-2003 (STATS19) 

Figure 2 shows that the casualty rates have reduced 
for both fatal and KSI casualties in all accidents by 
23% and 36% respectively. For casualties caused in 
accidents involving LCVs, the casualty rates have 
also reduced. The fatality rate reduced by 37% and 
the KSI rate reduced by 48% over the 10 year 
period. However, since 1999 the fatality rate for 
accidents involving LCVs has risen or stayed 
constant contrary to other trends. 
 
During the period 1993 to 2003, LCVs were 
involved in an average of 7.7% of all accidents. 
However, an average of 9% of all fatalities resulted 
from accidents involving an LCV. This data shows 
that although the LCV accident rate has decreased 
more than for accidents involving all vehicle types, 
LCVs are involved in a higher proportion of fatal 
accidents than average. 
 
Figure 3 shows the percentage of vehicle types that 
were involved in accidents of all severities with 
LCVs. 
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Figure 3. Percentage of each vehicle type 
involved in LCV accidents (STATS19) 

The most frequent type of vehicle involved in these 
accidents are LCVs, 49%. This is to be expected 
because at least one LCV has to be involved in the 
accident for it to be considered in the analysis. The 

LCV involvement is less than 50% because some 
accidents will involve multiple opponent vehicles. 
The second most frequent type of vehicle involved 
in accidents with LCVs are cars, almost 40%. 
There are significantly more cars involved than 
other types of vehicle, excluding LCVs. This is 
probably because cars comprise 80% of the vehicle 
fleet [1] and therefore the chance of the collision 
partner being a car is high. 
  
Figure 4 shows the percentage of each vehicle type 
that are involved in LCV accidents that result in a 
fatality. 
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Figure 4. Percentage of  each vehicle type 
involved in fatal LCV accidents (STATS19) 
The most significant difference between the 
vehicles involved in accidents of all severities and 
those involved in fatal accidents is the number of 
motorcycles involved. When only fatal accidents 
are considered, motorcycles account for over 12% 
of the vehicles involved, whereas they account for 
less than 4% of vehicles involved in accidents of all 
severities. Motorcycles are over-represented in 
fatal accidents, which may be because of the 
vulnerability of the motorcyclists. 
 
There were a total of 275,829 casualties, 3,497 of 
which were fatal and 34,279 serious.  The 
distribution of road users casualties are shown in 
Figure 5. 
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Figure 5. Distribution of road user casualties by 
severity 
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The most frequently injured road users in accidents 
involving LCVs are car occupants (49%) followed 
by LCV occupants (29%) and pedestrians (9%). 
Car occupants are also the most frequently killed 
road users, accounting for 38% of the fatalities.  
 
Pedestrians and LCV occupants are the second and 
third most frequent road user killed, accounting for 
22% and 21.5% of the fatalities, respectively. The 
proportion of motorcyclists, car occupants, HGV 
occupants and pedestrians that are fatally injured is 
higher than those that are seriously injured.  
Vulnerable road users, particularly pedestrians and 
motorcyclists are at a proportionately greater risk 
of serious or fatal injury when compared with all 
severities. This observation relates to their lower 
level of protection compared with other road users. 
 
ANALYSIS OF FATAL ACCIDENT DATA 
 
The HVCIS fatals database contains data from 
accidents involving LCVs, heavy goods vehicles 
(HGVs), passenger carrying vehicles (PCVs) and 
vehicles classed as “Other Motor Vehicles” 
(OMVs).Early population of the database was 
focused on LCV accidents and contains 27% of the 
fatalities in STATS19 for that period resulting from 
LCV accidents. Later releases of the database only 
include LCVs that are involved in accidents with 
the other types of vehicle which are of interest 
(HGVs, PCVs etc.) and so the data for LCVs may 
be skewed to accidents with larger vehicles. This 
analysis has been carried out on the first release 
(phase 1a) of the database to minimise this 
sampling bias. 
 
Assessment of countermeasures and emerging 
technologies 
 
For each accident studied, a judgement was made 
as to whether any modifications to the 
design of the LCV might have enabled it to avoid 
the collision or reduce the severity of injuries to 
non-fatal. In making this judgement 
many factors had to be taken into consideration 
including closing speed, road surface 
conditions, available space for avoiding action, 
seatbelt use, as well as the age and health of fatality. 
The nature of this judgement can be rather 
subjective, therefore a probability scale was used 
with each countermeasure being marked as “quite 
likely”, “probably”, or “maybe” avoiding the 
accident. To determine an estimate of the benefits 
of the countermeasures that have been identified 
non statistical probabilities were assigned to each 
countermeasure. These were 1.0 to the “quite 
likelies”, 0.75 to the “probables”, and 0.25 to the 
“maybes” to produce a subjective best estimate of 
the likely benefits. 
 

The countermeasures that are assessed include a 
number of emerging and recently developed 
technologies that might, if they work, prevent or 
reduce the severity of some types of accident and 
subsequently injury. These technologies include 
collision avoidance, lane following and ABS. 
 
Making the assumption that these new technologies 
can be made to work reliably, TRL has reviewed 
the accident cases and attempted to predict the 
savings that might be achieved by using them. In 
some cases theoretical systems are considered with 
specific information about how they work. 
Examples of when such technologies should be 
coded are: 
• Where an LCV driver suffers a lack of 

attention or falls asleep and fails to notice slow 
moving or stationary vehicles ahead. The 
theoretical collision avoidance system will 
only avoid the accident if the vehicle ahead 
was in view long enough for the LCV to brake 
to a standstill (or to the same speed as the 
vehicle ahead). The system will not avoid 
accidents where a vehicle pulls across its path 
at the last minute or where vehicles travelling 
in the opposite direction move across to the 
wrong side of the road and collide head-on, 
and it will be unable to steer the vehicle in any 
way. The system considered was not able to 
detect pedestrians or pedal cyclists. 

• Where a vehicle for some reason leaves the 
lane in which it was travelling and collides 
with a vehicle in the on-coming lane, the lane 
following system is coded. This is not 
appropriate if a sharp steering input causes the 
vehicle to leave its lane. 

 
Vehicle involvement 
 
Figure 6 summarises the percentage of each vehicle 
type involved in LCV accidents in the HVCIS fatal 
accident database. 
  

HGV
11% Other

1%

Cars
25%

Motorcycles
6%

LCV
53%

PCV
1%

Pedal cycles
3%

 
Figure 6. Vehicles involved in fatal LCV 
accidents (HVCIS) 
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Figure 6 can be compared with Figure 4 to show 
how representative the HVCIS data is of the 
national statistics. This comparison shows that 
LCVs account for a greater percentage of vehicles 
involved in the accidents. This may indicate that 
there are cases in HVCIS where more than one 
LCV is involved and less accidents where there 
was more than one other vehicle involved. There is 
also a higher proportion of HGVs and a lower 
proportion of cars and motorcycles, which may be 
a function of the cases that were available for 
analysis. This information should be considered 
when estimating potential benefits. 
 
Accident causation factors 
 
There are a number of factors that can influence the 
cause of accidents. Two of these include the 
vehicle drivers and the roadworthiness of the 
vehicles involved. The following sections describe 
these factors for the LCVs, drivers and fatalities 
involved in accidents in the sample. 
 
     Vehicle defects 
     It is reasonable to hypothesise that vehicle 
defects can be related to the age of the vehicle. 
Figure 7 shows the distribution of LCVs by year of 
registration. 
 

0

5

10

15

20

25

30

35

1977 1980 1983 1986 1989 1992 1995 1998
Year of Registration

N
um

be
r o

f v
eh

ic
le

s

 
Figure 7. Year of registration of LCVs involved 
in fatal accidents (HVCIS) 

The number of LCVs involved in fatal accidents 
that were registered before 1984 is low. Most of the 
LCVs involved were registered between 1984 and 
1997. The number of vehicles registered in 1998 is 
very low because this is the upper boundary for the 
year in which the accident took place. 
 
There were a total of 54 defects on LCVs involved 
in fatal accidents. Twelve, 22%, of the defected 
vehicles were considered to have contributed to the 
accident. There were eight vehicles with 
contributory tyre defects. These vehicles were 
registered between 1985 and 1994. Five of the tyre 
defects were because of lack of maintenance. One 
defect was because of previous impact damage, one 
was caused by a structural defect and one by faulty 
maintenance. There were also three brake defects 

that contributed to the accidents registered in 1983 
and 1985, two through lack of maintenance and one 
caused by faulty maintenance. There was also one 
accident where the wing mirror was incorrectly 
repaired preventing it from springing out of the 
way if struck. This data tends to suggest that the 
vehicle defects are not strongly related to the age of 
the vehicle, with most of the defects arising from 
negligence with respect to maintenance. For other 
vehicles involved in these accidents there were a 
total of 26 defects, 20% of which were contributory 
to the cause of the accident. 
      
     Driver factors 
     The behaviour of 44% of the LCV drivers was 
considered to have contributed to the accidents. 
Lack of attention was the most frequent behaviour 
and was displayed by 24% of the LCV drivers. 
Almost 11% of the drivers were driving their 
vehicles at a speed that was considered unsuitable 
for the conditions. Five percent of the LCV drivers 
were suffering from fatigue and a further five 
percent made errors of judgement. Other driver 
behaviour factors included, but were not limited to, 
being under the influence of alcohol or drugs, 
inexperience, contravening a red light and being 
overloaded. Some drivers displayed a combination 
of the above factors. 
 
The actions of 51% of the other drivers involved 
were considered to have contributed to the cause of 
the accident. Lack of attention was the most 
frequent behaviour for theses drivers, 23%, 
followed by excess speed, 18%, and error of 
judgement, 14%. 
 
     Factors contributed by the fatality 
     In some cases the road user that was fatally 
injured contributed to the cause of the accident. As 
with the driver factors, each fatality may display 
more than one of these behaviours. It was thought 
that the behaviour of 37% of the fatalities did not 
contribute to the cause of their accidents. The most 
frequent behavioural factor was lack of attention, 
27% of the fatalities.. Eighteen percent of the 
fatalities did not wear the seatbelt that was 
provided and 16% were travelling at speeds that 
were excessive for the conditions. Other factors 
included but were not limited to, error of 
judgement, 9%, being under the influence of 
alcohol, 7%, and fatigue 3%. 
 
Casualties 
 
There were a total of 345 fatalities resulting from 
accidents involving LCVs. The distribution of 
fatalities by road user type is shown in Table 1. 
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Table 1. 

Number of accidents and fatalities by road user 
type killed 

Road user Number of 
accidents 

Number of 
fatalities 

HGV 3 (1.0%) 3 (0.9%) 
LCV 81 (26.2%) 89 (25.8%) 
OMV 1 (0.3%) 1 (0.3%) 
Car 116 (37.5%) 140 (40.6%) 
Motorcycle 36 (11.7%) 37 (10.7%) 
Pedal cycle 16 (5.2%) 16 (4.6%) 
Pedestrian 56 (18.1%) 59 (17.1%) 
Total 309 345 
 
The most frequently killed road users were car 
occupants, 40.5%, LCV occupants, 25.8% and 
pedestrians, 17.1%. The following sections 
describe the types of accidents in which these road 
users were fatally injured and describes possible 
design improvements to vehicles that may avoid 
the accidents or reduce the severity of the injuries 
sustained. 
 
     Car occupant casualties 
     There were a total of 140 car occupants that 
were fatally injured in 118 accidents involving 
LCVs. For one of these fatalities there was no 
impact between the car and the LCV. The 
passenger in the car leant out of the window and 
struck their head on the back of a parked LCV. 
This accident has been excluded from further 
analysis.  
 
The proportion of vehicles that were cars in the 
HVCIS sample was lower than in the national 
statistics, therefore it can be assumed that car 
occupant fatalities are likely to be under-
represented. It is therefore possible that any 
potential benefits from countermeasure identified 
may be greater than estimated in this analysis.  
 
For the remaining 139 car occupant fatalities the 
most severe impacts were with the objects shown 
inTable 2. In some cases the car may have had an 
impact with an LCV and then collided with a 
bridge. The impact with the bridge resulted in the 
fatal injuries and is therefore the most severe 
impact. 

 

Table 2. 

Impact object for most severe impact resulting 
in car occupant fatalities 

Impact object Number of fatalities 
LCV 118 (84.9%) 
HGV 7 (5.0%) 
PCV 1 (0.7%) 

Other vehicle 9 (6.4%) 
Wide object 1 (0.7%) 

Narrow object 3 (2.2%) 
Rollover 1 (0.7%) 

Total 139 
 
The objective of the reported research was to 
consider design changes to LCVs that could reduce 
the number of people injured in accidents involving 
LCVs and the severity of injuries. Therefore 
fatalities caused by impacts with objects that are 
not LCVs are excluded from further analysis.  
 
The following analysis considers car to LCV 
accidents where this impact was the most severe 
for both vehicles. There are 115 of these impacts 
because three of the most severe impacts for the car 
were not the most severe impact on the LCV. 
 
 
 
Table 3. summarises the impact locations on the 
LCV and car for the most severe impacts between 
these types of vehicle. 
 

Table 3. 

Impact locations for LCV to car impacts 
 

Impact 
location of car 

Impact 
location on 

LCV 

Number of 
car occupant 

fatalities 
Back Front 2 (1.7%) 
Front Back 5 (4.3%) 
Front Front 46 (40.0%) 
Front Near-side  6 (5.2%) 
Front  Off-side 4 (3.5%) 

Near-side Unknown 2 (1.7%) 
Near-side  Back 1 (0.9%) 
Near-side  Front 28 (24.3%) 
Off-side Front 18(15.7%) 
Off-side Off-side 3 (2.6%) 

Total  115 
 
     Front of LCV to front of car 
     The most frequent impact configuration is front 
of car to front of LCV, which accounts for 40% of 
the car occupant fatalities. Figure 8 shows the 
closing speed of the two approaching vehicles in 
this type of accident. 
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Figure 8. Closing speed of vehicles in car front 
to LCV front accidents 

It is clear that very few of these fatalities occur in 
accidents with low closing speeds. Approximately 
10% occur at a closing speed of up to 66km/h, 
which is the equivalent of each vehicle travelling 
33km/h. Almost 60% of the fatalities result from 
impacts with closing speeds in excess of 100km/h.  
 
The impacts are coded using part of the SAE 
collision damage classification (CDC) [3]. Figure 9 
shows part of the CDC that can be applied to 
impacts to the front of the vehicle. All codes can be 
applied to both the front and rear of the vehicle. 
 

 
Figure 9. Part of CDC used for coding impacts 

The observed damage to the vehicles taken from 
photographs and report was used to assess the part 
of each vehicle that impacted the other vehicle. 
Table 4 summarises the four most frequent types of 
front to front impact damage between cars and 
LCVs accounting for 63% of these types of 
accident. 

Table 4. 

Four most frequent types of front to front 
impact between cars and LCVs 
Impact part 

Car LCV 
Number of 
fatalities 

D D 11 
R R 8 
D Z 5 
Z Z 5 

 
The most frequent type of damage seen on vehicles 
covers the whole of the front of each vehicle. For 
cars this is most likely to involve a full width 
impact with the LCV. This would be similar in 
configuration to a full width full scale crash test 
into a deformable barrier, which is not currently 
included in European Regulations or EuroNCAP 

and is more severe than the 40% overlap that is 
used. However, the 50th percentile closing speed for 
accidents of this type is over 130km/h, 
considerably higher than current test speeds for 
cars. Also, the LCV is likely to undergo a change 
in velocity during the impact, which would not 
occur in a full width barrier test. 
 
Table 5. summarises the potential countermeasures 
that may avoid accidents or reduce the severity of 
injuries sustained by car occupants in front to front 
collision with LCVs. 

Table 5. 

Summary of countermeasures for LCV front to 
car front accidents 

Estimate of fatality 
prevention Countermeasure Quite 

likely Probable Maybe 

Fit collision 
avoidance 2   

Eliminate defects 1   
Fit lane following 

system 2  1 

Detect drowsy 
driver 1 1  

Warn of ice   1 
Fit rigid FUP   2 

Fit energy 
absorbing FUP  2  

Fit ABS  1  
Improve LCV to 
car compatibility   3 

Prevent fire 2   
Fit automatic fire 

extinguisher 2   

Improve LCV to 
car compatibility 

and fit ABS 
 1  

Improve LCV to 
car compatibility 
and car frontal 

crashworthiness  

 1  

Improve LCV to 
car compatibility 
and car occupant 

wears seatbelt 

 1  

 
     Front of LCV to near-side (passenger) of car 
     The second most frequent impact configuration 
was between the front of the LCV and the left side 
of the car. This type of impact accounts for more 
than 24% of the car occupant fatalities. There is 
very limited information about the speed of the 
vehicles involved in these types of accident. There 
were three cases where the impact speed of the car 
was known, two were stationary and one was 
travelling about 8km/h. There were eight cases 
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where the speed of the LCV was known, which 
ranged from 40km/h to 64km/h. There were no 
cases where the impact speed of both vehicles was 
known.  The majority of LCVs, 64%, struck the 
passenger compartment area of the car. Twenty-one 
percent of the LCVs caused damage to the rear 
two-thirds of the car and 11% the front two-thirds 
of the car. There was one case (4%) where the LCV 
collided with the bonnet area of the car.  
 
Table 6 summarises the manoeuvres being 
performed by the two vehicles prior to the accident. 

Table 6. 

Vehicle manoeuvres prior to impact between 
front of LCV and left side of car 

Car LCV Number of 
fatalities 

Turning right Going ahead 
other 4 

Waiting to turn 
right 

Going ahead 
other 2 

Overtaking 
moving vehicle 

Going ahead 
other 2 

Going ahead 
on left hand 

bend 

Going ahead 
on right hand 

bend 
8 

Going ahead 
on right hand 

bend 

Going ahead 
on left hand 

bend 
1 

Going ahead 
on right hand 

bend 

Going ahead 
other 3 

Going ahead 
other 

Going ahead 
other 8 

 
For all these fatalities, the LCV was not performing 
a specific manoeuvre. The majority of the cars, 
71%, were also not making a specific manoeuvre.  
In 30% of the accidents where neither vehicle made  
a specific manoeuvre, there was loss of steering 
control under braking for the car. 
 
The most frequently injured car occupants were 
drivers, 43%. Front seat passengers, which were 
positioned on the struck side of the vehicle, 
accounted for 34% of the car occupant fatalities. 
All of the impacts that resulted in front seat 
passenger fatalities were to the passenger 
compartment or the front two-thirds of the vehicle 
structure, including the passenger compartment. 
The larger number of drivers fatally injured, when 
they were impacted on the non-struck side is 
possibly a reflection of vehicle occupancy, which 
was 1.60 for the period 1996/1998 [4]. Where the 
use of seatbelts is known, 55% of drivers and 86% 
of front seat passengers were wearing the seatbelts 
provided. The figure for front seat passengers 
excludes the occupant of a child restraint. There 
were also six rear seat occupants, three on the 

struck side, one in the centre and two on the non-
struck side. One of the rear nearside and one rear 
offside occupant were wearing seatbelts. 
 
The only countermeasures identified to be applied 
to the LCV involved were to fit a lane following 
system or to prevent the vehicle being driven under 
the influence of alcohol. Fitting a lane following 
system would probably have prevented one 
accident that resulted in two fatalities. Preventing 
the LCV from being driven under the influence of 
alcohol would have been quite likely to have 
prevented the same accident and fatalities. 
 
     Front of LCV to off-side (driver) of car 
     Impacts between the front of the LCV and the 
right side of the car were the third most frequent 
type of accident that resulted in car occupant 
fatalities, accounting for almost 13% of the 
fatalities. The location of the impact was mostly in 
the area of the passenger compartment or bonnet, 
78%. Fifty-six percent of these accidents occurred 
when the car was turning right and the LCV was 
not making a specific manoeuvre. This 
combination was by far the most frequent.  All the 
car occupants that were fatally injured were drivers, 
who were on the struck side of the vehicle. Where 
the seatbelt use was known, 85% were being used. 
Where the fitment of airbags was known, there 
were no side airbags fitted. 
 
The analysis of countermeasures for accident 
avoidance and reduction of the severity of injuries 
to non-fatal for this type of accident are 
summarised in Table 7. 

Table 7. 

Summary of countermeasures for LCV front to 
car off-side accidents 

Estimate of fatality 
prevention Countermeasure Quite 

likely Probable Maybe 

Fit ABS  1  
Fit lane following 

system  1  

Fit lane following 
system  and 

detect drowsy 
driver 

1   

Detect drowsy 
driver  1 1 

Improve LCV to 
car compatibility   2 

Remove bull bars  1  
 
     LCV occupant casualties 
     LCV occupants were the second most frequently 
killed road users in accidents that involved LCVs. 
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There were a total of 89 LCV occupant fatalities in 
the sample. Analysis of the ownership of the LCV 
involved in the accidents showed that where the 
ownership was known, 68% were being driven by 
an employee, 26% by the owner and 6% by 
someone who had hired the vehicle. Sixty percent 
of the LCVs involved these accidents were used for 
trade, 20% for delivery, 17% for roadside 
assistance and 3% for personal use. 
 
In two of the accidents the LCV did not have an 
impact with another vehicle or object. One 
passenger fell from the vehicle whist trying to 
secure the door and the second fell from the tipping 
body of the LCV. Both of these accidents could 
have been prevented, the first one if the passenger 
had been wearing their seatbelt or if the vehicle had 
pulled over to allow them to secure the door, and 
the second fatality would have been prevented if 
they had not been riding in an unauthorised 
position. These cases have been excluded from the 
following analysis.  
 
     Impact location 
Table 8 shows the impact location on the LCV for 
the remaining 87 fatalities. 

Table 8. 

Impact location of most severe impact on LCV 
resulting LCV occupant fatality 

Impact location Number of fatalities 
Back 3 (3.5%) 
Front 52 (59.8%) 
Left 10 (11.8%) 

Right 21 (24.1%) 
Top 1 (1.2%) 
Total 87 

 
Almost 60% of these 87 LCV occupant fatalities 
were injured during an impact to the front of the 
LCV. The objects that the front of the LCVs stuck 
are shown in Table 9. 

Table 9. 

Struck objects for LCV frontal impacts 
Struck object Number of fatalities 

Animal 1 (1.9%) 
Narrow object 5 (9.6%) 
Wide object 6 (11.5%) 

HGV 26 (50.0%) 
LCV 2 (3.8%) 
OMV 1 (1.9%) 
PCV 5 (9.6%) 
Car 6 (11.5%) 

Total 52 
 
Half of the LCV occupant fatalities were caused by 
impacts with an HGV. Wide objects were the 

second most frequent impact object resulting in an 
LCV occupant fatality.  
 
Although there are many more cars registered in 
the UK than HGVs, a higher proportion of LCV 
fatalities are sustained in impacts with HGVs 
compared with cars. This is because of the 
difference in mass of the collision partners. An 
impact between a car and an LCV is less likely to 
result in an LCV fatality because the LCV is 
heavier than the car, whereas the HGV is much 
heavier than the LCV and so is more likely to result 
in an LCV occupant fatality. 
 
     Front of LCV to front of HGV 
     For impacts between the front of the LCVs and 
HGVs, 48% of the impacts were to the front of the 
HGV.  The closing speed for the vehicles was 
known in five cases and ranged from 64km/h to 
156km/h. In two of these cases the LCV under-ran 
the front of the HGV, in one case the closing speed 
was estimated to be 88km/h and in the other it was 
153km/h.  
 
For the majority, 83%, of front to front accidents, 
both the LCV and the HGV were not performing a 
specific manoeuvre. In the two remaining accidents 
the HGV was also not making a specific 
manoeuvre. The LCVs in these two cases were 
waiting to turn right and held up. 
 
Table 10 summarises the assessed countermeasurs 
for LCV front to HGV front impacts. 
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Table 10. 

Summary of countermeasures for LCV front to 
HGV front accidents 

Estimate of fatality 
prevention Countermeasure Quite 

likely Probable Maybe 

Fit collision 
avoidance 1   

Fit lane following 
system  4  

Detect drowsy 
driver 1 2 1 

Fit lane following 
system and detect 

drowsy driver  
1   

Improve frontal 
crashworthiness   1 

Wear seat belt   5 
Wear seat belt 
and fit airbag  3 2 

Improve LCV to 
HGV 

compatibility – 
rigid FUP 

 1  

Improve LCV to 
HGV 

compatibility – 
energy absorbing 

FUP 

1   

Improve LCV to 
HGV 

compatibility – 
energy absorbing 

FUP and  
improve LCV 

frontal 
crashworthiness 

  1 

Improve frontal 
crashworthiness 
and wear seat 

belt 

 1  

 
     Front of LCV to rear of HGV 
     Forty-four percent of the LCV frontal impact 
occupant fatalities were caused when the LCV 
struck the rear of an HGV. The closing speed was 
known for six of the 11 fatalities and ranged from 
25mph to 60mph. In three of the cases where the 
closing speed was known, the LCV under-ran the 
HGV despite a rigid rear underrun guard being 
fitted. There was also one case where there was no 
rear underrun guard fitted. There was also underrun 
in the five cases where the closing speed was not 
known. The HGV was fitted with a rear underrun 
guard in four of the accidents. 
 
In accidents where the LCV struck the rear of the 
HGV, two of the LCVs were changing lane to their 

left. They collided with one HGV that was starting 
off from stationary and another HGV that was not 
making any specific manoeuvre. The remaining 
nine LCVs were not making any particular 
manoeuvre.  There were four cases where the LCV 
struck an HGV that was parked and two cases 
where the HGV was held up. The three remaining 
HGVs were stopping, overtaking a moving vehicle 
or not making a specific manoeuvre. 
 
Table 11 summarises the countermeasures 
considered for impacts between the front of an 
LCV and the rear of an HGV. 

Table 11. 

Summary of countermeasures for LCV front to 
HGV rear accidents 

Estimate of fatality 
prevention Countermeasure Quite 

likely Probable Maybe 

Prevent LCV 
being driven by 
someone who is 

under the 
influence of 

alcohol 

2   

Fit ABS  1  
Detect drowsy 

driver  1  

Fit collision 
avoidance system 1 3  

Improve frontal 
crashworthiness   1 

Improve frontal 
crashworthiness 

and fit airbag 
  1 

Improve frontal 
crashworthiness 
and minimum 
regulatory rear 
underrun guard 

on HGV 

 1  

Wear seat belt   1 
Wear seatbelt and 

minimum 
regulatory rear 
underrun guard 

on HGV 

 1  

Wear seatbelt and 
rear underrun 

guard on HGV 
that is stronger 

and lower 

 1 1 

Wear seatbelt and 
energy absorbing 

rear underrun 
guard on HGV  

1  1 
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     Use of seatbelts 
     Of the 87 LCV occupant fatalities, 78% were 
driving the vehicle at the time of the accident. The 
use of the seatbelt was known for 84% of the 
drivers. Where the seatbelt use was known, 63% 
were not using the seatbelt provided. Therefore 
approximately only 50% were wearing seatbelts  
 
Seventeen (20%) of LCV occupant fatalities, were 
front seat passengers. The use of seatbelts was 
known for 13 (76%) of the passengers. Where the 
use of the seatbelt was known, ten (77%) of the 
passengers were not wearing a seatbelt. 
 
Of the two LCV occupants sitting in “other” seat 
positions (as coded in the database) one was not 
using the lap belt provided. The status of the 
second occupant was unknown. The rear-offside 
passenger was sitting on a wooden bench behind 
the driver that was not fitted with a seatbelt. 
 
The low seatbelt wearing rate in this data could 
indicate that a substantial benefit may be gained 
from installing seatbelt warning systems in LCVs 
and the encouragement of seat belt use. 
 
     Load movement 
     There were no cases where the load was known 
to have moved prior to impact. There were 18 cases 
where the load moved after the impact. In ten of the 
cases the load was shed and in the remaining eight 
cases the load shifted.  
 
In the cases where the load was shed, it was known 
that this caused injury in one case and not in eight 
cases. In the remaining case it was not known if the 
load being shed caused injury. 
 
Of the eight cases where the load shifted, this lead 
to injury in two cases. In one of these cases the 
LCV was 8% overweight with fruit and vegetables. 
In the second, the load was insecure and caused the 
driver to be trapped between their seat and the 
steering wheel. There were four cases where it was 
known that the load shift did not cause injury and 
two where it is not known. 
 
The comparison of the HVCIS sample with the 
national statistics showed that HGVs were over-
represented in the HVCIS data. Therefore it is 
possible that the estimated benefits within this 
study of protecting LCV occupants in impacts with 
HGVs may actually be lower than predicted. 
 
     Pedestrian casualties 
Pedestrians were the third most frequent type of 
road user that was fatally injured, accounting for 
just over 17% of fatalities resulting from accidents 
involving LCVs. The majority of pedestrians, 76%, 
were fatally injured when struck by the front on an 

LCV. Twelve percent had an impact with the left 
side and 8% with the back of the LCV.  
 
For impacts to the front of the HGV, 73% of the 
LCVs were not making any specific manoeuvre. 
The remaining 27% were turning right, parked or 
overtaking on the nearside or offside 
 
The impact speeds for LCVs in a frontal collision 
with a pedestrian are shown in Figure 10. 
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Figure 10. LCV impact speed for frontal 
impacts with pedestrians 

Figure 10 shows that for approximately 25% of the 
pedestrian fatalities occur at impacts speeds of up 
to 40km/h for the LCV, which is the speed used for 
pedestrian tests for cars in EuroNCAP. For 
approximately 60% of the pedestrians that are 
struck by the front of the LCV, the LCV is 
travelling at 50km/h or less. The sharp increase in 
fatalities between 40km/h and 50km/h may be 
because the impact speed is taken from police 
records, based on eye witness accounts and 
reconstructions. 
 
The most frequently selected countermeasure for 
impacts to the front of the LCV was to improve the 
design of the LCV to be less injurious to 
pedestrians, 26%. It was estimated that designing 
the front of an LCV to be less aggressive to 
pedestrians was quite likely to have reduced the 
severity of injuries for one pedestrian, probably 
would have prevented two pedestrian fatalities and 
may have prevented a further eight fatalities. The 
majority of the remaining countermeasures to help 
protect pedestrians, 48%, related to changes in the 
environment and the conspicuity of the pedestrians. 
 
There were seven fatalities caused when the 
pedestrian collided with the left side of the LCV. 
Four of these fatalities were caused by an impact 
with the mirror on the LCV. Moving the mirrors on 
the LCV was considered to have quite likely 
prevented three of these fatalities and probably 
prevented one other. Making the mirrors compliant 
to pedestrian impact could probably reduce the 
severity of injuries for one of the pedestrians and 
may have reduced the severity for one other. 
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There were five fatalities where the pedestrian 
struck the rear of the LCV. In four of the accidents, 
the vehicle was reversing. In the fifth accident, the 
vehicle was parked and rolled back down a hill. 
Assessment of potential countermeasures for these 
accidents suggests that improving the rear vision 
for the driver of the LCV was considered to have 
quite likely prevented three of the fatalities. 
Improving rear vision on the LCV may have 
prevented one other fatality, but in conjunction 
with an audible reversing alarm was quite likely to 
have prevented the fatality. 
  
DISCUSSION    
 
The preceding analysis has presented the findings 
of a study of fatal accidents involving LCVs from 
the period 1995 to 1998. The HVCIS database 
contains 36% of the fatalities that resulted from 
accidents involving LCVs identified in the national 
statistics. 
 
HVCIS estimate of benefits 
 
Table 12 summarises the LCV based 
countermeasures and the best estimate of benefits. 
The six most effective countermeasures identified 
are shown in red. These estimates were made from 
consideration of the accident cases on a case by 
case basis. The estimated benefits relate to the 
number of fatalities which may be prevented for 
the four year period covered by the sample. The 
number of fatal savings is calculated using the 
equation below: 
 
Number of fatal savings = (quite likely x 1) + 
(probably x 0.75) + (maybe x 0.25) 

Table 12. 
Summary of LCV based countermeasures for 

HVCIS sample 
Estimate of fatality 

prevention Counter-
measure Quite 

likely Probable Maybe 

Number 
of fatal 
savings 

Fit lane 
following 2 6  6.5 

Fit ABS 1 8 1 7.25 
Detect drowsy 

drivers 2 6 1 6.75 

Eliminate 
defects 1  1 1.25 

Warn of ice   1 0.25 
Prevent drink 

driving 4   4.0 

Fit collision 
avoidance 

system 
3 4 5 7.25 

Prevent 
puncture 1   1.0 

Fit intelligent 
speed limiter  1 1 1.0 

Monitor tyre 
pressure   1 0.25 

Pedestrian 
friendly front 1 2 8 4.5 

Wear seatbelt   6 1.5 
Improve frontal 
crashworthiness   3 0.75 

Improve LCV-
car 

compatibility 
  5 1.25 

Fit fire 
extinguisher in 

engine bay 
1   1.0 

Improve rear 
vision 3  3 3.25 

Improve rear 
vision and fit 

reversing alarm 
1   1.0 

Move mirrors – 
accident 

avoidance 
3 1  3.75 

Make mirrors 
more compliant 
with pedestrian 

impacts 

 1 1 1.0 

Improve 
lighting  1  0.75 

Remove bull 
bars  1  0.75 

Prevent fire 1   1.0 
Improve frontal 
crashworthiness 

+ other 
 4 3 3.75 

Wear seatbelt + 
other 1 6 4 6.5 

Improve 
compatibility + 

other 
1 1  1.75 

Pedestrian 
friendly front + 

other 
  1 0.25 

 
There is currently no European Directive on the 
frontal impact protection for LCVs.  Improving the 
frontal crashworthiness of the LCV alone was not 
considered to be one of the most beneficial 
countermeasures. However when combined with 
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other countermeasures such as wearing the seatbelt 
and fitting an airbag, the benefits are substantially 
increased. 
 
Estimate of national benefits 
 
The HVCIS data sample contained an average of 
86.25 fatalities per year. This figure has been used 
to estimate the annual benefits within the sample. 
These benefits can then be applied to the national 
figures to estimate the annual benefit of each 
countermeasure for the UK. The total number of 
fatalities resulting from LCV accidents in 2003 was 
327. This figure has been used to estimate national 
benefits for the six countermeasures highlighted in 
the HVCIS sample, that showed the greatest 
potential benefits in Table 13.  

Table 13. 

Estimated annual national benefits in terms of 
prevention of fatalities in the UK 

Counter-
measure 

Estimated 
benefits in 

sample 

Estimated 
benefits 
per year 
(HVCIS) 

Estimated 
benefits 
per year 

(UK) 
Fit lane following 6.5 1.6 (1.9%) 6.2 

Fit ABS 7.25 1.8 (2.1%) 6.7 
Detect drowsy 

drivers 6.75 1.7 (2.0%) 6.5 

Fit collision 
avoidance system 7.25 1.8 (2.1%) 6.7 

Pedestrian 
friendly front 4.5 1.1 (1.3%) 4.3 

Wear seatbelt + 
other 6.5 1.6 (1.9%) 6.2 

 
The most beneficial countermeasures are ones that 
prevent the accident occurring. If successful, all 
costs associated with the accident would be 
eliminated. It is also suggested that such 
countermeasures may also reduce the severity of 
some accidents.  
 
Sixty-three percent of LCV drivers and 77% of 
LCV passengers were not wearing a seatbelt at the 
time of their accidents. In Table 12 the benefit of 
wearing the seatbelt was assigned low probability 
of preventing fatalities. This is usually because of 
the severity of the impact causes large amounts of 
intrusion and no airbags. However, wearing the 
seatbelt in combination with some other 
countermeasures was considered to provide greater 
benefits than just a seatbelt, i.e. seat belt and air 
bag. The other countermeasures included, 
improving frontal crashworthiness of the LCV, 
fitting an airbag in the LCV and fitting energy 
absorbing rear underrun guards to HGVs.  
 
Designing the front of the LCV to be less injurious 
to pedestrians was considered to be the most 
effective countermeasure to protect pedestrians. 
Initial research in this area could consider the 
feasibility of transferring technology that is 

currently being developed for passenger cars to 
LCVs. A low cost vehicle enhancement would be 
compliant or frangible mirrors that would yield 
when struck by pedestrian. 
 
CONCLUSIONS 
 
The report analysis concluded that: 
• In STATS19 

o car occupants were the most frequently 
killed road user group. The proportion of 
LCV occupants and pedestrians were very 
similar to each other and were the second 
most frequently killed. 

o Vulnerable road user casualties, such as 
pedestrians and pedal cyclists, were over 
represented when considering serious and 
fatal LCV accidents. 

• From the HVCIS sample  
o Car occupants are the most frequently 

killed road users in LCV accidents, 
followed by LCV occupants and then 
pedestrians.  

o The use of seatbelts in LCVs is lower than 
for car occupants, 47%. If five (5.6%) of 
the LCV occupants had been wearing 
seatbelts at the time of their accident, they 
may have survived. The potential benefits 
of wearing seatbelts can be enhanced 
when worn in conjunction with other 
developments in the safety of LCVs such 
as improved crashworthiness and fitment 
of airbags. 

o Encouraging seat belt wearing in LCVs 
also has the advantage that this 
countermeasure is financially inexpensive 
and could be very cost effective. 

o Re-designing the front of the LCV to 
protect pedestrians in an impact was 
considered to be the most effective 
countermeasure for reducing the number 
of pedestrian fatalities in accidents with 
LCVs. Research could consider the 
feasibility of technology transfer from the 
passenger car industry.  

o Development of mirrors that are less 
aggressive to pedestrians would also 
provide benefits. 

o Overall, accident avoidance 
countermeasures such as fitting ABS, 
preventing departure from the lane of 
travel or fitting collision avoidance 
systems were considered to provide the 
greatest benefits, with ABS and collision 
avoidance systems both estimated to be 
capable of preventing approximately 7 
fatalities per annum. 

o Without performing further research or a 
detailed cost benefit study, it is suggested 
that: 
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o Reductions in fatal injuries could easily be 
achieved through the increased use of 
seatbelts, possibly supplemented by 
fitment of airbags. 

o Further consideration, maybe with further 
research, should be given to improved 
braking (i.e. ABS), lane following, 
alertness monitoring, collision avoidance 
and consideration of pedestrian impacts. 

 
RECOMMENDATIONS   
 
Future research on the safety of LCV may wish to 
focus on: 
 
• A detailed cost benefit study for the important 

countermeasures discussed in this paper 
• The feasibility of technology transfer from the 

car industry with respect to pedestrian 
protection, crashworthiness and compatibility. 

• The assessment of ABS for LCVs 
• Considering application of future lane 

following and collision avoidance systems for 
cars and HGVs to LCVs. 
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ABSTRACT 
 

Honda has been conducting feasibility research 
for airbags mounted on a motorcycle. The concept of 
this airbag system is “To reduce the injuries to a rider 
when impacting with an opposing vehicle and/or 
opposing object in frontal collisions by absorbing 
rider kinetic energy and by reducing rider separation 
velocity from motorcycle in the forward direction.” 
The study was reported to the 16th ESV Conference 
in 1998 and the 17th ESV conference in 2001. 
However, the assessment of injury level using 
dummies was tentative, as the assessment method on 
the neck was not firmly established in ISO 13232.  

Reporting is made this time on the results of 12 
cases of full scale impact tests in seven 
configurations based on ISO/CD 13232, which 
established the assessment method of injury to the 
neck, and on the results of computer simulation of 
200 configurations, which calculate the process of 
dummies falling down to the ground. 
The base motorcycle on which the prototype airbag 
system was mounted for this study, the GL1800, is a 
model which succeeded the large touring motorcycle, 
GL1500, used in the previous studies. 

Furthermore, to grasp the effectiveness of an 
airbag in reducing injury potential, while minimizing 
the potential for inflicting injury, in addition to the 
assessment tests specified in ISO/CD 13232, full 
scale impact tests of other configurations and other 
rider conditions, as well as sled tests were conducted.  

It was judged from the results obtained that an 
airbag system for a large touring motorcycle is 
feasible. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
INTRODUCTION 
 

Honda has been engaged in research aimed at 
enhancing protection of motorcycle riders since the 
1960s (1). In recent years, a study designed to evaluate 
the possibility of installing airbags on motorcycles as 
a means of enhancing motorcycle rider protection 
during frontal collisions has been conducted. The 
concept is “To reduce the injuries to a rider when 
impacting with an opposing vehicle and/or opposing 
object in frontal collisions by absorbing rider kinetic 
energy and by reducing rider separation velocity 
from motorcycle in the forward direction”.  The 
research for the airbag system for motorcycles has 
been conducted heretofore in the manner as outlined 
below: 

A prototype airbag system including a sensor 
system was mounted on a large touring motorcycle, 
GL1500, and evaluated based on ISO 13232 - Test 
and Analysis Procedures for Research Evaluation of 
Rider Crash Protective Devices Fitted to Motorcycles 
(2). As the result of a series of impact tests using 
actual motorcycles (hereinafter referred to as full 
scale impact tests) and computer simulation, the 
possibility of an increase in injury potential was 
noted in some impact configurations, while  the 
overall effect of rider injury reduction seemed likely 
(3)(ESV paper in 1998). 

An effort was made to establish a solution for 
the apprehended phenomenon of increase in injury, 
that is, the injury on the neck at dummy/ground 
contact influenced by the airbag. Enlarging the airbag 
minimized the concern (4) (ESV paper in 2001). 

Because many of the differences in injuries with 
or without the airbags occurred at dummy/ground 
contact, computer simulation technology was desired 
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to cover that area. As a result of addressing this issue, 
a simulation technology was developed, which will 
reproduce with high precision motion at 
dummy/ground contact (5) (SETC paper, 2003). 

As a link between these research projects, full 
scale impact tests were carried out with a prototype 
airbag system on a large scooter type motorcycle 
which uses a different frame design than the large 
touring motorcycle, using part of ISO 13232. It was 
judged that an airbag employing the same design 
concepts as that for large touring motorcycles was 
potentially feasible for use in the large scooter type 
motorcycles(6) (IFZ paper, 2004). 

While these research projects pertaining to the 
feasibility of using airbags on motorcycles were 
being conducted, the method of assessing the level of 
injury on the neck, which had not been established 
previously, was established by ISO/CD 13232. 
Additionally, a simulation technology was obtained 
by Honda, which enabled researchers to assess the 
level of injury sustained at the time of 
dummy/ground contact. These advances enabled 
researchers to more comprehensively evaluate rider 
protective devices. 

This report will present a series of results from 
the evaluation of the airbag system for motorcycles, 
based on the established evaluation methods. For the 
base motorcycle to mount the airbag, the GL1800 
was used, which succeeded the large touring model 
GL1500 used in the previous research. To further 
clarify the injury reduction effectiveness as well as 
the reduction of airbag induced injuries, tests were 
conducted employing other impact configurations 
and other rider conditions, in addition to the 
assessment tests specified in ISO/CD 13232. 
 
CONCEPT OF HONDA AIRBAGS FOR LARGE 
TOURING MOTORCYCLES 
 

The results of an analysis of fatal accidents to 
motorcycle riders in Japan are shown in Fig.1(7). 
These results indicate that: 
• fatal injuries occur mostly (i.e.. 64 percent) 

during motorcycle frontal impacts; 
• most rider injuries (i.e.. 87 percent) are 

receiving by impacting against objects other 
than the motorcycle; 

• the most frequently and severely injured body 
region(i.e.. 87 percent) lies in the upper half of 

the body. 
Based on the accident data, a typical fatal 

accident scenario involves: an impact at the front of 
the motorcycle, the rider being ejected from the 
motorcycle, the rider striking an opposing vehicle or 
ground and receiving a fatal injury to the upper half 
of the body. From this information, a concept 
involving non-ejection or energy reduction of the 
rider was conceived. Subsequently, Honda studied a 
motorcycle mounted airbag as one implementation of 
this concept. The concept of Honda's airbag for 
motorcycles is: 
 “To reduce the injuries to a rider when impacting 
with an opposing vehicle and/or opposing object in 
frontal collisions by absorbing rider kinetic energy 
and by reducing rider separation velocity from 
motorcycle in the forward direction”. 

Additional factors were also considered, 
including the following, based on past research: 
• The airbag position and horizontal forces being 

supported by the motorcycle itself (eg, even in 
front to front impacts with passenger cars the 
airbag should function without the airbag 
needing to be in contact with the opposing 
vehicle) 

• Maintaining airbag effectiveness as much as 
possible during various motorcycle crash 
motions, especially the yaw, pitch and roll 
motions which tend to occur during motorcycle 
collisions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
TEST MOTORCYCLES MOUNTED WITH 
PROTOTYPE AIRBAG SYSTEM 
 

Figure 2 shows a test motorcycle equipped with 
a prototype airbag system. The major specifications 

Figure 1.  Fatalities of motorcycle accidents in
Japan. 
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of the test motorcycle, the GL 1800, equipped with a 
prototype airbag system are shown in Table 1: The 
model has the following features similar to GL1500: 
• Having upright riding position, there is a space 

in front of the rider to deploy an airbag. 
• With a low center of gravity and large mass, the 

motorcycle body will have less pitching and 
yawing during impact. 

• Because the large fairing may receive the 
collision impact at a higher position than the 
height of the center of gravity, the body pitching 
of motorcycle will be lessened during impact. 

Figure 3 shows the deployed airbag and Table 2 
shows the specifications for the airbag and inflator. 
The airbag and retainer box were re-designed for the 
GL 1800 base motorcycle. The results of previous 
research are reflected in the airbag design; such as a 
large volume, overall shape well contrived, the shape 
of the back of bag, which will hold the rider and the 
support belt connected from the back of bag to the 
frame of motorcycle. The time required for the 
deployment of the airbag is approximately 45msec.  
A sensor system will judge whether to actuate or not 
in accordance with the logic shown in Fig. 4 based on 
the extent of deceleration in the vicinity of the front 
wheel axis (hereinafter referred to as the deceleration 
of the front wheel system). 
 
SETTING UP SENSOR SYSTEM 
 

The judgment of whether to deploy or not of the 
airbag system will be based on the following 
conditions: 
• Deploy in frontal collisions in which rider 

ejection from the motorcycle is likely. 
• Not to deploy as a result of impacts received 

during typical riding and handling conditions, 
including operating over rough roads. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 2.  Prototype airbag system installed on 

the GL 1800 motorcycle. 

Table 1. 
Specifications of test motorcycle 

 

Table 2. 
Specifications of prototype airbag 

 

Figure 4.  Decision flow for deployment. 

Figure 3.  Prototype airbag. 
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Grasping Conditions of Collision to Deploy 
Airbag 
 

To grasp the conditions of frontal collisions 
which will cause the forward separation of rider from 
the motorcycle, impact tests were carried out using 
the base motorcycle. For the opposing vehicle in the 
impact testing, the Honda Accord 4-door, 1998~2001 
model, of Japanese specifications as shown in Table 
3 was used. For the rider dummy, ISO/CD 13232 
motorcyclist anthropometric test device (MATD) was 
used. The impact configurations and test results are 
shown in Table 4. The forward separation of the 
dummy occurred at the impact speed of 35km/h, and 
did not occur at the impact speeds of 25 and 30km/h 
in both impact configurations to the front and side of 
opposing vehicle. It was judged from these results 
that the airbags should deploy at an impact speed of 
over 35km/h in a frontal impact. The extent of 
deceleration of the sensor unit was measured in the 
testing for use as the base data for developing the 
collision judge logic and the setting of the threshold 
value as described later. 
 
Grasping Deceleration of Sensor Unit Under 
Conditions Not to Deploy Airbag 
 

No airbag should deploy during typical running 
and normal handling, including travel over rough 
roads, except in the case of an accident. To 
simulaterunning conditions in which the airbag 
should not deploy, tests were conducted on running 
over steps, traveling on roads with depressions, 
running on rough roads, as well as while performing 
a “wheelie”. To simulate handling conditions in 
which the airbag should not deploy, tests were carried 
out assuming a fall from the platform of a truck while 
engaged in cargo handling operations and when the 
front fork receives an impact from an external force. 
The deceleration of the sensor unit occurring when 
tested under this variety of running and handling 
conditions, where the system should not be deployed 
was measured and used as the base data for creating 
the collision judge logic and threshold value. 
 
Setting Up Collision Judge Logic and Threshold 
Value 
 

Collision judge logic and the threshold value for 

the decision of deployment were decided after 
studying the data of deceleration of sensor unit, 
which were grasped from the results of tests under 
impact conditions to deploy and the conditions of 
running and handling not to deploy. Figure 5 shows 
the judgment performance of deployment or 
no-deployment. The figure shows the ratio of 
"Threshold value, specified computation value to 
judge to deploy" over "The maximum computed 
values for the cases of deployment or no-deployment 
". As shown in the figure, a judgment system was 
obtained, which will deploy in frontal impacts 
requiring the deployment of an airbag, but not as the 
result of expected impacts occurring in normal 
running and handling. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3. 
Specifications of Opposing Vehicle 

Table 4. 
Tests and results to grasp the impact condition 

that airbag should be deployed 

Figure 5.  Decision of deployment by integrated 
impact deceleration. 
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Features of Collision Judging Sensor System 
 

In the collision judging sensor system, judgment 
is made upon the extent of deceleration of the front 
wheel system because it will enable the system to 
make judgment of deployment at an early time 
during the crash event. Basically, deployment of the 
airbag should be completed before the rider reaches 
the airbag during the collision deceleration of the 
motorcycle. In a typical motorcycle frontal collision, 
the front wheel will first contact the opposing vehicle 
or other object and the deceleration of the sensor and 
motorcycle frame will occur as shown in the example 
of Fig.6. As shown in the figure, the extent of 
deceleration of motorcycle frame is extremely low at 
the time during which the judgment can be made 
whether to deploy the airbag using the deceleration 
of the sensor installed on the front wheel system. 
Therefore, the judgment of deployment can be made 
at a faster timing if the deceleration of the front 
wheel system is used rather than the deceleration of 
the motorcycle frame. 

Also in the sensor system, acceleration sensors 
are installed on the front forks, both right and left to 
detect the deceleration of the front wheel system. The 
sensor system is capable of making appropriate 
collision judgment based on the deceleration of the 
front wheel system, computing and judging using the 
average of detected values by the acceleration 
sensors on the left and right and removing the 
influence of the rotary movement of the steering 
system, which occurs during an angled impact.  
 
FULL SCALE IMPACT TESTS IN 
ACCORDANCE WITH ISO/CD 13232 
 
Test Method 
 

The airbag system was evaluated in accordance 
with ISO/CD 13232. With respect to the seven 
impact configurations shown in Fig. 7, full scale 
impact tests were carried out using motorcycles 
equipped with an airbag and those not equipped with 
an airbag. As described later, in the two 
configurations of 412-25/50 and 143-35/0, the airbag 
system was not in operation, and as such no impact 
test of the base motorcycle was carried out. 

For the opposing impact vehicle, the same 
Honda Accord 4-door of 1998~2001 model of 

Japanese specifications as used in the impact test for 
setting sensors was used. This is the opposing impact 
vehicle conforming to the stipulation of ISO/CD 
13232 (Refer to Table 3).  

The impact speed in the research was set at a 
level 4% higher than that specified in ISO/CD 13232 
to make the evaluation under stricter conditions. The 
speed in the parentheses in the figure denotes the 
speed specified by ISO/CD 13232. 

 
 
 
 
 
 
 
 
 
 Figure 6.  Deceleration of "sensor (front wheel) 
and motorcycle frame". 

Figure 7.  Configurations of full scall impact test. 
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    For the rider dummy, the motorcyclist 
anthropometric test device (MATD) as defined in 
ISO/CD 13232 was used. This dummy does not 
require any connecting cord to the outside, which 
may affect to the movements of dummy, as an 
electric measuring and recording system is built 
inside the dummy. Using the measurement by the 
dummy and the injury analyzing method shown in 
ISO/CD 13232, an assessment was made on the level 
of injuries on head, neck, chest, abdomen and legs. 
 
Test Results 
 
Judgment of Deployment or No-deployment of 
Airbag, and Judgment Timing 

The results of performing impact tests of 
motorcycles mounted with the airbag system were 
gathered and analyzed. Out of impact tests conducted 
in seven configurations the airbags operated in five 
configurations and were not in operation in two 
configurations.In the four configurations of 413-0/50, 
413-25/50, 414-25/50 and 114-25/50, the deployment 
of the airbag was finished before the dummy reached 
the airbag during the crash. This was accomplished 
by the quick judgment of the sensor system. The 

judgment timing of sensor system and the time for 
the dummy to reach the airbag in the four 
configurations are shown in Fig. 8. As an example of 
the deployment of the airbag and its effect, Fig. 9 
shows the start of impact (t=0), start of airbag 
deployment (t=20msec), completion of deployment 
(t=60msec) and nearly finish of the absorption of 
kinetic energy of dummy (t=120msec) in the case of 
413-25/50. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 9.  Sample of airbag deployment and effectiveness. 

Figure 8.  Decision time of airbag deployment 
from full scall impact tests. 
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In case of 225-0/50, the dummy contacted the 
airbag before the deployment was completed. But, 
the extent of injury resulting from interference with 
the airbag was not measurable. (Refer to the section 
dealing with the analysis of injury described later.) 

In the two configurations of 412-25/50 and 
143-35/0, the airbag was not deployed due to the 
judgment of no-deployment by the sensor system. In 
case of 412-25/50, the motorcycle did not decelerate 
significantly, colliding with the opposing vehicle then 
diverting its direction along the side of the opposing 
vehicle. 143-35/0 is not the case of a frontal impact, 
the objective of the airbag system. It is a 
configuration in which the motorcycle is collided by 
an opposing vehicle from its side, an impact in which 
the airbag should not to be deployed. 
 
Analysis of Injuries 

With respect to the indices of injuries in the 
seven impact configurations, the results of analysis 
based on ISO/CD 13232 are shown in Table 5 in the 
changes of AIS (abbreviated injury scale) by body 
regions and in changes of NIC (normalized injury 
cost) of the whole integrated body. AIS = 1 is 
equivalent to light injury while AIS = 6, fatal. NIC = 
0 is equivalent to no injury and NIC = 1 fatal. 
Positive indices show benefits and negative indices 
show risks. In the two configurations of 412-25/50 
and 143-35/0 where the airbags did not deploy, riders 
sustained no injury from the airbag as a matter of 
course.  

Viewing from the benefits of airbags by region 
of the body in five configurations where the airbags 
deployed, there was benefit of 3 in the change in AIS 
in legs, in the two configurations of 114-25/50 and 
225-0/50. Viewing from the point of risk by each of 
body region, there was a risk of 1 in the change of 
AIS in the head in the two configurations of 
414-25/50 and 114-25/50. Those were due to the 
injury indices measured when the dummy contacted 
to the ground. Viewing the change in NIC of all 
integrated body locations in the five configurations 
where the airbags deployed, two configurations had 
benefits of 0.11 and 0.16, while two other 
configurations had no influence, and one 
configuration had a risk of 0.07. 

The changes in total average NIC of seven 
impact configurations are shown in Table 6, taking 
into account the occurrence frequency of impact 

configuration as shown in the accident database of 
ISO/CD 13232. The total average benefit is 0.03, and 
the total average risk is zero. 
It is judged, therefore, that the airbag has no risk 
from the assessment of full scale impact tests based 
on ISO/CD 13232. 
 
EVALUATION OF RIDER INJURY 
REDUCTION PERFORMANCE BY 
COMPUTER SIMULATION 
 
Method of Computer Simulation 
 

Rider injury reduction performance was 
evaluated by computer simulation based on ISO/CD 
13232. However, the evaluation area specified by 
ISO/CD 13232 is limited to the area up to 0.5 
seconds after the dummy hits the opposing vehicle 
(hereinafter referred to as primary impact sequence). 
In the computer simulation used for this research, 
evaluation was made until the time of dummy/ground 
contact (hereinafter referred to as secondary impact 
sequence) after the primary impact sequence. Honda 
obtained the computer simulation technology used in 
the assessment to enable the simulation of the level 
of injury until the time dummy/ground contact. 
(Refer to the SETC thesis). The explicit FEM 
software of FEM mode base (LS-DYNA) was used 
as the software for this simulation. 

Based on the results of measurement of 
deformation characteristics of opposing vehicles in 
impact and those of full scale impact tests, the 
computer simulation method used in the assessment 
was prepared. And, based on the results of full scale 
impact tests in accordance with ISO/CD 13232, the 
extent of coordination of the measured indices of 
injuries in the computer simulation was validated. As 
the results of validation, comparison of the results of 
full scale impact tests on major injury indices and 
those of computer simulation are shown in Fig.10 to 
Fig.12. The HIC in the primary impact sequence is 
shown in Fig.10 while the HIC in the secondary 
impact sequence is shown in Fig.11. The maximum 
compression rate on the chest in the primary impact 
sequence is shown in Fig.12. Shown in Table 7 is the 
occurrence of the fracture of femur, knee, tibia in the 
domain combining the primary and secondary impact 
sequence (hereinafter referred to as entire impact 
sequence). From the results of validation of the  
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extent of this coordination, the computer simulation 
was judged to be capable of assessing the risk - 
benefit of injuries on 200 configurations specified in 
ISO/CD 13232.  
 
Results of Computer Simulation 
 

By using the computer simulation technology 
described above the evaluation of benefits and risks 
was conducted on 400 cases in 200 configurations 
based on ISO/CD 13232.Computer simulation was 
not conducted for the 79 impact configurations that 
the airbag was not expected to deploy because of no 
influences to rider injury. We conducted 242 cases in 
121 configurations and with and without an airbag.  

Figure 13 shows the results.Total average 
benefit is 0.048, risk is 0.004. Benefit/Risk ratio is 
0.083, and average net benefit is 0.044. From these 
results, it can be said that this airbag system has an 
appropriate performance of rider injury reduction. 
 
 
 
 
 

Table 6. 
Average benefits and risks, all tests 

Figure 11.  Correlation of head HIC for 
secondary impact sequence. 

Figure 10.  Correlation of head HIC for primary 
impact sequence. 

Figure 12  Correlation of chest compression 
(Cmax %), for primary impact sequence. 

Table 7. 
Correlation of leg fracture for entire impact 

sequence 

Table 5. 
Airbag injury benefits and risks, by impact configuration and body region 
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TESTS UNDER VARIOUS CONDITIONS AND 
THEIR RESULTS  
 

The purpose of impact tests in seven 
configurations of ISO 13232 is to assess the risk and 
benefit in typical collisions. In addition to these 
evaluation based on ISO/CD 13232, to clarify the 
effectiveness of airbags in reducing injuries while 
minimizing the potential injuries caused by airbags, 
other tests were conducted by employing other 
configurations of impact and other rider conditions. 
 
Influence of Rider’s Size 

In order to validate the differences in the 
absorbing performance of the rider's kinetic energy 
by the airbag and the differences in the presence of 
injuries in interference with the airbag when the size 
of riders changes, sled tests were carried out using 
three sizes of dummy. A dummy of standard size, 
AM50%ile (H-III), one representing smaller size, 
AF05%ile (H-III), and a dummy representative of 
large size, AM95%ile (H-III), were used. The 
measurement and assessment of injury indices were 
made in accordance with the stipulations and 
information of FMVSS 208(8)(9) with respect  

to the head, neck and chest. As to the AM50%ile 
dummy neck, we replaced it with the MATD neck for 
measurement and evaluation based on ISO/CD 
13232.  

The acceleration waveform of sled in the tests 
was based on the deceleration waveform caused on a 
motorcycle when the motorcycle collides against a 
stationary opposing vehicle at a speed of 50km/h. 
The acceleration waveform is shown in Fig.14. The 
conditions of motorcycle and dummy set on the sled 
are shown in Fig.15. 

The change in the upper half of the dummy body 
in the test results is shown in Fig.16. The figure 
shows that if the speed change was 50 km/h the 
energy is absorbed 100%, whereas if it exceeds 50 
km/h the dummy rebounds from the airbag and if it is 
below 50 km/h the energy is not fully absorbed. As 
compared with the AM50, the standard dummy, the 
absorbing performance of the airbag is reduced for 
the larger AM95, and is enhanced in the smaller 
AF05. None of these three dummies separated 
toward the front of motorcycle. Figure 17 shows the 
condition in which the absorption of the kinetic 
energy of the dummy ceases. The results of 
measurement of injuries on dummies are shown in 
Table 8. There was no injury index that exceeded the 
criteria for the head, neck and chest in any of the 
three dummies used.  

Figure 14.  Acceleration and velocity change of 
motorcycle, in sled tests. 

Figure 13.  Total average benefits and risks, 200 
impact configurations. 

Figure 15.  Initial dummy posture in sled test. 
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Influence of Airbag Deployment in Tilted 
Forward Posture of Riders 

One needs to consider that motorcycle riders 
change their posture during riding. In particular, the 
rider should not be seriously injured by the deploying 
airbag even if the airbag deploys while the rider takes 
a posture tilted forward into the area of airbag 
deployment. A static deployment test validated that 
no injury will be inflicted by the deployment of the 
airbag. It was assumed in the validation tests that the 
rider dummy would take "a marginal forward tilt to 
enable them to secure a sufficient visibility in the 
front". Dummies representing standard size, 
AM50%ile (H-III), and AF5%ile (H-III), 

representative of smaller size, were used. The 
measurement and assessment of injuries were made 
in accordance with the stipulations of FMVSS208 
with respect to the head, neck and chest. As to the 
AM50%ile dummy neck, we replaced it with the 
MATD neck for measurement and evaluation based 
on ISO/CD 13232. 

The conditions of the dummies before and 
during the deployment of airbags in shown, the case 
of AM50 is shown in Fig.18 and that of AF05 in 
Fig.19, respectively. In either of cases, the airbags 
deployed first in the vicinity of chest and neck and 
then interfered with the head and bent the neck of the 
dummy backward. The results of indices of injuries 
on the dummies are shown in Table 9. For both AF05 
and AM50 no recorded injury index exceeded the 
criteria. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 18.  Static inflation test with forward 
leaning AM50-dummy. 

Figure 19.  Static inflation test with forward 
leaning AF05-dummy. 

Figure 16.  Velocity change of dummy's upper 

body. 

Table 8. 
Dummy injury indecis in sled test results 

Figure 17.  Dummy posture at the moment when kinetic energy absorbed with airbag. 
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Influence of High-speed Impact and Influence of 
Passenger 
 

To judge the feasibility and effectiveness of the 
airbag system, it is necessary to validate whether the 
airbag will retain the rider kinetic energy absorbing 
performance, including its strength, under more 
severe impact conditions. To present more severe 
impact conditions for this analysis, the combined 
conditions of two-up riding and higher impact speed 
were set. The addition of the condition of two-up 
riding was used to analyze the potential compression 
of rider's chest influenced by the phenomenon that 
the passenger will push from the back while the rider 
is held by the airbag in the front. 

The impact test was set as follows: To a 
stationary motorcycle equipped with the airbag the 
opposing vehicle, a Honda Accord, will collide at a 
speed of 75 km/h. Having the opposing vehicle 
collide with a stationary motorcycle is used to 
suppress the pitching of motorcycle body, and 
therefore is considered more appropriate for the 
purpose of the test. The impact speed was set at 75 
km/h in an attempt to be inclusive of most of 
accident speeds, referring to accident data of ISO/CD 
13232 as shown in Fig.20. For the rider dummy, the 
MATD was used and indices of injuries were 
measured and assessed in accordance with ISO/CD 
13232. For the passenger dummy, AM95%ile (H-III) 
was used, as it would have the greatest impact to the 
rider dummy and airbag. Since the assessment of 
injury using an AM95 dummy would require wired 
electrical measurement, which should be avoided in 
full scale impact tests of motorcycles, no assessment 
was made of indices of injuries to the passenger 
dummy. 

During the impact test, the rider dummy was 
caught between the airbag and passenger dummy as 
shown in Fig.21. Afterward the passenger dummy 
separated to the front of the motorcycle, but the rider 

dummy stayed on the motorcycle which absorbed its 
kinetic energy. In the test, no breakage was caused to 
the airbag. The measured injuries indecis on the rider 
dummy during primary impact sequence are shown 
in Table 10. In the index of injury to the upper half of 
the dummy body, injury which should be directly 
attributable to the airbag, no injury index countable 
by AIS was caused on the head, neck and abdomen 
except AIS 1 in the chest. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 21.  75km/h impact test with passenger. 

Figure 20.  Frontal collision speed based on ISO 
13232 accident data. 

Table 10. 
Measured injury of rider dummy in 75km/h full 

scall impact test 

Table 9. 
Measured dummy injury in static inflation test 

with forward leaning dummy 
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Front Wheel Non-impact Collision (Under-ride 
Impact) 
 

In a variety of frontal collision accidents, there 
is a configuration in which the front wheel of the 
motorcycle will not be the first point of contact with 
the opposing vehicle or object, such as in the 
collision of a motorcycle to the platform of a truck 
(hereinafter referred to as Under ride impact). Under 
ride impact tests were conducted to validate whether 
rider injury reduction would be possible in the 
present airbag system wherein the timing of 
deployment decision and the airbag deployment 
decision are based on the deceleration of the front 
wheel system. 

To an impact trolley, as shown in Fig.22, to 
which brake is applied, a motorcycle mounted with 
an airbag was collided at a speed of 50 km/h. To the 
opposing trolley, a colliding plane was attached 
simulating the platform of a truck. The principal 
dimensions of the impact trolley are shown in Table 
11. The MATD was used for the rider dummy, and 
measurement and assessment of injury index was 
made in accordance with ISO/CD 13232. 

As the results of the under ride impact test, the 
timing of collision judgment by the sensing system 
was 30msec. after initial impact. The dummy did not 
directly hit the opposing impact plane, rather the 
dummy made contact with the airbag in the process 
of deployment, and the airbag absorbed the kinetic 
energy of the dummy. Figure 23 shows the conditions 
of the airbag and dummy. The results of evaluated 
injury index are shown in Table 12.  No airbag 
related countable injury index took place on the head, 
neck, chest and abdomen in terms of AIS. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
EXAMINATION OF RIDER INJURY 
REDUCTION EFFECTS OF THE AIRBAG 
 

Using the evaluation to assess the risk potential 
of airbags based on ISO/CD 13232 and from the 
results of other validation, a judgment was made 
regarding the use of airbags. As regards the benefit of 
the effect of reducing injury it appears that a clear 
conclusion can not yet be made. Namely, in the 
impact test on 50 km/h level as specified in ISO/CD 
13232, no severe injury index has occurred on the 
base motorcycle without the airbag. From the 
measured index of direct injury on the dummy, 
therefore, the effects of injury prevention and 
reduction by the airbag are not visible. Accordingly, 
the rider injury reduction effects expected of the 
airbag will be examined by analyzing the fatal 
accident data in the base motorcycle used for the 
airbag tests and test results this time. 
 
Analysis of Accident Data in Base Motorcycle 
Used for Airbag test 
 

The conditions of the occurrence of injuries in 
actual accidents involving the base motorcycle used 
for the airbag test appear different from the case of 
other motorcycles because of the characteristic of 
being a large and heavy motorcycle. The accident 
data were analyzed from this point of view. Figure 24 
shows the result of an analysis of the relationship 
between the collision speed in frontal collision and 
the number of fatalities in motorcycle riders. "All 

Figure 22.  Opposing trolley used under-ride 
impact test. 

Table 11. 
Opposing trolley specificastions 

Figure 23.  Under ride impact test. 

Table 12. 

Measured injury in under ride impact test 
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motorcycles" are based on the fatal accident data of 
motorcycles except those with displacement less than 
50cc in the years from 2000 to 2002 in Japan (10) 
"GL" is based on the fatal accident data of Honda 
GL1000, GL1100, GL1200 and GL1500 from 1975 
to 2003 in the U.S.A.(11). As the result of filtering to 
cases with required information, "All motorcycles" 
represent the data of N=700 while "GL" N=234. The 
base motorcycle used in this study was applied to and 
interpreted as forming a part of "GL". Collision 
speed data in the chart were obtained as follows: The 
original data did not show the actual collision speed, 
but rather the perceived speed at which the rider felt 
the collision was unavoidable(hereinafter referred to 
as precipitating speed ） . Both motorcycle and 
opposing vehicle collision speed were calculated by 
multiplying the precipitating speed by 0.7. The 
number 0.7 is set based on the report of motorcycle 
accident analysis issued by USC（12）. The collision 
speed here is assumed to be the combined speed of 
motorcycle and opposing vehicle; in case of collision 
against the front of opposing vehicles the sum total of 
both speeds; in case of collision to the side of 
opposing vehicles the speed of motorcycle; and, in 
case of collision to the rear of opposing vehicles the 
speed of opposing vehicle was deducted from that of 
the motorcycle. 

According to the results of an analysis of the 
accident data, the fatal accidents covered at 50km/h 
level accounted for approximately 70% of "All 
motorcycles" and about 30% of "GL". It can be seen 
that as compared with "All motorcycles", "GL" is 
less likely to sustain fatal injury on the same collision 
speed. Because of this characteristic of "GL", no 
severe injury index was measured in the impact test 
at 50 km/h of the base motorcycle. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Analysis of Effectiveness of Airbags Seen from 
Impact Velocity of Rider Dummy to Opposing 
Vehicle 
 

With respect to the results of full scale impact 
tests as specified in ISO/CD 13232, an examination 
was made on the effects of preventing impact by the 
motorcycle rider to the opposing vehicle or reducing 
the rider’s impact velocity through the suppression of 
the forward separation of the rider, which was the 
aim of the airbags. In both impact configurations of 
413-0/50 and 413-25/50, head injury to the dummy 
on the base motorcycle without airbags was 
prevented. In the base motorcycle without airbag, the 
HIC of the dummy head which hit the opposing 
vehicle was 115.1 in the case of 413-0/50 and 122.3 
in the case of 413-25/50 as shown in Fig.25. Figure 
25 shows for reference the HIC that occurred in the 
airbag-equipped motorcycle. Though the HIC of the 
base motorcycle is larger than that of the 
airbag-equipped motorcycle, it is still low and under 
AIS 1. 

The result of an analysis of dummy motions, 
disclosed that the absolute head velocity of the 
dummy at the time of impact to the opposing vehicle 
on the base motorcycle without airbag was 8.0m/s in 
case of 413-0/50 and 10.0 m/s in case of 413-25/50 
as shown in Fig.26. The results of helmet tests 
conducted in connection with the study are shown 
here in Fig.27 In accordance with the helmet test 
method of JIS (JIS T8133-2000) (13), an impact test 
was carried out wherein a plane anvil was impacted 
with the top of the helmet used in the full scale 
impact tests. According to the results of this helmet 
test, HIC 2500 is exceeded at impact velocity of 
approximately 7 m/s when hit against the plane of the 
rigid body. Therefore, at the impact velocity of 
8.0m/s in the case of 413/0/50 and at 10.0 m/s in case 
of 413-25/50, there exists a possibility of causing 
serious injury to the head depending on the shape and 
hardness of colliding object. This could happen in 
actual accidents wherein various opposing collision 
vehicles and other objects of collision exist, and they 
constitute part of fatal accidents in the low-speed 
collision of the accident data formerly described. In 
the airbag-equipped motorcycles, the impact to the 
head which occurred in the base motorcycle could be 
prevented or reduced. 
 

Figure 24.  Fatal accident data of motorcycle. 
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Effect of Rider Injury Reduction Expected in 
More Collision Conditions 
 

From the results of analysis of fatal accident data 
described above, rider injury reduction is desired in 
much higher collision speed ranges. The airbag 
absorbed the kinetic energy of rider dummy in the 
impact test at a speed of 75 km/h and prevented the 
rider dummy from forward separation from 
motorcycle without causing injury through the 
interference with the airbag. Therefore, the effect of 
reducing fatal injury can be expected in collisions at 
a speed on the 75 km/h level of "GL", as seen in the 

accident data described above. 
The effects in impact in high-speed ranges were 

validated in some of the impact configurations in the 
assessment by computer simulation described above. 
For instance, in the impact configuration of 414-0/72 
shown in Fig.28, injury indices as shown in Table 13 
were calculated. In the impact configuration, the 
rider's head impact to the opposing vehicle, which 
occurred to the base vehicle, is prevented by the 
airbag and the injury of the rider is substantially 
reduced. 

In the results of assessment of indices of injuries 
on the dummy in a series of full scale impact tests of 
ISO/CD 13232, the rider injury reduction effects of 
the airbag did not show clearly. However, from this 
examination, an expectation is held that the airbag 
system will considerably contribute to the reduction 
of fatal injury and serious injuries of riders. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

Figure 25.  Head HIC in 413-0/50 and 413-25/50. 

Figure 27.  Helmet impact test result. 

Table 13. 
Injury change, 414-0/72 

Figure 28.  Benefit impact configration from 
computer simulation 
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Figure 26.  Head velocity of impact to opposing 
vehicle. 



CONCLUSION 
 

GL1800 equipped with prototype airbag system 
was evaluated by full scale impact tests based on 
ISO/CD 13232, computer simulation and other tests 
set up by Honda. 
As the result, the following findings were obtained: 
• The sensor system, making judgment by 

detecting and calculating the deceleration of the 
front wheel system, was capable of properly 
judging deploy/no-deploy against the situations 
of collision/non-collision. 

• As the result of full scale impact tests in 
accordance with ISO/CD 13232, the total 
average risk was zero in seven configurations. 

• As the results of computer simulation analyzing 
the time until dummy/ground contact with and 
without airbags in 200 configurations, the total 
average benefit was 0.048, risk was 0.004. It 
can be said that the performance of rider injury 
reduction system is appropriate. 

• As the result of validating impacts under a 
variety of conditions which should be taken into 
account, including two-up riding impact, 75 km/h 
impact, different sizes of rider, rider posture tilted 
forward ,as well as the under ride impact, no 
unacceptable phenomena have occurred. 

• As the result of studying the effectiveness, 
based on the accident data, of the base 
motorcycle and the test results of the airbag, it 
was possible to conclude that the airbag system 
is effective in reducing fatal and serious injuries 
to riders. 

 
It is judged from the foregoing that the airbags for 
large touring motorcycles would have the possibility 
of becoming a reality. Development will be made in 
future aiming at putting the airbags to practical use in 
consideration of durability, weather ability, reliability, 
commodity value and productivity. 
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ABSTRACT 
 
The ANCAP (Australian New Car Assessment 
Program) have been conducting offset frontal 
crash tests into a deformable barrier since 
1995.  During this time the results of the 
ANCAP tests have shown significant 
improvements in occupant protection 
measured via reduction in dummy injury 
measurements, i.e. HIC, chest ‘g’, etc. 
 
Occupant protection has improved with 
manufacturers designing structures to 
minimise the occupant space intrusion with the 
aim to have the crash energy absorbed by 
deformation of the frontal vehicle structure.  
Also new restraint technology has been 
included along with the vehicle structure 
designed to optimise the restraint technology. 
 
Previous analyses have questioned whether 
changes in the vehicle structures and restraint 
technology have changed the loads either in 
the occupant compartment or on the front seat 
belts.  The previously analysis of ‘B’ pillar 
accelerations and also the front seat occupant 
seat belt loads for frontal crash tests performed 
by ANCAP from 1995 through to 2003 
showed that while the dummy injury 
measurements have reduced there has not been 
a corresponding reduction in either ‘B’ pillar 
accelerations or seat belt loads. 
 
This result was surprising given the occupant 
gains made through this period.  It is possible 
that the regulatory and consumer crash tests 
and scoring parameters are such that vehicle 
engineers find it more efficient to optimise the 
restraint systems without significantly 
engineering the crumple zone.  

However, the previous study did show small 
improvements in 'B' pillar decelerations in the 
small car segment (i.e. kerb weight of up to 
1250kg). This study used data from other 
consumer crash test programs to add to 
ANCAP data to allow for analysis of a greater 
number of vehicles.  This will be used to 
identify trends in energy absorption 
performance in the small car fleet. 
 
The 'A' pillar displacement was used as an 
indication of load paths and also occupant cell 
structural integrity.  The longitudinal 
acceleration time traces for driver side ‘B’ 
pillar will be used to represent the loads on the 
vehicle structure and correlated with seat belt 
loads and dummy acceleration measurements.  
It is intended to determine if crumple zones 
have been optimised with respect to the 
restraint system timing. 
 
INTRODUCTION 
 
From 1995 ANCAP included a 40 % offset 
frontal crash into a deformable barrier in 
accordance with the test protocols developed 
by the EEVC in 1993.  This test was initially 
conducted at 60 km/hr, which was the speed 
for the proposed European regulations.   
 
However, ANCAP increased the crash test 
speed to 64 km/hr to be consistent with both 
the US IIHS who also started conducting 
consumer crash tests at this speed in 1995 and 
the developing Euro NCAP program. 
 
This study has used the results of 128 
passenger vehicles crash tests from both 
ANCAP and the US IIHS.  Unfortunately, 
Euro NCAP data was not able to be obtained in 
time to be included in this analysis. 
 
During the time of the offset frontal crash tests 
conducted by ANCAP (and other NCAP 
groups) there have been significant 
improvements in the level of occupant 
protection in passenger vehicles.  This has 
been shown by the driver dummy injury 
measurements that have improved from over 
1000 HIC and 44 mm of chest deflection to 
less than 300 HIC and 21 mm of chest 
deflection.   
 
The benefits of a consumer crash test program 
has been demonstrated through both the 
introduction of vehicles with safety technology 
that exceeds the minimum regulatory 
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requirement and also through international 
studies showing cars that perform better in  
crash tests provide better occupant protection 
than vehicles that perform poorly in crash 
tests.  
 
The improvements in occupant protection 
shown in laboratory crash tests have also been 
experienced in the real world.  A study by 
Farmer [5] in 2004 found “a driver is 74% less 
likely to die in cars rated good than cars rated 
poor in car to car head on crash of two cars of 
similar mass.” 
 
Similarly Lie and Tingvall [6] found “cars with 
three or four stars are approximately 30% safer 
than cars with two stars.” 
 
Studies conducted by Monash University 
Accident Research Centre [7] concluded that 
vehicles that performed well in crash tests 
provided higher levels of safety on Australian 
roads.  
 
 
B-PILLAR PEAK ACCELERATIONS 
 
Gradual changes have occurred B-pillar peak 
deceleration have occurred in NCAP crashed 
vehicles over the last 12 years.   The driver’s 
side B-pillar accelerations are used for an 
indication of the acceleration experienced by 
the occupant compartment.  The driver’s side 
is chosen because this side impacts the 
deformable barrier in the offset frontal test, 
generating higher loads than the passenger’s 
side. 
 
In the offset frontal test a tri-axial 
accelerometer is mounted on both the driver’s 
and passenger side of the vehicle at the base of 
the B-pillar near the seat belt anchorage. 
 
For the assessment of B-pillar performance the 
longitudinal acceleration, Gx, was chosen as 
this was consistently measured by ANCAP 
since 1995.  Additionally, Gx should give an 
indication of the performance of the vehicle’s 
structure. 
 
To determine if there was any variation in 
vehicle structural performance that may result 
in any significant variation in driver’s side B-
pillar peak acceleration an analysis of the 
results was undertaken.  Gx was plotted 
against both year of manufacture of the tested 
vehicle and also the test mass. 
 
The graph of vehicle test mass vs. Gx, Figure  

1, showed a scatter around a line that trended 
upwards from approximately 30g at 1050kg to 
approximately 37g at 2050kg.   
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Figure 1. Driver's side Gx verses test mass – 
all vehicles 
 
Similarly, the plot of YOM against Gx, Figure 
2, also showed a small upward trend. 
 

 
 
Figure 2. Driver's side Gx verses Year of 
Manufacture – all vehicles 
 
A regression analysis was conducted with the 
following results: 

- Gx vs. YOM y = 0.6047x - 1170.9 
- r2 = 0.0259 

 
A review of the high-speed film of some tests 
indicates that the Gx occurred when the test 
vehicle bottomed out on the barrier.  This is 
more prevalent with the larger cars.   
 
The analysis conducted did not show any 
significant change in B-pillar accelerations, or 
time of maximum acceleration with either 
YOM or mass of test vehicle. 
 
VEHICLE CATEGORIES 
 
As there was not any significant change due to 
either year of manufacture or test mass when 
considering all vehicles, the data was reviewed 
by vehicle category, i.e. large, medium and 
small.  These are the test categories used by 
ANCAP and are based on vehicle mass. 
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Below are the plots of year of manufacture 
verses Gx for small (Figure 3), medium 
(Figure 4) and large cars (Figure 5). 
 

 
Figure 3. Drivers Gx verses Year of 
Manufacture - Large Cars 
 
 

 
 
Figure 4. Driver's side Gx Vs Year of 
Manufacture - Medium Cars 
 

 
Figure 5. Drivers side Gx Vs Year of 
Manufacture – Small Cars 
 
Each of these categories showed an increase in 
maximum Gx with Year of Manufacture.  The 
regression analysis showed the following 
trends and correlations. 
 
Large cars: y = 0.2027x - 365.03 
r2 = 0.0039 
Medium cars 
y = 0.778x - 1519.5 
r2 = 0.1304 
 
y = 0.6239x - 1210.8 
r2 = 0.0357 
 
It is likely that the increasing average weight 
of the vehicles has an effect on these results.  

Both the small and medium car segments 
showed a discernable trend towards increased 
Gx with later model vehicles.   
 
A-PILLAR DISPLACEMENT 
 
The second part of the paper examines the 
driver’s side A-pillar displacement.  Again 
vehicles from both ANCAP and IIHS tests 
have been used for this analysis.  A total of 
128 results were used; 19 large cars, 63 
medium cars and 44 small cars. 
 
The A-pillar displacement is used as a measure 
of structural integrity in vehicles post crash.  
Vehicle design since the beginning of 
consumer crash test programs have focused on 
improving the integrity of the occupant 
compartments. 
 
Due to lack of data in some tests results from 
all tests are not able to be used and 
consequently the number of vehicles analysed 
in this section will not directly correspond to 
the number of vehicles analysed in the first 
part of the paper. 
 
Passenger Cars 
 
The analysis began with considering the A-
pillar displacement of all passenger cars 
against both test mass and year of 
manufacturer (YOM). 
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Figure 6 Test mass verses A-pillar 
displacement for all passenger cars. 
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Figure 7 Year of Manufacture vs A-pillar 
displacement for all passenger cars. 
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The above graphs show while there is a 
downward trend with reducing A-pillar 
displacement with YOM there is no 
discernable trend between test mass and A-
pillar displacement.   
 
A correlation analysis was undertaken with the 
following results; 

- test mass; r2 = - 0.24 
- YOM; r2 = -0.49 

 
Similar analysis was conducted for large, 
medium and small passenger cars to consider if 
these same trends were throughout the range of 
vehicles tested or if the trend was more 
prominent in one particular vehicle category. 
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Figure 8 Test mass verses A-pillar 
displacement for large passenger cars. 
 
 

0

20

40

60

80

100

120

140

1995 2000 2005

YOM

A
-p

ill
ar

 d
is

pl
ac

em
en

t (
m

m
)

 
 
Figure 9 Year of Manufacture verses A-
pillar displacement for large passenger cars. 
 
Correlation analysis results; 

- test mass; r2 = 0.17 
- YOM; r2 =  -0.61 
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Figure 10 Test mass verses A-pillar 
displacement for medium passenger cars. 
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Figure 11 Year of Manufacture verses A-
pillar displacement for medium passenger 
cars. 
 
Correlation analysis results; 

- test mass; r2 = -0.27 
- YOM; r2 =  -0.49 
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Figure 12 Test mass vs A-pillar 
displacement for small passenger cars. 
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Figure 13 Year of Manufacture vs A-pillar 
displacement for small passenger cars. 
 
Correlation analysis results; 

- test mass; r2 = -0.10 
- YOM; r2 =  -0.48 

 
This analysis showed the trend for a reduction 
in A-pillar displacement with newer cars, i.e. 
increasing YOM, was consistent across all 
vehicle classes.   
 
There were no trends between A-pillar 
displacement and test mass, either when 
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considering all passenger cars or when 
considering individual car categories. 
 
Sports Utility Vehicles 
 
A similar analysis was conducted for SUVs 
results from both ANCAP and IIHS.  A total of 
69 results were used; 23 large SUVs, 18 
medium SUVs and 26 small SUVs. 
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Figure 14 Test mass verses A-pillar 
displacement for all SUVs. 
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Figure 15 Year of Manufacture verses A-
pillar displacement for all SUVs. 
 
Correlation analysis results; 

- test mass; r2 = -0.21 
- YOM; r2 =  -0.55 
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Figure 16 Test mass verses A-pillar 
displacement for large SUVs. 
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Figure 17 Year of Manufacture verses A-
pillar displacement for large SUVs. 
 
Correlation analysis results; 

- test mass; r2 = -0.07 
- YOM; r2 =  -0.68 
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Figure 18 Test mass verses A-pillar 
displacement for medium SUVs. 
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Figure 19 Year of Manufacture verses A-
pillar displacement for medium SUVs. 
 
Correlation analysis results; 

- test mass; r2 = -0.01 
- YOM; r2 =  -0.39 
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Figure20 Test mass verses A-pillar 
displacement for small SUVs. 
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Figure 21 Year of Manufacture verses A-
pillar displacement for small SUVs. 
 
Correlation analysis results; 

- test mass; r2 = -0.08 
- YOM; r2 =  -0.66 

 
Similarly to the passenger cars, this analysis 
showed a trend for a reduction in A-pillar 
displacement for newer SUVs while test mass 
did not appear to influence A-pillar 
displacement. 
 
DISCUSSION 
 
The analysis of peak B-pillar longitudinal 
acceleration, Gx, showed an upward trend with 
increased test mass and also for newer 
vehicles.  However, the regression analysis did 
not show any significant correlation with either 
YOM or mass of the test vehicle.   
 
The analysis did show that for increasing Gx 
on the driver's B-pillar a corresponding 
decrease in A-pillar displacement.  An increase 
in B-pillar deceleration is a good indicator of 
the deceleration of the vehicle in crash test and 
gives an indication of the stiffness profile of 
the vehicle.      
 
The stiffness of the front end of a vehicle is 
obviously a key aspect of design not the least 
when a design is considered against the offset 
crash test.  However, optimal performance in 
an offset crash requires a rigid front end and a 
strong occupant compartment that effectively 
absorbs crash forces.   
 
The trend witnessed in the compiled tests 
indicate that, particularly in the case of small 
cars, that overall vehicle deceleration may be 
compensated for by an increased stiffness of 
the occupant compartments.  Essentially the 
crumple zones are constructed less stiff than 
the occupant compartments they are designed 
to protect. 
 
The IIHS have contended that 'manufacturers 
don’t simply stiffen the front ends of their 

vehicles to perform well in offset tests.  Good 
performance in offset crashes requires strong, 
or stiff compartments and front ends that 
effectively absorb crash forces.  To achieve 
this result, the crumple zones need to be less 
stiff than the compartments' [8].  It may be that 
we are observing improvements in structural 
design to optimise for frontal stiffness to 
achieve desired occupant compartment 
rigidity. 
 
This observation of increasing vehicle 
deceleration in parallel with decreasing A-
pillar displacement was particularly marked in 
the small car category. In this case the increase 
in Gx may be in some way attributed to the 
stiffness provided to the structure to ensure 
that the occupant compartments where able to 
withstand the forces applied by impacts with 
larger vehicles. 
 
The lack of correlation and variation in both 
Gx a could be due to limitations of the offset 
frontal test at 64 km/h.  Offset test assesses 
performance of structure, i.e. how well 
passenger compartment retains survival space. 
 
The offset test at 64 km/hr may result in 
vehicles bottoming out on the barrier prior to 
all the crash energy being absorbed by the 
frontal vehicle structure.  Alternatively, this 
could indicate there have been only limited 
changes to the front vehicle structure to 
manage the crash energy.  
 
This corresponds to research conducted by 
both the US IIHS and also NHTSA.  In their 
2001 study, the IIHS found no correlation 
between stiffness and offset structural 
performance of vehicles.  Similarly, a 1999 
NHTSA study on the US NCAP results for 
light trucks and vans (LTVs) found that during 
the 14 years of US NCAP frontal crash testing, 
on average, LTVs have become less stiff. 
 
Additionally, the ANCAP crash tests have 
shown significant improvements in occupant 
protection as measured by the test dummies 
and also through analysis of the vehicle 
deformation.   
 
The ANCAP crash tests have demonstrated 
that while the integrity of the vehicle passenger 
compartment has improved with reduction in 
intrusion the HIC and chest deflection 
measures have also reduced.   
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CONCLUSIONS 
 
This paper reviewed driver side peak 
longitudinal acceleration and the A-pillar 
deformations during consumer crash tests over 
the period between 1993 and 2005. 
   
This analysis showed that the deceleration 
levels affected on the vehicle as shown by the 
B-pillar decelerations is increasing.  This effect 
is most significant in the small car segment.  
The fact that this corresponds also to the most 
dramatic reduction in A-pillar displacement 
reduction may indicate a reaction to 
compatibility issues. 
 
These effects are likely to be still at the lower 
order of influence on injury outcomes at 
regulatory and consumer crash test speeds.  It 
seems likely that the occupant restraint 
systems remain the most significant factor in 
reducing serious head and chest injury. 
 
However, optimisation of front stiffness 
profiles and occupant compartment rigidity by 
vehicle mass categories may have further 
potential as a design approach.   
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ABSTRACT INTRODUCTION 
  
         The PRISM project is a European Commission 
funded 5th Framework project that is intended to 
determine appropriate smart restraint technologies 
for Europe.  

        Many of the occupant restraint systems fitted 
to European road vehicles only react when there is 
a crash and mitigate injuries in a fixed or limited 
manner. Some of the more modern systems have 
improved functionality and can “tune” their 
response to suit a range of variables. These may 
include: impact severity, occupant weight and 
occupant fore/aft position. Such adaptive restraints 
are sometimes known as “smart restraints” and 
most are developed to meet the US requirements of 
FMVSS208, in the absence of any European 
equivalent. Vehicle manufacturers may have their 
own standards in addition, but are generally 
considered to be based upon FMVSS208.  

 
This paper describes a volunteer study undertaken as 
part of the PRISM project. The purpose of the study 
was to gain an understanding of how passengers 
“brace” and react during pre-impact vehicle 
manoeuvres (emergency braking, rapid lane 
changing etc.). This information, linked to real 
world occupant photographic studies, gives 
indications of real world postures at impact that can 
be considered for smart restraint systems.  
  
A total of 49 volunteers were driven in an 
instrumented test car and were subjected to fierce 
pre-impact manoeuvres without warning. Each 
volunteer undertook 3 tests over a period of time 
either from their own normal postures, from pre-
defined postures, or whilst undertaking various 
tasks.  

Restraint systems are developed around certain 
recognised occupant sizes, these being 5th%ile 
female, 50th%ile male and 95th%ile male and 
sometimes child ATD’s.  ATDs and computer 
models exist that facilitate this work. However, 
consideration should be given to the proportions of 
the population outside these sizes. 
  
Restraint systems are often checked to ensure that 
the occupant (ATD) is not injured if the restraint 
system is deployed whilst the occupant is Out Of 
Position (OOP). A very wide range of “OOP” tests 
are used by the industry but little information is 
readily available regarding the incidence of such 
postures in general driving and in accidents, so 
prioritisation of such tests can be difficult. 
Anecdotal evidence and casual observation have 
shown that some occupants can and do adopt 
particularly extreme postures, such as passengers 
with their feet on the facia and children standing in 
front of the front seat passenger (Bingley et al 
2005). These cases are rarely considered by the 
manufacturers. Accident data can give good 
indications of injuries sustained in specific cases, 
eg. CCIS (Ref. 2) and GIDAS (Ref. 3), however, it 
is unusual that the pre-impact posture is known or 
can be determined. 

Project staff, aware of the tests and in control of the 
severity and the frequency of the tests, undertook 
higher risk tests including unbelted and extreme out 
of position tests. Also 6 crash test ATDs of different 
sizes were subjected to the same vehicle 
manoeuvres, so that their inertial behaviour could be 
compared with human behaviour. In all, 230 tests 
were undertaken, with each test being filmed from 5 
on-board cameras. 
 
The development of the test methodology is 
described and the drawbacks of the earlier concepts 
are explained, together with the improvements 
made. The strengths and limitations of the tests and 
results are also explained.  
 
Following a discussion of the results, a number of 
conclusions have been drawn, regarding both human 
behaviour and the strengths and limitations of using 
crash ATDs for pre-impact work. These conclusions 
have implications for managing occupant postures at 
the commencement of impact events.  

 
Typically in development programmes, there is 
little consideration given to pre-impact vehicle 
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Table 1. manoeuvres (such as pre-impact braking) and the 
resulting occupant motion from their “normal” 
seating position. Although some research has been 
undertaken by TRW (Ref. 4) on a range of volunteer 
drivers and by Autoliv (Ref. 5) on a single volunteer 
passenger, understanding in this area is still quite 
limited. 

Test Postures (Selected From Photo Studies) 
 

Volunteer Posture (Not Aware of Event) 

Normal (Own) Position 

FMVSS 208 ATD Equivalent Position 

Looking in Vanity Mirror 

Dash Control Adjustment (Radio) 

Arm on Waist Rail 

Arm on Arm Rest 

Holding Roof Grab Handle 

Arm Out of Window 

Holding Head Restraint (both hands) 

Holding Magazine, Legs Crossed, On Phone 

MIRA Staff Posture (Aware of Event) 

Reaching into Footwell 

Adjusting Seatbelt 

Drinking / Eating 

Sitting on Foot / Feet 

Turning to Talk to Rear Seat Passengers 

Unbelted 

ATD Posture 
HIII 95th %ile Male - normal 
HIII 50th %ile Male - normal 
HIII 5th %ile Female - normal 
HIII 6 Year – normal (No child seat) 
HIII 3Year – Held Standing Between Passenger 
Legs 
CRABI – Held in Passengers Arms 

 
It is generally considered that ATDs are not good 
indicators of human behaviour during the pre-
impact phase, as they do not respond to stimuli and 
do not adopt “bracing” responses.  
 
The first work package of the PRISM project 
provides new and extended data in this field to assist 
in the development of smart restraint systems.  
 
Photographic Studies 
 
        The initial stage of the occupant posture work 
was a photographic study, as detailed in the written 
paper “Determination of Real World Occupant 
Postures by Photo Studies to Aid Smart Restraint 
Development” (Ref. 6, paper 05-0319, Bingley). 
The  objective of this study was to determine how 
occupants sit in vehicles on the roads of Europe. A 
total of over 5000 samples were taken from 6 test 
sites across Europe. These samples were analysed to 
determine occupant longitudinal, lateral and upper 
limb locations. Other potentially useful data, (child 
occupancy, luggage location etc) were also 
collected. The results from this work provided 
statistical information on real postures that may be 
considered as “pre-event” start positions –  inputs 
for this study (Table 1). 
 
Passenger Response Studies - Overview 
 
        A total of 49 volunteers, 4 MIRA project staff 
and 6 ATDs undertook a range of tests, totalling 230 
in number. A range of pre-impact manoeuvres 
events were undertaken and the occupants were 
encouraged to adopt various postures before the 
events took place. Most of the volunteers were 
unaware of the nature of the tests to ensure realistic 
responses. The ethical issues were also considered 
and the ethical guidelines of the British 
Psychological Society were followed. One of the 
results of this was to ensure that the higher risk tests 
(including unbelted) were only undertaken by 
project staff in strictly controlled safety conditions. 
The test vehicle was instrumented and carried a 
range of on-board video cameras to allow later 
assessment of the passenger behaviour. 

 
The test programme matrix was determined from 
the postures selected from the photographic studies 
(Table 1) and with a range of vehicle motions 
(Table 2). 
Risk assessments for the tests were also 
undertaken. 
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Table 2. 
Vehicle Manoeuvres (Simulating Pre-Impact) 

 
Straight line emergency braking 
Rapid lane change (sudden right, then left, as if to 
avoid an oncoming vehicle) 
Rapid lane change, then emergency braking 
Rapid direction change followed by a lift-off over 
steer (resulting in a spin or a partial spin, as if out 
of control before sliding into a tree) 
Rapid direction change followed by an opposite 
direction change (as if driving fast down a 
sweeping road)  

Figure 1.  The MIRA Handling Circuit  
  
 METHODOLOGY 
The Test Vehicle  
 Test Rationale 
         The test vehicle was a RHD 5-door Ford 
Focus (Figure 2). It was selected since it represents 
the medium hatchback size popular across Europe 
and it was available at MIRA during the scheduled 
test period. The airbag system was disabled for 
safety, in case it should deploy when the volunteers 
were in close proximity. 

 
     In this work, the basic rationale was that under 
extreme stress or perceived danger, basic human 
survival instinct would dominate and in general, 
passengers would react in the same way under 
similar test conditions.  
 

 The primary assumptions were that the passengers 
would react to the vehicle motion, the sudden 
braking etc. Although the tests would be carried out 
on a proving ground, it was considered that the tests 
would be sufficiently realistic to obtain valid 
occupant reactions.  In the event however, other 
factors proved to be dominant and additional 
controls had to be put in place to obtain acceptable 
results. 

The vehicle was fitted with 5 cameras, longitudinal 
and lateral accelerometers and a data logging 
system. The ethical constraints meant that it was 
necessary to declare to our volunteers that they 
may be filmed, but it was not intended that the 
cameras affect the passenger behaviour, so they 
were hidden as much as possible. Two of the 
cameras could not be hidden, but were placed out 
of the passenger’s line of sight. As a result, the 
semi-concealed cameras were rarely noticed and 
the novelty of the testing and the environment and 
the deliberate distractions ensured that the 
volunteers quickly forgot that they were being 
filmed. 

  
Test Facilities 
 
         The tests were undertaken at MIRA Ltd. in 
Warwickshire, UK. The test track selected was the 
handling circuit. The circuit is a closed, single user 
facility with a number of potential routes and the 
direction of travel is totally free. The surface is a 
very high grip material called “Delugrip” which 
allows for extremely high deceleration levels and 
cornering speeds. The circuit has an office close by 
for briefing and de-briefing of volunteers. 

 

 

 
In general, the test vehicle was driven around the 
circuit in a clockwise direction and various vehicle 
manoeuvres were undertaken at suitable points 
around the track.  
 

Figure 2.  The Ford Focus Test Vehicle 
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The five cameras fitted were arranged to provide the 
optimum views of the volunteer passenger. 
Miniature cameras were installed forward of the 
passenger’s head whilst the larger cameras were 
positioned behind. 

The side camera was mounted in the opposite A-
pillar trim and provided a lateral view, giving a 
clear indication of forward motion of the occupant 
and proximity to the airbag module (Figure 6). 
 

 
  

 Figure 6.  Showing the side camera location on 
the A-pillar and a sample of the camera output. Figure 3.  Diagram showing positions of the 5 

cameras and their fields of view  
 A pair of video cameras were also fitted to the 

vehicle, one behind the passenger, giving a rear 
view, showing head lateral position and one 
mounted off the rear of the driver’s head restraint, 
giving a rear ¾ view (Figure 7). These were 
supported on rigid brackets.  

The front miniature camera was mounted in the 
passenger door, in the panel surrounding the door 
mirror adjuster giving a frontal view of the 
volunteer. (Figure 4.) 
 

 

 
The miniature cameras were lower resolution and 
had limited dynamic range, so the quality of some 
of the images was not ideal. The larger cameras 
with image stabilisation and audio data, provided 
further insight into the passenger’s behaviour. 
 
In addition to the cameras, and the accelerometers, 
a brake pedal force transducer was also fitted, 
together with a twin display, showing longitudinal 
acceleration and brake pressure for the driver. 
These are just visible in Figure 6.  

 
Figure 4.  Showing the front camera location and 
a sample of the camera output. 

  

 

The top camera was mounted in the roof, concealed 
in the overhead lamp. This gave an overhead view 
showing position of the hands and giving 
information about the foot position (Figure 5). 
 

 

 
 
Figure 7.  Showing the rear and rear ¾ cameras, 
mounted on their brackets and sample views 
from each. 

 
Figure 5.  Showing top camera location in the 
map lamp and a sample of the camera output.   
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Test Procedure Outline 1) Briefing session 
2) Lap 1 = Warm – up / settle passenger  
3) Lap 2 = Warm – up / settle passenger         Most of the postures were considered to be low 

risk and so were safe enough for the volunteers to 
undertake without any type of warning. Some 
postures were considered too hazardous for the 
volunteers, but were acceptable if undertaken by 
project staff who understood the risks and controlled 
the severity of the test by instructing the driver. 
Some tests were considered to be too dangerous to 
be undertaken at all.  These included: feet on fascia, 
drinking from a glass bottle and sleeping fully 
reclined whilst belted (strangulation hazard). 

4) Lap 3 = Event 1 
5) Lap 4 = No activity – to settle passenger 
6) Lap 5 = Event 2 
7) Lap 6 = No activity – to settle passenger 
8) Lap 7 = Event 3 
9) Return for debrief session 
 

The methodology was altered during the testing 
when the early results became apparent. Some of 
the assumptions made regarding occupant 
behaviour proved to be incorrect. In particular, the 
volunteer’s responses were affected by the many 
safety measures that were evident. These measures 
included: 

 
It was suggested that only 3 tests could be given to 
each volunteer before they began to suspect the 
reason for the test and then possibly change their 
behaviour. It was intended to have 50 volunteers, 
giving 150 possible tests. The intention was that 
each test would be performed several times with 
different volunteers to show consistency, so the total 
range of tests had to be limited.  

 
• The knowledge that the driver was a 

professional test driver.  
• The necessary process of explaining the safety 

aspects risk assessments and obtaining signed 
consent during the briefing session.  

Volunteers who had completed the tests were 
isolated from those that had not, to ensure that no 
“pre-warning” of events was given. A MIRA 
researcher was present in the rear of the vehicle to 
run the data-logger and to advise the volunteer of 
the postures required.  In the early tests, a number of 
settling in laps were undertaken to relax the 
passenger so that they were less prepared for the 
violent pre-impact manoeuvre. Also there were a 
number of laps between each test for the same 
reason. All events were undertaken from a test speed 
of 50mph (80.5kph) 

• The knowledge that the test track was a safe, 
test environment with wide run-off areas. 

 
This lead to many of the volunteers assuming an 
un-naturally relaxed attitude, happily and 
confidently accepting the vehicle sliding and 
spinning around and treating the experience in a 
similar manner to a fairground ride. 
 
Since the second and third points were difficult or 
impossible to work around, it was decided to 
modify the volunteer passengers perception of the 
driver.   

Although each volunteer was asked to adopt a 
posture, their interpretation of the posture varied, 
and in some cases, the posture was actually 
impossible (especially large male occupants who 
could not cross their legs above the knee). Where 
the volunteer adopted an unexpected posture, or 
misunderstood, they were not corrected (unless they 
asked if it was correct). This allowed the posture to 
be as natural as possible for the volunteer.   

 
Final test procedure  A fake “driver volunteer 
programme” was conceived and the professional 
driver acted as though he was one of several 
volunteer drivers on this project, though this run 
“was his first time here at MIRA” The driver also 
engaged the passenger in conversation about his 
(bogus) job as a plumber and how he was not used 
to driving automatic transmission vehicles. This, 
together with very detailed instructions on how to 
drive around the track convinced all the volunteers, 
although some started to suspect the truth after 
some of the tests. Events were undertaken in the 
following specified sequence: 

 
Methodology Development 
 
Initial test procedure  - The volunteer passengers 
were made aware that the driver was a MIRA 
professional driver. Events were undertaken in 
random order, but within the following schedule: 
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1) Briefing session 
2) Lap 1 = Warm – up / settle passenger, 

“accidentally” over-shoot end of main 
straight and undertake emergency Straight 
Line Braking. 

3) Lap 2 = Gentle Lane Change or Lane Change 
& Brake on main straight.  

4) Lap 3 = Violent Lane Change or Lane 
Change & Brake on main straight. 

5) Lap 3 = Direction Change or Direction 
Change and Lift-Off Oversteer (Spin) at end 
of lap. 

6) Lap 4 = A half lap to return to the briefing 
room 

7) Debriefing session 
 

Clearly, the level of sophistication of the subterfuge 
was important, so a more detailed explanation of the 
final methodology is given below: 
 
Lap 1  The driver was instructed to drive around the 
circuit at “the speed at which he felt comfortable” – 
which was actually gradually built up to achieve 
50mph along the main straight. The passenger was 
asked to adopt their first posture, or not, depending 
if their natural posture was required.  
 
At the start of the main straight, the confusing 
instruction was given to “turn right at the end of the 
straight”. The actual turning was just before the end 
of the straight so the driver deliberately overshot it 
and had to brake hard (straight line braking) to avoid 
the concrete barrier at the extreme end of the 
straight. The reactions from the passenger were 
marked – appearing to believe that the driver might 
crash into the barrier. 
 
One of the volunteers with automotive industry 
experience realised that the braking was too good – 
the driver did not lock the wheels and stopped the 
vehicle impressively quickly and this raised some 
doubts. Most passengers accepted the story, many 
suggesting that he should be careful and not to 
worry about his “mistake”. The driver then 
continued round to start the second lap.  
 
Lap 2  At the start of the main straight, the 
passenger was asked to adopt their second posture 
and the driver was asked to “weave gently from side 
to side”, sometimes with the instruction to come to 
rest gently afterwards. This is what the driver did 
and then carried on round to start lap 3. 
 
Lap 3  At the start of the main straight, with the 
passenger still in their second posture, the driver 
was asked to repeat the weave from the previous lap 

“just a little more vigorously”. In fact, the driver 
undertook the weave and, if required, the braking, 
very violently, at the limit of adhesion of the 
vehicle. (Lane Change or Lane Change and Brake) 
After “recovering” from this, the driver apologised 
to the passenger, explaining that the power steering 
and the brakes were much more sensitive than he 
was used to! The volunteer passenger was then 
asked to adopt the third (and final) posture as the 
driver started round to start the fourth lap. 
 
Lap 4  Since the main test manoeuvres had taken 
place on the broad main straight, the volunteer was 
expecting the driver to continue around the main 
outer circuit again as instructed. However, on the 
entry to the start of the fourth lap, the driver 
swerved right without warning to enter the centre 
section of the track, followed by either a swerve to 
the left or by putting the vehicle into a spin (Lift 
Off Over-steer). This surprised all volunteers and 
confused most, though some (almost exclusively 
the male volunteers) initially realised the truth. The 
majority of female volunteers still believed the 
false credentials of the professional driver up until 
the experimental debriefing. 
 
The debriefing explained the testing and its purpose 
within the project and the volunteers were 
monitored for any signs of ill health or sickness. In 
fact no volunteers reported feeling unwell after the 
tests. 
 
 
RESULTS 
 
General Notes 
 
The work produced large amounts of data in 
various forms, especially video. To date analysis of 
the results has been limited to identify trends and 
concepts to assist in the selection of critical 
scenarios within next stage of the PRISM project.  
In total, 230 tests were undertaken, usually with 5 
video clips per test. The video clips collected 
consist of a 3 second period before the initiation of 
the event, through to a “steady state” conclusion, 
when the event can most definitely be considered 
to be over. Typically, each video clip duration was 
between 10 and 15 seconds. 
 
The results are split into 3 basic sections:  
• Bracing incidence, using volunteer and some 

staff data. 
• Higher risk “Out of Position” tests. 
• ATD tests. 
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For the ATD tests simple comparisons with similar 
occupant tests have been made.  The types of tests 
and the distribution of postures and vehicle motions 
are shown in the following figures. 
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Figure 10.  High Risk Postures 
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Figure 8.  Vehicle Test Manoeuvre Distribution 
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Figure 11.  ATD Postures 
 
 
The vehicle motions were determined by 
accelerometers fitted in the centre of the vehicle. 
The data was not corrected for vehicle pitch & roll. 
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Figure 9.  Volunteer Postures 

Figure 12. Straight Line Braking – Typical 
Vehicle Acceleration 
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OVERVIEW OF RESULTS & 
OBSERVATIONS 

 
Table 4. 

Arm Location – Lane Changing  
Bracing Incidence  Left Arms Right Arms 

Initial 
Position 

Final 
Position Qty Initial 

Position Final Position Qty 

Full 
Bracing Full Bracing 4 Full 

Bracing Full Bracing  

Part 
Bracing Full Bracing 1 Part 

Bracing Full Bracing  

Task 
Occupied Full Bracing 1 Task 

Occupied Full Bracing  

 Task 
Occupied 1  Task 

Occupied 2 

Other Full Bracing 3 Other  Full Bracing  

 Part Bracing   Part Bracing 4 

 Other   Other 4 

Some Bracing Effect = 90% Some Bracing Effect = 40% 

Increased Bracing Effect = 50% Increased Bracing Effect = 40% 

 
The general trends discussed next are taken from the 
volunteers and the MIRA staff tests, with some test 
induced exceptions (unbelted tests etc.) where these 
clearly distorted the trends.  The perceived levels of 
the validity of the tests varied depending on the 
confidence of the test subject. The data shown in the 
next section was taken only from clearly valid tests. 
Results were analysed by viewing the video clips 
and identifying reactions and limb motions. The 
wide range of potential limb locations were 
simplified for statistical purposes, concentrating on 
“bracing” behaviour. 
 
Arm (and hand) locations were considered as : 
• Full bracing : Hand holding on to firm structure 
• Part bracing : Arm resting against firm structure 

or hand holding seat cushion 
 

Table 5. 
• Task occupied : Hand is holding an object or 

undertaking a non-bracing task 
Arm Location – Lane Changing & Braking 

• Other : Generally hand on lap 
• Aborted bracing : Clear case of a bracing action 

started, but aborted – hand remains in space. 
The tables below summarise the results by vehicle 
manoeuvre. 

Table 3. 
Arm Location - Straight Line Braking 

Left Arms Right Arms 

Initial 
Position 

Final 
Position Qty Initial 

Position 
Final 

Position Qty

Full Bracing Full Bracing 7 Full Bracing Full Bracing  

Part Bracing Full Bracing  Part Bracing Full Bracing  

 Part Bracing 2  Part Bracing 1 

 Aborted 
Bracing   Aborted 

Bracing  

Task 
Occupied Full Bracing 1 Task 

Occupied Full Bracing  

 Part Bracing   Part Bracing  

 Task Occ.   Task Occ. 1 

 Other   Other 2 

Other Full Bracing 3 Other  Full Bracing 1 

 Part Bracing   Part Bracing 3 

 Aborted 
Bracing 2  Aborted 

Bracing 2 

 Other 3  Other 8 

Some Bracing Effect = 72% Some Bracing Effect = 28% 

Increased Bracing Effect = 
22% Increased Bracing Effect = 22% 

Left Arms Right Arms 

Initial 
Position 

Final 
Position 

Qty Initial 
Position 

Final 
Position 

Qty 

Full 
Bracing 

Full 
Bracing 

5 Full 
Bracing 

Full 
Bracing 

 

Part 
Bracing 

Full 
Bracing 

1 Part 
Bracing 

Full 
Bracing 

 

Task 
Occupied 

Full 
Bracing 

2 Task 
Occupied 

Full 
Bracing 

 

 Part 
Bracing 

2  Part 
Bracing 

1 

 Task 
Occupied 

3  Task 
Occupied 

7 

 Other   Other 1 

Other Full 
Bracing 

2 Other  Full 
Bracing 

1 

 Part 
Bracing 

  Part 
Bracing 

4 

 Other 2  Other 3 

Some Bracing Effect = 71% Some Bracing Effect = 35% 

Increased Bracing Effect = 41% Increased Bracing Effect = 35% 
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Table 6.  Table 8.  

Arm Location – Direction Change & Lift Off 
Over Steer 

Leg Location – Lane Changing 

Left Arms Right Arms 

Initial 
Position 

Final 
Position 

Qty Initial 
Position 

Final 
Position 

Qty 

Full 
Bracing 

Full 
Bracing 

2 Full Bracing Full 
Bracing 

 

Part 
Bracing 

Full 
Bracing 

3 Part 
Bracing 

Full 
Bracing 

 

 Part 
Bracing 

  Part 
Bracing 

1 

Task 
Occupied 

Full 
Bracing 

1 Task 
Occupied 

Full 
Bracing 

 

 Task 
Occupied 

  Task 
Occupied 

3 

Other Full 
Bracing 

1 Other  Full 
Bracing 

 

 Part 
Bracing 

2  Part 
Bracing 

6 

 Aborted 
Bracing 

  Aborted 
Bracing 

1 

 Other 0  Other  

Some Bracing Effect = 82% Some Bracing Effect = 64% 

Increased Bracing Effect = 64% Increased Bracing Effect = 55% 

Left Legs Right Legs 

Initial 
Position 

Final 
Position 

Qty Initial 
Position 

Final 
Position 

Qty 

Rear Rear 2 Rear Rear 2 

 Mid 3  Mid 2 

Mid Mid 4 Mid Mid 5 

 Forward 0  Forward 0 

Forward Forward 1 Forward Forward 0 

Crossed Crossed 0 Crossed Mid 1 

Leg Brace Movement Forward 
= 30% 

Leg Brace Movement Forward 
= 30% 

 
Table 9.  

Leg Location – Lane Changing & Braking 

Left Legs Right Legs 

Initial 
Position 

Final 
Position 

Qty Initial 
Position 

Final 
Position 

Qty 

Rear Rear 7 Rear Rear 6 

 Mid 1  Mid 2 

Mid Mid 8 Mid Mid 6 

 Forward 1  Forward 0 

Crossed Mid 0 Crossed Mid 2 

 Crossed 0  Crossed 1 

Leg Brace Movement Forward 
= 12% 

Leg Brace Movement Forward 
= 24% 

 
Leg and foot locations were considered as  
• Rearwards : Tibia to femur angle <= 90 degrees 
• Mid : Foot on floor, tibia to femur > 90 degrees 
• Forwards : Foot on toe-board  / leg near 

straight. 
  

Table 10.  

 

Leg Location – Direction Change & Lift Off 
Over Steer 

Left Legs Right Legs 

Initial 
Position 

Final 
Position 

Qty Initial 
Position 

Final 
Position 

Qty 

Rear Rear 6 Rear Rear 5 

 Mid 0  Mid 1 

Mid Mid 3 Mid Mid 3 

Forward Forward 0 Forward Forward 1 

Crossed Mid 1 Crossed Mid 0 

 Crossed 1  Crossed 1 

Leg Brace Movement Forward 
= 9% 

Leg Brace Movement Forward 
= 9% 

 
Figure 13.  Leg / Foot Location Options 
 

Table 7.  

Leg Location – Straight Line Braking 

Left Legs Right Legs 

Initial 
Position 

Final 
Position 

Qty Initial 
Position 

Final 
Position 

Qty 

Rear Rear 27 Rear Rear 21 

 Mid 5  Mid 6 

Mid Mid 26 Mid Mid 30 

 Forward 1  Forward 1 

Crossed Crossed 1 Crossed Crossed 1 

Leg Brace Movement Forward 
= 10% 

Leg Brace Movement Forward 
= 13% 
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Reaching Into Footwell - If extreme braking is 
undertaken whilst the passenger is in this position 
the natural reaction is to raise the head up to see the 
problem, (Figure 17). If the reaching activity is 
incomplete, the passenger may keep their hand(s) 
locked in whatever position it is in. Alternatively, 
the passenger may put a hand against the facia to 
push back towards the seat. 

Extreme Out Of Position Tests 
 
Holding Objects  - The stability or motion of an 
object held appears to depend on 3 factors:  
• The mass of the object.  
• The strength of the passenger. 
• The degree of extension of the shoulder and 

elbow joints.  
 The first and second of these factors were expected 

unlike the final point. It was quite possible for a 
small female passenger to hold the CRABI ATD 
against her chest during braking, (Figure 14) but 
was almost impossible for a large male to hold a full 
water bottle whilst drinking  – moved away from the 
mouth and towards the airbag and a possible 
projectile hazard in the event of airbag firing (Figure 
15). Similarly with the standing 3 year H3 ATD – 
whose head hit the dash panel, (Figure 16). 

Whichever action occurs, the “peep” over the facia 
exposes the head and, in particular, the neck, to 
increased risk of injury from the passenger airbag.  
 

 

 

 

 
Figure 17.  Reaching into Footwell 
 
Lying in Fully Reclined Seat  - The passenger is 
unlikely to be aware of any impending vehicle 
manoeuvre. Severe submarining under the lap belt 
occurs with little restraint. The diagonal belt is in 
minimal contact (Figure 18). Virtually all occupant 
restraint is obtained by heavy knee or lower leg 
contact to the dash panel or glove box lid. Upon 
impact with the glovebox the passenger is stable 
under braking acceleration loads. 

 
Figure 14.  Holding CRABI ATD  
 

 

 

 

 
Figure 15. Holding Water Bottle 
 

 

 
Figure 18.  Fully Reclined 
 
Turning Around To Rear Seat Passengers  - The 
front seat passenger is restrained by the diagonal 
belt around the neck. The occupant does not tend to 
react other than to “freeze” in position. The 
occupant trajectory is unlikely to cause any 
problematic airbag interaction in itself but the belt 
loads on the neck could be considerable and painful 
under extreme braking (Figure 19). The additional 

 
Figure 16.  Holding 3Year H3 ATD 
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loads caused by pre-tensioners and then by the crash 
deceleration could be a significant risk in this case. 

• ATD head flops forward, rotating head and 
neck downwards; hence the gap under the chin 
to chest decreases with forward motion.  

 

• Volunteer head is held upright, eyes remain 
level, to retain forward vision; hence the gap 
under the chin to chest increases with forward 
motion. 

• The feet of the ATD did not slide forward 
under braking and in this respect, showed 
some similarity to the human volunteers. 

 

 

 
Figure 19. Turning Around 
 
ATD / Volunteer Comparison Tests - A series of 
ATDs were evaluated in similar test conditions to 
the volunteers. The ATDs used were : H3 5th%ile 
female, H3 50%ile male and 95th%ile male.  
 

 

 
Figure 21.  Comparison of 95th Male H3 ATD 
With Large Male Passenger 
 
Figure 21 shows that ATDs and human volunteers 
also behave differently in lateral accelerations, in 
this case similar violent lane change manoeuvres.  

Figure 20. Comparison Of 5th Female H3 ATD 
With Small Female Passenger 

The centre images show the maximum lateral 
displacement during a swerve to the right. The 
lower images show the locations of the ATD and 
volunteer immediately after the swerve back to the 
left. The displacements are now totally different, 
but this represents the maximum lateral 
displacement point of the ATD. Points to note 
include: 

 
Summary 
 
Figure 20 shows that ATDs and human volunteers 
behave differently in similar straight line braking 
conditions. Points to note include: 
• ATD torso has limited motion: buttocks remain 

very close to start position and upper torso 
rotates forward slightly. 

• The ATD has particularly broad shoulders, 
limiting lateral motion compared to the 
volunteer. 

• Human torso has more motion: buttocks slide 
forward more and upper body motion is 
exaggerated by more rotation around the 
diagonal belt (especially in this case with hand 
bracing) 

• In the first manoeuvre, the ATD torso remains 
linear and the whole torso rotates about the 
buttocks. 

• The volunteer spine describes a curve, so 
whilst the body weight is transferred to the 
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outer buttock like the ATD, the shoulders 
remain relatively level. 

• The ATD head moves outboard but there is no 
noticeable neck bending. 

• The volunteer head is held inboard, following 
the lateral curve of the spine, maintaining the 
eyes near level and retaining the field of vision. 

• During the second manoeuvre, the ATD torso 
swings across, the buttocks remain in 
approximately the same location but weight is 
transferred to the inner buttock. Obviously there 
is no bracing action. The seat belt fell from the 
shoulder. 

• The volunteer lower torso appears to have far 
greater lateral motion inwards, with the spine 
curving the opposite way but to a lesser extent. 
As before, the shoulders remain relatively level. 

• The ATD head moves inboard and again, there 
is no noticeable neck bending. 

• The volunteer head is held near seat centreline, 
following the lateral curve of the spine, 
maintaining the eyes near level and again, 
retaining the field of vision. 

The ATD and volunteer postures are now different.  
 
DISCUSSION 
 
General Observations 
 
Based on the results of this study front seat 
passengers do not tend to move their legs during 
pre-impact events. However, in instances where this 
did arise it was generally found that they move one 
leg forward (and occasionally outwards in lateral 
events). 
 
In shorter duration events, such as Straight Line 
Braking, the level of leg bracing motion is low 
(~10%). 
 
In the longer duration events or events where the 
acceleration direction changes, there is some more 
leg bracing motion (~20%). 
 
In the long duration lateral loading events with no 
acceleration reversal, the proportion of leg bracing 
motion is low (~10%). 
 
Since the test car was RHD, the passenger left hand 
was used more often for bracing against the door 
fitments.  
 
Of the 31 “own posture” tests, only one had any 
bracing, which was partial with one arm. Many of 
the “requested” postures involved some sort of 

bracing with left arm/hand, resulting in a distortion 
of the bracing figures upwards. 
 
There appeared to be a lower incidence of bracing 
increase in the shorter duration pre-impact events 
(Straight Line Braking). 
 
Longitudinal Stability - A very clear and 
important observation from the work is that 
longitudinal stability for a belted occupant is 
heavily dependent on leg and foot location.  
 
Bracing using arms and hands seems limited unless 
the passenger is already holding onto some firm 
structure (seat, roof grab handle, arm rest, etc.) in 
which case the grip tightens.  
 
In some cases, if a firm structure is a short distance 
from the hand, timescales permit and the individual 
is sufficiently motivated, they may reach for this 
but sometimes the reaching motion is aborted if the 
diagonal belt halts the torso motion. 
 
If both feet are forward, slightly splayed and the 
knees near locking point, the stability provided to 
the pelvis is very high. This reduces as one or both 
legs are brought rearwards. It would appear that 
one leg well braced is generally sufficient for 
severe emergency braking but two are better. It 
would also appear that one leg well braced forward 
is generally better than two partially braced, though 
more work is needed to confirm this hypothesis. 
 
Lateral Stability - Lateral stability for a belted 
occupant also appears to be affected by foot 
position. A wide placement provides a degree of 
pelvis restraint, and once again, this appears better 
if the knees are near locked. There is very little 
control for the upper body however. All bracing 
effects are far less pronounced than for frontal 
decelerations.  A narrow or rear foot position 
provides virtually no lateral motion control to the 
pelvis. 
 
There is generally insufficient time to react with 
hands unless they are already holding the seat, 
door, grab handle or some other structure, so upper 
body motion control is almost non-existent. There 
is also minimal seatbelt influence with the belt type 
fitted to this test vehicle. 
 
Generally inertial behaviour dominates the 
occupant motions in violent lateral movement, so 
occupant response is largely unimportant. If several 
cycles of reversing lateral acceleration allow 
sufficient cumulative time the passenger may find a 
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suitable structure against which they may brace 
themselves. This was observed in one case but the 
motions and interactions were extremely 
complicated  and it would appear that further work 
in this area would be of limited value. 

 

 
Pre-Impact Braking – The Four Primary Cases  
   From the observations of the volunteer and the 
project staff tests four primary cases of importance 
have been identified for passenger trajectories 
during pre-impact braking: 

Figure 23.  General Motion Of Belted Occupant 
With Legs Not Braced  
 
 

 Unbelted Occupant, Legs Braced - If the 
unbelted passenger is subjected to moderate to 
severe braking forces (up to about 5m/s/s) his 
braced legs may prevent pelvis motion, but are 
unlikely to prevent it at higher deceleration levels 
(above 5m/s/s) with typical seat / clothing friction. 
Knee impacts are unlikely except from high speeds 
with high decelerations or very close initial 
positions.  Substantial upper body motion occurs 
and the occupant will have a definite tendency to 
put out hands to the dash to brace for impact at 
higher deceleration levels (above approx 4m/s/s). If 
one or other hand is already bracing this is likely to 
reduce forward displacement of the upper torso, 
possibly with yaw rotation.  No unbelted trials were 
made with hands already occupied so that the 
conflict between hand bracing and continuing to 
hold the object was not investigated. 

Belted Occupant With Legs Braced - The 
occupant’s braced legs prevent or limit pelvis 
motion significantly. This may be influenced by seat 
design to some degree, although it is difficult to 
ascertain from this project.  The occupant loads the 
diagonal part of the seatbelt and “hangs” against it 
after a limited amount of upper torso motion, 
(Figure 22).  Generally, no hand bracing is required, 
so if the occupant is holding an object etc., he 
continues to do so.  If one or other hand is already 
bracing or is so close to bracing that contact is made 
this may reduce forward displacement of the upper 
torso slightly. However, the amount is not great 
compared to the effect of the diagonal belt. 
 

 

 

 

 
Figure 22.  General Motion Of Belted Occupant 
With Braced Legs  
  
 Figure 24.  General Motion Of Unbelted 

Occupant With Legs Braced  Belted Occupant, Legs Not Braced  - The 
occupant’s un-braced legs do not appear to prevent 
or limit pelvis motion to any significant extent. 

 
 

  
The occupant loads both the diagonal and lap parts 
of the belt and “hangs” against both (Figure 23). A 
more equal loading (than the legs braced condition) 
means that the torso remains more upright. Again, 
no hand bracing is required, so if the occupant is 
holding objects etc, he is likely to continue to do so.  
Again, if one hand is already bracing this is likely to 
reduce forward displacement of the upper torso 
slightly. 

Unbelted Occupant, Legs Not Braced - The 
unbraced legs of an unbelted passenger do not 
prevent rapid pelvis motion, with knee impact to 
the lower dash occurring relatively early, even at 
lower deceleration rates.  As the femurs tend to 
point upwards and forwards slightly, and given the 
centre of mass of the body is near the pelvis, this 
impact condition can be quite stable, not requiring 
any hand bracing for stability, even though the 
event is so rapid that there is probably insufficient  

 Morris 13 
  



  

CONCLUSIONS time to move the hands to the correct position, 
(Figure 25).    
 At the start of the testing the test methodology was 

not particularly realistic.  This improved as the tests 
progressed. The final volunteer tests appeared more 
believable.  It is believed that none of the 
volunteers acted for the cameras but their state of 
mind regarding their personal safety played a larger 
role than expected. 

At higher decelerations a second motion begins to 
occur with the whole upper body rotating forwards 
and upwards about the knee impact point. The head 
and face can rapidly approach the header rail and the 
upper windscreen. By now there may have been 
sufficient time to deploy the hands to brace against 
the facia.  This case could be important for upper 
torso, head, neck and hand injuries caused by a 
deploying passenger airbag. Ejection or partial 
ejection through the windscreen may also be a risk. 
Knee bolster airbag deployment during knee contact 
may also cause additional injury or promote further 
occupant trajectory problems. 

The following points have been determined as the 
most significant: 
 
Pre-Impact Braking 
 
Occupant trajectory during pre-impact braking is 
most heavily influenced by 2 pre-event factors:  

 • Seat belt use (or non-use) 

 

• Foot location, especially of the most forward 
foot. 

Bracing effects may be summarised: 
• The longer the duration of the pre-impact event 

the more likely any bracing effect is to be 
undertaken.  

Figure 25.  General Motion Of Unbelted 
Occupant With Legs Not Braced  

• Changing of leg positions occurs in a minority 
of cases and then only one leg, always 
forwards.  

 • Bracing with arms and hands occurs in a 
minority of cases when belted and is most 
likely if already holding or close to holding a 
firm structure, such as the door. 

Influencing Factors on Behaviour 
 
The test work has shown that a wide variety of 
factors can affect the posture of the passenger.  
Some of these factors we envisaged before 
commencement of the test work, others were not.  
The influence of some of the other factors was seen 
to be problematic and attempts were made to control 
these.  However, this was not possible for all of the 
factors identified. 

• If the passenger is holding an object or is 
engaged in some task they tend to remain 
“frozen” mid task until the event is over.  

• If holding an object of significant weight or 
not close to the body, the object’s inertia will 
carry it forward towards the dashboard. 

• The influence of bracing is greater if no seat 
belt is worn, when trajectories differ, 
especially at higher deceleration levels. 

In an attempt to explain the various factors a 
schematic plan has been developed within the 
project.  This is explained in more detail in the full 
report on the PRISM website (Ref 7.).  In summary, 
the posture at impact can be considered to be the 
result of three phases: The first phase is the 
“General Posture” of the passenger, possibly 
modified by some pre-event activity, to give a 
second phase “Instantaneous Pre-Event Posture”. 
This in turn may be modified event inertial or 
reaction effects to give the final phase 
“Instantaneous Pre-Impact Posture”. These phases 
and the factors that affect them are described in 
more detail in the full report.  

 
Pre-Impact Direction / Lane Change 
 
• Occupant trajectory in violent lateral 

accelerations is almost entirely inertial in the 
initial phase. 

• The head and neck tend to be maintained 
upright and level allowing field of vision to be 
maintained. 

• During the first phase arm/hand bracing often 
occurs to prepare for the reverse acceleration. 

• After the first phase some lateral leg bracing 
may occur if some further lateral motion is 
expected. 
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Extreme Out Of Position Tests 
 
Each of the scenarios considered has its own 
hazards and problems. Each scenario should be 
considered based on likely incidence (from the 
photographic studies, or similar), risk of injury 
(from modelling work) and from likely cost of 
applying a suitable mitigating technology. 
 
ATD Tests 
 
The ATDs appeared to bear little similarity to the 
human volunteers. The adult ATDs have very stiff 
spines that limit motion in high acceleration cases 
and the lack of neck muscles frequently put the head 
in the wrong location and attitude. The lack of 
bracing means that the similarities with human 
volunteers reduce as the pre-impact event time 
increases. 
 
Other Observations & Conclusions 
 
It was also noted that a very wide range of variables 
affect a passenger’s posture before and during a 
“pre-impact” event. The test methodology was 
modified to minimise the effects of unwanted 
variables. A general overview of all the factors and 
variables is given in the main report to assist in 
understanding the scope of the subject for further 
work. 
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ABSTRACT 

Pre-crash systems (PCSs) use environment and 
vehicle dynamics sensors to improve the 
effectiveness of passive safety devices by 
activating them before a collision occurs. The 
autonomous character of these intelligent vehicle 
systems, required to anticipate dangerous traffic 
situations, as well as the combination of new 
hardware and software technologies make the 
design extremely complex.  

This paper presents an evaluation of a PCS 
using the VEhicle Hardware-In-the-Loop (VEHIL) 
test facility. The prototype system utilizes a long-
range forward-looking, installed for adaptive cruise 
control systems, for activation of a reversible belt 
retractor. The VEHIL laboratory enables testing of 
intelligent vehicle systems in a hardware-in-the-
loop environment, where only the relative motion 
between host and target vehicle is reproduced. The 
accuracy of VEHIL test setup made sensor 
validation and control system testing much easier 
and more flexible. It appeared to be useful for fine-
tuning sensor post-processing algorithms, path 
prediction algorithms, and activation times. 

In addition, the radar system is modeled with 
the PRESCAN simulation tool, which enables 
simulation of environment sensors in a virtual 
environment. The simulated sensor output can be 
used for development of sensor post-processing, 
sensor fusion and control algorithms. Also other 
design aspects like sensor positioning and overall 
system architecture can be considered. 

 
INTRODUCTION 

 
In the US, the number of all, injury and fatal 

crashes has remained somewhat constant over the 
last decades, as shown in Figure 1. However, when 
looking at the number of accidents per miles 
traveled, the number has been decreasing, as shown 
in Figure 2. This is primarily due to improvements 
in passive safety, such as seat belts and airbags. 

 
Figure 1. Absolute accident statistics [NHTSA, 
2002]. 
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Figure 2. Accident statistics per mile traveled 
[NHTSA, 2002]. 
 
Nowadays, the recent trend in the safety 
community is to integrate both active and passive 
safety so further reduction can be achieved. 
Examples of active safety are vehicle control 
systems that use environment sensors like radar to 
improve the driving comfort and traffic safety by 
assisting the driver in recognizing and reacting to 
dangerous traffic situations. The effectiveness of 
passive safety restraints can be increased by using 
the time between initial recognition of an imminent 
crash and the actual impact to tune the restraint 
systems and position the occupants. 

This potential for improving occupant safety 
has stimulated research on so-called pre-crash 
systems (PCSs) [Alessandretti, 2002] [Moritz, 
2000] [Tokoro, 2003], and its recent market 
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introduction [Honda, 2003], [Schöneburg, 2003]. A 
PCS is a system that uses environment sensors, 
vehicle dynamics sensors, and electronic control 
functions to mitigate the crash severity by 
deploying passive and/or active safety measures 
before a collision occurs.  

The development of a PCS is a critical process, 
because of the necessary high reliability of the 
system. Failure or inappropriate activation of an 
automatic safety system simply cannot be tolerated. 
Therefore, automatic deployment of a belt pre-
tensioner should be executed if, and only if, a crash 
is imminent and unavoidable. Using sensor data on 
the path of the obstacle and the estimated time-to-
collision, it can be predicted with a certain 
probability if a collision is imminent, and that a 
collision cannot be avoided anymore by either 
braking or steering. 

Due to the high reliability requirements, a PCS 
needs to be thoroughly tested. A PCS test is 
however very safety-critical, since an actual 
collision is necessary to reproduce the operating 
conditions. Obviously, because of the inherent 
safety risks and prototype costs, pre-crash 
conditions are instead reproduced using critical 
near-collision road tests or crash tests with foam 
dummy vehicles [Sala, 2003]. However, these tests 
are often characterized by trial and error, not 
reproducible, and difficult to analyze, thus time-
consuming and costly. Simulations are an 
alternative, but currently lack the possibilities for 
testing the complete system with full integration of 
the operating conditions, high level sensor 
characteristics, vehicle dynamics and complex 
traffic scenarios. 

An efficient methodology and new tools are 
therefore required for evaluation of the 
performance and reliability of a PCS. This paper 
presents a series of evaluation tests of a PCS using 
the VEhicle-Hardware-In-the-Loop (VEHIL) test 
facility. This laboratory allows for testing of 
advanced driver assistance systems in a hardware-
in-the-loop environment, where only the relative 
motion between host and target vehicle is 
reproduced. 

The paper starts with a description of the PCS. 
Next, results of an accident study are provided. 
This study was performed to define test scenarios 
for the evaluation of the system. After a short 
introduction into the VEHIL facility the test set-up 
for the PCS is presented. The added value of 
VEHIL in the development process of the PCS is 
illustrated with test results. In addition, the PCS is 
modeled with the PRESCAN simulation tool to 
evaluate the PCS in a virtual environment. Finally, 
conclusions are presented. 

 
 
 
 

PRE-CRASH SYSTEM 
 
The prototype system used during the 

evaluation process was representative of first-
generation pre-crash systems that have recently 
been offered as optional content on series 
production vehicles. Such systems typically utilize 
the pre-existing long-range, forward-looking radar 
(FLR) or laser sensors that are installed for 
adaptive cruise control or distance-keeping driver 
convenience systems to provide additional safety 
functions. The particular FLR used for this testing 
was the most-recent version of a product that 
Delphi has had in production since 1999. Some 
relevant performance specifications are noted in 
Table 1 below, along with an accompanying 
picture in Figure 3. 

 
Table 1. 

Forward-looking radar spec 
P a r a m e t e r  A C C - 2  S p e c i f ic a t io n  
R a n g e  C o v e r a g e  1  –  1 5 0  m  ( f o r  1 0 m 2  

R C S )  
R a n g e  R e s o lu t io n  2  m  ( 8 0  c m  r a n g e  b in )  
R a n g e  A c c u r a c y  2  m  
R a n g e  R a te  
C o v e r a g e  

- 2 3 0  t o  + 1 1 5  k m / h  

R a n g e  R a te  
A c c u r a c y  

±  1 .8  k m / h  

A z im u th  C o v e r a g e  1 5 °  
A z im u th  A c c u r a c y  ± 0 . 3 °  
T r a c k  O u t p u ts  n o  c la s s i f i c a t io n ;  

a n g u l a r  e x te n t  a v a i la b le  
T r a c k i n g  D a ta  1 5  ta r g e ts  
A c q u is i t i o n  T i m e  <  0 .3  s  
C y c le  T im e  1 0 0  m s  
S e n s o r  S i z e  ( 1 4 0  x  7 0  x  1 0 0 )  m m  
F r e q u e n c y  7 6  G H z  

 
 

Figure 3.  FLR module. 
 
The prototype sensing system consists of a 

long-range radar with embedded pre-crash threat 
assessment algorithms working in conjunction with 
a laptop computer. As the radar detects and tracks 
objects within its zone-of-coverage, real-time target 
data is transmitted over the CAN bus to the laptop 
for data collection and display purposes. The CAN 
bus is also used to transmit the output decisions for 
driver warning and actuation commands for the 
motorized seat belt retractors and autonomous 
braking functions. A picture of the system 
configuration is shown in Figure 4. 
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Seatbelt 
Retractor Controllers
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ACC Sensor

Brake 
Controller

CAN Bus

Seatbelt 
Retractor Controllers
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Figure 4.  Pre-crash prototype system 
configuration. 

 
The FLR within the PCS is responsible for 

converting real-world objects in front of the vehicle 
into radar targets and tracking those targets over 
time, including the range, range rate, azimuth 
angle, and other target attributes. The threat 
assessment algorithms must determine the threat 
level posed by each object and decide if and when 
a collision is imminent. For the purposes of this 
study, a triggering time for the motorized seat belt 
retractors was chosen to be at 500 ms before impact 
under all true collision scenarios. Of course, driver 
warnings are given significantly earlier than that. 
However, autonomously triggering seat belt 
countermeasures or brakes prior to that time 
increases the opportunities for false triggering in 
the event that the driver of either the host or target 
vehicle, or both, could evasively steers to avoid the 
impact. These tradeoffs in algorithm performance 
are typically different for each vehicle 
manufacturer based on their customer preferences. 
This conversion of real-world scenes to pre-crash 
threat assessment is depicted in Figure 5. 

 
Pre-Crash

AssessmentReal-World Scene
Pre-Crash

AssessmentReal-World Scene

 
Figure 5.  Pre-crash scenario assessment. 

 
ACCIDENT STUDIES AND DEFINITION OF 
TEST SCENARIOS 

 
The definition of the VEHIL test matrix started 

with an assessment of the field relevance of 
accident scenarios.  

The field data were obtained from the 2000 
General Estimates System (GES). Data for the GES 
comes from a nationally representative sample of 

US police reported motor vehicle crashes of all 
types, from minor to fatal. 

Each year, 6.4 millions accidents take place on 
US roads. For this first evaluation in VEHIL only 
accidents involving two vehicles were analyzed. 
Those comprise of rear-ends, avoidance maneuver 
with roadway departure, opposite direction 
collisions, sideswipe collisions and intersecting 
path accidents. Figure 6 shows these accident 
scenarios found in the GES database.  
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Figure 6.  Relevant accident scenarios for PCS. 
 

Rear-end: Of the 6.4 millions accidents, 
1,710,639 were rear-ends, accounting for 27% of 
all accidents. Of those, (a) 1,370,239 accidents 
occurred when 2 vehicles are traveling in the same 
lane, where the critical event consisted of the front 
vehicle was traveling at a lower speed, and (b) 
128,049 accidents occurred when 2 vehicles are 
traveling in the same direction but where one 
vehicle encroached into the other lane. These 
number exclude loss of control, vehicle failure, and 
accidents where an animal/object or pedestrian 
were avoided and resulted in a rear-end collision. 

 
Avoidance maneuver: In the data, there were 

1,454,581 accidents that occurred off roadway. Of 
those, 354,053 were due to avoidance maneuver or 
hitting a parked vehicle. 

 
Sideswipe: 9% or 570,123 accidents resulted 

due to side-swipe collisions. Of those, 30,315 
accidents occurred when 2 vehicles are traveling in 
the same lane, where the critical event consisted of 
the front vehicle was traveling at a lower speed. 

 
Opposite Direction: There were 142,678 

accidents that took place where 2 vehicles were 
traveling in opposing direction. Accidents that 
involved vehicle failure or loss of control were 
excluded. 

 
Intersecting Paths: There were 1,575,413 

accidents that involved 2 vehicles that were 
proceeding straight ahead and as a result, collided 
with each other. 

 
As indicated the accidents were selected based 

on the relevancy of a first evaluation using VEHIL 
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that included two vehicle accidents only. The 
selected accidents accounted for about 60% of all 
accidents. 

 
INTRODUCTION TO VEHIL 

 
The VEhicle Hardware-In-the-Loop (VEHIL) 

concept makes it possible to conduct experiments 
with full-scale intelligent vehicles in a laboratory, 
where only the relative motions between the test 
vehicle and obstacles are reproduced. This indoor 
test facility eliminates weather influences and 
provides a relative world that reduces the necessary 
space and vehicle speed considerably, resulting in a 
safe and adaptable testing environment. Testing 
with a full-scale vehicle, possibly treated as a 
‘black box’, allows the possibility to test the real 
behavior of a complete system, with real 
phenomena such as noise and faults in the sensor 
data. 

The Vehicle Under Test (VUT) is mounted on a 
chassis dynamometer and placed in an emulated 
environment consisting of mobile robots. Each 
robot, a so-called ‘moving base’ (MB), see Figure 
7, emulates the motion of a specific road user 
relative to the VUT [Ploeg, 2002]. On the basis of 
real vehicle data of the VUT (measured by the 
chassis dynamometer since the vehicle itself is 
treated as a ‘black box’), the Multi-Agent Real-
time Simulator (MARS) calculates the relative 
motions and sends position commands to the MBs. 
In this way, the MBs adapt their positions 
according to the traffic scenario. 

The VUT that is equipped with environment 
sensors will track the MBs as it would do with real 
road users when driving on a road. The pre-crash 
controller might activate safety actions such as 
active braking, and in an actual traffic situation the 
vehicle would decelerate. In the VEHIL facility, 
the corresponding braking forces are measured by 
the chassis dynamometer and converted into a 
predicted path of the intelligent vehicle. The 

MARS calculates the corresponding relative 
positions and the MBs adjust their relative 
positions accordingly. Figure 8 gives an overview 
of the working principle. The absolute equivalent 
of the emulated relative scenario can also be 
visualized on a computer. VEHIL is located in 
Helmond, the Netherlands, and is operational since 
November 2003 as an independent test facility. 

 
TESTING A PRE-CRASH SYSTEM IN VEHIL 

 
Experimental set-up 

To overcome the difficulties of testing a PCS 
on a test track, VEHIL can provide an alternative 
approach. During the experiment the MB follows a 
crash trajectory, such that it is recognized by the 
sensor as a potential obstacle. When the controller 
estimates that a collision is imminent and 
unavoidable (taking conventional vehicle dynamics 
into account), it activates safety measures. 
However, an actual collision is avoided, because 
the MB can achieve a much higher lateral 
acceleration than a normal passenger car. It can 
therefore make an evasive maneuver at the last 
moment, while still triggering activation of the 
PCS, as illustrated in Figure 9. 

 

 
Figure 7.  Moving Base. 

 
Figure 8.  Working principle of VEHIL [Gietelink, 2004]. 
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Figure 9.  Pre-crash test for a head-on collision scenario in VEHIL. 
 

These safety-critical experiments can be 
performed with relative speeds up to 50 km/h and 
closing distances up to 50 cm. At 50 km/h the 
lateral acceleration of 13 m/s2 allows the MB to 
approach the VUT up to a time-to-collision of 120 
ms without causing a real collision. In this way, it 
is possible to evaluate a PCS in a realistic, but non-
destructive way. These VEHIL experiments are 
always performed open loop, since the test is 
finished at the moment the test vehicle responds, 
and there is no effect of vehicle actions on the 
relative motion. 

The PCS obtains pre-crash information with a 
radar sensor. The vehicle is equipped with a 
reversible belt pre-tensioner that is tested with both 
a crash dummy and a human driver, as shown in 
Figure 10. Two different positions were evaluated: 
• Leaning forward about 15° (Position-1) with 

and without 100 mm slack in the shoulder belt. 
• Leaning forward about 30° (Position-2) with 

and without 100 mm slack in the shoulder belt. 
 

The experimental setup for the scenarios as 
identified in the accident study (see Figure 6) 
 

 
Figure 10.  Experimental set-up of a pre-crash 
test. 

 
basically consists of three different test types, 
illustrated in Figure 12 on the next page: 
(a) The target vehicle (the MB) drives towards 

the host vehicle equipped with the sensor 
(the VUT). 

(b) The target vehicle (the MB) is equipped 
with the sensor and drives towards the host 
vehicle (the VUT). 

(c) One MB is equipped with the sensor and 
drives towards another MB. Both MBs can 
drive at a velocity of up to 50 km/h, 
ensuring a closing velocity of 100 km/h. 
During these scenarios the sensor is 
mounted on the Moving Base, as shown in 
Figure 11. 

 
For each scenario different permutations of the 

scenario parameters were used to test the system 
exhaustively. Head-on collisions with full or partial 
overlap, near-misses or complete misses were 
simulated at different speeds. Also the approach 
was varied: pure longitudinal, under an angle or on 
a curve. 

 

 
Figure 11.  Sensor mounted on the Moving Base. 
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VEHIL Scenario  Relevant accident scenario (vehicle with pre-crash 
system indicated by thick orange arrows) 
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Figure 12.  Pre-crash scenarios considered in the VEHIL tests: (a) target vehicle approaches host vehicle; 
(b) host vehicle approaches target vehicle; (c) two moving bases (one host and one target vehicle) drive 
towards each other up to a collision velocity of 100 km/h. Related accident scenarios indicated in right 
column. 
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  Figure 13.  Test result rear-end scenario. 
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  Figure 14.  Comparison of test repeats. 

 
Analysis of test results 

In total 74 pre-crash tests were executed. Figure 
13 shows the test results for a rear-end collision 
scenario at a relative speed of 50 km/h. During the 
tests it was verified that with a time-to-collision 
threshold at 500 ms the driver can be fully retracted 
from its forward position to an optimal crash 
position. This was true for both 15 and the 30 
degrees position. Here it has to be noted though 
that the occupants do not undergo any deceleration 
due to braking. This may increase the required time 
for full retraction. Other test results indicated that a 
pre-crash brake assist function applied 1 s before 
the collision, a reduction in crash velocity of at 
least 5 m/s can be reached. This velocity reduction 
corresponds to a 40% reduction in the kinetic 
energy that has to be dissipated during this 
particular crash scenario. The PCS can therefore 
obtain a significant reduction in injury values 
[Lemmen, 2004]. 

Figure 14 shows results of a repeated test. It can 
be seen that scenarios are reproduced very 
accurately. The MB has a very high positioning 
accuracy of 10 cm. The maximum position error 
between two repeats is 3 cm. This enables to 
evaluate the effects of parameter tuning in between 
test runs. The repeatability and accuracy of the test 
setup made sensor validation and control system 
testing much easier and more flexible. It appeared 
to be useful for fine-tuning sensor post-processing 
algorithms, path prediction algorithms, and 
activation times. This was especially true for the  
 

 
tests that included severe braking. When performed 
with drivers, these tests are lacking accuracy and 
are difficult to repeat. For such conditions it is 
difficult to separate sensor noise introduced by the 
braking action from inaccuracy in the 
measurements. The detailed VEHIL measurements 
allowed to identify the sensor noise. This 
information is used to update the sensor algorithms, 
resulting in an improved performance under severe 
braking conditions. 

Because of the high accuracy, repeatability and 
fast response, ground truth data can be compared 
very well to test results, in order to easily evaluate 
timing and sensor issues. An example of 
comparison of the radar and laser sensor data with 
the real ‘ground truth’ data is shown in Figures 15a 
and 15b, respectively. From this follows that the 
radar has a good performance with a dynamic 
accuracy of around 1.5 m. The dynamic accuracy 
of the range rate measurement is around 1 m/s. The 
range (rate) measurement is more accurate for 
scenarios with lower dynamic maneuvers. The laser 
system (not used for the PCS algorithm but 
available in the vehicle for testing) has slightly 
worse dynamic performance. 

After fine tuning of the system it appeared that 
the system passed all tests, activating the belt 
system only when required and well in time. For 
further evaluation of the system drive tests are 
needed to check the performance under real world 
conditions.  
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Figure 15a.  Comparison of radar data to 
‘ground truth’ data. 
 

 
Figure 15b.  Comparison of laser data to 
‘ground truth’ data. 

NUMERICAL SIMULATIONS 
 
In addition to the VEHIL tests a numerical 

simulation model of the PCS is being developed to 
perform further system analysis. The model is 
developed in the PRESCAN (PRE-crash SCenario 
ANalyzer). In PRESCAN real world scenarios can 
be modeled in a virtual environment to simulate 
environment sensors. Figure 16 gives an example 
for a laser scanner. The simulated sensor output can 
be used for development and evaluation of the 
system, i.e.: 
• assessment of different sensor types; 
• assessment of sensor positioning; 
• prototyping of sensor post-processing 

algorithms; 
• prototyping of data fusion algorithms; 
• prototyping of control/decision algorithms; and 
• definition of the overall system architecture. 

 
 

 
Figure 16.  Laser scanner model: view from 
sensor position and sensor output. 

 
Simulation models are constructed from a 

library set that contains scenarios, sensor models, 
infrastructural elements, relevant obstacles and 
vehicle models. The sensor library currently 
provides models for FMCW radars [Thean, 2004], 
stereo camera [Sunyoto, 2004] and laser. Models of 
different detail and complexity are provided for 
different phases of the design process. On a first 
level, basic functional models are provided that 
give deterministic information on the position, 
velocity, and shape of objects. These models can be 
extended with effects that represent noise and 
errors in a basic way. The specific effects that 
deteriorate the sensor performance can be obtained 
from VEHIL tests. Finally, dedicated physical 
sensor models are provided for detailed 



Lemmen 9 

simulations. These physical models are hardware 
specific. 

For the radar model targets are modeled using a 
small plate approximation, meaning that the object 
is divided into sub-regions that each has a specific 
radar cross section. Each sub-region is dealt with as 
a single flat plate with a given orientation. The 
radar model calculates the vector sum of the 
reflected waves from all objects in the field of 
view. The summation keeps track of signal phases. 
As a result interference effects are accounted for. 

The PCS considered in this study uses 
mechanically scanned frequency modulated radar. 
This device was modeled in PRESCAN. To this 
end the existing radar model [Thean, 2004] was 
adjusted to emulate the hardware radar and sensor 
data processing algorithms were implemented. 
Amongst others these included algorithms for 
amplitude weight and IQ balance, Fast Fourier 
Transformation, detection thresholding and range-
rate determination.  

Figure 17 provides a simulation result of the 
reflection of the moving base. The intensity of 
reflected signals is plotted for the different beams 
of the radar as function of the range. In this first 
simulation a single radar cross section was assigned 
to the moving base. Variations in intensity of the 
MB occur due to the fact that adjacent beams are in 
a different phase of the frequency modulation.  
 

 
Figure 17.  Radar sensor model: view from 
sensor position and sensor output. 
 

The simulated radar output is processed using 
the implemented data processing algorithms. 
Figure 18 compares the resulting range estimations 
for a given test scenario with the actual VEHIL 
data. Note that experimental data are available only 
for ranges below 50 m. It can be seen that 
simulated data correlate quite well with 
experimental data. Although this high level 
validation provides confidence in the model, 
further work is needed to develop a more detailed 
radar model of the moving base. Once such a 
model is available a wide range of scenarios can be 

evaluated using PRESCAN to further fine tune the 
system and consider real world conditions.  
 

 
Figure 18.  Comparison of simulated (blue) and 
real range (red) of MB. 
 
 
CONCLUSIONS 
 

An evaluation of a pre-crash system (PCS) 
using the VEhicle Hardware-In-the-Loop (VEHIL) 
test facility was presented. The prototype PCS uses 
a long-range forward-looking radar sensor installed 
for adaptive cruise control. To provide additional 
safety functions the sensor is linked to motorized 
belt retractors in the front seats. For this study the 
trigger time of the seat belt retractors was chosen to 
be at 500 ms. 

A total set of 74 pre-crash scenarios was run in 
VEHIL, representing rear-end impacts, avoidance 
maneuvers with roadway departure, opposite 
direction collisions, sideswipe collisions and 
intersecting path accidents. The test scenarios were 
based on field data obtained from the 2000 General 
Estimation System (GES). The considered 
scenarios accounted for about 60% of all accidents 
in the GES. 

The repeatability and accuracy of the VEHIL 
test setup allowed for fine-tuning of the sensor 
post-processing algorithms, path prediction 
algorithms, and activation times. This was 
especially true for the tests that included severe 
braking where accurate measurements are required 
to identify sensor noise due to braking.  

After fine tuning of the system it appeared that 
the system passed all tests, activating the belt 
system only when required and well in time.  

For further evaluation of the system drive tests 
are needed to check the performance in real world 
conditions. These activities can be supported using 
a detailed simulation model of the radar sensor that 
is currently under development. The model is based 
on VEHIL test data. 
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ABSTRACT 

     In this paper the influence of active chassis 
systems, in particular Electronic Stability Control 
(ESC) and Active Rear Steer (ARS), on vehicle limit 
handling and rollover stability is examined through 
vehicle testing. Effectiveness of ESC systems in 
influencing rollover stability in the National Highway 
Traffic Safety Administration (NHTSA) dynamic 
rollover test is first evaluated.  Since there is no 
generally accepted objective and repeatable 
procedure for evaluating and quantifying vehicle 
handling as it relates to safety, a process of 
developing such a test procedure is described.  
Vehicle handling tests used in the automotive 
industry are briefly reviewed.  The criteria used for 
selection of maneuvers that show the best potential 
and can characterize these aspects of handling, which 
affect safety, are described.  A subset of the most 
promising maneuvers is selected.  A step steer 
maneuver and an open loop maneuver with steering 
reversal are further developed through simulations 
and vehicle testing.  A preliminary handling metric is 
described, which balances the aspects of handling 
influencing safety.  Test results for both handling 
tests are presented, which compare performance of 
vehicle with ESC and ARS systems enabled to a 
passive vehicle.  

INTRODUCTION 

     In the last decade, popularity of vehicles with a 
high center of gravity in the United States, e.g., Sport 
Utility Vehicles (SUVs), gave rise to increased 
interest in studying vehicle rollovers and developing 
active safety systems capable of reducing the 
probability of this type of crash.  While rollovers 
constitute only a few percent of all crashes, they rank 

disproportionately high among fatal crashes. For 
example, rollovers are responsible for about 25% of 
all traffic-related fatalities in the USA and about 60% 
of fatalities in accidents involving SUVs [1]. In 
response, automakers and suppliers pursue design 
changes, which could lead to improved rollover 
resistance without sacrificing utility of vehicles.  

     Recently, NHTSA introduced a dynamic rollover 
test as a part of the New Car Assessment Program 
(NCAP).  In the test, a vehicle driven on a dry, 
smooth and level surface is swerved in a rapid 
succession in one, then the opposite direction. The 
steering input supplied by a robot is characterized by 
high rates and high amplitudes of the steering angle, 
in order to emulate steering input during an 
emergency road edge recovery maneuver [2]. It is 
possible that some design changes made in an effort 
to improve vehicle rollover resistance in this test may 
alter vehicle handling characteristics in a way that 
could adversely affect other aspects of vehicle safety. 
For example, for a vehicle with high center of 
gravity, rollover resistance in the dynamic test could 
be improved by reducing the maximum lateral 
acceleration or its rate of change. If done 
indiscriminately, this would limit the cornering 
ability or responsiveness of the vehicle in emergency 
maneuvers, both of which are important aspects of 
safety.   

     These types of design changes could be achieved 
with relatively minor effort for a vehicle equipped 
with an active chassis control system, such as an 
Electronic Stability Control (ESC).  These systems 
permit vehicle designers to trade off vehicle 
responsiveness in limit cornering maneuvers against 
stability by specific tuning of the control algorithm. 
Since in most rollover crashes, drivers lose control of 
the vehicle prior to rollover, improving rollover 
resistance in the dynamic test may not help to 
prevent rollover from occurring if the improvement 
is achieved at the expense of emergency handling.  
The prime goal of this research is therefore the 
development of a better understanding of vehicle 
handling and rollover stability, especially for vehicles 
equipped with active chassis systems.  The term 
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handling is limited here to these aspects of vehicle 
response to driver steering and possibly throttle and 
brake inputs, which affects vehicle safety.  Since 
there is no generally accepted, objective and 
repeatable test procedure that quantifies vehicle 
handling as it relates to safety, development of such 
test methodology has become an important goal of 
this study.  

     This paper is organized as follows.  In the next 
section the vehicle used for testing, which is 
equipped with ESC and ARS (Active Rear Steer) 
systems, is briefly described.  Then selected results 
of NHTSA dynamic rollover tests are presented to 
illustrate the ability of ESC system to affect vehicle 
roll stability and yaw response in this test.  
Subsequently, a brief review of widely used handling 
tests is given.  Criteria for selecting the most suitable 
handling maneuvers for further development are 
outlined, followed by detailed development of 
selected maneuvers. The handling metrics are briefly 
discussed.  Results of vehicle testing in two transient 
handling tests are presented for a vehicle with ESC 
and ARS systems.  Finally, conclusions are 
presented.  

TEST VEHICLE 

     The test vehicle used in this study is the Chevrolet 
Silverado pick-up truck with rear wheel drive shown 
in Figure 1.  

 

 

 

 

 

 Figure 1. Chevrolet Silverado test vehicle. 

The vehicle is equipped to allow safe dynamic 
rollover and limit handling testing, and to record the 
data.  Specifically, it is fitted with a roll cage, five 
point harness safety belts and front and rear 
outriggers.  The load rack above the truck bed 
permits the safe addition of payload to increase the 
height of the center of gravity and vehicle roll inertia, 
if necessary. This provides a means of modifying the 
rollover stability of the vehicle. The vehicle is 
instrumented with a programmable steering robot to 

achieve precise and repeatable steering inputs.  Three 
optical height sensors measure distances from the 
body to the ground on each side of the vehicle; from 
these measurements, the true body roll angle with 
respect to the ground can be derived.  Optical sensors 
placed at all wheel hubs permit determination of 
wheel lift-off.  In addition, suspension deflection 
sensors allow monitoring of the wheel positions 
relative to body.  The vehicle is also instrumented 
with an optical sensor measuring longitudinal and 
lateral velocity with respect to the ground, a steering 
wheel angle sensor and an instrumentation-grade, 
six-axis inertial sensor. Two active chassis systems 
are available on the vehicle: a brake-based ESC 
system and an ARS system, which can be selectively 
disabled, if desired.  Both of these systems include 
additional sensors; for example, the rear wheel 
steering angle, brake caliper pressures at all four 
corners and wheel speeds are measured.  Each active 
system can be disabled, if desired.  

     Vehicle performance was also evaluated using a 
high-fidelity vehicle model, which includes models 
of active systems and associated control algorithms.  
The model was validated against the test data.  
Details of the model are beyond the scope of the 
paper and are not presented here.  In addition to the 
Chevrolet Silverado, a vehicle with an active 
stabilizer bar system was used for this evaluation, but 
the results are not presented here. A detailed 
description of this vehicle and the simulation model 
can be found in reference [3].  

EFFECT OF ESC SYTEM ON VEHICLE 
PERFORMANCE IN DYNAMIC ROLLOVER 
TEST 

     In this section the influence of ESC system on 
vehicle performance in the dynamic rollover tests is 
discussed and selected test results are presented.  As 
described in the introduction, the dynamic rollover 
test, also referred to as a fishhook test (since vehicle 
path in this test has a shape similar to a fishhook), is 
a severe steering maneuver, which involves a rapid 
reversal of the steering angle. This induces a large 
and rapid change in lateral acceleration from a peak 
value in one direction to the opposite, which heavily 
excites vehicle roll motion. The vehicle fails the test 
if it experiences a Two Wheel Lift Off (TWLO) of at 
least 5 cm (2 in.). The details of the test procedure 
are given in a NHTSA report [2].  Any active chassis 
control system, which can reduce vehicle roll angle 
or lateral acceleration or even the rate of change of 
these variables during this test, can significantly 
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affect the outcome.  Examples of such systems are 
the ESC system and active stabilizer bar system. 
ARS system, which can steer the rear wheels as a 
function of the front steering angle and speed, has a 
lesser effect in this test. 

     The ESC system improves limit handling and 
stability of the vehicle by correcting severe 
understeer and oversteer conditions through active 
control of individual wheel brakes. The system uses 
the measured steering wheel angle and vehicle speed 
to determine the desired response of the vehicle in 
terms of yaw rate and sometimes vehicle sideslip 
angle or sideslip rate.  It then compares the desired 
states with the measured (yaw rate) or estimated 
(sideslip angle) ones; when a sufficient discrepancy 
is detected, the system applies brakes to reduce the 
difference. By tuning the desired response and the 
control gains, vehicle designers can affect the 
balance between vehicle responsiveness and stability.  
For example, by reducing the magnitude of desired 
yaw rate or by more aggressive control of sideslip 
state (at the expense of yaw rate), a more stable 
response of the vehicle in transient maneuvers can be 
achieved.  This tuning of the system can reduce 
vehicle rate of response and possibly peak lateral 
accelerations in fishhook tests, thus improving 
vehicle resistance to rollover.  To illustrate, the 
results of two Fishhook tests performed at 75 km/h 
are shown in Figures 2 and 3.   

     In both cases, extra payload of 400 lb (182 kg) 
was placed at the load rack to increase tendency of 
vehicle to tip up during tests.  The roll angle was 
limited to about 15 degrees by outriggers.  The ARS 
system was disabled. 

 

Figure 2. Fishhook test at 75 km/h with ESC 
system in configuration 1. 

 

Figure 3. Fishhook test at 75 km/h with ESC 
system in configuration 2. 

     In the maneuver illustrated in Figure 2, tuning of 
ESC system (configuration 1) was representative of 
many other light vehicles, whereas in Figure 3 
(configuration 2) tuning was modified to further 
restrict oversteer condition by reducing the 
maximum values of yaw rate and sideslip states.  It is 
seen that during and immediately after the quick 
transient phase, the ESC 2 system activates earlier 
and provides correction for a longer period of time. 
This results in lower vehicle sideslip angle and 
temporary reduction in vehicle roll angle, yaw rate 
and lateral acceleration.  After the brake intervention 
subsides, however, the roll angle increases again and 
is not corrected by the ESC system, since the system 
is designed to manage yaw plane motion, which is 
now close to the desired motion.  It should be noted 
that in the same maneuver performed with ESC 
system disabled (not shown here), the vehicle 
reached the roll angle corresponding to the outrigger 
contact immediately after the reversal in lateral 
acceleration.       

     It can be concluded that the ESC system has the 
capability to affect the roll response of vehicles in 
the Fishhook test, especially in the transient phase of 
the maneuver, by changing the tuning parameters in 
the control algorithm. These changes, however, 
affect vehicle response in the yaw plane by changing 
yaw rate, sideslip angle and lateral acceleration 
responses, which are important characteristics of 
handling.  It is therefore desirable to develop a test 
procedure to evaluate vehicle handling in addition to 
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rollover propensity, so that vehicle performance and 
stability in the yaw and roll planes can be evaluated 
comprehensively.  

MANEUVER SELECTION FOR HANDLING 
EVALUATION 

     In this section, the process of selecting 
maneuvers, which could be used to objectively 
evaluate the handling behavior of vehicles, is 
described.  Vehicle handling is a complex and highly 
subjective characteristic with many different aspects. 
In this study, emphasis is on the aspects of handling 
performance, which affect safety. Of particular 
interest are the handling properties in the non-linear 
range of handling and at the limit. There are several 
reasons for this.  First, vehicles often reach the limit 
handling range in emergency avoidance maneuvers; 
thus, it is of prime importance in crash avoidance. 
Second, controlling vehicles at the limit is generally 
more difficult for a typical driver than in the linear 
range of handling.  Most drivers are accustomed to 
operating their vehicles in the linear range (normal 
driving) and do not have experience in controlling 
vehicles at the limit.  Third, since tire forces are 
limited by surface friction, vehicle handling typically 
deteriorates as the limit of friction is reached.  For 
example, in handling tests performed by Consumer 
Union [4] the routine handling score was either 
better or at least the same as the emergency handling 
score for all of 141 vehicles evaluated in this 
publication. Thus, one can expect that good 
emergency handling guarantees that routine handling 
would be at least as good.  

ASPECTS OF HANDLING AFFECTING 
SAFETY 

     The objective here is to establish a test procedure 
to evaluate and quantify these characteristics of 
handling, which affect safety. The following are 
aspects of handling, which in the authors’ judgment 
affect safety: 

• Turning ability – is an ability of the vehicle to 
turn sharply in emergency maneuvers; therefore, 
the maximum lateral acceleration and quickness 
of achieving it are both important. 

• Graceful degradation at the limit – there 
should not be a large or sudden change in 
vehicle behavior when limit of adhesion is 
reached. Essentially, this requires a progressive 
increase in vehicle understeer as lateral 

acceleration increases and no rear breakaway, 
implying small sideslip angle.  

• Predictability – predictable and progressive 
response to driver inputs with no or minimal 
need for corrections. It requires good correlation 
between the driver input and vehicle response in 
the entire range of operation. Vehicle response 
should be well damped with no or minimal 
overshot and oscillations (otherwise frequent 
driver corrections are necessary). Time delays 
between the input and outputs should be 
consistent and not too large. 

• Responsiveness – requires quick response to 
driver inputs in terms of both initial delay and 
the total response time and sufficient static gain 
between the input and the output (e.g. yaw gain).  

• Stability – not only should the vehicle response 
to bounded inputs remain bounded, but also 
certain stability margins should be maintained in 
both steady state and transient maneuvers. For 
example, the vehicle should maintain understeer 
characteristic with limited sideslip angle and no 
sustained oscillations in transient maneuvers.  

It is noted that there exists some overlap among the 
desired handling characteristics described above.  
For example, vehicle response must be stable in 
order to be predictable; reasonably short time delays 
are required for good responsiveness and 
predictability and so on.  

     There exist other characteristics, which are often 
considered aspects of handling, which are not 
included in the above list because they either are too 
subjective or have little effect on safety. These 
include: on-center steering feel, steering wheel 
vibration, and steer torque feedback. Ability of the 
vehicle to reject disturbances, such as due to 
aerodynamic forces (e.g. side wind), road 
inclinations or road roughness, is not explicitly 
included, but it is implied by stability and 
predictability.   

COMMONLY USED HANDLING TESTS 

     Since there is no general agreement on which 
handling tests provide the best assessment of 
handling behavior, many different tests are used by 
the automotive industry.  In general, they may be 
roughly divided into the following categories: 
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• Open loop tests, which determine vehicle 
characteristics in response to specified control 
inputs. 

• Closed loop task performance tests, which 
determine performance of driver-vehicle 
combination in a specific driving task. 

• Subjective assessment, in which drivers evaluate 
handling behavior by driving a vehicle over a 
test track and a set of maneuvers.  

The test maneuvers may also be divided into steady 
state and transient tests, dependent on whether they 
seek an assessment of steady state or transient 
properties.  Since objectivity and repeatability of test 
procedure are very important considerations, the 
subjective assessment, in which both maneuver 
selection and evaluation are driver dependent, is not 
considered in this study. From this point of view, 
closed loop task performance tests have also 
disadvantages of being driver dependent to some 
extent and having a tendency to mask the effects of 
vehicle characteristics since drivers adapt their inputs 
to vehicle response.  However, it is possible to define 
a reasonably objective index of performance in these 
maneuvers if measures of task performance are 
combined with a measure of driver steering effort.  

     Below, the most common types of handling tests 
are briefly reviewed. Many of them are either 
standard maneuvers adopted by SAE or ISO or 
proposals of standard tests by these organizations.  

Slowly Increasing Steer Test (Skid Pad Test)   

     This test evaluates the steady state handling in 
both linear and non-linear ranges of operation.  There 
are three forms of this test: constant speed, constant 
steer, and constant radius.  A slowly increasing steer 
maneuver, in which the steer angle is slowly 
increased at constant speed, is described in SAE 
Standard J266 [5].  In another version of the test, a 
constant steer angle is maintained, but vehicle speed 
is gradually increased. In a steady state circle 
maneuver, a constant radius of turn is maintained, 
while both steering angle and speed are slowly 
increased [6].  

Step Steer Test   

     A steer input in the form of a step function is 
applied at a specific speed to produce a specific 
lateral acceleration.  An example is the ISO standard 

7401 [7].  This test characterizes transient response 
of the vehicle, but includes a steady state portion as 
well. Therefore, quickness of vehicle response to the 
steering input in terms of yaw rate or lateral 
acceleration can be quantified. Similarly, variables 
related to vehicle stability, such as overshoot in yaw 
and roll responses, can be determined.   

Braking in Turn Test 

      In this test, brakes are suddenly applied in a 
steady state turn of specified lateral acceleration, as 
described for example in the ISO/DIS 7975 standard 
[8]. This test primarily evaluates vehicle stability and 
predictability, in particular sensitivity of vehicle yaw 
response to disturbance in the form of braking and 
associated load transfer.  

Dropped Throttle in a Turn 

     In this test, a vehicle is in a steady state turn with 
a pre-determined level of lateral acceleration, for 
example 90% of the maximum acceleration that 
vehicle can develop on a dry surface.  The driver 
initially applies throttle in order to maintain speed. 
The throttle is then suddenly released.  Similarly to 
the brake in turn test, this test evaluates vehicle 
stability and predictability in response to the change 
in longitudinal tire forces. This test maneuver is 
detailed in ISO Standard 9816. 

Open Loop Test with Steer Reversal 

     In this test, a steering input is applied which has a 
pattern similar to that experienced either in a single 
lane change or a double lane change maneuver.  This 
test demonstrates vehicle response in maneuvers 
involving steering reversal.  This is important, 
because some vehicles may be stable in a step steer 
maneuver, but may be difficult to control in 
maneuvers involving steer reversals, especially when 
performed at the limit.  An example of this type of 
test is a transient response test with the steer angle 
being one period of a sinusoid (a pseudo single lane 
change test) as described in the ISO/TR 8725 
proposal [9]. Another example is a pseudo double 
lane change test proposed by NHTSA [2], in which 
the steering pattern is an averaged driver steer input 
in several closed loop test maneuvers. In some 
variants of the test, the steer input can have 
rectangular (stepwise) or trapezoidal pattern, which 
may be more demanding due to the sudden changes 
in the steer input. 
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Steer Reversal with Driver in the Loop 
 
     In this test, a vehicle is driven through a path 
determined by cones.  The most common types of 
this test are: single and double lane changes and a 
slalom. In a single lane change test, the path defined 
by cones may represent a quick single lane change.  
A more frequently performed version of this test is 
the one in which the vehicle is driven straight at a 
specific speed towards an obstacle (a row of cones) 
requiring a lane change to either side.  The driver is 
told as late as possible whether to go left or right. 
The main measure of performance in the test is the 
shortness of time or distance to the obstacle when the 
avoidance maneuver can be performed without 
striking the cones. This is a typical task-performance 
test, in which the outcome is determined by the 
driver-vehicle system.  
 
     In a double lane change test, the path simulates a 
maneuver, in which the vehicle quickly changes lanes 
(e.g. to avoid an obstacle) and then returns to the 
original lane. The most widely used test procedure is 
that defined by ISO/DIS Standard 3888 [10].  In this 
procedure, the course is strictly defined, giving the 
driver very little freedom in selecting the path.  The 
width of each lane is defined as a function of vehicle 
width. The main result of the test is the maximum 
possible speed of entry at which the test can be 
completed without striking any cones.  
  

In the slalom test, the vehicle is driven as quickly 
as possible on alternating sides of a series of cones.  
Large lateral acceleration is generally achieved.  This 
test has been criticized on several grounds. The path 
of the vehicle and the steer pattern are not likely to 
occur in real world driving.  Furthermore, the 
comparative ranking of vehicles may depend on 
spacing of obstacles due to different natural 
frequencies of yaw and roll modes for different 
vehicles. This last problem can be mitigated by 
relating the timing (and spacing) of turns to the 
natural frequency of the yaw mode, if it exists (e.g. if 
the yaw mode is not over-damped at the speed at 
which the test is performed).  
 
Frequency Sweep Test 

     This test is performed primarily to quantify 
vehicle handling response to a steer input that covers 
a significant range of frequencies, with one of the 
main objectives being obtaining a frequency 
response characteristic of the vehicle. This can 
reveal, for example, a resonance frequency in vehicle 

yaw response, which may lead to instability under 
harmonic steer input at that frequency.  Quickness of 
vehicle response can also be measured in this test. 
Two most common examples of these tests are a 
steering harmonic sweep test, in which the steer 
input is a harmonic function but with a slowly 
increasing frequency and the pseudo-random test as 
described in the ISO 8726 proposal [11]. This test is 
usually performed within or close to the linear range 
of handling.  

Impulse Steer Test 

     In this maneuver, a vehicle is driven straight at a 
specific speed when a sudden steer input is generated 
with prompt restoration to straight ahead.  This test 
demonstrates transient response of a vehicle in 
response to a sudden disturbance.  It can also be used 
to generate frequency domain characteristics using 
Fourier transform methods. 

CRITERIA FOR SELECTION 

     Among the test maneuvers described, there are 
some that do not characterize vehicle handling at the 
limit and therefore are inadequate for our purposes.  
There remain, however, several tests, which reveal 
similar aspects of handling performance or may even 
have similar steer patterns.  In order to reduce the 
number of maneuvers, it is necessary to specify the 
criteria for selection.  The criteria used here are 
listed below. Many of them are similar to those used 
by NHTSA in selecting the dynamic rollover test.  

• Objectivity and repeatability.  The outcome 
should be independent of the personnel 
performing the test, as long as the test procedure 
is being followed. The results should be 
repeatable for the same vehicle, so that they can 
be reproduced.  

 
• Feasibility (ability to perform). This category 

describes how easy/difficult (or expensive) it is 
to perform the test. For example: is it time-
consuming, does it require expensive 
instrumentation, special test track facility, a lot 
of effort (e.g. many iterations), etc. 

 
• Completeness (handling metric measurement 

capability). This category describes how many 
aspects of vehicle handling performance can be 
evaluated in one test and how many metrics that 
quantify vehicle handling can be determined 
from the test data. The most important aspects 
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of handling are those that affect safety, as listed 
in the previous section.  

 
• Realistic character of the test. This is an 

evaluation of whether the test has field 
relevance. That is whether or not it is similar to 
maneuvers performed by actual drivers, 
especially in emergency situations. Similarities 
to standard tests proposed by SAE, ISO or 
frequently used by automakers may also be 
taken into account.  

 
• Discriminatory capability. Describes how 

effective the test is in capturing significant 
differences in vehicle handling qualities.  It is 
not desirable to have the metrics derived from 
the tests performed on different vehicles to be 
clustered in the narrow range of values, 
especially when the differences are close to 
measurement errors. 

 
Note that conflicts among the above criteria may 
exist.  For example, requirements of objectivity and 
repeatability, implies that the results should be robust 
with respect to very small changes in parameters of 
vehicle, chassis or tires.  This is somewhat in conflict 
with the requirement of discriminatory capability.  
 
     Using the above selection criteria, all types of 
maneuvers were ranked and the top three receiving 
the highest scores were selected for further 
development.  They are as follows: 
 

- Slowly increasing steer (skid pad) test  
- Step steer test 
- Open loop steer reversal test. 

 
All selected maneuvers are open loop, in which a 
steering input can be performed by a robot. This 
provides a significant advantage over closed loop 
maneuvers in the area of objectivity and 
repeatability, but also in discriminatory capability, 
because human drivers can compensate for handling 
differences.  The slowly increasing steer test reveals 
steady state handling characteristic and provides 
reference points for other tests, as will be discussed 
later.  The step steer test provides both transient and 
steady state characteristics. The open loop steer 
reversal test is generally more demanding than the 
step steer test because vehicles are more prone to 
become unstable and spin out in this test.  The 
steering pattern can resemble those experienced 
during emergency single and double lane changes.  
 

DESCRIPTION OF SELECTED HANDLING 
TEST MANEUVERS 

     The selected maneuvers were further studied 
through vehicle testing and simulations using a 
validated model of a vehicle.  The purpose was to 
determine the exact steering patterns, including steer 
rates and amplitudes, and entry speeds.  
 
Slowly Increasing Steer Test 

     This test is well defined and is currently 
performed by NHTSA as part of dynamic rollover 
test procedure [2].  The maneuver is performed with 
a constant speed of 50 mph with steering angle 
ramping up at a rate of 15 degrees per second or less 
(NHTSA uses 13.5 deg/s).  Since our goal is to reach 
the friction limit for some time in this test, the 
steering angle is increased up to 360 degrees or to 
the angle corresponding to the wheel lock position, 
whichever is smaller. The steering pattern is 
illustrated in Figure 4.  
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Figure 4. Steering pattern in slowly increasing 
steer test. 

 
In addition to characterizing steady state response of 
the vehicle, this test provides characteristic values 
for the other tests and for determining performance 
goals in transient tests.  For example, the steering 
angle amplitudes in the transient tests are the 
multiples of the steering angle corresponding to 0.3 g 
of lateral acceleration in this test.  
 
Step Steer Test 

     In this test, the general steer pattern is well 
defined. In order to determine the entry speed, 
steering angle amplitude and rate of change during 
transient, series of simulations and vehicle testing 
were performed.  In simulations, vehicle speed varied 
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from 35 to 90 mph, the steering angle amplitude 
from 30 to 360 degrees and steering rate from 500 
deg/s to 2000 deg/s. The purpose was to determine 
the values that make the maneuver severe enough to 
reveal potential weakness in emergency handling, yet 
still appear realistic. It was found that vehicle 
response deteriorated with increasing speed, 
primarily by becoming more oscillatory, but safe 
speed for testing was found to be about 60 mph. 
Vehicle response also deteriorated with increasing 
steering angle, but only up to a certain value of the 
steering angle (which depended on speed).  Vehicle 
response did not change significantly when the steer 
rate increased from 1000 to 2000 degrees per second.  
Consequently, the following parameters were 
selected for the step steer test: 
 

- speed of entry 55 mph 
- amplitude of steer angle 5 times the steering 

angle corresponding to 0.3 g of lateral 
acceleration in the slowly increasing steer 
test 

- steer rate of 1000 degrees/second 
-  

The steering pattern is illustrated in Figure 5.  The 
driver does not apply the throttle during the 
maneuver.  
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Figure 5. Steering pattern in step steer test. 
 
Steer Reversal Test 

     The maneuvers with steer reversals considered 
here are the open loop pseudo lane change and open 
loop pseudo double lane change.  These maneuvers, 
when performed at the limit, can be very challenging, 
in particular when reversals of steering angle are 
quick.  When the steering angle of the front wheels is 
suddenly reversed, the front tire slip angles and 
consequently the front tire lateral forces are reversed, 

while the rear axle lateral force lags, maintaining the 
direction supporting the first turn. As a result, the 
vehicle is, for some time, subjected to a pair of 
opposite lateral forces, which creates a large yaw 
moment causing a rapid rotation of the vehicle. This 
generally yields large overshoot in yaw rate and the 
development of a significant sideslip angle.  In this 
type of maneuver, the timing of steering reversal(s) 
and the rate of change of steering angle have a very 
important influence on vehicle performance.  

     Several choices had to be made in developing the 
steering pattern for this test based on a validated 
simulation model for the test vehicle. First, a 
trapezoidal pattern was selected in favor of rounded 
one.  While rounded, e.g. harmonic, pattern 
resembles the actual driver steering in emergency 
situations more closely, it poses difficulties in proper 
timing of steer reversal and generally provides less 
severe excitation of vehicle yaw motion than the 
trapezoidal steering of the same amplitude.  Second, 
the steer pattern with two reversals, rather than one, 
was selected because it includes the latter, was found 
to provide more severe excitation and is in fact more 
akin to the steering patterns in emergency lane 
changes.  Third, the time of initiation of each 
steering reversal was chosen to coincide with the 
peaks of vehicle yaw rate.  This selection was found 
to provide the worst, or very close to the worst, 
response of vehicle in terms of stability.  This timing 
is chosen to match the natural yaw response of 
vehicle, unlike in the fixed steering pattern, which 
could be criticized on the grounds that it may excite 
yaw modes of some vehicles more than others.   The 
steering amplitude and rate were selected at the level 
observed in emergency lane changes performed by a 
human driver at the same speed. The chosen steering 
pattern is illustrated in Figure 6.  
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Figure 6. Steering pattern in steer reversal test. 
 
The entry speed for this maneuver is 55 mph, the 
amplitude of steer angle is 5 times the steering angle 
corresponding to 0.3 g of lateral acceleration in the 
slowly increasing steer test, and all steer rates are 
1000 deg/s.  Note that the dwell time of the steering 
angle increases significantly in the last phase of 
maneuver as the lag in yaw response of vehicle to the 
steering input increases.  No throttle is applied 
during this maneuver.  
 
HANDLING METRICS 

     Vehicle design involves many compromises from 
the point of view of desired handling properties. The 
main trade off is between vehicle responsiveness to 
steering input and stability or predictability.  In 
addition, large stability margin in steady state 
conditions, as expressed by understeer gradient, may 
compromise cornering ability (since front tires 
saturate well before the rear axle reaches the limit 
lateral force) and may lead to oscillatory response at 
high speeds, since the damping ratio of the roll mode 
decreases as speed increases at a rate proportional to 
undesteer gradient [12].   In this section, a composite 
metric of vehicle performance is discussed.  It should 
balance measures of several aspects of handling, 
which affect safety, as discussed earlier, and should 
include those aspects, which are difficult to 
reconcile.  

 
     Vehicle handling is usually evaluated in terms of 
vehicle response in the yaw plane as characterized by 
lateral acceleration, yaw rate and sideslip angle.  It is 
known [13], however, that in the closed loop task 
performance tests the roll motion of vehicle, 
including both roll angle and roll rate, has a very 
significant effect on overall subjective rankings of 
vehicle handling.  The main reason is that the driver 
steering control input, that is necessary to perform a 
difficult handling task (e.g. a quick lane change 
simulating an evasive maneuver), may be 
compromised if the vehicle exhibits substantial and 
poorly damped roll responses to rapid steering 
inputs. The secondary reason is that a driver 
continuously uses preview information about the 
path of travel to determine the necessary steer input 
for a given task. Changes in vehicle attitude, such as 
excessive roll motion, make this task more 
complicated. Thus, excessive and underdamped roll 
responses to rapid steering inputs should be 
penalized in the handling metric.  
 

     It is noted that several essentially identical 
performance measures can be used to describe 
different handling qualities influencing safety.  This 
is because there is some overlap in the defined 
handling categories (for example, stability is 
necessary for predictability), but also there exists 
correlations among various metrics (for example, 
time delays tend to increase as tire sideslip angles 
increase). The following measures of performance 
are proposed to quantify various aspects of handling: 
 
1. Measure of maximum lateral acceleration and 

quickness of achieving it. 
2. Measure of oscillations in yaw response in 

transient maneuvers (yaw response overshoot in 
step steer, amplitude ratio(s) of yaw response in 
steer reversal test). 

3. Measure of time delays in vehicle lateral 
response (time delays between steer angle and 
yaw rate and lateral acceleration in transient 
maneuvers, time delays between yaw rate and 
lateral acceleration in transient maneuvers). 

4. Measure of lateral stability as expressed by rear 
axle slip angles (maximum slip angles or slip 
rates).  

5. Measure of roll angle response (peak roll angle 
in step steer and steer reversal tests, peak roll 
rate, roll gain, roll angle overshoot in step steer 
test) 

 
The rear axle slip angle was selected as a measure of 
vehicle stability, rather than the vehicle slip angle, 
since it is a more direct indicator of tire slip at all 
speeds and is less dependent on vehicle dimensions. 
Each of the above performance measures can be 
quantified, and a composite index can be 
constructed, which is a weighted sum of all 
components.  
 
TEST RESULTS 

     In this section, selected results of vehicle testing 
are presented for two transient handling tests: step 
steer maneuver and the open loop double lane change 
test.  
 
Step Steer Maneuver 
 
     Step steer maneuvers were performed multiple 
times for four different vehicle configurations: 
passive vehicle, vehicle with ESC system enabled, 
vehicle with ARS system enabled and vehicle with 
both ESC and ARS systems enabled.  In this 
maneuver, the ESC system did not become active, 
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primarily because the passive vehicle was stable and 
well controlled in this test.  Therefore, the results 
with ESC system enabled are the same as with the 
system turned off and are not shown here.  
 
     The results obtained in a right turn for a passive 
vehicle (test 09) and a vehicle with ARS on  (test 19) 
are illustrated in Figure 7. In both cases, the initial 
speed was nearly identical. However, the vehicle 
with ARS system enabled maintains a higher speed 
throughout the maneuver because of reduced losses 
of energy due to tire sideslip.  The rear wheel steer 
angle depends on the hand wheel angle and vehicle 
speed and is initially of the same sign as the front 
steering angle, then of the opposite sign, with the 
sign change occurring at about 40 mph (65 km/h).  
The magnitude of the rear wheel steering angle does 
not exceed 3 degrees in the recorded portion of 
maneuver, yet the effects are quite dramatic. In 
particular, the overshoots in yaw rate and rear tire 
slip angles are almost entirely eliminated. 
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Figure 7. Comparison of vehicle responses in 
open loop step steer maneuver for passive vehicle 
and vehicle with ARS system enabled. 
 
 
The peak value of rear tire slip angle is reduced from 
8.9 to 5.2 degrees (a reduction of over 40%) and the 
first peak in yaw rate is suppressed from about 28.8 
to 22.5 degrees/second. Lateral acceleration response 
is reduced by about 0.5 m/s2 in the first two seconds 
of maneuver, as compared to the passive vehicle.  
The peak roll angles are about the same in both 
cases, but the peak roll rate is slightly higher in the 
case of the vehicle with the ARS system enabled.  
This is most likely due to slightly faster initial lateral 
acceleration response. The roll response, however, is 
better damped when the ARS system is enabled, 
primarily because of slightly lower lateral 
acceleration at the limit. Overall, the changes in roll 
response brought about by the ARS system were very 
small.  
 

This example test result highlights the importance 
of having a composite index of handling that 
balances all the important, but often conflicting, 
aspects of performance. The ARS system 
significantly improves yaw response in terms of both 
speed of response and stability, but it reduces 
maximum lateral acceleration slightly.  
 
Open Loop Double Lane Change 
 
     Open loop double lane change maneuvers were 
performed with passive vehicle and vehicle with ESC 
system enabled. In Figure 8, the importance of 
appropriate timing of steer reversals in this maneuver 
is illustrated.  Here the results obtained in two open 
loop double lane change maneuvers for a passive 
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vehicle are shown.  Both were performed at the same 
entry speed, with the only difference being the dwell 
times in the last steering input, which were 0.3 
second and 0.4 seconds, respectively.  In the former 
case, the last steer angle reversal occurred before the 
yaw rate reached maximum value; while in the latter 
the steer reversal coincided with the peak yaw rate.  
Since after about 5.5 seconds the driver provided a 
very large steering correction in the second case, the 
traces beyond this time should be disregarded. The 
differences in vehicle responses are quite dramatic, 
with the vehicle reaching much higher peak values of 
rear axle sideslip angle, lateral acceleration, roll 
angle and slightly higher yaw rate in the maneuver, in 
which the last steer reversal coincides with peak yaw 
rate (dotted line).  
 
     In Figure 9, vehicle responses in open loop double 
lane changes are compared with the ESC system on  
(test 22) and off (test 19). The ESC system is 
activated shortly after the first steering reversal, as 
shown by the red line in the left top plot box.  The 
system has a small effect on the second peaks in yaw 
rate, lateral acceleration and rear axle slip angle. In 
the final phase of the maneuver, however, the peak 
values of all three variables are reduced.  The most 
pronounced effect is observed in rear axle slip angle 
response. For example, the peak value is reduced 
from 19.1 degrees for passive system to 13.8 degrees 
for vehicle with the system on.  Delays in vehicle 
lateral acceleration and yaw rate responses are also 
significantly reduced in the last phase of the 
maneuver, making vehicle response more 
predictable.  It should be noted that the ESC system 
used in the tests described here was operating in a 
less aggressive mode, tuned for non-obtrusive 
operation and referred to as configuration 1 in the 
second section.  At the completion of the maneuver, 
the differences in vehicle speed between the tests 
with system on and off are only about 4 km/h, 
indicating relatively mild brake interventions.  Note 
that the ESC system tuned in this manner improves 
significantly several aspects of handling performance 
without significant trade off. 
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 Figure 8. Vehicle responses in two open loop 
double lane change maneuvers performed with 
different timing of last steer reversal. 
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Figure 9. Vehicle responses in two open loop 
double lane change maneuvers performed with 
ESC system on (test 22) and off (test 19). 
 
 

CONCLUSIONS 

     In this paper, a process used for development of 
an objective and repeatable test procedure to 
evaluate vehicle handling is described. Three open-
loop handling tests are proposed, which may be used 
to evaluate the aspects of handling which influence 
safety.  These tests, along with the dynamic rollover 
test proposed by NHTSA, are used to evaluate the 
effects of two active chassis systems on handling and 
rollover stability.  The active chassis systems used 
are ESC and ARS systems.  The following 
conclusions can be derived from this study: 1) tuning 
of ESC system can have a significant effect on 
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vehicle roll response in the dynamic rollover test; 2) 
for some vehicles, a step steer test as described in 
this paper may not be severe enough to activate the 
ESC system; if showing the effect of ESC is a 
desired goal, an alternative test may be considered; 
3) the ARS system can significantly improve most 
aspects of vehicle handling performance in the step 
steer test; 4) the open loop double lane change test is 
more demanding than the step steer test or an open 
loop single lane change test performed at the same 
speed and steering angle; 5) timing of steering 
reversals is very important in the open loop double 
lane change; for the vehicle tested here, the initiation 
of reversals, which coincided with peak yaw rates, 
rendered the least stable yaw response of vehicle; 6) 
an ESC system can significantly improve vehicle yaw 
stability and responsiveness in the second phase of 
the open loop steer reversal test, without adversely 
affecting other aspects of handling performance.  
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ABSTRACT 

School bus transportation is one of the safest 
forms of transportation in the United States.  Every 
day, our nation's 440,000 public school buses 
transport more than 23.5 million children to and from 
school and school-related activities.   

The safety record is impressive: American 
students are nearly eight times safer riding in a school 
bus than with their own parents and guardians in cars.  
The fatality rate for school buses is only 0.2 fatalities 
per 100 million vehicle miles traveled (VMT) 
compared to 1.5 fatalities per 100 million VMT for 
cars.[1] 

School buses have annually averaged about 
26,000 crashes resulting in 10 deaths – 25 percent 
were drivers; 75 percent were passengers.  Frontal 
crashes account for about two passenger deaths each 
year.   

This paper describes past, present and near-term 
school bus research efforts. 

 

INTRODUCTION 

The safety record for school bus transportation 
exceeds that of all other modes of travel.  Students 
are nearly eight times safer riding in a school bus 
than in cars.  Each school day, 440,000 public school 
buses transport 23.5 million children.  The fatality 
and injury rates associated with school buses are 
consistent from year to year.  On average, about 
seven passengers die in school bus crashes each year.  
In 2003, five passengers and six drivers died in 
school transportation vehicles (this includes school 
buses and other vehicles used as school buses), and 
21 pedestrians were killed when struck by a school 
bus.  NHTSA has several standards relating to school 
bus safety.  NHTSA’s requirements for 
compartmentalization on large and small school 
buses, plus safety belts on small buses contribute to 
the safe environment. 

As a result of the passage of the National Traffic 
and Motor Vehicle Safety Act of 1966 and the School 
Bus Safety Amendments of 1974, NHTSA currently 
has 35 Federal Motor Vehicle Safety Standards 
(FMVSS) that apply to school buses.  The 1974 
amendments directed NHTSA to establish or upgrade 
school bus safety standards in eight areas: emergency 
exits, interior occupant protection, floor strength, 
seating systems, crashworthiness of the body and 
frame, vehicle operating systems, windshields and 
windows, and fuel systems. 

 

BACKGROUND 

During the rulemaking process in the early 
1970's, when the school bus safety standards were 
being established, NHTSA looked carefully at 
available injury and fatality data, existing research, 
and public comments submitted to the agency to 
determine what system of occupant protection should 
be required in school buses.  Research conducted at 
UCLA in 1967 and 1972 evaluated existing seats on 
school buses.  That research showed that school bus 
seating systems at that time did not provide adequate 
protection for the school bus passengers.  Those 
findings led NHTSA to issue a contract to AMF 
Corporation to design new, protective school bus 
seating systems that provided uniform levels of 
protection to seated occupants ranging in size from a 
six-year old (21 kg (46 pounds) and 1,219 mm (48 
inches) in height) to a 50th percentile male (75 kg 
(165 pounds) and 1,778 mm (70 inches) in height).[2] 

Recognizing that school bus vehicles i) are 
generally heavier than their impacting partners, ii) 
impart lower crash forces on their occupants, and iii) 
distribute crash forces differently than do passenger 
cars and light trucks in crashes, it was determined 
that the best way to provide crash protection to 
children on large school buses was to use a concept 
called “compartmentalization.”  This concept 
provides a protective envelope consisting of strong, 
closely spaced seats that have energy-absorbing seat 
backs.  These requirements are found in FMVSS No. 
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222, School bus passenger seating and crash 
protection, which became effective for newly 
manufactured school buses on or after April 1, 1977.  
This standard has not changed significantly since its 
inception.  

 

Current School Bus Passenger Crash Protection 

Even though compartmentalization has proven to 
be an excellent concept for injury mitigation, 
NHTSA initiated an extensive research program to 
develop the next generation occupant protection 
system(s).  The protective abilities of today’s school 
buses have been reaffirmed by two years of research.  
No matter how safe our children are on school buses, 
it is vitally important to constantly reassess existing 
safety measures.[3]  During this timeframe the 
National Transportation Safety Board (NTSB) had 
begun special investigations on school bus crashes. 

 

National Transportation Safety Board 
Recommendations 

The National Transportation Safety Board 
(NTSB) initiated a special investigation to determine 
whether additional measures should be taken to better 
protect bus occupants.  It examined school bus and 
motorcoach crashworthiness issues through the 
analysis of 6 school bus and 40 bus crashes and 
through information gathered at the Safety Board’s 
August 12, 1998 public hearing. The special 
investigations addressed, in part, the crucial safety 
issues regarding the effectiveness of current school 
bus occupant protection systems.  As a result of the 
investigations, the NTSB issued three safety 
recommendations pertaining to passenger crash 
protection in school buses.[4]  

Recommendation H-94-010 was initiated to 
require NHTSA to evaluate occupant restraint 
systems, including those presently required for small 
school buses.  The recommendation was made as a 
result of a crash between a small school bus and a 
tractor-trailer dump truck.  The crash resulted in four 
passenger fatalities, all of whom were ejected from 
the school bus.  In the investigation the Safety Board 
noted that the children were not instructed to wear the 
required lap belts due to the potential risk of injuries 
from use of lap belts in frontal impacts. 

 Safety Recommendations H-99-45 & H-99-
46 were initiated to encourage NHTSA to develop 
and implement performance standards for school bus 
occupant protection systems that take into account 
frontal impact collisions, side impact collisions, rear 
impact collisions, and rollovers.  These 

recommendations resulted from the 1999 study on 
bus crashworthiness issues.  NTSB evaluated six 
selected school bus crashes for this study.  Based on 
that analysis, the Safety Board came to the 
conclusion that the current “compartmentalization” is 
incomplete in that it does not adequately provide 
protection in all crash scenarios.[5] 

Safety Recommendation H-00-28 was initiated 
to encourage NHTSA to modify the Federal Motor 
Vehicle Safety Standards to prohibit protruding door 
handles or latching mechanisms on emergency doors.  
This recommendation resulted from a crash in 
October 1999 with a school bus/dump truck/utility 
trailer near Central Bridge, NY.  NTSB concluded 
that, although the side emergency exit door met 
safety regulations, it presented a hazard for 
passengers because portions of door release 
mechanism protruded into the passenger 
compartment potentially injuring a person on the 
latch assembly.  This seems to imply that it is unsafe 
to sit next to a side emergency exit door.     

Thus far, the agency’s school bus research 
efforts have focused on addressing these and other 
Safety Board recommendations. 

 

NHTSA’s School Bus Research 

As previously noted, no matter how safe our 
children are on school buses, it is vitally important to 
regularly reassess existing safety measures. 
Therefore, Congress requested that the Department of 
Transportation investigate potential approaches that 
could further enhance safety protection offered on 
our nation’s school buses. An April 2002 report to 
Congress documents the program findings.[6] 

The agency began a research program to 
investigate potential approaches that could further 
enhance safety on school buses.   Phase I of the 
research program was to identify safety problems.   
The NHTSA reviewed several sources of information 
in an effort to define the effectiveness of the existing 
FMVSS requirements applicable to school buses.  
Data from the agency’s FARS (Fatality Analysis 
Reporting System), NASS (National Automotive 
Sampling System)-GES (General Estimates System), 
and SCI (Special Crash Investigations), along with 
state and local officials’ crash information and data 
from the NTSB were analyzed.    

The problem determination showed that (1) most 
fatalities occurred for occupants of large school 
buses, and (2) the most significant factors in fatal, 
two-vehicle crashes are that they occur on roadways 
where the posted speed limit is 88-97 kph (55-60 
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mph) and involve heavy trucks (83% frontal impacts 
and 15% side impacts).  Based on the analytical 
results from Phase I, two full-scale crash tests were 
defined to be representative of the real-world 
environment of large school bus crashes.[7]  

Frontal Impact Research  
The agency conducted a frontal crash test of a 

large conventional style school bus (Class C) into a 
rigid barrier at 48 kph (30 mph) to evaluate the 
protection afforded by compartmentalization.  
Instrumented dummies of various sizes were used 
ranging from the 50th percentile male representing an 
adult or a large size teenager to the 6-year-old child.  
A small frame 5th percentile female adult 
(representing a large 12-year-old child) was also used 
in that test.  In addition to measuring the dummy 
injury measures in the crash test, one other objective 
was to determine the crash pulse experienced in such 
school bus crashes so that similar tests could be 
carried out in a simulated sled environment.   

The full-scale crash tests showed that the head 
and chest injury measures for all dummies were far 
below the accepted injury threshold values in frontal 
crashes.  However, the FMVSS No. 208 neck injury 
criteria could not be met by neither the 6-year-old 
child dummies nor the 5th percentile female dummies 
in the frontal crash test.  

Phase II of the program was the development of 
the frontal sled test pulse and evaluation of various 
restraint configurations in frontal crashes.  A series of 
25 sled tests was conducted using two sled bucks 
with various size dummies for evaluation of seats 
designed to comply with existing 
compartmentalization requirements as well as to 
evaluate the protection offered by lap belts and 
lap/shoulder belt systems in frontal crashes.  Full 
details of these efforts are provided in ESV Papers 
No. 345[8] and Paper No. 313[9]. 

In response to the NHTSA research effort, the 
agency has pinpointed other improvements that could 
be made to improve the safety of school buses.  The 
agency is considering the following changes to 
existing federal safety regulations: 1) increased seat 
back height to reduce the potential for passenger 
override in the event of a crash; 2) require 
lap/shoulder belt restraints in buses under 4536 kg 
(10,000 pounds); and 3) require standardized test 
procedures for voluntarily installed lap/shoulder belts 
.[10] 

Side Impact Research 
A full-scale side impact test was conducted by 

towing an 11,406 kg (25,265 lb) cab-over heavy 

truck, at 72 kph (45 mph) and 90o, into the side of a 
transit style school bus (Class D).   

 

Figure 1 Pre-Test Photograph of Side Impact 
School Bus Crash Configuration 

Pre- and post-test configurations are shown in 
Figures 1 and 2, respectively.  Two 50th percentile 
male side impact dummies (SIDs), along with the 
Hybrid III 5th percentile female and 6-year-old 
frontal dummies, were positioned in selected seating 
locations in the side impact test.  One Hybrid II 50th 
percentile male dummy was located at the direct 
point of impact to determine “survivability” within 
the impact zone. 

 

Figure 2 Post-Test Photograph of Side Impact 
Crash Test 

In the side impact test the dummy injury 
measures for the head, and the chest g’s for the 
frontal dummies and the thoracic trauma index for 
the side impact dummy were far below the 
established threshold levels for those dummies not 
directly  in the impact zone.  The crash pulse varied 
depending on the relative location with respect to the 
point of impact.  Accelerometers were positioned 
along the length of the school bus.  The acceleration 
time histories are shown in Figure 3.  No single pulse 
is fully representative of the range of vehicle 
responses observed in the side impact crash test.  
Acceleration levels dropped significantly away from 
the point of impact. [11] 
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Figure 3.  Side Impact School Bus Acceleration at 
Various Locations in the Bus  

Exploratory Side Impact Research 
As previously noted, no single pulse is fully 

representative of the range of vehicle responses 
observed in the side impact crash test.  The agency’s 
Vehicle Research and Test Center (VRTC) conducted 
a small number of free-motion head-form impactor 
tests to determine the feasibility of reducing head 
injury and also to determine the feasibility of test 
methodology to assess side impact protection. 

The exploratory research effort focused on 
impacting hard, interior contact surfaces. The areas of 
impact included: the top of the window frame, 
wheelchair belt attachment/mount, center of roof 
header, upper seam on roof header, window cross 
bar, side of window frame, upper roof rib, upper 
window frame, emergency exit hinge and above the 
emergency exit hinge.  These surfaces were impacted 
at a speed ranging from 22 to 28 kph (15 – 17 mph).  
The 24 kph (15 mph) impactor target speed is the 
current test speed used in the FMVSS No. 201, 
Occupant Protection in Interior Impact, for occupant 
interior protection.  It was believed that impactor test 
speeds similar to those used in FMVSS No. 201 was 
a reasonable starting point until further side impact 
research could be conducted. The head injury 
criterion (HIC) values were evaluated and some 
exceeded the injury assessment reference values.  It 
was observed that the impact areas that were covered 
with raised sheet metal yielded lower HIC values.  
Raised sheet metal was applied to some locations in 
which high HIC values occurred.  This effort 
demonstrated that high HIC responses can be reduced 
with the proper countermeasure application.  The 
effect this would have on reducing real-world injuries 
cannot be quantified until the data analysis described 
in the next section of this paper is completed. 

RESEARCH APPROACH 

Most of the earlier school bus research efforts 
focused on frontal crash protection.  The current 
focus of the school bus research program is on side 
impact protection. 

A 9-step approach has been undertaken for this 
school bus side impact research program.  The 
approach includes the following steps: 

1. Select and define a crash problem 

2. Set countermeasure functionality 

3. Survey technology for functions 

4. Create countermeasure concepts 

5. Estimate preliminary costs and benefits 

6. Select the most promising concept(s) 

7. Develop and conduct objective tests 

8. Refine costs and benefits 

9. Agency decision on next steps 

Step 1 of the approach focuses on defining the 
safety problem.  Earlier efforts that were undertaken 
identified that multi-vehicle impacts with trucks were 
the most injurious types of side impact school bus 
crashes.  These crashes typically occurred on 
roadways with posted speed limits of greater than 
72 kph (45 mph).   In order to best focus agency 
resources, a preliminary estimation of costs and 
benefits must be determined (step 5).  Steps 2 
through 4 must be conducted at minimum costs to 
help identify the most feasible approach to be taken.  
These engineering evaluations are based on sparse 
data to direct a greater investment in countermeasure 
test development and benefits analyses.  Once the 
preliminary estimation of benefits is determined, 
steps 6 and 7 are conducted.  Based on these results, 
the costs and benefits are refined in step 8.  Step 9 is 
an agency decision-making step.  In this phase of the 
process, the research results, along with cost and 
benefits, are then assessed by the agency to determine 
the next action to be undertaken.  While research 
efforts are conducted within the framework of steps 1 
– 8, Agency involvement occurs throughout the 
entire process. 

 

Problem Definition Underway 

Database Interrogation and Synthesis 

A database interrogation and synthesis is being 
conducted to provide the status of injury and sources 
of injuries to children in side impact school bus 
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crashes.  The framework of this effort encompasses 
Steps 1, 5 and 8 of the research approach.   

The intent of this phase is to expand and update 
earlier approaches that attempt to define total 
frequency of injuries to children.[12]  The analysis 
includes side impact crashes of full-size school buses.  
To the extent possible, segmentation of the data will 
include occupant age, occupant location (near or far 
side relative to impact), occupant restraint system 
used (e.g. compartmentalization vs. other restraint 
systems), crash orientation (right side vs. left side), 
injury location (head, thorax, etc.), and injury 
severity (AIS).  Data on both absolute occurrences 
(total frequency) and rates relative to exposure (i.e., 
normalized by relevant vehicle miles traveled) will be 
pursued. An attempt will also be made to assess 
whether multiple impacts (including rollover) can be 
correlated with more severe injuries. 

Fortunately, school bus crashes that result in 
fatalities are rare.  For this reason, 101 school bus 
crashes since 1980 with associated fatalities can be 
studied on a case-by-case basis.  Of these, 40 are side 
impact crashes.  The cases have been extracted from 
FARS.  Further information on each case should be 
available through the police accident report.  
Although the statistical significance of relative trends 
may be limited, the ability to ascertain details of 
these rare events should be valuable. 

Next Steps 

Once the police reports have been reviewed, a 
more reasonable assessment of potential 
countermeasures can be made.  This will serve as a 
foundation on which steps 1 – 8 of the process can be 
pursued. 

CONCLUSIONS 

This paper sought to describe the status of child 
safety research related to school buses.  It has shown 
that school buses are an especially safe mode of 
transportation. Nonetheless, given their importance to 
posterity, further research is warranted.  The authors 
will continue their work to identify and exploit 
opportunities for increased safety.   
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ABSTRACT 
 
More than 5,000 motorcycle riders or pillion 
passengers are killed annually on European roads 
and a further 70,000 are seriously injured. In 
addition to the physical and emotional trauma, the 
financial cost of these injuries is estimated to 
exceed 10 billion Euros. The COST 327 European 
Research Action on motorcycle helmets reported 
that improvements in helmet design could save up 
to 1,000 lives per year across the European Union. 
Approximately 80% of motorcyclists killed on 
European roads sustained head impacts and in half 
of these cases, the head injury was the most 
serious.  
 
TRL has developed with industry an advanced 
protective helmet which provides a higher level of 
protection than current helmets to BS 6658A, ECE 
Regulation 22-05 or Snell M2000. The helmet 
consists of a lightweight carbon composite shell 
fitted with an optimised energy absorbing liner and 
a low friction sacrificial outer surface. The 
advanced helmet is designed to reduce both linear 
and rotational acceleration loadings to the head. 
 
In order to quantify the benefits of the advanced 
helmet, the impact response was measured during a 
range of impact conditions. The results were 
related to the AIS scale using correlation 
coefficients developed by TRL from an accident 
replication programme. It was shown that the 
advanced helmet could reduce injury risk by up to 
20% for AIS 6 injuries and up to 70% for AIS 5 
and AIS 4 injuries. The performance of the helmet 
during less severe impacts (corresponding to AIS 3, 
2 and 1) was designed to be equivalent to current 
helmet designs. 
 
Given this potential, the UK Department for 
Transport is collaborating with domestic and 
European partners in a new project to encourage 
the introduction of more protective motorcycle 
helmets. This paper describes the work to date and 
prospects for the future. 

 

INTRODUCTION 
 
Research conducted by the COST 327 European 
Research Action [1] on motorcycle helmets 
concluded that head injury severity increased, quite 
remarkably, with head impact speed. More than 
5,000 motorcycle riders or pillion passengers are 
killed annually on European roads and a further 
70,000 are seriously injured. It was postulated that 
if helmets could be made to absorb 24% more 
energy then some 20% of the AIS 5-6 casualties 
would sustain reduced injuries of only AIS 2-4.  
Furthermore, an increase in helmet energy 
absorbing characteristics of some 30% would 
reduce 50% of the AIS 5/6 casualties to AIS 2-4.   
 
Research was carried out in parallel by TRL and 
industry to develop a prototype of an advanced 
helmet design capable of satisfying both the safety 
performance specified by COST 327 and 
geometric, mass and ergonomic requirements based 
on current motorcycle helmets designed to BS 
6658A [2] or ECE Regulation 22-05 [3]. 

There were two principal objectives for the new 
helmet (A) ultra stiff shell structure and optimised  
liner (B) low friction outer surface. 

A) The aim of the ultra stiff shell structure 
was to ensure that the outcome of a linear impact 
(or component thereof) was independent of the 
profile of the impacted surface. Thus the protection 
provided by the helmet corresponded to the 
characteristics of the liner material and thickness. 
The liner could then be optimised for internally 
induced deformation caused by the head moving 
into the liner. By this approach, externally induced 
deformation that arises, for example, by the shell of 
a current helmet deforming when striking a 
kerbstone anvil, was reduced to a negligible 
amount. 

B) The aim of the low friction surface was 
to reduce tangential impact loads during oblique 
impact conditions, thus minimising the rotational 
accelerations imparted to the head, whilst 
correspondingly reducing the resultant force and, 
therefore, reducing the resultant linear 
acceleration. 
This paper describes the development programme 
for the new helmet and demonstrates how the 
COST 327 objectives were exceeded. An injury 
benefit analysis was conducted based on the safety 
performance of the new helmet. The analysis 
considered the distribution of injury mechanisms 
and severities for the riders injured on roads in 
Great Britain and determined the extent to which 
the distribution may be improved if advanced 
helmets had been worn. It was concluded that up to 
20% of fatal rider injuries in Great Britain could be 
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prevented. If the same proportion of injury 
reduction could be achieved on European roads 
more than 1,000 lives per year could be saved.  

The advanced prototype helmets were produced 
using relatively expensive materials and processes. 
It was, therefore, important to consider the cost of 
such helmets if mass produced to achieve 
significant sales penetration. The dominant cost 
issues are discussed within this paper, together with 
new work which, it is hoped, will reduce these 
further to allow for greater penetration. 
 

HEAD INJURY MECHANISMS 
 
A helmet is designed to protect the rider in the 
event of an accident by absorbing impact energy 
and reducing the loading imparted to the head via 
the helmet. In order to maximise the protection 
provided by a helmet, it is important to identify the 
mechanisms by which a head becomes injured. The 
term ‘head injury’ comprises various kinds of 
trauma to the skull and its contents. Usually, 
several different types of head injury occur 
simultaneously in a traffic accident.  The 
anatomical location of the lesions and their severity 
determine the physiological consequences.  Injuries 
may be divided into cranial injuries (skull 
fractures) and intracranial “soft tissue” injuries. 
Indeed, skull fracture can occur with or without 
soft tissue damage and vice versa.  
 
Skull fracture occurs when the loading on the skull 
exceeds the strength of the bone and can be either 
open or closed. Skull fractures may be divided into 
facial, vault and basal. The most threatening form 
of skull fracture is basilar skull fracture. A 
characteristic of motorcycle accident victims is that 
fractures of the vault are rare among helmeted 
riders, but that basilar skull fractures are frequently 
encountered, both in helmeted and unhelmeted 
riders [4 and 5]. Soft tissue damage occurs, during 
an impact, due to high strains within the vascular 
and neurological tissues as a result of both linear 
and rotational loadings to the head.  
 
The risk of both types of injury (skull fracture and 
soft tissue) can be reduced by improving the energy 
absorbing performance of the helmet. The 
advanced TRL protective helmet achieves this with 
a liner-shell combination of appropriate stiffness to 
minimise linear acceleration during high energy 
impacts. In addition, the outer surface of the helmet 
provides very low friction, so that the rotational 
accelerations imparted to the head are minimised. 
 

SPECIFICATION FOR MOTORCYCLE 
HELMET SHELL – LINEAR IMPACT 

The objective of the new helmet was to exceed the 
safety performance objectives of the COST 327 
European Research Action on motorcycle helmets. 
A target improvement in linear impact energy 
absorption of 75% was proposed; corresponding to 
impact tests at 10m/s compared with 7.5m/s for 
ECE Regulation 22-05.  
 
This could be achieved, in part, by optimising the 
performance of the shell to be very stiff and able to 
resist excessive shell deformations and thus 
transmit loads more efficiently to the energy 
absorbing liner. It was proposed that the mass of 
the shell should not be greater than that of current 
designs and should be reduced, if possible. It was 
accepted that the thickness may need to be 
increased, compared with current designs (which 
are typically 3mm), in order to achieve the 
objectives. A maximum thickness of 10mm was 
proposed.  The materials were specified such that a 
helmet shaped structure with double curvature 
could be achieved and volume production would be 
practicable. In addition, it would be beneficial for 
the structure to possess inherent damping qualities 
that would minimise rebound during impacts. 
 
To meet these objectives, flat coupons tests (see 
below) were used to develop helmet shell materials 
and further full geometry tests to identify optimal 
liner materials. Further prototype helmet tests were 
completed to evaluate the performance benefits of 
the advanced helmet over current helmet designs. 
 

PERFORMANCE ASSESSMENT USING 
FLAT COUPONS 

The impact characteristics of the shell were 
assessed together with consideration of temperature 
and moisture stability, mass, thickness and scope 
for production. Durability was not considered at 
this stage. TRL developed specific test procedures 
to enable the evaluation of shell structures using 
flat samples of shell material. The cost of 
manufacturing and testing flat shell samples was 
very much lower than for helmet shaped shell 
structures, therefore a greater number of potential 
designs could be evaluated. The dynamic loads 
exerted during the flat sample tests were 
representative of those exerted during complete 
helmet test, therefore it was possible to evaluate the 
flat shell structures for use in complete helmets. 
 
It was important that the results from the tests on 
flat samples represented the performance of 
complete helmets, constructed with the same 
materials.  In order to ensure this, the test 
procedures were representative of a falling 
headform test. The acceleration-history of the 
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impactor during these flat coupon tests was related 
to the acceleration-history of a helmeted headform 
during similar impact conditions. 
 
Linear impact tests - Flat shell samples measuring 
120mm x 70mm were attached to a ‘bed’ of energy 
absorbing foam measuring 120mm x 70mm x 
35mm using double sided adhesive tape. The foam 
used had energy absorbing properties similar to the 
Expanded Polystyrene (EPS) used in motorcycle 
helmets. The foam/shell specimen was attached to 
the base of a 2.5kg mass, with the shell facing 
outwards. The specimen was impacted onto a steel 
hemi-spherical anvil with a 25mm radius. The anvil 
was designed to simulate the shell-stresses 
developed during a helmet impact onto the ECE 
Regulation 22 kerbstone anvil. The impactor was 
fitted with a single axis accelerometer and the 
signal was recorded in accordance with SAE J211 
(CFC1000). Tests were conducted at 5m/s, 7.5m/s 
and 10m/s. 
 
Temperature and moisture tests - The samples 
were pre-conditioned for a minimum of 4 hours at -
20oC, +25oC, +50oC and with moisture 
conditioning by means of submersion in a water 
bath. The samples were placed on a rigid anvil, 
with the shell facing upwards, and impacted with a 
2.5kg mass fitted with the steel hemi-spherical 
impact surface as above. The impactor was fitted 
with a single axis accelerometer and the signal was 
recorded in accordance with SAE J211 (CFC1000). 
Tests were conducted at 7.5m/s. 
 
Analysis and results - For each test the 
acceleration history of the impactor was recorded. 
By single integration of this result the velocity 
history was calculated and hence the rebound 
velocity was determined. By double integration of 
the acceleration result, the displacement history 
was calculated and this enabled the maximum 
dynamic displacement to be determined. 
 
A specification was defined for the flat coupons to 
achieve the proposed helmet shell performance. 
This was considerably more advanced than that of 
current helmet designs, and was thought to be close 
to the limit of what was technically achievable. The 
requirements were closely met and allowed the 
helmet performance to be optimised within the 
constraints of a current helmet mass. A summary of 
this specification is given in the Table 1 below; 
 

Table 1 - Performance target for flat coupons 
Size 120mm * 70mm 
Thickness Maximum of 10mm 
Mass Maximum of 50g 
In-plane 
tensile strength 

Peak tensile stress will occur at the inner 
surface and will be dependant on the 
thickness of the structure. In the region of 
250N/mm² for a 5mm thick structure or 
60N/mm² for a 10mm thick structure. 

In-plane 
compressive 
strength 

Peak compressive stress will occur at the 
outer surface and will be dependant on the 
thickness of the structure. In the region of 
250N/mm² for a 5mm thick structure or 
60N/mm² for a 10mm thick structure. 

In-plane 
bending 
stiffness 

10 times as stiff as 3mm GRP (or 5mm 
unreinforced polycarbonate). 

Through-
thickness 
compressive 
strength 

Management of compressive forces 
without excessive dimpling to the outer 
skins. Peak compressive stresses 
approximately 30N/mm² at 1.5mm shell 
deformation. 

Operating 
conditions 

-20oC to +50oC with extremes of moisture 

FLAT COUPON LINEAR IMPACT TESTS 

The structural requirement for the shell structure 
was to transmit the impact force between the 
impact surface and the energy absorbing liner 
material, without excessive deflection or structural 
failure.  In order to achieve this, the structure must 
also resist the high local contact stresses at the 
point of impact, without excessive local 
deformation. 
 
To define acceptable levels of shell deformation, 
TRL investigated the impact performance of an 
infinitely stiff shell structure which does not deflect 
during impact. This was achieved by impacting 
samples of the energy-absorbing foam between 
parallel plates in accordance with the procedures 
used for shell evaluation discussed above. In order 
to transmit the impact forces to the energy 
absorbing liner, the maximum acceptable shell 
deformation was estimated to be 3mm during a 
7.5m/s impact and approximately 5mm during a 
10m/s impact.  
 
The linear impact performance of the coupon 
structures were further analysed using the 
acceleration-time history and acceleration-
displacement of the impactor. At 7.5m/s the peak 
deformation of the impactor was 18mm and at 
10m/s the peak deformation of the impactor was 
27mm. These results were combined with the target 
values for shell deformation to prescribe target 
displacement values of 21mm at 7.5m/s 
(18mm+3mm) and 32mm at 10m/s (27mm + 
5mm). 
 
In addition to impactor displacement, it was 
possible to evaluate the results in terms of impactor 
acceleration and define appropriate limits for these 
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performance parameters. At 7.5m/s, the infinitely 
stiff shell achieved a peak acceleration of 200g and 
when tested at 10m/s the peak acceleration was 
300g. The acceleration results from tests on less 
stiff shells were, implicitly, lower than those for the 
infinitely stiff shell (except when the shell was so 
soft that the impactor bottomed out, hence 
producing a very high acceleration result). It was 
therefore proposed that the novel shell structures 
should achieve acceleration levels slightly lower 
than for the infinitely stiff shell tests. Based on this 
concept, the prescribed target values for peak 
impactor acceleration were; 
 
i.  at least 180g during impact at 7.5m/s 
ii. no more than 300g during impact at 10m/s 
 
Although a high stiffness is a fundamental 
requirement of the ‘novel shell design’, it may be 
an advantage for the shell to deform or yield during 
severe impact conditions, so that the space 
occupied by the thickness of the shell may be fully 
utilised. This characteristic was also investigated 
during the evaluation of the ‘novel structures’. 

Test samples for linear impact tests 

The following test samples were evaluated; 
 
1 Polycarbonate - 5mm thick 
2 Polycarbonate - 10mm thick 
3 Nimrod helmet shell sample - 5mm thick 
4 Aluminium plate - 5mm thick 
5 Carbon-sandwich (CS-01) - 4.1mm 
6 Carbon-solid (CS-02) - 2.9mm 
7 Carbon-experimental (CS-08) - 3.0mm 
 
Results for linear impact tests 
 
A summary of the tests data is provided in Table 2. 
The design values are also included. 
 
The baseline polycarbonate and aluminium 
materials did not achieve the target performance 
values. These materials were found to have an 
insufficient strength to weight ratio such that when 
the mass criterion was met, the impact performance 
was not achieved, and when the thickness (and 
therefore strength) was increased to meet the 
impact performance, the mass became prohibitively 
high. 
 
Three different variations of composite design were 
used. All three were constructed using carbon fibre 
composite materials. CS-01 was a sandwich 
construction with a syntactic foam core, CS-02 was 
a solid laminate and CS-08 was an experimental 
laminate. Both CS-01 and CS-02 achieved all the 
target values for mass, thickness, deformation and 
acceleration. CS-08 met all but the deformation 

target during the 10m/s test, with a deformation of 
34mm compared with the target of 32mm. It was 
found that the performance of all the carbon 
structures was stable after the temperature and 
water conditioning. 
 
Table 2.  Summary of test results from Carbon 
composite coupon structures 

Peak 
Deformation 

[mm] 

Peak 
Acceleration  

[g] 

Sa
m

pl
e

M
as

s[
g]

Th
ic

kn
es

s[
m

m
]

7.5 
m/s 

10 
m/s 

7.5 
m/s 

10 
m/s 

Rigid 
flat plate 18 27 202 300 

Target ≤50 ≤10 ≤21 ≤32 ≥180 ≤300 

PC 
(5.0mm) 50 5 23 35 157 364

PC 
(10mm) 100 10 18 28 195 288 

Nimrod 
(5.0mm) 45 4.5 25 144

Al 
(5.0mm) 117 5 18 26 204 293 

CS - 01 
(4.1mm) 40.6 4.8 21 30 200 298 

CS – 02 
(2.9mm) 36.2 3.0 20 32 210 242 

CS - 08 
(3.0mm) 39.7 3.0 21 34 193 293 

Results in bold did not achieve target values 

In summary, CS-01 and CS-02 achieved all the 
design targets and provided significantly improved 
performance compared to the baseline materials. 
These two materials were selected for testing with 
full-geometry helmet constructions. 
 

SPECIFICATION FOR MOTORCYCLE 
HELMET SHELL – SURFACE FRICTION 

 
COST 327 [1] reported that reducing the tangential 
force during an impact by 50% may reduce the 
injury outcome by one AIS category. It was, 
therefore, agreed that the new helmet should be 
developed with a shell system designed to 
minimise surface friction. A bespoke test method 
was devised to assess the potential solutions for the 
reduction of rotational motion by measuring the 
effective surface friction of flat coupon test 
samples. The tests samples included low friction 
coatings and a sacrificial layer designed to peel 
away with very little force.  
 
The test configuration consisted of pseudo-dynamic 
surface abrasion tests using flat samples of shell 
material. Two test methods, using the same 
apparatus were utilised depending on the technique 
presented to reduce friction. Samples that presented 
a surface with a low coefficient of friction were 
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evaluated using configuration ‘A’. Samples that 
presented a sliding-layer failure mechanism were 
evaluated using configuration ‘B’. The results from 
both methods were compared directly. TRL tested 
three variants with three tests per variant. Figure 1 
shows the apparatus used. 
 
The samples were located in a rigid housing and 
positioned against the flat horizontal track surface 
300mm long and 150mm wide. A normal force was 
applied using a pneumatic actuator to clamp the 
sample against the track surface. The magnitude of 
this load was approximately 2,000N (to simulate 
the typical normal force during an oblique impact 
test to ECE Regulation 22-05 Method A).  A 
tangential force was subsequently applied using a 
pneumatic actuator to slide the track surface 
relative to the test sample. The stroke of the 
tangential actuator was 100mm. The normal and 
tangential loads were measured with load-cells and 
the acceleration of the track surface carriage was 
measured with an accelerometer. The 
instrumentation data was recorded at a rate of 
10,000 samples per second and filtered in 
accordance with SAE J211. A filter frequency of 
CFC180 was chosen after careful consideration. 
 
For configuration (A): samples measuring 25mm x 
25mm  and between 2mm and 25mm thick, with a 
2mm radius on one edge, were mounted in a rigid 
sample holder and clamped against a flat carriage 
fitted with 80 grit aluminium oxide paper. For 
configuration (B): samples measuring 120mm x 
70mm and between 2mm and 25mm thick were 
mounted on a carriage and a 80 grit aluminium 
oxide tool measuring 25mm x 25mm was clamped 
against the surface of the sample.  
 

Figure 1. Low velocity, transient, surface 
friction test apparatus 

Test samples for surface friction tests 
 
For both configurations, the carriage was translated 
perpendicular to the clamping force over a 
minimum distance of 65mm and with a maximum 
speed of approximately 1.5m/s. By measuring the 
normal and tangential loads during the event, it was 
possible to calculate the effective dynamic 
coefficient of friction of the sample. 
 
Three coupon samples were investigated as 
detailed below: 
 
1 Polycarbonate (configuration A) 
2 Carbon fibre composite with toughened epoxy 
matrix (configuration A) 
3 Sacrificial layer (configuration B) 
 
Test results for surface friction tests 
 
A summary of the results are provided in Table 3 
below. The baseline polycarbonate material 
achieved a peak friction of µ0.77 and a sliding 
friction of µ0.42. The carbon fibre material 
achieved significantly reduced friction values of 
µ0.17 peak and µ0.12 sliding, a reduction of almost 
80% in peak friction. The sacrificial layer achieved 
the lowest values of µ0.10 peak and µ0.09 sliding, 
a reduction of almost 90% in peak friction. Both 
systems were further evaluated using full helmet 
shell tests. 
 
Table 3.  Summary of test results from flat 
coupon structures 

Coefficient 
of friction (µ)Sample Normal 

force [N] Peak Sliding 
Polycarbonate 1,900 0.77 0.42 

Carbon fibre 
(CS-01) 2,000 0.17 0.12 

Sacrificial layer 1,900 0.10 0.09 
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FULL GEOMETRY HELMET SHELL TESTS 

Tests were conducted on full-geometry prototype 
helmet samples in order to develop and evaluate 
the linear impact and oblique impact performance 
as defined by ECE Regulation 22-05. 

LINEAR IMPACT DEVEOPMENT TESTS 

The aim of the linear-impact development tests was 
to evaluate full-geometry prototype helmets with 
carbon shells to the laminate specification 
determined in flat coupon testing. The shells were 
fitted with Expanded Polystyrene (EPS) energy 
absorbing liners of different densities (25g/l and 
30g/l) in order to determine the best compatibility 
between shell and liner. The prototype helmets 
were full-faced geometry construction, in size 57 
(medium), and conformed to the extent of 
protection requirements of ECE Regulation 22-05. 
The impact area of the shell was profiled to closely 
fit the energy absorbing liner. The linear impact 
tests were conducted in accordance with ECE 
Regulation 22-05 using a rigid free-motion 
headform of mass 4.7kg. A total of five linear 
impact tests were conducted on each helmet design, 
with tests at 7.5m/s and 10m/s onto both the flat 
and kerbstone anvils with temperature conditioning 
at –20oC, 25oC and +50oC. 

Baseline tests were conducted on current full-faced 
GRP motorcycle helmets conforming to ECE 
Regulation 22-05. The results are shown in table 4 
below. The baseline performance at 10m/s onto the 
kerbstone anvil (front) was 954g and onto the flat 
anvil (crown) was 299g. The carbon shell concept 
provided a significant improvement over the 
current motorcycle helmet design with a 10m/s 
kerbstone anvil (front) impact result of 235g  
(CS-02) and a 10m/s flat anvil (crown) result of 
230g. 
 
The results were analysed in detail to determine the 
best solution in terms of liner density and shell 
construction (solid laminate or sandwich), as 
described below.  
 
Liner Density - During tests at 10m/s the 30g/l 
EPS liner achieved 235g on the front (CS-02) and 
292g on the rear (CS-01) compared with 319g on 
the front and 890g on the rear for the 25g/l EPS 
liner. Based on these results, 30g/l EPS was 
considered to be the best solution for the main area 
of the energy absorbing liner. However, it was 
decided that the crown area should be of a lower 
density to compensate for the increased volume of 
liner that is compressed during a crown impact test 
due to the head geometry in this region. Evaluation 
of 25g/l EPS during crown impacts at 10m/s 
revealed a peak acceleration of 230g (CS-01) and 

242g (CS-02). A 25/30g/l dual density EPS liner 
was therefore chosen as the best solution for the 
performance evaluation of the advanced helmet. 
 
Shell construction - The results for the two carbon 
shell concepts were similar as can be seen by 
comparing the results for side impact onto the flat 
and kerb anvil: 185g and 173g respectively for the 
solid shell and 200g and 186g respectively for the 
sandwich shell. However, the solid shell had two 
advantages over the sandwich shell; 
 
(1) reduced thickness, thus providing space for 
additional liner material 
(2) potentially lower production costs. 
 
The solid shell (CS-01) was chosen as the best 
solution for the performance evaluation of the 
advanced helmet. 
 
Table 4. Results from linear impact tests 
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FULL GEOMETRY SURFACE FRICTION 
DEVELOPMENT 

The aim of the surface friction development tests 
was to develop a low friction surface coating or 
system to reduce the tangential forces during an 
oblique impact. Two systems, identified during flat 
coupon testing, were evaluated together with an 
additional hardened metallic surface as detailed 
below. 
 
1. Carbon composite (toughened epoxy matrix) 
2. Sacrificial layer 
3. Tungsten carbide (hardened metallic surface) 
 
The surface friction tests were conducted in 
accordance with ECE Regulation 22-05 using a 
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rigid free-motion headform of mass 4.7kg 
impacting onto the 15o abrasive anvil at 8.5m/s. 
Baseline tests were conducted on current full-faced 
GRP motorcycle helmets conforming to ECE 
Regulation 22-05. A summary of the results is 
provided in Table 5. The carbon composite shell 
and tungsten carbide surface significantly improved 
performance during the oblique impact tests, with 
frictional values of µ0.42 and µ0.39 respectively, 
compared to the baseline value of µ0.69. However, 
the sacrificial layer provided the greatest 
improvement with a friction coefficient of µ0.16, 
which represented a 77% percent improvement 
over the baseline result. The sacrificial layer was, 
therefore, chosen as the best solution for the 
performance evaluation of the advanced helmet. 
 
Table 5. Results from surface friction tests 
(ECE Regulation 22-05 limit for tangential force is 3,500N) 

Peak force [N] 
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2066 323 0.16 

CS-01 
Carbon shell 

with 
Tungsten 

carbide layer 
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3162 1250 0.39 

Baseline 
helmet 

Full-faced 
GRP to 

BS6658A 
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2874 
2709 
3187 
2455 

(2806) 

1890 
2000 
2060 
1806 

(1998) 

0.66 
0.74 
0.65 
0.74 

(0.69) 

PERFORMANCE EVALUATION OF 
ADVANCED HELMET PROTOTYPE 

The protection provided by the advanced helmet 
was assessed by comparing the impact performance 
of the advanced helmet with that of current 
motorcycle helmet designs conforming to ECE 
Regulation 22-05. This was achieved by 
performing both linear and oblique impacts with 
the helmets fitted with a Hybrid II headform 
instrumented with a nine-accelerometer array to 
measure linear and rotational accelerations. The 
linear impact tests were conducted onto the kerb 
and flat anvils as prescribed by ECE Regulation 

22-05 with impact velocities up to 10m/s. The 
results from the linear tests were used to 
characterise the relationship between impact 
velocity and peak linear acceleration. The oblique 
impact tests were conducted onto the abrasive anvil 
as prescribed by ECE Regulation 22-05 (Method 
A) and additional tests were conducted using a 
variety of impact conditions established by the 
COST 327 replication programme, to simulate real 
accidents.  
 
The results from these tests were analysed, as 
described below, to determine the response of both 
helmet designs in terms of AIS injury severity for a 
given impact severity. Because an impact to the 
head induces both linear and rotational motions, it 
was necessary to develop a method of assessing the 
performance and protection provided by the helmet 
with regard to both mechanisms. The GAMBIT 
assessment criterion was chosen for this study 
because it considers both linear and rotational 
motions and allows both impact components to be 
combined to give an indication of injury severity1.
Although the COST 327 report found that the 
relationship between GAMBIT and AIS was low 
(r2 = 0.0751), the replication data was reviewed and 
results from motorsport accident replication tests 
were included. This analysis produced a correlation 
coefficient of 0.57 (r2 = 0.3214). It should be noted 
that the fatal cases were not included in this study. 
The following section describes the methodology 
for comparing the performance of the current and 
advanced helmets in terms of AIS injury outcome. 
 
The relationship between impact velocity and peak 
linear acceleration, shown in Figure 2, was 
determined using test data from helmet tests onto 
rigid anvils. The advanced helmet was designed to 
provide protection during normal impacts up to 
10m/s onto the rigid anvils compared with 7.5m/s 
for current helmets. The results show that the 
advanced helmet provides similar protection to the 
current helmet up to approximately 7m/s (normal 
impact velocity). At higher velocities the protection 
provided by the advanced helmet is considerably 
increased.  
 
The advanced helmet was designed to provide 
improved protection during oblique impacts by 
having a very low friction outer surface. Figure 3 
shows the relationship between linear and 
rotational accelerations for both current and 
advanced helmets based on the results from the 
ECE Regulation 22 (Method A) tests and the 
accident replication tests. The figure also shows a 
linear regression between the two parameters. It 
can be seen that the advanced helmet achieves 
 
1 The analysis needed such a relationship in order to carry out 
the risk of injury reduction analysis. In the absence of other 
combinational criteria, GAMBIT was used. 
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considerably lower rotational accelerations for a 
given linear acceleration. The results from Figure 2 
and Figure 3 were combined to provide a 
relationship between equivalent normal impact 
velocity and peak rotational acceleration (Figure 4). 
It can be seen that the advanced helmet provides 
slightly improved protection up to approximately 
7m/s and significant improved protection for higher 
impact speeds. The accident replication results, for 
the current helmet, were further analysed by 
plotting the normal impact velocity component 
against the peak rotational acceleration. The 
equation of the line of best fit was found to be y = 
1230.9x1.362. This line, as presented in Figure 4, 
was found to very closely agree with the rotational 
acceleration response curve for the current helmet 
and, therefore, was considered to support the 
validation of this methodology. 
 
The relationship between impact velocity and 
GAMBIT results was determined by combining the 
results from Figure 2 (linear acceleration) and 
Figure 4 (rotational acceleration) using the 
equation below (see Figure 6 ). 
 

222 )000,10//()250/( sradgGAMBIT +=
 

The relationship between impact velocity and AIS 
(Figure 6) was determined using the results in 
Figure 5 and the following expression which was 
established from the analysis of accident 
replication data; 
 

0933.2)(0273.2 += GAMBITLnAIS  

The results in Figure 6 can be used to compare the 
performance of the current and advanced helmets 
in terms of AIS injury outcome. Based on this 
study, it was possible to estimate the injury 
reduction benefits of the advanced helmet for those 
accident types where it was considered that an 
improved helmet could reduce the level of head 
injury. The following AIS injury reductions were 
used for the next part of this study. 
 
• AIS 6 injuries reduced to AIS 4  
• AIS 5 and 4 injuries reduced to AIS 3 
• AIS 3 remain AIS 3 * 
• AIS 2 remain AIS 2 * 
• AIS 1 remain AIS 1 * 
 
* although the AIS 1, 2 and 3 levels are shown to 
be reduced with the advanced helmet (Figure 6), 
the reductions were less than one whole AIS level. 
And, therefore, for the purpose of this study it was 
considered that the advanced helmet would provide 
the same injury outcome for these accidents. 
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Figure 2. Relationship between impact velocity 
and linear acceleration for current and 
advanced helmets 
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acceleration and rotational acceleration current 
and advanced helmets 
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Figure 4. Relationship between impact velocity 
and rotational acceleration for current and 
advanced helmets 
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Figure 5. Relationship between impact velocity 
and GAMBIT for current and advanced helmets  
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Figure 6. Relationship between impact velocity 
and AIS injury severity for current and 
advanced helmets 
 
INJURY REDUCTION ANALYSIS 
 
Assessment of benefits 
 
Number of casualties who may benefit from an 
improved helmet - In order to evaluate the number 
of motorcyclists that may potentially benefit from 
an advanced helmet it was necessary to examine 
the national accident data. Table 6 indicates the 
number of Two-Wheeled Motor Vehicle (TWMV) 
casualties, by casualty severity, for the years 1999 
to 2002 [6]. 
 
For the purposes of the cost benefit analysis the 
mean casualty severity values (1999-2001) were 
used. COST 327 [1] accident data analysis has 
suggested that 81.3% fatal, 67.9% serious, and 
37.7% slight injured riders sustained head impacts 
which corresponded to 470 fatal, 4,493 serious and 
7,744 slight. 
 
Table 6. Motorcycle casualties (1999-2001; 
RABG 2002 [6]) 

Casualty 
severity 

1999 2000 2001 1999-2001 

(mean) 

Fatal 547 605 583 578 

Serious 6,361 6,769 6,722 6,617 

Slight 19,284 20,838 21,505 20,542 

It was important to consider specifically the cases 
for which head was the most severely injured body 
region as these cases would benefit most from an 
improved helmet design. Based on data presented 
by Chinn [7], the head was the most severely 
injured body region in 80% of fatal and 70% of 
serious cases where a head impact was sustained, 
which corresponded to 376 fatal and 3,145 serious 
cases. It was estimated that the proportion of slight 
injuries where the head was the most severely 
injured body region was 60% corresponding to 
4,647 cases. A summary of these results is 
provided in Table 7 below. 

Table 7. Annual number of motorcycle accidents 
where riders or pillions suffered head injuries 
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Fatal 578 470 
(81.3% of A) 

376 
(80% of B) 

Serious 6,617 4,493 
(67.9% of A) 

3,145 
(70% of B) 

Slight 20,542 7,744 
(37.7% of A) 

4,647 
(60% of B) 

AIS distribution of casualties who may benefit 
from an improved helmet - The AIS (AAAM, 
1990) distribution of those casualties whose head 
was the most severely injured body region was 
estimated by reviewing 158 cases from the COST 
327 accident replication project for which detailed 
accident and injury data has been analysed. The 
AIS injury distribution is presented in Table 8,  
below. 
 

Table 8. Head AIS injury distribution for fatal,  
serious and slight motorcycle casualties  

 Head AIS 

Casualty 
severity 6 5 4 3 2 1 All 

Fatal* 33.3 
%

33.3 
%

22.2 
%

11.1 
%

0
%

0
%

100 
%

Serious* 0
%

13.0 
%

13.0 
%

17.4 
%

56.5 
%

0
%

100 
%

Slight† 0
%

0
%

0
%

0
%

12 
%

88 
%

100 
%

* based on analysis of 158 cases from COST 327 

† based on COST 327 final report 

The AIS distribution (Table 8) was combined with 
the estimated number of casualties whose head was 
the most severely injured body region (Table 7) to 
derive the data presented in Table 9 below. The 
numbers of slight casualties in Table 9 were 
distributed according to data contained within the 
COST 327 final report which indicated that 88% of 
slight injures are AIS 1 in severity; the remainder 
of injuries were assumed to be AIS 2 injuries. 
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Table 9. AIS injury distribution for casualties 
with head most severely injured body region 

Head AIS 

Casualty 
severity 6 5 4 3 2 1 All 

Fatal 

12
5

12
5

84 42 0 0 37
6

Serious 0 40
9

40
9

54
7

1,
77

7

0

3,
14

5
Slight 0 0 0 0 55

8

4,
08

9

4,
64

7

All 
severities 12

5

53
4

49
2

58
9

2,
33

5

4,
08

9

8,
16

7

Further analysis of the Cost 327 cases was made to 
determine whether or not the advanced helmet 
design would have provided improved protection to 
the wearer. The impact kinematics, impact type and 
impact mechanisms were considered, including an 
assessment of the linear and rotational injury 
potential. It was important to consider both the type 
and the severity of the impacts to determine which 
cases exceeded the protective capability of even the 
advanced protective helmet. Other cases involved 
impacts with aggressive structures or impacts 
through the visor that would not be protected by the 
advanced helmet. Table 10 presents a summary of 
this analysis with an estimate of the proportion of 
cases of each AIS severity that may have benefited 
from the advanced protective helmet. 

Table 10. Proportion of cases† for which an 
advanced helmet may provide additional 
protection. 

Head AIS 

Casualty 
severity 6 5 4 3 2 1

Fatal 16.7 
%

66.7 
%

100 
%

100 
%

Serious 100 
%

100 
%

75 
%

92 
%

Slight 92 
%

40 
%

† cases with  head injury and head most severely injured region 

The values in Table 10 were combined with the 
values in Table 9 to provide an estimate of the 
number of casualties that may have had an 
improved injury outcome with the advanced 
helmet. This calculation assumes that every 
motorcycle rider, irrespective of factors (such as 
rider age, motorcycle make or model and engine 
capacity) is equally likely to be involved in an 
accident. These results are presented in Table 11. 

Table 11. Number of casualties where the head 
was the most severely injured body region and 
the accident conditions were such that an 
advanced helmet may have provided additional 
protection 

Head AIS 
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Thus, if all motorcycle riders wore helmets to the 
performance specification of the advanced helmet, 
there is potential to improve injury outcome for 
230 fatal, 2,863 serious and 4,647 slight per annum 
(see Table 11). The next part of the analysis was to 
quantify the magnitude of benefit that would be 
afforded by the advanced helmet. A summary of 
this analysis is provided in Table 12 below. 

Table 12. Comparison of AIS injury outcome 
for current and advanced helmet designs 

AIS current helmet AIS advanced helmet† 

6 4

5 3

4 3

3 3

2 2

1 1

† AIS injury severity for those accidents where it was 
considered that the improved helmet may improve the injury 
outcome  

Assessing the injury distribution for the 
advanced helmet - Using the AIS injury reduction 
levels presented in Figure 6 (summary in Table 12) 
it was possible to consider those accidents where 
an advanced helmet would have benefited the rider 
(Table 11) and determine the overall level of injury 
reduction. Table 13 shows the AIS distribution for 
both current and advanced helmets, assuming the 
advanced helmet had been worn for all the cases 
presented in Table 11. Table 14 shows the injury 
severity in terms of fatal, serious or slight, based on 
the values AIS values in Table 13. This analysis 
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assumes that the distribution of injury severity 
(fatal, serious, slight) remains constant within each 
AIS classification for both current and advanced 
helmets. 
 
The difference between the results in Table 14 and 
those in Table 11 represents the overall annual 
injury reduction that may be achieved with the 
advanced helmet, as shown in Table 15.  

• The advanced helmet was found to have the 
potential of saving 94 lives and 434 serious injuries 
each year, approximately 20% and 7% 
respectively. If the same proportion of injury 
reduction could be achieved on European roads 
more than 1,000 of the 5,000 fatally injured riders 
and pillion passengers could be saved each year 
and a further 5,000 of the 70,000 serious injuries 
could be prevented. 
 

Table 13. AIS severity distribution for current 
and advanced helmets† 

 AIS 

AIS 
distribution 6 5 4 3 2 1 To

ta
l

Current helmet 21 49
2

49
2

45
2

2,
14

8

1,
63

6

5,
24

2

Predicted 
Advanced 

helmet 

0 0 26
0

99
2

1,
72

5

2,
26

5

5,
24

2

† for those cases where the head was the most severely injured 
body region and the accident conditions were such that an 
advanced helmet may have provided additional protection 

Table 14. Injury severity distribution assuming 
the advanced helmet had been worn† 

 AIS 

Casualty 
severity 6 5 4 3 2 1 To

ta
l

Fatal 0 0 44 92 0 0 13
6

Serious 0 0 21
6

90
1

13
13 0

2,
42

9

Slight 0 0 0 0 41
2

22
65

2,
67

7

All 
severities 0 0 26

0

99
2

1,
72

5

2,
26

5

5,
24

2

† for those cases where the head was the most severely injured 
body region and the accident conditions were such that an 
advanced helmet may have provided additional protection 

 

Table 15. Estimated annual injuries for current 
and advanced helmet design 

Current Advanced Reduction 

Fatal 230 136 94 

Serious 2,863 2,429 434 

Slight 2,149 2,677 -528 

All 5,242 5,242 0 

COSTS AND  MARKET PENETRATION 
 
The advanced helmet is produced using relatively 
expensive materials and processes. The cost for 
each prototype carbon shell was approximately 
£1,000 including materials, production process and 
autoclave time etc. It was, therefore, important to 
consider the key cost issues if such helmets were to 
be mass produced to achieve significant sales 
penetration.  
 
It was estimated that if such helmets were produced 
in medium volume, the production costs could be 
reduced to approximately £200, with a 
corresponding minimum retail price of £300 –
around £150 more than a typical current helmet. 
 
This price would be competitive with high end 
market products and sales volumes of up to 10% 
per year may be achievable. According to the UK 
Department for Transport (DfT) figures, there were 
760,000 licensed Two-Wheel Motor Vehicles 
(TWMVs) in Great Britain in 1999 [8] It was 
assumed that the average rider purchases a new 
helmet every five years, giving estimated annual 
helmet sales of 152,000 units. This is consistent 
with the number of new registrations for TWMV; 
168,000 in 1999 [8] since a proportion of TWMV 
riders may purchase a new vehicle but already own 
a helmet. 
 
If 10% of all new helmets sold conformed to the 
new level of performance, the fleet penetration of 
this new helmet would be 2% in year one, 4% in 
year two, 6% in year three, 8% in year four and 
10% in year five (a total of 76,000 units sold by 
year five).  
 
With a fleet penetration of 10%, the new helmet 
has the potential to save approximately 10 lives and 
45 serious injuries each on roads in Great Britain. 
Nevertheless, it is understood that in order for 
future standards to be based on the performance of 
the new helmet, it would be desirable to 
significantly reduce the production costs. 
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A WAY FORWORD 
 
Given the potential performance of new helmet 
technology, the DfT has prompted a collaborative 
research effort with like-minded partners to 
develop the test methods that will be needed to 
assess new advanced helmet designs. 
 
A partial Regulatory Impact Assessment (RIA) has 
been prepared for the UK DfT which suggests that 
a consumer information scheme might be the most 
practical way to encourage the supply and uptake 
of advanced motorcycle helmets to work towards a 
20% reduction in motorcyclist fatalities. 
 
On this basis, TRL, using their experience of Euro-
NCAP and Primary NCAP, are currently 
developing a possible consumer information 
scheme for motorcycle safety helmets. Initially, 
interest is being sought from key stakeholders and 
research partners with proposals being developed 
for discussion in a small technical working group 
and with industry. Pilot assessments on a range of 
current and advanced helmets will be reported in a 
media-friendly format to complete the delivery of a 
ready to implement scheme. The actual tests will be 
based on those in Regulation 22-05, but amended 
as appropriate to ensure that better helmets can be 
identified and the objectives of the scheme 
achieved. Details of this and earlier related work 
may be found on www.mhap.info. 
 
Further work, including physiological performance, 
is being taken forward in a new COST project and 
it is hoped that the costs of advanced helmets can 
be reduced through an EC 6th Framework 
Programme project under consideration. 
 
CONCLUSIONS 
 
• An advanced prototype helmet has been 

developed by TRL and industry which exceeds the 
safety performance specified by COST 327, 
offering improved protection from both linear and 
rotational loadings to the head. 
 
• This was achieved with a lightweight carbon 

composite shell fitted with an optimised high-
efficiency expanded polystyrene energy absorbing 
liner and a low friction sacrificial shell surface. 
 
• The advanced helmet has the potential to 

achieve significant safety benefits over a 
conventional motorcycle helmet. It was estimated 
that the advanced helmet has the capability to 
reduce AIS 6 injuries to AIS 4 and AIS 5 and 4 
injuries to AIS 3. 
 
• National accident data was analysed in 

conjunction with data from COST 327 and the TRL 

motorcycle accident replication programme. It was 
estimated that of the 578 motorcycle riders (or 
pillions) killed each year (during 1999 and 2000) 
93 lives could be saved if all riders had been 
wearing the advanced helmet. And a further 434 of 
the 6,617 serious injuries could be prevented. 
 
• If the same proportion of injury reduction could 

be achieved on European roads, more than 1,000 of 
the 5,000 fatally injured riders could be saved each 
year and 5,000 of the 70,000 serious injuries could 
be prevented. 
 
• It was estimated that the cost of producing the 

advanced helmet may be in the region of £200 per 
helmet. Thus a minimum retail price would likely 
be £300 - approximately £150 more than a typical 
current motorcycle helmet. 
 
• Given the potential of the new helmet 

technology and performance, the DfT is leading a 
collaborative research effort to produce the test 
methods that could be used to assess the protection 
offered by new advanced helmet designs. 
 
• A proposal has been submitted for an EC 6th

Framework Programme project to take the current 
work forward and minimise the cost of advanced 
motorcycle helmets. 
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ABSTRACT 

During the past 40 years, different child 
restraint systems (CRS) have been developed to 
improve protection for children of different sizes 
and ages. Development of more effective CRS, 
and a higher frequency in use of the restraints, in 
addition to enhanced vehicle safety, has resulted 
in an increased level of child safety.  

This study examines accident data with 
Volvo cars in Sweden to evaluate child safety 
with respect to age, size and impact situation 
(including impact severity in frontal impacts); 
identifying optimal restraints as well as potential 
areas needing more attention. A total of 3670 
children, aged 0-15 years, involved in car 
crashes 1987-2004 were selected from Volvo's 
statistical accident database.  

The injury-reducing effect of the child 
restraint systems was high overall. The highest 
injury-reducing effect was found in rearward-
facing child restraints for children up to 3-4 
years of age, offering an injury-reducing effect 
of 90% compared to an unrestrained child. Belt-
positioning boosters from 4 to 10 years of age 
were found to have an injury reducing effect of 
77%.  

Compared to adults, this study indicates that 
children have a generally lower AIS 2+ injury 
rate, except for abdominal and lower-extremity 
injuries. Abdominal injuries are mainly found in 
children using only a seat belt, emphasizing the 
need for belt-positioning boosters.  

A tendency of higher injury risk was found 
when the growing child switches from one 
restraint to another, i.e. when the child is at the 
youngest age approved for the restraint. Thus, 
the total injury-reducing effect would increase if 
all children were to use the child restraint system 
most appropriate for their size and age. The 
challenge is to spread information as well as 
enhance design to encourage everyone to use the 
appropriate child restraint system and to use it 
correctly. 

 
 
 
 
 
 
 
 
 
 

INTRODUCTION 

The development of child restraint systems 
(CRS) for cars started in the early 60s. During 
the past 40 years, different child restraint 
systems have been developed to improve 
protection for children of different sizes and 
ages. Isaksson-Hellman et al. (1997) showed a 
clear trend of steadily increased safety for 
children in cars during these years in Sweden. 
This was due to the increased frequency in use of 
restraints, and the development of effective CRS. 
The rearward-facing CRS was shown to be 
especially effective. The percent of restrained 
children in Volvo cars in Sweden 1977-2004 is 
shown in Figure 1. 

0%

20%

40%

60%

80%

100%

1977 1980 1983 1986 1989 1992 1995 1998 2001 2004

Seat belt only Boosters Rearward-facing CRS

 
Figure 1. Percent of restrained children in 
Volvo cars in Sweden 1977-2004.  

 

The different groups of restraint systems 
covered in this study are rearward-facing CRS 
(RF CRS), forward-facing belt-positioning, 
booster seats and cushions (boosters), and adult 
seat-belt only, Figure 2. Please note that 
forward-facing CRS for ages 1-4 with integrated 
child harness are very rare in Sweden, and 
therefore not included in this study. 
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Figure 2. Analyzed child restraint systems  

 

Rearward-Facing Child Restraint Systems 

In 1964 professor Bertil Aldman introduced a 
rearward-facing child seat (Aldman, 1964). The 
purpose of this seat was to enhance support to 
the spine and head in the event of a frontal 
impact, i.e. to distribute the forces over a large 
part of the body. Small children have a different 
anatomy compared to adults; especially the 
proportion of the head's mass and height 
compared to the total body mass and height 
(Figure 3), and also the strength and 
development of the neck and cervical vertebrae 
(Burdi et al. 1968).  

 
Figure 3. Body proportions for the growing 
child (source: Burdi et al. 1968) 
 

The combination of high head mass and a 
weaker and more fragile neck in small children 
makes rearward-facing CRS the ultimate 
restraint system for this category of occupant. 
Several studies have pointed out the benefits of 
this restraint system, and it is recommended for 
use as long as possible; at least until 3-4 years of 
age (Tingvall 1987, Carlsson et al. 1991, 
Kamrén et al. 1993, Stalnaker 1993, Tarrière 
1995, Isaksson-Hellman et al. 1997). 

The two main groups of rearward-facing 
CRS are the infant seat and the rearward-facing 
child seat, Figure 2. In all rearward-facing CRS, 

the child is restrained by a harness, comprising a 
3-, 4- or 5-point belt system. The infant seat is 
used from newborn to approximately 9 months 
old and is attached to the car by the adult seat-
belt.  The rearward-facing child seat, which is 
found mainly in the Scandinavian countries, can 
be used up to the age of 3-4 years. It is usually 
attached to the car by the adult seat-belt and an 
additional strap between the forward part of the 
CRS and the car structure below. In recent years, 
an international standard for attaching child 
restraints to cars has been introduced. It is called 
ISOFIX and in the USA also LATCH (Turbell et 
al. 1993, Langwieder et al. 2004).   

Belt-Positioning Booster Seats and Cushions 

When the child has reached approximately 3-
4 years of age, it can be turned forward-facing in 
the car. The mass of the head is proportionally 
less and the neck is stronger. There are, however, 
still major differences as compared to adults. 
The iliac spines of the pelvis, which are 
important for good lap belt positioning and for 
reducing risk of belt load into the abdomen, are 
not well developed until about 10 years of age 
(Burdi et al. 1968). The development of iliac 
spines, together with the fact that the upper part 
of the pelvis of the sitting child is lower than of 
an adult, are realities that must be taken into 
consideration in the design, in order to give a 
child the same amount of protection as an adult. 

Belt-positioning booster cushions were 
introduced in the late 70s (Norin et al. 1979). In 
Sweden there are three main forward-facing 
systems: booster cushions, booster seats and 
integrated booster cushions, Figure 2. The 
systems are used with the adult seat belt 
restraining the occupant together with the 
booster seat or cushion. The integrated (built-in) 
cushions were developed in order to simplify 
usage and to minimize misuse (Lundell et al. 
1991). They can be found in the rear seats of 
Volvo cars from 1990, in the mid-seat or 
outboard position (depending on car model) and 
always together with 3-point seat-belts. The 
forward-facing CRS often used in USA, where 
the child is restrained by a harness or by a shield 
in the CRS, are very rare in Sweden and are 
therefore not included in the present study.  

The booster allows the geometry of the adult 
seat belt to function in a better way with respect 
to the child occupant. The booster raises the 
child, so that the lap part of the adult seat belt 
can be positioned over the thighs, which reduces 
the risk of the abdomen interacting with the belt. 
An important feature regarding booster cushions 
is the belt-positioning device; keeping the belt in 
position during a crash. The booster also gives 
the child a more upright position, so he/she will 
not scoot forward in the seat to sit comfortably 
with their legs. This is a more safe position since 
slouching may result in very bad belt geometry 
(DeSantis Klinich et al. 1994). Other advantages 

3-years 6-years Adult Newborn 
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of belt-positioning boosters are that the child, by 
sitting higher, will have the shoulder part of the 
seat-belt more comfortably positioned over the 
shoulder and will also have a better view. 

Adult Seat Belt Only 

When a child has grown to a height of 
approximately 140cm and the pelvis is also fully 
developed, the adult seat belt can be used 
without a booster. The conventional three-point 
belt is the best seat belt system. Volvo's studies 
have shown that three-point belts have a 15% 
better injury-reducing effect (AIS 2+ injuries) as 
compared to lap-belt only (Lundell et al. 1991). 

Misuse 

Several different definitions of misuse exist. 
Common types of misuse include incorrect or no 
mounting of the CRS, or the child not properly 
restrained in the CRS. Several studies have 
discussed these issues and can give an idea of its 
proportions (Tingvall 1987, Petrucelli 1986, 
Kamrén et al. 1993, Hummel et al. 1997). In the 
present study, this aspect of misuse is not 
possible to evaluate, since the cases are not 
possible to separate in the analyzed material.  

Another type of misuse is a child not using 
the restraint designed for its size and age. The 
study of Isaksson-Hellman et al. (1997) showed 
that the maximum effect of a restraint system is 
not attained if the child is not using the optimal 
CRS for its age. Also, a tendency of higher 
injury risk was identified when the growing 
child switches from one restraint to another, i.e. 
when the child is at the youngest age 
recommended for the restraint. The present 
study, using the same data source complemented 
with more recent cases, focuses the safety of the 
growing child, with respect to age, stature and 
weight. 

METHOD 

A dataset of children in Volvo's statistical 
accident database is analyzed. Crashes involving 
Volvo cars in Sweden in which the repair costs 
exceed a specified level (currently SEK 45 000) 
are identified by the insurance company Volvia 
(If  P&C Insurance). Photos and technical details 
of the cars (e.g. damage) are sent to Volvo's 
traffic accident research team. The owner of the 
car completes a questionnaire (shortly after the 
crash) to provide detailed information about the 
crash and the occupants. Injury data is gathered 
from medical records and analyzed by a 
physician within Volvo's traffic accident 
research team. Injuries are coded according to 
the Abbreviated Injury Scale (AIS, AAAM 
1985). This forms the basis of Volvo's statistical 
accident database. 

Occupants below 16 years of age involved in 
crashes occurring from 1987 to 2004 are selected 
for this study; a total of 3670 occupants, 47% 
girls and 53% boys. In Figure 4 the distribution 

of age, stature and weight of the children are 
shown. Infants are included in the 1 year old 
group. 
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Figure 4. Distribution of age, stature and 
weight 

 

The variations with respect to stature and 
weight of the child occupants are shown in 
Figure 5. 
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Figure 5. Variation in stature and weight, 
respectively, versus age; mean values and 
standard deviation. 
 

The injury rate is calculated as the number of 
injured of a certain level of AIS divided by the 
total number of occupants in the group 
considered. Rearward-facing CRS are infant 
seats and rearward-facing child seats (in Sweden 
recommended up to age 3-4), Figure 2. The 
forward-facing booster includes belt-positioning 
booster cushions (including integrated built-in 
cushions) and booster seats. In these, the child 
together with the booster is restrained by the 
adult seat belt, Figure 2. Unfortunately, 
information regarding incorrect or no mounting 
of the child restraint system, or the child not 
properly restrained in the system is not available 
in the material. The number of children traveling 
in the different restraint systems and seating 
positions are shown in Table 1. The distribution 
of crash types is shown in Table 2. The 
distribution of child restraint systems versus age 
is seen in Figure 6. 

For comparison, a subset of adult passengers 
is extracted from the database. A total of 3422 
restrained front and rear seat passengers aged 20 
to 40, involved in crashes occurring 1987 to 
2004, is selected. 

 

Table 1.  
Number of child occupants with respect to 

seating position and restraint usage; seat belt 
only, rearward-facing CRS (RF CRS), 

forward-facing, belt-positioning booster seat 
(booster), belt-positioning booster cushion 

(cushion), integrated built-in booster cushion 
(int. cushion). 

Restraint 
type 

Front 
seat  

Left 
rear 
seat 

Mid 
rear 
seat 

Right 
rear 
seat 

Total 

unknown 20 25 18 29 92 
seat belt  571 535 241 634 1981 
unbelted 16 58 41 53 168 
RF CRS 353 21 22 58 454 
booster 37 71 14 100 222 
cushion 104 288 37 294 723 
int. 
cushion 

 
0 

 
2 

 
23 

 
5 

 
30 

Total 1101 1000 396 1173 3670 
 

Table 2.  
Distribution of crash types. 

Crash type Number of  
child 
occupants 

Distribution 
of crash 
types 

Frontal impacts 1421 39% 
Side impacts 869 24% 
Rear end impacts 362 10% 
Multiple impacts 297 8% 
Rollovers and 
turnovers 

 
184 

 
5% 

Multiple events 199 5% 
Large animals 166 5% 
Run-off road 78 2% 
Side swipes 70 2% 
Other 24 1% 
 3670  
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Figure 6. Distribution of restraint systems 
versus age. 
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RESULTS 

Differences: Adult vs. Child Passengers  

When comparing child and adult passengers 
(drivers are excluded), the injury rates are 
generally lower for restrained children as 
compared to restrained adults (aged 20-40), 
except for abdomen and lower extremities 
(Figure 7). The figure shows the distribution of 
injuries for all impact situations. Considering 
frontal impacts only, the same trend is seen. 
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Figure 7. AIS 2+ injury rates (overall and per 
body part) for restrained adults in passenger 
seats (age 20-40y, N=3422) and restrained 
children (age 0-15y, N=3375), all impact 
situations, accident years 1987-2004. 
 

Restraint System Effectiveness 

The overall AIS 2+ (MAIS 2+) injury rates 
for children using/not using restraints of 
different types are shown in Figure 8. 
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Figure 8. MAIS 2+ injury rates per restraint 
system (incl. 95% confidence intervals). 
 

Figure 8 shows the very high level of 
protection for children in rearward-facing CRS 
(RF CRS). When restrained in belt-positioning 
booster seats or cushions (boosters), less than 
3% were injured at level MAIS 2 or greater. 
Calculating the overall effectiveness of 
restrained compared to unrestrained children, the 
injury-reducing effect is used (Isaksson-Hellman 
et al, 1997). The overall injury-reducing effect 
MAIS 2+ for belted only is 68% with the 
confidence limits (CL, CU) = (48%, 80%), for 
boosters 77% with (CL, CU) = (60%, 87%), and 
for RF CRS as high as 90% with (CL, CU) = 
(74%, 96%) as compared to unrestrained 
children.  

In Figure 7 all restrained children are 
included. Several of these children are not using 
the recommended child restraint system for their 
age and size. Figure 9 shows the MAIS 2+ injury 
rates at the age groups where the switch between 
the different restraint systems occur. Even 
though there is no statistically significant 
difference in injury rates, the effectiveness of the 
different restraint types is clearly demonstrated 
within the different age groups. 
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Figure 9. MAIS 2+ injury rates for children of 
specific age groups in different restraints.  
 

As can be seen in Figure 9, there is a 
noticeable increase in MAIS 2+ injury rate if the 
growing child switches from rearward-facing to 
a forward-facing booster at around 3 years of 
age. The injuries to the 2-4 year-olds in boosters 
are mainly head injuries. Two children in frontal 
impacts sustained spine fractures; one of them a 
combination of fatal head and neck injuries. The 
injury rate in a booster decreases somewhat 
when the child grows older. At the switch to the 
adult belt only, between age 7 and 10, there is a 
remarkable increase in injury rate. The injuries 
for these children are spread over the whole 
body, with a distinct difference in abdomen 
injuries, which are only seen for the belted-only 
children. More than half of the MAIS 2+ injured 
belted-only children aged 7-10 had AIS 2+ 
abdominal injuries.  
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Injuries to Restrained Children 

Among the 3375 restrained children (with 
known injury degree) there are 680 children with 
MAIS 1 injuries and 102 with overall AIS 
(MAIS) 2+ injuries. Five of the 102 injured 
occupants were restrained in a rearward-facing 
child seat. Three of them were injured in a 
frontal impact and two in multiple sequence 
accidents. The five rearward-facing children 
received AIS 2+ injuries to the head, chest, or 
lower and upper extremities.  

A total of 128 AIS 2+ injuries are found for 
72 children restrained by seat belt only, and a 
total of 38 AIS 2+ injuries to 25 children in 
boosters are found. Several children had injuries 
to multiple body areas. The AIS 2+ injuries to 
the restrained forward-facing children can be 
seen in Figure 10, divided by body part and 
impact situation. Head injuries are the most 
frequent AIS 2+ injuries, for frontal, side as well 
as other impact situations. Head injuries in 
frontal and side impacts will be explored further 
in this study. The head is by far the most injured 
body region in side impacts, while in frontal 
impacts the injuries are more evenly distributed 
over the different body parts. In the present 
study, injuries to the torso area, abdomen and 
lower extremities in frontal impacts will be 
studied further, as well. Upper extremity injuries 
are also among the most frequent AIS 2+ 
injuries. Six of the 20 AIS 2+ upper extremity 
injuries are injuries to the clavicle. They will be 
included in the section on injuries to the torso 
area. The remaining AIS 2+ upper-extremity 
injuries are mainly fractures to the arm bones. 
The mechanisms of these injuries are probably of 
the same type of mechanisms as for adults. 
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Figure 10. Number of AIS 2+ injuries to 
children in seat belt only (72 children) and 
boosters (25 children)  shown by body part 
and impact type. 

 

The growing child is an important aspect 
when designing child restraint systems. Several 
combinations of impact situation and body area 
will be discussed further in this paper with 
respect to occupant size and age, and when 
possible, with respect to impact severity. The 

distribution of Equivalent Barrier Speed (EBS, 
Mackay and Ashton 1973) versus degree of 
injury in frontal impacts can be seen in Figure 
11. Frontal impacts account for 39% of all cases 
in this material and 50% of all the MAIS 2+ 
injured occupants. Figure 11 shows that impact 
severity is an important factor with respect to 
injury outcome in frontal impacts. 
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Figure 11. Cumulative distribution of EBS 
versus uninjured, MAIS 1 and MAIS 2+ 
injured occupants in frontal impacts.  
 
Rearward-Facing CRS  

The children traveling in rearward-facing 
CRS in a frontal impact are plotted in Figure 12, 
with respect to EBS and age, weight and stature. 

 As can be seen in Figure 12, the majority of 
all children in rearward-facing CRS are 
uninjured, even at high EBS. The children with 
MAIS 2+ injuries are mainly found at high EBS, 
while MAIS 1 injured children are found at any 
EBS. The severely injured one year-old child at 
EBS 26mph, was sitting facing rearward in the 
front passenger seat and sustained severe (MAIS 
4) head injuries due to local intrusion. The one 
year-old child with MAIS 2, also sitting in the 
front passenger seat, sustained a lower extremity 
injury and minor head concussion. A third MAIS 
2+ injured child, who was in a very high severity 
impact, sustained severe injuries (AIS 4) to the 
head and lungs as well as fractures (AIS 2) to the 
legs and one arm. The car he was traveling in 
collided with a large truck. The driver of the car 
sustained fatal injuries.  

As demonstrated by Figure 12, the rearward-
facing seat offers good protection for the small 
child in frontal impacts. In this dataset, frontal 
impacts account for three of five rearward-facing 
children with MAIS 2+ injuries. The other two 
were injured in multiple sequence crashes with 
somewhat uncommon situations. In the data, 
there are no rearward-facing children with 
injuries more than AIS 1 in side or rear-end 
impacts. 
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Figure 12. Distribution of injured (overall 
injury) and non-injured, rearward-facing 
children in frontal impacts, EBS vs. age, 
weight and stature. One injured (MAIS 4) two 
year-old child with unknown weight and 
stature is beyond the EBS scale (very high 
EBS). 
 
Head Injuries in Side Impacts 

In side impacts, the most common body area 
injured is the head (Figure 10). Head (including 
face) injury distribution for age versus stature is 
shown in Figures 13a, b, for all occupants in side 
impacts and near-side occupants only, 
respectively. The children are all restrained, 
belted-only or using boosters. Near-side 
occupants are those sitting on the struck side of 
the car during the crash. 
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Figure 13a. Distribution of head injury AIS 
for forward-facing children (boosters and 
belted-only)  in side impacts, stature vs. age. 
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Figure 13b. Distribution of head injury AIS 
for forward-facing children (boosters and 
belted-only) in near-side side impacts, stature 
vs. age. 
 

No relation between increased age/stature 
and injury rate is found for children in side 
impacts (Figures 13a, b). This is seen also when 
separating belted-only occupants and those using 
boosters, as well as near-side and far-side 
occupants. 

The overall AIS 2+ injury rate for head 
(including face) injuries in side impacts is higher 
for children sitting on the near side; 3.1% as 
compared to 1.8% for those on the far side. The 
most frequent AIS 2+ injuries are brain 
concussions and skull fractures, rather evenly 
distributed between the children on the near side 
and far side. The most usual impact location is 
the side structure. Some of the far-side children 
have struck the back of the front seats. As for 
adults, head (including face) injuries are in most 
cases sustained by the occupant impacting hard 
structure.  

 
Head and Face Injuries in Frontal Impacts 

In Figure 14, head and face AIS is plotted for 
EBS vs. age and stature for forward-facing 
children in frontal impacts. As can be seen, EBS 
has the largest influence on AIS 2+ injuries. The 
two-year old (using lap/shoulder belt and 
booster) with head AIS 6 sustained a 
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combination of fatal head injury and cervical 
spine fracture at EBS 50mph.  
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Figure 14. Distribution of head and face 
injury AIS for forward-facing children 
(boosters and belted-only) in frontal impacts, 
EBS vs. age and stature. 
 

Among the total of 30 AIS 2+ head and face 
injuries for the 12 restrained forward-facing 
children in frontal impacts, the most common 
injuries are fractures (30%) (equally distributed 
between skull base, nose/maxilla and forehead) 
edema (26%) and concussion (20%). The most 
common AIS 1 injuries to the head and face are 
abrasions (23%), cuts (19%), contusions (17%) 
and pain (10%). The injury distribution for 
children is similar to that for adults. When 
studying the combinations of head injuries for 
the individuals, the mechanisms for AIS 2+ head 
injuries seem to be impact-related. The exception 
for this is the typical combination of fatal head 
and neck injury for the smallest forward facing 
children, as exemplified by the 2-year old at EBS 
50mph, which occurred without head impact.  

 
Abdominal Injuries in Frontal Impacts 

The distribution of abdominal injuries can be 
seen in Figures 15 a, b, for children in frontal 
impacts, belted-only and in boosters, 
respectively. Abdominal injuries of AIS 2+ are 
found at higher EBS.  
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Figure 15a. Distribution of abdominal injury 
AIS for children restrained by belt only in 
frontal impacts, EBS vs. age  
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Figure 15b. Distribution of abdominal injury 
AIS for children in boosters in frontal 
impacts, EBS vs. age  

 

The abdominal AIS 2+ injury rate is less for 
children restrained in boosters as compared to 
belt-only restrained; 0.8% as compared to 1.7%. 
The positive trend of reduction of AIS 2+ 
abdominal injuries if using a belt-positioning 
booster seat or cushion, as shown in Figures 15 
a, b, confirms earlier studies (Isaksson-Hellman 
et al. 1997, Hummel et al. 1997). One of the two 
injured 4 year-old children using boosters was 
involved in a severe impact with a large truck in 
which only a younger sister in a rearward-facing 
child seat survived the crash. Both of the four 
year-olds were seated on booster seats with very 
poor guidance of the lap belt. During the crash, 
the belt slid up into the abdomen and the loads 
were transferred into the soft tissues;  resulting 
in fatal abdominal injuries for one of them, and 
internal abdominal injuries, AIS 2, for the other.  

 
Torso Injuries in Frontal Impacts 

Injuries to the torso (chest, clavicle, shoulder 
and throat) are shown in Figure 16 with respect 
to age, weight and stature versus EBS, for all 
forward-facing restrained children (belted-only 
and boosters). 
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Figure 16. Distribution of torso injury AIS for 
forward-facing children (boosters and belted-
only) in frontal impacts, EBS vs. age, weight 
and stature. 

 

The injuries to the torso area are distributed 
evenly with respect to occupant size and age 
(Figure 16), and also between those wearing seat 
belt only and those in boosters. As can be seen in 
Figure 16, there is a general trend that AIS 2+ 
injuries are related to increased impact severity. 

The most frequent AIS 2+ injuries to the 
torso are fractures (43%) to ribs, clavicle and 
sternum, together with bleeding, ruptures and 
contusions to inner organs (17% on each). The 
most common AIS 1 injuries are pain (56%), 
contusions (21%) and abrasions (20%). The 
types of injuries indicate that the most common 
injury mechanism for most torso injuries is 
probably belt interaction. Similar injury trends 
and injury type distribution are seen as for 

adults, indicating that the injury characteristics, 
and thus the mechanisms for these injuries, are 
probably not unique for children.  

 

Lower extremity injuries in frontal impacts 
The AIS 2+ injury rate of lower extremity 

injuries to children is as high as for adults, see 
Figure 7. Lower extremity injuries to forward-
facing children are mainly found in frontal 
impacts (Figure 10). In order to understand the 
mechanisms of child lower-extremity injuries, 
and to evaluate whether they are different for 
children as compared to adults, the distribution 
of lower-extremity AIS is plotted for age versus 
EBS, for belted-only children (Figure 17a) and 
children in boosters (Figure 17b), respectively.  
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Figure 17a. Distribution of lower extremity 
injury AIS for belted-only children in frontal 
impacts, EBS vs. age 
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Figure 17b. Distribution of lower extremity 
injury AIS for children in boosters in frontal 
impacts, EBS vs. age 

 

The AIS 3 injuries in Figures 17a,b, are 
femur fractures. They occur typically at higher 
impact severity than the AIS 2 injuries, which 
are fractures below the knee. As can be seen in 
Figure 17b, there is only one small child (with 
lap/shoulder belt and booster) who sustained 
lower extremity AIS 2+. All the other AIS 2+ 
injured children were 7 years or older, and all of 
them were 130 cm or taller and restrained by seat 
belt only. For these children, the injury 
mechanisms would be similar as for adults; the 
knees interact with structure in front of them and 
are broken when high loading is transferred 
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DISCUSSIONS 

Over the last three decades, total protection 
for children has increased through a combination 
of increased usage (Figure 1) and the 
performance of the child restraint systems 
(Isaksson-Hellman et al.1997). The data in this 
study is from Volvo cars in Sweden. In Sweden, 
the way of transporting children in cars differs to 
some extent from other countries. Also, the 
overall use of restraints for children is as high as 
95%, which might not be representative for 
several other countries and car brands. The aim 
of this study was to show the great benefits of 
the existing child safety systems, and to use the 
detailed data to suggest potential areas for 
further improvement.  

The protection of the growing child in the car 
is a question of designing child-restraint systems 
specifically for the needs of the child. Age as 
well as stature and weight are important aspects 
with regard to the specific needs. Earlier studies 
have found that children are best protected if 
they travel rearward-facing up to the age/size 
when the mass of the head is proportionally less 
and the neck is stronger; at least to age 3-4. After 
this, the restraints need to compensate for the 
development and the size of the pelvis to 
accommodate a good belt geometry; at least up 
to age 10, preferably older. This study 
emphasizes the good performance of the safety 
systems evaluated. The switch of restraint is also 
highlighted. An increase in injury rate indicates 
that children turn forward-facing too early and 
do not stay in belt-positioning seats long enough. 
This also suggests that adaptable booster seats 
are desirable; that is, seats that can be adjusted to 
the size of the growing child.  

In this paper, the good performance of 
rearward-facing CRS is demonstrated. The 
performance of rearward-facing seats is shown 
by the low injury rate. Only three children 
sustained MAIS 2+ injuries in frontal impacts 
and they were all exposed to relatively high 
severity impacts. In contrast to this, the two-year 
old forward-facing child (in a lap/shoulder belt 
and booster) sustaining the combination of fatal 
head injury and cervical spine fracture typically 
illustrates the vulnerability of the neck and head 
for small children in forward-facing boosters. 
This child's five-year old sister, sitting next to 
him in the rear seat (using the same type of 
restraints), sustained no injuries. This two-year 
old would have been better protected in a 
rearward-facing CRS. Other cases of this type of 
injury mechanism are described in Fuchs et al. 
(1989) and Stalnaker (1993). The rearward-
facing child seats are designed primarily for 
frontal impacts, however the outcome for side 
and rear-end impacts indicates a good 
performance also in these situations. In this data, 
no rearward-facing child sustained MAIS 2+ 
injuries in side or rear-end impacts. 

A large part of this study deals with injuries 
to restrained, forward-facing children, mainly 
aged 3 and over. In this data, the head is the most 
frequently injured body region. In frontal 
impacts, injuries to head/face as well as the torso 
area, abdomen and lower extremities are studied 
in detail, and will be discussed with respect to 
the possible mechanisms. For the youngest 
children in boosters, injuries to the cervical spine 
in a frontal impact are the highest priority, 
although they are not frequent in this data. 
Because of relatively few children below age 4 
in boosters in this data, only one case is available 
to illustrate this mechanism. Among the injuries 
studied, abdominal injuries for belted only 
children and the combined head and neck injury 
for the smallest booster children in frontal 
impacts were found unique for children, and 
need special care. Injuries to the torso area, head 
and lower extremities seem to be of the same 
mechanisms as for adults, and need general care 
and focus on adaptivity in all safety system 
development. 

For most head injuries to forward-facing 
children, in frontal impacts as well as in side 
impacts, the main injury mechanism is the head 
impacting into something. The exception is the 
fatal combination of skull base fracture and neck 
injury for small forward-facing children in 
frontal impacts, which does not require a head 
impact to occur. The head impact mechanisms, 
both in frontal and side impacts, are not unique 
for children. In side impacts, measures for adults 
will probably benefit children as well. In frontal 
impacts, measures to avoid head impacts are 
encouraged for children as well as for adults. 

For forward-facing children in frontal 
impacts, the injury mechanisms of the injuries to 
the torso area (chest, shoulder, clavicle and 
throat) are probably interaction to the shoulder 
part of the lap/shoulder belt. There are no major 
differences in injury pattern as compared to 
adults. Injuries of AIS 2+ were mainly found at 
higher impact severity. Injuries to the lower 
extremities of forward-facing children were 
explored to evaluate if there were any unique 
mechanisms for children as compared to adults. 
All except one of the lower-extremity injured 
children were rather tall  (>130 cm) and 
restrained by seat belt only. The lower extremity 
injuries that children were exposed to occurred at 
rather high impact severity, especially the femur 
fractures. The mechanisms of lower-extremity 
injuries for these children would be of the same 
kind as for adults; the knees interact with the 
structure in front of them and are broken when 
high loading is transferred. 

The importance of a belt-positioning boosters 
for forward-facing children, in order to avoid 
abdominal injuries by the abdomen slipping 
under the belt, has been shown previously 
(DeSantis Klinich et al. 1994, Isaksson-Hellman 
et al. 1997, Warren Bidez and Syson 2001). The 
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data presented in this study support these 
findings and emphasizes the importance of belt-
positioning systems, and that the booster is 
designed to hold the belt firmly on the pelvis or 
thighs during a frontal impact. It is 
recommended for children up to the age of 10 to 
use a belt-positioning booster. However, Figures 
15 a, b, suggest that even the 11-12 year-old 
child would probably benefit from such a device. 

The injury reducing effect of the child 
restraint systems is high. However, the total 
injury-reducing effect would increase if all 
children used the child restraint system most 
appropriate for their size and age. Future 
challenges for improved protection are to spread 
information as well as enhance designs to 
encourage everyone to use the appropriate child 
restraint system and to use it correctly. 
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ABSTRACT 
 
Electronic Stability Control (ESC) systems were first 
introduced in the mid 1990’s.  This technology is 
proving itself by preventing crashes and saving lives 
each day.  Several studies from Europe and Japan 
have shown significant reductions in serious crashes 
and fatalities when vehicles are equipped with ESC.  
Results of recent studies in the U.S. now confirm 
these gains also apply on the U. S. highways. 
 
Now that ESC is in place on many vehicles, this 
technology has become a baseline for expansion of 
Active Safety functions to further reduce crashes.  
These systems add sensors and actuators to ESC to 
anticipate crashes and integrate other vehicle safety 
systems to further protect the vehicle occupants.  This 
Active – Passive Integration Approach will enter the 
market in the next few years and promises another 
major step in reducing traffic crashes and the 
tragedies that result. 
 
INTRODUCTION 
 
Traditional vehicle safety systems have largely been 
passive and focused on occupant protection.  Smart 
Automobiles will work proactively to help avoid 
potentially fatal vehicle crashes from occurring.  The 
future belongs to innovative driver-assistance 
technology.  These systems will impact active vehicle 
safety and make our highways safer.  Helping to 
drive this shift is the leveling-off of safety gains over 
the last decade.   
  

The Safety Gains of Years Past Are Leveling Off 

DOT Goal: 1.0 fatalities/100M VMT

Source: 2002 FARS

Fa
ta

lit
ie

s

F
at

al
iti

es
/1

00
M

 V
M

T

0

10000

20000

30000

40000

50000

60000

66 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 98 00 02

0

1

2

3

4

5

6

Persons Killed Fatalities 100M VMT

03

 
Figure 1 
 
 

 
Overall, the number of crashes in the U.S. has 
remained relatively unchanged over the past two 
decades, at just over 6 million per year according to 
NHTSA data.  With accident metrics at a plateau, the 
time is right for new, technology-based systems to 
enter the market with new solutions to old problems.  
Using ESC as a base, Continental is adding ever-
smarter systems and capability to vehicles, eventually 
leading to a “Total Safety System.”  
 
Tomorrow’s automobile will have “anticipatory” 
qualities that enable it to provide operating 
recommendations and active support to the driver.  It 
will do this by monitoring the ambient traffic 
situation, and recognizing upcoming circumstances 
that require responsive action, and where desired, 
taking that action.  This revolution is being made 
possible by the great leaps in microelectronics 
capability and functionality – accompanied by the 
decline in prices of semiconductor technology.   
Consequently, automotive applications have been 
expanding in great technological leaps.  
 

Electronics Pave the Way to Safer Vehicles
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Figure 2 
 
Figure 2 shows the progress of both passive safety 
systems such as seat belts and air bags, and active 
systems such as ABS, ESC and ACC.   
 
DISCUSSION 
 
Electronic Stability Control  
 
Electronic Stability Control systems were first 
introduced by Mercedes in the mid 1990’s.  Since 
that time, ESC applications in Europe have increased 
to some 35 percent of new cars sold. In Japan, the 
application rate is about 15 percent.  In the US, the 
adoption of this safety technology has been much 
slower, with 10 percent of new cars sold in 2004 
equipped with ESC.   
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Figure 3 
 
This technology uses sensors to measure each of the 
wheel speeds, the steering wheel angle, the vehicle 
yaw rate and lateral acceleration.  The system 
calculates the driver’s desired path and the actual 
vehicle motion and applies the brakes, individually, 
to correct for differences.   
 
Studies in Japan and Europe have shown significant 
reductions in crashes and fatalities when ESC was 
installed on vehicles.  Recent studies in the U. S. now 
confirm these results on U. S. highways.  A National 
Highway Transportation Safety Administration 
(NHTSA) study last fall indicated a reduction of 30 
percent in fatal crashes for passenger cars equipped 
with ESC and 63 percent for SUVs equipped with 
ESC.  The Insurance Institute for Highway Safety 
(IIHS) released a study that showed similar findings, 
with a reduction of 41 percent in single- vehicle 
crashes and concluded that more than 7000 lives 
could be saved each year in the U. S. if all passenger 
vehicles were equipped with ESC. 
 
Partly as a result of these studies, several automobile 
manufacturers have increased the applications and 
announced that future models will offer ESC as 
standard equipment.  We estimate that 50 percent of 
new vehicles will be equipped with ESC by 2008. 
 
Adaptive Cruise Control 
 
Adaptive Cruise Control (ACC) provides a real-
world example of technology integration serving to 
accelerate this timeline.  ACC is available on cars 
today.  Both radar-based and infrared-based systems 
are in use.  ACC uses sensors to monitor and 
maintain a set speed and distance to the vehicle in 
front.  Should traffic in front slow, the ACC-
equipped vehicle will automatically reduce speed to 
maintain a safe distance.  When traffic resumes 
speed, the vehicle will re-accelerate to the speed at 
which it was previously set.   

 
The next generation of ACC will feature a full-speed-
range function to provide even more driving 
convenience through the use of a special, closing 
velocity sensor.  These ACC systems can slow a 
vehicle to a standstill, and not just to 30 kph as with 
current systems.  After coming to a standstill, these 
new systems will also detect any movement by traffic 
ahead, and notify the driver.  An important safety 
benefit of these ACC systems is that they prevent 
tailgating, which is a factor in many rear-end 
collisions, which account for 29 percent of light 
vehicle crashes, according to the U.S. Department of 
Transportation.  
 
Even more important may be the integration with 
ESC to provide the functions of the APIA project. 
 
Tomorrow’s Technologies Will Drive Enhanced 
Active Safety 
 
This next technological leap forward will feature the 
cross-linking of today’s many, varied, and largely 
stand-alone chassis control units.  Additional and 
enhanced functionality will be achieved, not so much 
by adding extra hardware or control equipment, but 
instead by connecting existing equipment 
electronically, adding software and having the 
various pieces of networked equipment communicate 
with each other.  In effect, the car will have 
electronic reflexes, with each step enabling the next.  
Referring back to Figure 2, as the active and passive 
systems are integrated, additional safety potential is 
achieved. 
 

 
Figure 4 
 
Active Passive Integration Approach (APIA) 
 
Continental is working aggressively on these 
developments in a project called the APIA, and also 
known as the “Total Safety” project.  APIA points 
the way to a vehicle that helps avoid accidents and 
prevents injuries.  This is achieved by integrating the 
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sensors and controls of the ESC with environmental 
sensors, to network active and passive vehicle safety 
systems. Forward sensors from the Active Cruise 
Control monitor the distance and closing velocity of a 
vehicle in front.   A safety control module determines 
the probability of an accident for the current traffic 
situation.  When necessary, the module initiates a 
staged hazard response designed to protect the 
occupants and other road users.  The goal is to 
incorporate proactive vehicle intervention technology 
to prevent accidents from happening.  A prototype of 
this vehicle has been built and demonstrates the 
potential to avoid or minimize the effect of rear-end 
crashes.  When an APIA vehicle closes on another 
car too quickly, the APIA car senses the closing 
velocity and makes needed adjustments.  First there is 
a distance warning, then feedback from the gas pedal 
– and the driver brakes, avoiding a collision. 
 
In a more aggressive scenario, should an APIA 
vehicle close even faster, more functionality would 
be activated.  The distance warning would come on 
again, as would the gas pedal feedback.  Then, the 
brake system would pre-charge, the sunroof and 
windows would automatically close, and the seatbelt 
pre-tensioner would activate. 
 
With yet a more aggressive scenario, and the APIA 
vehicle closing even more quickly making a crash 
imminent, in addition to the gas pedal, brake system, 
sunroof/window and seatbelt responses; the airbags 
would be readied for deployment and the seats would 
readjust to place occupants in safer positions for the 
impending crash.   
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Figure 5 
 
Figure 5 illustrates the improved braking function of 
the APIA vehicle.  When the APIA vehicle 
anticipates the need for braking, it pre-charges the 
brake system.  When needed, the system will apply 
the brakes at 0.3g to slow the vehicle.  If the driver 
quickly moves his or her foot from the throttle to the 

brake, brake assist is activated and full braking is 
applied.   
 

APIA – results
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Figure 6 
 
Figure 6 shows an example result of this 
functionality.  Note that when the APIA car is 
stopped, the production car is still traveling at 44 – 55 
kp/h.   
 
Long term, the objective is to develop a 
comprehensive vehicle assistance system that will 
provide drivers with the best possible information 
and support under all conditions and minimize 
injuries if a crash does occur.  The APIA system 
reflects Continental’s basic safety philosophy.  Motor 
vehicle safety is made up of three components: 
avoidance, control and protection.   
Avoidance, in this concept is provided by technology 
or system features that can keep a driver from getting 
into trouble in the first place.  Control, is the next 
objective and is provided by the integrated safety 
systems in the event trouble begins.  Finally, 
protection of vehicle occupants is automatically 
provided when the traffic situation has continued to 
escalate and sensors detect that a collision is 
imminent. 
 

Driving Intelligence

The Continental Safety Philosophy

Motor vehicle safety has three dimensions

Avoidance Things that can keep the driver from getting in trouble

Control Maintaining control if trouble begins

Protection Protecting occupants when the other two don’t get the job done

 
Figure 7 
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Driver-Assistance Systems of the Future 
 
Technology that is on the road today cannot prevent 
accidents caused by a driver taking no response, or an 
inappropriate response to an emergency traffic 
situation.  However, in the relatively near future, 
automobiles will have anticipatory capabilities that 
will allow systems to make appropriate 
recommendations for vehicle occupant safety.  They 
will also provide active driver support.  
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Figure 8 
 
The following safety equipment reflects the state of 
current thinking and points to important capabilities 
under development:   
     Electronic Stability Control II or ESCII is the 
next generation of the ESC systems widely available 
on a number of vehicles today.   ESCII builds upon 
the capability of sensors already in use to provide 
enhanced functionality, responsiveness and safety.  
An active steering capability is integrated with 
traditional ESC functions that include: anti-lock 
brake system (ABS), electronic brake force 
distribution (EBD), traction control systems (TCS), 
and active yaw control (AYC.)  Together, the 
networked handling system enhances the stabilizing 
effect of ECS by enabling controlled, direct, 
automatic steering corrections in emergency 
situations.  
     Lane Departure Warning (LDW) is an 
assistance technology that is expected to make a 
significant impact on crash avoidance.  NHTSA 
studies show that 55 percent of fatal crashes in the 
U.S. are caused by unintentional lane departure 
resulting from a variety of things including driver 
distraction and inattention.  LDW uses cameras to 
identify lanes and a vehicle’s position in relation to 
lane markings, as well as following vehicles and 
parallel traffic.  If a vehicle drifts from its lane, the 
system will warn the driver.  Additional sensors can 
be added to these systems that further enhance 

functionality by providing another aspect of safety in 
poor visibility and detecting obstacles, or other 
hazards are in the vicinity.  As LDW capability 
becomes networked with other systems such as ACC 
and Navigation, total system responsiveness and 
flexibility will be enhanced.  
     Traffic Sign Recognition is a technology solution 
that aids compliance to situations where changing 
speed limits and ambiguous or unclear road signs are 
encountered during the course of travel.   Some of the 
systems under development use digitally-broadcast 
traffic sign information from vehicle navigation 
systems.  Vehicle navigation information is 
continually updated by service providers and this 
source would provide comprehensive coverage 
corresponding to virtually all mapped areas.  Other 
systems being developed will receive data from radio 
transmitters installed on traffic signs.  Still other, 
camera-based systems will “read” the signs.  These 
systems will display information indicating the start 
and end points of speed limits on a multi-functional 
display inside the cockpit. The ACC system can also 
be programmed to maintain the vehicle speed to that 
posted.  Integration with ESC will allow appropriate 
braking to maintain a set speed. 
     Perception of Vehicle Surroundings combines 
all of a vehicle’s sensor information to create a 
complete, 360 degree model of its immediate 
vicinity.    The sensor data is processed and then used 
to create a real-time depiction of the surroundings in 
a way that identifies any risks such as people, 
obstacles or traffic entering the lane. 
 
CONCLUSIONS 
 
We are in the midst of a revolution in smart vehicle 
technologies.  Tomorrow’s automobile will have 
“anticipatory” qualities that enable it to provide 
operating recommendations and active support to the 
driver.  It will do this by monitoring the ambient 
traffic situation, and recognizing upcoming 
circumstances that require responsive action, and 
where desired, taking that action.  This revolution is 
being made possible by the great leaps in 
microelectronics capability and functionality – 
accompanied by the decline in prices of 
semiconductor technology.   Consequently, 
automotive applications have been expanding in great 
technological leaps 
 
The vehicle systems discussed here represent a 
natural evolution of enhanced, technology-driven 
capabilities readily available to the broader motoring 
public in the very near future.  Their development is 
being driven in large part by the safety concerns of 
regulatory agencies and enabled by the incredible 
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leaps in technology we read about daily.  Acceptance 
by the public will largely be driven by perception of 
need and cost.  Long term success will be determined 
by these systems’ effectiveness and reliability.   
 
Disregarding uncertainties, the fact remains that 
traffic safety has reached a plateau, and technology is 
providing the means to dramatically improve it.  This 
inexorable march of technology will only continue.  
As systems we envision today become commonplace, 
new concepts in traffic management will couple with 
advances in areas such as artificial intelligence and 
pattern recognition, causing today’s visionary 
systems  to be viewed in the much same light as we 
consider seatbelts today.  
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ABSTRACT

The aim of this paper is to evaluate and compare
several methods allowing the reconstruction of real
accidents involving pedestrians. These different
methods have various levels of complications and
are commonly used in primary or secondary safety
research. They can be classified into three cate-
gories corresponding to their levels of complica-
tions. The first class concerns ”simple” method-
ologies based on an analytical or semi-analytical
approach (”hand-calculi”) such as Searle’s model,
Fall and Slide model, equations proposed by Rau
et al., Simms et al., etc. The second one is more
complicated and considers for example the pedes-
trian as a single segment as described by Wood. Fi-
nally, the last class contains the most complicated
approaches and is based on three-dimensional multi-
body models. Concerning this third class, this work
has been based on the PC-CrashR© and MadymoR©
softwares. We have tested all of these methods for
one of the most usual real car-to-pedestrian acci-
dent configurations: frontal collision with pedestrian
wrap trajectory. Data issuing from two real cases
have been used. They have been provided by an in-
depth multidisciplinary accident investigation (psy-
chology, technical, medical). Reconstructions are
thus based on driver and witness statements, on ac-
curate information relating to material evidence (e.g.
skid marks, car damage, pedestrian injuries, throw
distance) and parameters fitted to vehicle and pedes-
trian (e.g. vehicle shape, pedestrian anthropometry,
etc). Results have been compared in terms of qual-
ity of the reconstruction balanced by the limitation
of the different methods. Evaluated elements are in
particular the speed of the vehicle, the final position
of the pedestrian, his kinematics, the impact points
on the car and injuries (when the method allowed it).

In parallel, methodologies have also been compared
qualitatively by establishing the necessary means to
apply them. In this way, the potentiality of the meth-
ods, their requirements (necessary input data, into
operation bringing time, computer time) have been
evaluated and reported in a general matrix. It al-
lows us to summarize advantages and disadvantages
of the different methods.

INTRODUCTION

Several sorts of methods are commonly used to re-
construct a real car-to-pedestrian accident. All of
them are based on a ”model” which is the abstract
simplified representation of the reality. These mod-
els are uncompleted and temporary results of the
building up of knowledge, which we have from a
reality. In agreement with this status, the models can
be more or less complicated according to modelling
assumptions. Level of complication is so depen-
dant on the mathematical hypothetic-deductive sys-
tem, the input and output data definition, coherence
of the concepts taking into account the modelling,
etc.
We took an interest in comparing some different dy-
namic hypothetic-deductive models (more precisely,
some models of Newtonian Mechanics) used to rep-
resent a real car-to-pedestrian collision in the most
usual configuration, i.e. a vehicle frontal impact with
a pedestrian wrap trajectory. These models are based
on the Galilean-Cartesian paradigm which does not
take into account the complexity but the complica-
tion. It was therefore interesting to observe if they
can propose a collision reconstruction (impact and
post-impact phases) fitted to the reality, even if they
split up this complex event (a priori irreducible) into
simple problems which have to be treated one by
one. It was relevant to determine in what propor-

Depriester 1



tion the increase in complication of a model, as used
in a secondary safety research way, can improve the
findings of the forensic and the in-depth investiga-
tion fields.
Chosen models have been classified into three cate-
gories as regards their complication level:

- a first category concerning simple methodolo-
gies based on an analytical or semi-analytical
approaches (hand calculi): Searle’s model [13],
Fall and slide model [4], equations proposed
by Rau et al. [11], Toor and Araszewski [17],
Simms et al. [15],

- a second one illustrated by the Wood’s Single
Segment Method [18] in which the pedestrian
is considered as a single two-dimensional solid
(a segment),

- a third one containing the most complicated
approaches based on three-dimensional multi-
body models of the pedestrian (used with PC-
CrashR© [9, 10] or MadymoR© softwares).

Data issuing from two real and well-documented (by
an in-depth multidisciplinary investigation) cases
have been used to test these different models. The
objective consists in evaluating their potentiality and
their requirements in terms of input, output, time
consumption, etc.
Beyond this comparison, this study provided the op-
portunity for fruitful, scientific and methodological
exchanges between connected ways which work to-
wards improving the road safety policy with preven-
tion or repression (from a forensic point of view) fi-
nalities:

- in-depth multidisciplinary investigation field
[5]: it is mainly orientated towards primary
safety and belongs to the research field with a
clinical thought process. Based on the com-
plexity paradigm, it studies the dysfunctions
of the Human-Vehicle-Environmentsystem and
also interactions between its components, from
several points of view: psychology, automotive
mechanics, theoretical mechanics, road infras-
tructure, medicine,

- biomechanics applied to the vehicle passive
safety research: it tries to understand, by ex-
perimental (for example with Post Mortem Hu-
man Subject - PMHS - tests) and theoretical ap-
proaches, the relations between vehicle design
and human injury mechanism (e.g. to establish
the influence of front bumper design on pedes-
trian lower leg injuries),

- forensic kinematic road accident reconstruction
work: its aim is to provide the judicial court ev-
idence relating to the crash sequence, the col-
lision configuration, the impact configurations
and the respective behaviour and velocity of ve-
hicles involved for each sequence.

IN-DEPTH ACCIDENT INVESTIGATION

With regard to real data, two cases of car-to-
pedestrian collision with wrap pedestrian post-
impact trajectory were selected. They issue from
the in-depth investigation database of a research
unit (department of Accident Mechanism) belong-
ing to the French National Institute for Transport and
Safety Research (INRETS), which has been carrying
out multidisciplinary studies on road accident since
the beginning of the 80’s [6]. In these two cases the
”point” of impact and the rest position of the pedes-
trian were known on the accident scene.

In the first one, some skid marks are related to the
front track of the accident-involved vehicle. These
tyre marks, the collision configuration, the final con-
figuration and the ”point” of impact classified this
case as a typical pedestrian wrap trajectory as was
defined by Ravani et al [12]. Moreover, the tyre
marks allow to determine the vehicle impact velocity
by an alternative way expressing the kinetic energy
loss as a function of the length of the marks and a
mean given deceleration.

In the second one, no material evidence was re-
lated to the vehicle behaviour (deceleration begin-
ning unknown) even if this vehicle is not equipped
with an Antilock Braking System (ABS) system.
This case corresponds to a pedestrian wrap trajectory
regarding the vehicle-pedestrian contact sub-phase,
but it is not typical (cf. relative rest position of ve-
hicle and pedestrian). It represents a configuration
in which (without a vehicle Event Data Recorder or
reference crash tests) the modelling of the pedestrian
impact and post-impact trajectory seems to be the
only solution to determine the vehicle impact veloc-
ity.

• case No 1:
A January day, at 9 a.m., the weather is dry and
sunny. A Citroën XantiaR© vehicle was driving
along a boulevard in urban areas. In the mid-
dle of its lane, the vehicle crashed into the right
side of an old man on a pedestrian crossing. It
braked in emergency before impact. The pedes-
trian died on the spot (see figure 1).

• case No 2:
A June day, about 8 a.m., the weather is dry
and sunny. A Renault TwingoR© vehicle was
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Human Vehicle Environment
Driver: Citroën Xantia emergency braking skid mark length: 14 m

declared driving speed: about 60 km/h mass: 1322 kg

Pedestrian: identified pedestrian impact areas: pedestrian throw distance: 16 m
man, 85 years old, height 1.65 m, mass 75 kg low bonnet
deceased, open fracture of the right shoulder high bonnet

right ribs fractures windscreen
fractures of the two femurs

face wounds
Car approaching speed about 60 km/h, car impact speed about 55 km/h

Figure 1. Case No 1 (some in-depth investigation data).

driving through a village. It crashed into the left
side of an old woman on a pedestrian crossing.
She died as the result of her injuries the next
day. The vehicle driver was a priori dazzled by
the sunlight. He did not see the pedestrian and
didn’t begin to brake before impact (see figure
2).

MODELS

Simple Models

With regard to the first above-mentioned model cat-
egory, some models with a simple mathematical for-
malism (even if they are the results of a great amount
of research) are considered. They can be classi-
fied as analytical or semi-analytical methods. Most
of the analytical ones derive from fundamental me-
chanics equations and correspond to a modelling of a
pedestrian post-impact trajectory part: airborne and

ground-pedestrian sub-phases (see figures 3 and 4).
They are based on a 2D kinematics applied to the
pedestrian centre of gravity. Two usual and well-
known models have been chosen: ”fall and Slide”
[4] and Searle’s ”fall, bouncing, sliding” model [13]
which tries to take into account pedestrian bounces
on ground (see figure 4). Their respective mathe-
matical expression (equations 1 and 2) proposes a
relation between pedestrian projection speedVp(tp),
projection angleθ, a partial throw distanceD2 +D3,
vertical distanceH2 between projection momenttp

and first contact on ground momenttg, gravitational
accelerationg, and pedestrian friction coefficient on
groundµp.

D2 +D3 = Vp(tp)

√

2H2

g
+

V2
p (tp)

2 µp g
(1)

Vp(tv) =

√

2µpg[(D2 +D3)−µpH2]

cos(θ)+µpsin(θ)
(2)
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Human Vehicle Environment
Driver: Renault Twingo no emergency braking skid marks

declared driving speed: about 45 - 50 km/h mass: 885 kg rest position: 34 m from point of impact

Pedestrian: identified pedestrian impact areas: pedestrian throw distance: 19 m
woman, 69 years old, height 1.60 m, mass 60 kg bonnet

deceased, cranial trauma with loss of consciousness (> 24 h) windscreen
haematoma corpus callosum, sub-arachnoid haemorrhage

comminuted fracture of C2 vertebra, spleen fracture
right forearm open fracture, right hip dislocation

right and left ischio-pubic fracture, right patella fracture
right tibia and fibula open fracture

Car approaching speed about 45 - 50 km/h, car impact speed about 40 - 45 km/h

Figure 2. Case No 2 (some in-depth investigation data).

The Searle’s model allows us to provide a range of
predicted pedestrian projection speeds for a given
partial throw distance with a mathematical lower
bound (equation 3) and an arbitrary upper bound
(equation 4).

min{Vp(tv)} =

√

2µpg[(D2 +D3)−µpH2]
√

1+µ2
p

(3)

max{Vp(tv)} =
√

2µpg[(D2 +D3)−µpH2] (4)

These models are suited for typical wrap trajectories,
considering the total throw distanceDt ≈ D2 + D3

and the vehicle impact speedV0 equal to:

V0 =
1

PE
Vp(tp) (5)

wherePE is defined as an impact factor [4] or a pro-
jection efficiency [17]. The use of this factor is rather
empirical.
Semi-analytical models can be, on one hand, based
on experimental (with dummies and PMHS tests) re-
sults or real well-documented collision data. Con-
sidered as empirical, they use regression curves be-
tween vehicle impact speed and total throw dis-
tance without modelling projection processes. On
the other hand, they can derive from a statistical ap-
proach which is based on a variability study (col-
lision parameters and circumstance factors) and on
an analytical study of the three trajectory phases.
These statistical models correspond to a mathemat-
ical function with a simple formalism, but are re-
sult of a great modelling way effort. Both empirical
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Figure 7. General view of the multibody system (Madymo).
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and statistical models enable us to provide a range of
value with variable degrees of certainty. Three mod-
els have been chosen: two empirical ones (cf. Rau
et al. [11], (equation 6), Toor and Araszewski [17],
(equation 7)) and a statistical one (cf. Simms et al.
[15], (equation 8)):

Dt = 0.0052V2
0 +0.0783V0 (6)

with Dt in m andV0 calculed in km/h (±5 km/h).

V0 = 8.25D0.61
t (7)

with Dt in m andV0 calculed in km/h (±7.7 km for
the 15th and 85th percentile prediction interval).

V0 =
mv

mv +mp
C [Dt −SO]D (8)

with Dt in m, V0 in m/s, and whereC, D, S0 are re-
gression parameters (see [15] to chose a set of re-
gression parameters functions of circumstances and
certainty degree in order to determine lower and up-
per bounds) andmv (respectivelymp) is vehicle (re-
spectively pedestrian) mass.

Advanced Models

To illustrate the second above-mentioned model cat-
egory, one model has been chosen: Wood’s Sin-
gle Segment Model (SSM) [18]. It is a mixed an-
alytical formulation (equation 9) for the total post-
impact trajectory. It models the vehicle-pedestrian
sub-phase considering that the pedestrian could be
represented by a single 2D segment (see figures 5
and 6). Then, it models the following sub-phases
(airborne and ground-pedestrian) with the Searle’s
formula considering the pedestrian could be repre-
sented by a weighted point. It makes the assump-
tion that there are two vehicle-pedestrian impacts: a
primary impact relating to the pedestrian lower part
(see figure 5) and a secondary impact relating to the
pedestrian head (see figure 6).

Dt =
V2

p (tp)(cos(θ)+µpsin(θ))2

2µpg

−
k2 θ(t−p )

h
+µp(H2) (9)

with k radius of segment gyration andh vertical dis-
tance between pedestrian centre of gravity and up-
per contact point on the vehicle front.Vp(tp)cos(θ),
Vp(tp)sin(θ), θ(t−p ) andH2 are functions of vehicle
mass, pedestrian segment geometry, secondary im-
pact location, vehicle braking rate, vehicle impact
speedV0, etc. Segment angle at the beginning of sec-
ondary impact,θ(t−p ), is more particularly a function
of the following parameters:

θ(t−p ) = f (θ(t−p ),V0,mv,mp,α,h,dh,bw,g) (10)

with α bonnet angle,dh distance between segment
centre of gravity and top (head),bw segment half-
width (see figures 5 and 6).
It is worth noting that this model (with a complicated
formalism) was the theoretical base of some statisti-
cal models (with a simpler formalism) (e.g. Wood’s
Hybrid Model [19]).

Complicated Models

Concerning the third category which referred to
complicated model, two softwares have been used :
the PC-Crash V6.0 one and the Madymo V6.0 one.
PC-Crash software is a common commercial tool
to reconstruct road accidents [3]. A part of this one
has been developed to take into account vehicle-
pedestrian accidents with a specific pedestrian
multibody model and a single body vehicle whose
geometry shape is detailed [10]. This approach
has been validated with dummy crash-tests and
well-documented real cases [9]. The human body
model chosen in this paper included 20 bodies
interconnected by 19 joints. Default joint and
body characteristics fitted to pedestrian mass and
height are provided in the software. Eight specific
measurements were used to define the front vehicle
geometry. Accident configuration was fixed thanks
to side pedestrian injuries and vehicle driving
direction. The pedestrian position on impact was
chosen standing up without speed and with both feet
near each other on the ground. The simulation was
iteratively used changing impact vehicle velocity
and mean vehicle deceleration in order to ob-
tain pedestrian throw distance and impact points on
front vehicle measured by the in-depth investigation.

The last method concerns the pedestrian acci-
dent reconstruction using a typical multibody
software which is commonly used in passive safety.
The Madymo software V6.0 has been employed to
develop the numerical models and to perform the
simulations [16]. The whole multibody model is
divided into two parts: the car and the pedestrian
(see Figure 7). The human body model has been
developed by the University of Chalmers (cf. Yang
et al. [21]), Faurecia (cf. Glasson et al. [7]) and
validated in collaboration with the Laboratory of
Applied Biomechanics (see Cavallero et al. [2]).
The original model represents a human body close to
the 50th percentile male: 1.75 m, 78 kg. It includes
35 bodies with 35 joints and it is represented by 85
ellipsoids. Joint and body segment characteristics
are based mainly on available biomechanical data
(cf. Yamada [20] and Kajzer et al. [8]). The specific
characteristics of this model concern its lower leg
because it is predictive of fractures.
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This model has already been validated qualitatively
but also quantitatively in pedestrian configuration
by comparison with PMHS experimental tests
performed at INRETS-LBA (cf. Cavallero et al.
[2]).
Concerning the real accident reconstruction, the
multibody model was first adapted to the corre-
sponding configuration of the accident: orientation
of impact, anthropometry of the victim, front shape
of the car. A first simulation has been performed
on this starting configuration provided as being the
most probable one by the in-depth investigation.
Next, effects of some parameters such as car
velocity or pedestrian position on impact have
been numerically studied in order to find the best
correlations with all indications produced by the
in-depth analysis. All simulations which were not
in accordance with the in-depth investigation were
rejected. Finally, the configuration retained is close
to the presumed real accident conditions because it
reproduces in particular the same impact points on
the car, the same injuries, and is according to the
driver statement (cf. Serre et al. [14]).

RESULTS

Results Obtained With Simplest Models

Concerning the case No 1 (Xantia) which corre-
sponds to a typical wrap trajectory, analytical and
semi-analytical models were applied. Ranges of ve-
hicle impact speeds were calculated for each method
consideringDt ∈ [16 m,18 m] and eventual bounds
(only given by Searle’s method and semi-analytical
ones). They are synthesized in table 1. With pa-

Table 1.
Results for case No 1 obtained with simplest

methods.
method name range of vehicle impact

speedsV0 (km/h)
fall and slide [42,45]

Searle [42,54]
Rau et al. [43,57]

Toor and Araszewski [37,56]
Simms et al. [42,53]

rameter valuesµp = 0.66 andH2 = 1 m, projection
efficiency (or impact factor) was set to 1 for ”fall
and slide” and Searle’s models. Regarding Simms
et al.’s model, lower bound (respectively upper) so-
called probable was chosen with regression param-
eters: C = 3.2, D = 0.47, S0 = 1.6 (respectively
C = 3.7, D = 0.47,S0 = 1.2).
Concerning the case No 2 (Twingo) which does not

correspond exactly to a typical wrap trajectory, an-
alytical methods were rejected. ConsideringDt ∈
[17 m,20 m] and lower and upper bounds, semi-
analytical methods were used in the same conditions
as for case No 1. Ranges of vehicle speeds are sum-
marized in table 2. According to driver statement

Table 2.
Results for case No 2 obtained with simplest

methods (semi-analytical models).
method name range of vehicle impact

speedsV0 (km/h)
Rau et al. [45,60]

Toor and Araszewski [38,59]
Simms et al. [44,56]

(time-lag braking) and lack of tire marks on ground,
low part of vehicle impact speed range would be se-
lected.

Results Obtained With Wood’s SSM

Wood’s Single Segment Model assumes that the ve-
hicle decelerates at impact. So it needs a vehicle co-
efficient frictionµv to model the interaction between
vehicles and pedestrians in terms of primary and sec-
ondary segment impacts in vehicle-pedestrian sub-
phase. Therefore, Wood’s SSM was only used for
case No 1. For this case, angleα was varied in the
range [0.20 rad,0.30 rad] also using different values
for impact speedV0. Throw distancesDt calculated
between 16 m and 18 m allowed us to determine so-
lutions in terms ofV0. Segment characteristics (lo-
cation of gravity centre, radius of gyrationk) were
fixed using the approach recommended by Burg and
Rau [1]. In this way,V0 was determined as belonging
to the range [48 km/h,56 km/h].

Results Obtained With Multibody Models

Use of the PC-Crash Software

With PC-Crash software, the two cases were treated
using its default multibody models. Two pedestrian
multibody models are included in the version 6.0 of
this software. The one which was used has been val-
idated with dummy crash-tests [9, 10] and seems to
give for the two accident cases better results than the
other one. The main differences are in the values of
the friction coefficients between pedestrian/car and
pedestrian/ground both equal to 0.6 for the model
we have used and 0.4 and 0.2 for the second one.

Concerning the accident case No 1, the recon-
struction results gave an impact speed of 48 km/h for
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Figure 8. Multibody simulation of the two real accidents with Madymo (line 1: case No 1 (Xantia), line 2:
case No 2 (Twingo)) and PC-Crash (line 3: case No 1 (Xantia), line 4: case No 2 (Twingo)).

Table 3.
synthetic table of vehicle impact speedV0 and pedestrian throw distanceDt obtained (or used) by the

different methods for real cases No 1 & 2.
method method name case No 1 case No 2 comments

category V0 (km/h) Dt (m) V0 (km/h) Dt (m)

in-depth investigation 55 16 [40,45] 19 V0 evalued or calcu-
lated, Dt measured
and evalued

simple

fall and slide [42,45] [16,18] rejected

Dt input,V0 output

Searle [42,54] [16,18] rejected
Rau et al. [43,57] [16,18] [45,60] [17,20]

Toor and Araszewski [37,56] [16,18] [38,59] [17,20]
Simms et al. [42,53] [16,18] [44,56] [17,20]

advanced Wood’SSM [48,56] [16,18] rejected

iterative process to
determineV0complicated

PC-Crash V6.0 48 16 35 20
pedestrian model
Madymo V6.0 50 17 40 18

+ specific pedestrian model
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the car and a throw distance of 16 m for the pedes-
trian. The calculated pedestrian final position was
quite good for the X axis (in the car way of travel-
ling) but not so good for the Y axis (perpendicular to
the car way of travelling) with a difference of 3.5 m
with reality. In the simulation, the car stopped 3 m
before the real rest position of the car. The calcu-
lated pedestrian impact areas on the car were coher-
ent with car deformations (see figures 1 and 8), ex-
cept for the hip impact which was too high on the
car bonnet (T=40 ms). However, a relatively impor-
tant penetration of the pedestrian into the car body
(T=40 ms, for both cases) was observed showing the
difficulty of contact modelling. During the airborne
sub-phase, the pedestrian trajectory corresponded to
a somersault. Such pedestrian kinematics did not
square with the Madymo simulation and neither with
PMHS crash-tests for this range of impact speed.

For the accident case No 2, the impact speed of
the car is calculated to 35 km/h and the pedestrian
throw distance to 20 m. For this case, both final po-
sitions, car and pedestrian, were in good coherence
with the reality. The simulation provided impact ar-
eas on the car coherent with those observed by in-
depth investigation. As in the precedent case, the
calculated pedestrian trajectory corresponded also to
an improbable somersault during the airborne sub-
phase.

Use of the Madymo Software

With regard to the more complicated method based
on the Madymo software, the accident reconstruc-
tion can be decomposed into two phases: the nu-
merical model adaptation and the parametric study.
Time consumed to perform both works is about 1
week and numerical simulations last less than 1 hour
on a classical PC computer.
Model adaptation concerns the representation of the
car, the pedestrian and the definition of an initial
accident configuration. Input data are thus a short
description of the anthropometry of the pedestrian
(height and weight), geometry and mechanical char-
acteristics of the car and an initial impact speed of
the car to start the parametric study. This parametric
study concerns mainly the velocity of the car, the
position of the pedestrian at impact and the pitch
angle during the braking phase. Output data con-
cerns qualitative information such as injuries but
also quantitative ones such as an accurate impact
speed of the car, impact areas of the pedestrian with
the car and the throw distance.
Concerning the case No 1 (Xantia), a first simula-
tion was performed on the configuration provided by
the in-depth investigation. Car speed was fixed to
55 km/h. Pedestrian was placed in a walking posi-

tion from the left to the right side of the car in order
to be impacted on the right side of his body. The
configuration retained during the parametric study
was the one which reproduced closely the same im-
pact area and the same injuries reported by the in-
depth investigation. Four impacts during the simu-
lated kinematic were observed: the lower leg on the
bumper, the upper leg on the low bonnet, the shoul-
der on the high bonnet, the head on the windscreen
(see figure 8). Compared to the real injuries, tibia
fractures were observed numerically on the third su-
perior part but not on the femur. The retained impact
speed for the car was finally 50 km/h and the throw-
ing distance 17 m.
For case No 2 (Twingo), initial car speed was fixed to
45 km/h and the pedestrian position placed in walk-
ing posture with the right leg put forwards. After
the parametric study, the retained configuration pro-
vided a kinematic in accordance with the in-depth
accident investigation (see figure 8). Same impact
areas were found and fracture on the superior third
of the lower leg was simulated. Car speed was fi-
nally found equal to 40 km/h and the throw distance
close to 18 m.

DISCUSSION

In order to compare the methods in terms of quality
of real accident reconstruction, their numerical
results corresponding to the case No 1 and No 2
were reported on table 3.
The case No 1 corresponds to a typical wrap tra-
jectory for which skid marks of emergency braking
allow us to have a good estimation of the vehicle
impact speed (55 km/h). All the methods - except
the fall and slide model - provide a solution for
vehicle speed on impact compatible or close to the
in-depth investigation estimation.
For the case No 2, the vehicle impact speed has
been chosen by in-depth investigation as equal to
40-45 km/h. These values have been evaluated from
comparison of vehicle damage with those observed
on a crash-test (same vehicle, impact speed 32 km/h,
PMHS) performed by INRETS-LBA. This case
No 2 represents a non typical wrap trajectory (no
vehicle deceleration at impact or time-lag after im-
pact) for which the analytical simple and advanced
model (e.g. Searle’s model) are not suited in term of
sub-phase modelling. Therefore, they have not been
used contrary to the others methods (semi-analytical
simple models and 3D multibody model). From a
theoretical point of view, this case highlights limits
of the analytical methods (simple and advanced)
which didn’t take into account enough the contact
phase.
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Table 4.
Comparative matrix for the different methods.

Complication method inputs outputs precision operation computer field application
level name preconised bringing calculation

by author’s method time (rough) time

simple fall and slide [4] H2, D1 +D3, µp, PE V0 no element few minutes immediate typical wrap and for-
ward trajectory

simple Searle [13] H2, D1 +D3, µp, PE min{V0}, max{V0} mathematical lower
bound and arbitrary
upper ground

few minutes immediate typical wrap and for-
ward trajectory

simple Rau et al. [11] Dt V0 ±5 km/h (corridor) few minutes immediate wrap trajectory
simple Toor and Araszewski

[17]
Dt V0 ±7.7 km/h for the

15th and 85th per-
centile prediction
interval,±12.2 km/h
for the 5th and 95th

one (corridor)

few minutes immediate wrap trajectory

simple Simms et al. [15] Dt , mv, mp, set of re-
gression parameters

min{V0}, max{V0} upper and lower
bounds depending
on degree of cer-
tainty (probable,
normal, overall)

few minutes immediate wrap trajectory

advanced Wood’SSM [18] V0, mv, mp, α, h, dh,
bw, k, µp, µv

V0, Dt see statistical models
derived from it (e.g.
[15])

half an hour few seconds for one
step of the iteration
process

typical wrap trajec-
tory

complicated PC-Crash V6.0
pedestrian model
[9, 10]

veh. geometry,mv,
veh. deceleration,
V0, impact areas,
veh. and ped. posi-
tions on impact, ped.
height,mp, Dt

V0, impact areas,
veh. and ped. posi-
tions on impact,Dt ,
3D kinematics and
dynamics

qualitative and quan-
titative validation
based on input/ouput
parameters compari-
son

one day few minutes for one
step of the iteration
process

frontal impact + pos-
sible use for other
configurations with
attention to the vali-
dation

complicated Madymo V6.0 +
specific pedestrian
model [16, 21, 7]

veh. geometry,mv,
veh. deceleration,
V0, impact areas,
veh. and ped. po-
sitions on impact,
ped. height,mp, Dt ,
injuries

V0, impact areas,
veh. and ped. posi-
tions on impact,Dt ,
3D kinematics and
dynamics, injuries

qualitative and quan-
titative validation
based on input/ouput
parameters compari-
son

one week less than an hour for
a step of the iteration
process

frontal impact + pos-
sible use for other
configurations with
attention to the vali-
dation
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Reconstructions performed with PC-Crash and
Madymo allow us to compare also kinematics. It
has been observed good accordance in the both
timing of the vehicle-pedestrian sub-phases (cf.
figure 8).

Concerning the comparison of the different
methodologies, some criteria have been reported in
a general matrix and summarized in table 4. It con-
cerns their requirements (inputs, outputs, computer
time, into operation bringing time), their precision
(if it is defined by their reference authors) and their
field of application (validity domain). Concerning
the operation bringing time, it includes, if necessary,
the time for measuring specific element such as
the vehicle geometry, preparing the adaptation of
the pedestrian multibody model, performing the
parametric study with the simulation tool, operating
results. This general matrix illustrates the relation
between the complication increase of mechanical
model and the improving of findings related to
particular car-pedestrian collisions with a wrap
trajectory.

In the first category of methods, analytical and
semi-analytical models with simple formalism and
very few inputs propose relations (sometimes with
lower and upper bounds) between vehicle impact
speed and pedestrian throw distance projection. In
these relations, the pedestrian position on impact
and the vehicle geometry for example are not explic-
itly used. They rather contribute to the formulation
assumptions (e.g. definition of the collision type as
a wrap trajectory) which allows us to utilize these
simple methods.

In the second category, some more advanced
two-dimensional methods like the Wood’s SSM
try to relate vehicle impact deceleration and speed
on impact, throw distance and a few parameters
concerning respectively pedestrian and vehicle
geometry. The equations obtained in that way are
solved iteratively in order to determine an accurate
vehicle impact speed. Their assumptions are too
simplistic to describe exactly the sub-phase where
the pedestrian is in contact with the vehicle. As
their equations are moreover difficult to solve, either
they are used as a theoretical base for statistical
methods (with simpler formalism), or the use of
more complicated methods is preferred.

In the third category, the most complicated meth-
ods, i.e. the three-dimensional multibody models
(used in biomechanics applied to the vehicle passive
safety), allows us to relate directly: pedestrian
throw distance, vehicle acceleration and velocity
during the vehicle-pedestrian contact sub-phase,
collision configuration, impact areas on the vehicle

front, pedestrian injuries. Their solution in the
context of a real accident reconstruction implies
an iterative process which is due to a parametric
study. This parametric study has been done for the
PC-Crash method only for the car impact speed
when it has been done for more variables for the
Madymo method: car speed, pitch angle of the car
due to braking phase, pedestrian position on impact
[14]. Validation of real accident reconstructions
performed by these softwares is made mainly with
the pedestrian throw distance and the location of the
impact points on the car. The Madymo method can
allow us to add a validation regarding pedestrian
injuries with specific biomechanics models. The
application of PC-Crash and Madymo methods in
two simple real cases of wrap trajectory highlighted:

- the three-dimensional multibody models are the
best-fitted methods to describe the complexity
of these collision events,

- they are rather time consuming,

- their accurate and complete utilization is still
the appanage of parameterization specialists (in
vehicle design, in biomechanics, in medicine,
...) who know about or take part in their exper-
imental validation.

The PC-Crash software uses an important number
of parameters to model a pedestrian accident. Most
of them are given by default with the software and
the results of the accident reconstruction are very
sensible to their variations. The apprehension of
what they represent of the reality of these complex
phenomena is often difficult. Thus the use, ap-
parently ”easy”, of the PC-Crash software by non
specialist users can be dangerous. The PC-Crash
technical guideline should be more detailed on
the definitions, descriptions, and influences of
the numerous parameters needed to compute a
reconstruction. The Madymo software method
needs also and even more numerous parameters.
But because this software is more complicated, its
use is reserved to experts in the field of accident
analysis and biomechanic.

From a general point of view, the increase
in complication of the models corresponds so to the
direct use of supplementary material data either as
input data (e.g. very detailed geometrical vehicle
and pedestrian description) or as validation param-
eters (e.g. calculated impact areas on the vehicle)
which are the simulation results at a step of an itera-
tive process. This approach is particularly pertinent
for the in-depth investigation and the forensic field
in order to take advantage of the most material
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evidence possible by means of hypothetic-deductive
models. The adequate use of the multibody models
corresponds however to update, multidisciplinary
and extensive knowledge with regard to input data
(e.g. human body segment inertial parameters) and
validity domain of different modellings (e.g. contact
modelling between ellipsoids, parts of multibody
model).

CONCLUSION

This work was focused on the comparison of differ-
ent methods allowing real pedestrian accident recon-
structions corresponding to a wrap trajectory. This
kind of trajectory can be modelled in terms of ve-
hicle impact speed and throw distance with simple
formalism models. Methods with different levels of
complication were tested with two sets of real data
issued from in-depth investigation. They have been
classified into three categories: simple, advanced
and complicated. For this well-known configura-
tion of vehicle pedestrian collision, the aim was to
illustrate in what proportion the increase in compli-
cation of a model can improve results in terms of
quality. Simple and advanced methods give good re-
sults but their validity domain are restrictive (wrap
trajectory and forward projection). The increase in
complication of the models corresponds to the di-
rect use of supplementary material data either as in-
put data (e.g. very detailed geometrical vehicle and
pedestrian description) or as validation parameters
(e.g. calculated impact areas on the vehicle). In par-
ticular the 3 dimensional multibody models initially
developed for passive safety research allow us to re-
late most of relevant parameters (speed vehicle, im-
pact areas, injuries, ...) of the pedestrian accident.
Their applications to the reconstruction are very in-
teresting in the in-depth investigation and forensic
fields. It would enable us to achieve reconstruction
of other types of collision involving pedestrian (e.g.
vehicle frontal impact with fender vault post-impact
trajectory, vehicle corner impact), even if there is a
lack of material evidence (e.g. no skid mark for an
ABS equipped vehicle). That could be possible if the
multibody models could be refined and validated for
these sorts of real collision configurations. This val-
idation could be based on experimental tests (for ex-
ample crash-tests using PMHS) reproducing real ac-
cident configuration instead of standard ones. Con-
nected to the complementary vehicle primary and
passive safety, and the forensic road accident recon-
struction, this work would lead to the improvement
of the pedestrian safety. It also could be extended to
other vulnerable road users such as bicyclists.
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ABSTRACT 

In pedestrian injury biomechanics, knees and 
lower legs are highly recruited, leading to joint 
damage and bones failures. Safety improvements 
should mainly focus on knee ligaments injury 
minimization. To investigate the corresponding 
injury mechanisms and postulate on injury criteria 
risk, both experimental and finite element 
simulation approaches were performed. The lower 
limb behavior was first studied in lateral bending 
and then in lateral shearing impact tests in order to 
isolate injury mechanisms effects. The tests 
consisted in evaluating lower limb forces and 
kinematic through a 37kg guided impact with 
velocities ranged between 15 & 20kph. 35 tests 
were performed on isolated PMHS lower limbs. 
Response corridors for the time history about the 
mean response curve ± one standard deviation with 
the Maltese procedure were established. The 
observed damages were contact injuries (head of 
fibula and lateral tibial condyle fractures), ligament 
injuries (cruciates and collaterals ligaments 
according to the tests) and bone fractures (extra and 
diaphysis). These experimental tests were simulated 
using a finite element model of the lower limb 
(with extended impact velocities). The model 
response analysis (bone Von Mises stress levels, 
Ligaments global and local strain levels, knee 
rotation and shearing measurements) was 
performed during each step of the impact 
chronology. It leads to postulate on injury criteria 
for knee soft tissues based on the knee ultimate 
lateral bending (~16°) and shearing levels 
(~15mm). These approaches by coupling PMHS 
experimentation and numerical simulation ensure 
an accurate description of pedestrian lower limb 
trauma in terms of injury chronology and threshold. 
These results were also relevant with accidentology 
and clinical knowledge, especially with the 
evaluated potential injuries.  
 
 
 
 
 
 
 

 
INTRODUCTION 

 
Although the number of pedestrian suffering 

severe or fatal injuries has decreased since 1991 in 
EU (Kallina, 2002), pedestrian safety has become a 
major issue of society and is one of the most 
discussed topics in vehicle safety. If pedestrian 
sustain multisystem injuries, head and lower 
extremities injuries are the most frequently injured 
body regions. Particularly, lower limbs are highly 
loaded during crash situations (AIS from 2 to 6) 
with joints damages and bones failures (IHRA 
2001, Stutts 1999). To improve understanding of 
the mechanisms and establishing tolerance criteria 
for this specific body part, coupled experimental 
and numerical studies were conducted. 

 
Experimental studies were performed to 

represent condition of pedestrian accident focusing 
on the lower limb. The tests should have reflected 
the nature and the severity of the injuries sustained 
from this kind of impact. There is little data 
available from experimental studies measuring the 
response of the human knee joint in the pedestrian 
environment. Aekbote et al (Aekbote, 2003) 
reviewed the biomechanical studies conducted over 
the last three decades. He noted that mainly the 
injury mechanisms of the lower extremity were 
investigated. Tests were conducted in pure lateral 
shear loads, in pure bending moments or a 
combination of lateral shearing and bending of the 
knee (Kajzer 1990, Kajzer 1993, Grzegorz 2001). 
On cadavers full leg experiments, Kajzer (1990, 
1993) focused on lower limb response under 
shearing and bending solicitation. He showed that 
pure shearing induces collateral tibial and anterior 
cruciate ligaments failure while a primarily bending 
mainly induces medial collateral ligament failure. 
More generally, three primary injury mechanisms 
were underlined: acceleration of the leg induced 
contact injuries as fracture of the femur and/or tibial 
shaft, shear force through the knee joint led to ACL 
rupture/avulsion, tibial intercondylar eminence 
fracture and femoral cartilage injury, and injuries 
due to bending moment at the knee joint are 
compression fracture of lateral femur condyle, tibial 
plateau fracture and MCL rupture. 
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These last years, recent studies have reported 
the response of the isolated knee joint to bending 
and shearing forces (Kerrigan, 2003). These tests 
aimed to investigate into the failure thresholds of 
the lower extremity. In bending tests, femoral and 
tibia ends were held. In this experimental 
configuration, MCL injuries were the most 
common. In shearing tests, damage to the ACL was 
the only relevant ligamentous injury. More recently, 
Bose (2004) performed 3-point bending tests on 
isolated knee joints in order to obtain a combination 
of shearing and bending effects, and confirmed 
injuries to medial collateral and anterior cruciate 
ligaments. It can be noted that knee injuries are not 
restricted to the injuries described above. Tibia 
fractures (especially with at the tibial eminence in 
contact with the intercondylar notch at impact), 
PCL injuries, fibula and femur fractures can also be 
observed. From all these studies, it appears that the 
main challenge for improving leg protection should 
focus on knee ligament damage and failure 
minimization.  
 

Much of the most recent researches on 
pedestrian injury using PMHS has solely focused 
on sustained injuries. They reported in details bone 
and ligament injuries, proposed injury criteria and 
gave only typical load or accelerometric responses 
of the lower limb. These data are not always 
sufficient to assure a satisfactory validation of the 
model (Bhalla, 2003; Kerrigan, 2003; Bose, 2004; 
Ivarsson, 2004; Ivarsson, 2005). Very few 
presented response corridors to impact though they 
are useful to validate pedestrian surrogate models 
for biofidelity against PMHS test data. That why 
we decided to re-analyse the results of previous 
studies performed in Inrets-LBA (Kajzer, 1990, 
1993) and to establish force-versus time corridors 
for bending and shearing tests. 
 

In order to more accurately describe the injury 
mechanisms involved in such trauma situations, 
finite element simulations are more and more useful 
as they can provide data unavailable 
experimentally. In the literature, many finite 
element models have been designed to study very 
specific points of the leg behaviour under crash 
situations. Some ankle-foot models focused on the 
kinematics (Beaugonin, 1996; Beillas, 1999), others 
on material properties (Beaugonin, 1997; Tannous, 
1996) and others else on an accurate description of 
geometry (Beillas, 1999). Knee models were also 
developed both for frontal impacts (Hayashi, 1996; 
Atkinson, 1998) and pedestrians (Yang, 1997; 
Schuster, 2000; Takahashi, 2003). Lastly, Bedewi 
(1996) included mathematical joints in order to 
control the kinematics of a full lower limb model. 
The THUMS model (Chawla, 2004) or the LLMS 
model (Arnoux, 2001-2004; Beillas, 2001) are 
advanced finite element models of the whole lower 

limb. This last model was based on an accurate 
description of all anatomical parts of the lower 
limb, and its validation was performed in various 
impact situations (isolated materials, sub-segments 
up to the whole model). It has been used to 
complete experimental results analysis by focussing 
on ligaments strain levels as a function of lateral 
shearing or flexion according to the load cases with 
an extended range of velocity. 

 
EXPERIMENTAL STUDY 

 
Material and methods 

 
A linear impactor rig was used to perform 

dynamic PMHS tests, Figure 1. The cylinder had a 
mass of 37kg including instrumentation. The 
contact area was a flat piece with 50 mm Styrodur 
padding surface. 
 

Impact experiments were conducted on 34 pairs 
of human lower limbs. The subjects are Post 
Mortem Human Subjects (PMHS) who have given 
voluntary before dying their body to the science. 
The cadaver specimens are from a population with 
considerably advanced age. Haut (Haut, 1995) 
reported that cadaver age is not significant predictor 
of impact biomechanics or injury to the human 
knee. All subjects were preserved at 3°C in 
Winkler’s preparation (Winkler, 1974). These 
injection methods allow to keep supple the 
sampling and to preserve for several months the 
soft tissues elasticity. The joint range of 
physiological mobility was checked by medical 
team. Measurements of valgus-varus and knee 
laxity were performed. X-Rays radiographs of the 
body were taken and the osseous integrity in 2 
planes (sagittal plane and frontal plane) was 
checked by an anatomist surgeon. The subjects 
chosen were with an average age of 78±8 years, 
average weight of 66±11kg, and average height of 
161±21cm. Anthropometric details of the subjects 
are reported in Table 1. These values are both large 
as compared to the 50th percentile male dummy 
specifications of 1.73m in height and 74.5 kg in 
weight. 

 
Table 1. 

Cadaver Physical data. 
 

 Age Weight 
(kg) 

Height 
(cm) 

Limb Weight 
(kg) 

Bending tests at 
4.4m/s 

76±6 70±8 166±4 14.4±1.9 

Bending tests at 
5.5m/s 

75±11 60±5 168±7 13.2±1.4 

Shearing tests at 
4.2m/s 

79±6 62±9 167±10 12.1±1.9 

Shearing tests at 
5.5m/s 

79±8 71±16 162±6 12.8±2.2 
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The experiment consisted in lateral impacting 
an isolated lower limb (leg-thigh-half pelvis) stood 
up straight. The thigh was blocked with 2 foam-
padded plates, called the “upper plate” and the 
“lower plate”. One was placed on the external face 
at femoral condyle level, about 2 cm below the 
knee joint line. The second was placed on the 
internal face at pubic bone level. The foot was on a 
mobile plate to minimize ground friction and a 
mass of 40kg allowed preloading the lower limb 
(Figure 1). 

 
Bending impacts were performed by loading the 

leg just above the ankle joint. The impactor was 
equipped with a foam-padded face of 50mm of 
Styrodur and 150mm×50mm of size. Distance 
between the knee joint line and impactor axis on the 
one hand and between the knee joint line and the 
lower plate on the other hand were recorded before 
test. The impact tests were performed at two impact 
velocities: 4.4m/s (MFG01-MFG06) and 5.5m/s 
(MFG07-MFG15). 

 
Shearing tests were performed by loading the 

leg with 2 impact plates fixed on the impactor, one 
loading the leg at the proximal end of tibia and head 
of fibula named the “upper impact face”, and one 
loading the leg just above the ankle joint and named 
the “lower impact face”. Distance between the 
lower plate and the upper impact interface was 
chosen to be 40mm. A minimize contact injuries, 
two foam-padded interfaces were fixed on the 
plates (50mm of Styrodur). These impact tests were 
performed at two impact velocities: 4.2m/s 
(FCG06-FCG15) and 5.5m/s (FCG17-FCG26). 

 
Instrumentation and measurement 
 

An accelerometer (Entran EGA, 250g) and a 
force transducer (SEDEME 20kN) equipped the 
face of the impactor in bending tests. They 
measured the impactor acceleration and the 
impactor force presented Figures 2-3. The lower 
reaction force was given by a force transducer fixed 
on the lower plate (SEDEME, 20kN).  
 

In shearing tests lower impact forces were 
measured with a force transducer fixed to the lower 
impact face and presented Figures 7-8. The upper 
impact face was equipped with an accelerometer 
(Entran EGA, 250g) and a force transducer 
(SEDEME 20kN). The measurements of the upper 
impact force were given in Figures 9-10. A force 
transducer equipped the lower plate and recorded 
the femur reaction force presented Figure 11-12. 
 

A unit, comprising 32 measurement channels 
ensured the conditioning, analog-digital conversion 
and memorisation of signal. All the channels were 
sampled at 10kHz for a duration of 5 sec. The data 

acquisition system was triggered by a contact plate 
on the impactor connecting with two contacts on 
the knee. Data was transferred to a computer for 
processing. Loads were collected and filtered at 
180Hz. Two high-speed cameras operating at 1000 
frames per second were used to provide a visual 
record of the tests and to allow a cinematic analysis. 
The locations of all high-speed cameras were 
measured with respect to the impact location. 
 
Test Matrix 

 
A total of 35 tests were performed on knee 

joints from PMHS. In pure bending, all tests were 
performed from male subjects, six tests at 4.4m/s 
and nine tests at 5.5m/s. In shear loading, ten tests 
were carried out at 4.2m/s and ten tests at 5.5 m/s. 
In order to study repeatability of the test procedure, 
tests were performed on matched pairs of knees 
from the same subject. 
 
 

 
Figure 1. Setup for the bending tests (a) and for 
the shearing tests (b) 
 
 
Corridor construction 
 

There is not a standard methodology to construct 
biofidelity corridors around the cadaveric data 
despite the fact that the way corridors are derived is 
an important issue on which the biofidelity rating 
depends. Maltese et al (Maltese, 2002) have 
proposed a process for calculating corridors from 
test data. The first step was to scale data employing 
mass scaling developed by Eppinger (Eppinger, 
1984) to normalize the data to a 50th percentile male 
subject. The scaling variable λ and the scaled test 
parameters with subscript s are expressed in terms 
of the initial parameters with subscript i in 
following equations. 
 

Scaling variable  
3/1)/75( iM=λ

      (1) 
 

Velocity   is VV =
          (2) 

a

b
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Acceleration  
λ/is AA =

              (3) 
 

Time   is TT ×= λ
               (4) 

 

Force    is FF 2λ=                  (5) 

 
Then signals were aligned by time shifting. For 

each sensor, one signal was chosen as characteristic 
response. The cumulative variance between this 
typical signal and each signal was calculated 
shifting forward then backward in time by one time 
step until a minimum variance (Equation 6). The 
calculation of cumulative variance continued until 
the signal was shifted in time by an amount equal to 
one-third of this duration in both directions 
 
 

2
2

1
, )( i

t

t
iks ksV −=∑                         (6) 

 
where  

is  is the magnitude of the typical signal s at t=i 

ik  is the magnitude of the signal k at t=i 

 
After time alignment, the mean response and the 

standard deviation was calculated at each time. To 
finish, mean ± one standard deviation corridors 
were developed. Straight lines were constructed 
around the mean from the defined requirements. 

 
Experimental results 
 
Results from bending tests 

The impact force versus time corridors for the 
two impact velocities are presented Figures 2-3. 
The corridors mean shape is similar in both cases, 
with a linear increasing phase slightly greater at 
5.5m/s. The mean peak force is 1860N at 4.4m/s 
and 2850N at 5.5m/s with a greater standard 
deviation. The duration of solicitation is 
comparable for both impact velocities, with a same 
increasing slope. 

 
The lower reaction force corridors is plotted as a 

function of time for both impact velocities in 
Figures 4-5. The corridors show similar trends in 
both cases, with a first linear phase during 20ms 
following by a local peak. This first mean local 
peak is 615N at 4.4m/s and 1628N at 5.5m/s. A 
second peak is noticed around 50ms, slightly 
greater: 693 N at 4.4m/s and 1728 N at 5.5m/s. 
 
 

0

500

1000

1500

2000

2500

3000

3500

4000

0 10 20 30 40

cumulative variance calculated

IMPACTOR FORCE

F
o

rc
e

 (
N

)

t (ms)

impact velocity : 4,4m/s

 
Figure 2. Impactor force corridors in bending 
tests at 4.4m/s. 
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Figure 3. Impactor force corridors in bending 
tests at 5.5m/s. 
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Figure 4. Lower reaction force corridors in 
bending tests at 4.4m/s 
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Figure 5. Lower reaction force corridors in 
bending tests at 5.5m/s. 
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A cinematic analysis was performed. The high 
speed images analysis provided the position at each 
ms. From the relative displacement of the leg 
against the thigh in frontal view, the lateral flexion 
angle of the knee was calculated (Figure 6). No 
significant difference appeared between 4.4m/s and 
5.5m/s. It is estimated that the knee bending rate in 
the bending tests is approximately 1°/ms up to 
13ms then is 0.5o/ms. 
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Figure 6. Knee flexion angle versus time 
 
 

After testing, radiographs were taken and pre- 
and post-radiographs were analysed and compared. 
Each lower limb was then autopsied. 
Tables 2 and 3 list the injuries for both series of 
test. Bone damage was seldom observed, only in 
two tests at 5.5m/s. In contrary ligament damage 
was observed in 70% of tests and the medial 
collateral ligament was always injured. The 
posterior cruciate ligament was never injured and 
damage were observed on the anterior cruciate 
ligament in 3 tests at 5.5m/s  
 

Table 2. 
Injuries caused in bending tests at 4.4m/s. 

 
MFG01 MCL: avulsion at the femoral insertion 
MFG02 MCL: avulsion at the femoral insertion (80%) 
MFG03 MCL avulsion at the femoral insertion 
MFG04 LCL : rupture (80%) in the ligament 

MCL : avulsion (30%) at the femoral insertion 
MFG05 None 
MFG06 None 

 
Table 3. 

Injuries caused in bending tests at 5.5m/s. 
 

MFG07 LCL : partial avulsion at the femoral insertion 
ACL : partial avulsion at the tibial insertion 

MFG08 None 
MFG09 MCL: avulsion at the tibial insertion 
MFG10 Tibial plate fracture 
MFG11 None 
MFG12 MCL: total avulsion at the femoral insertion 
MFG13 MCL : avulsion at the femoral insertion 

Tibial plate fracture 
MFG14 MCL: avulsion at the femoral insertion 

ACL: avulsion at the femoral insertion 
MFG15 MCL: total avulsion at the femoral insertion 

ACL: avulsion at the femoral insertion 
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Figure 7. Lower impact force corridors in 
shearing tests at 4.2m/s. 
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Figure 8. Lower impact force corridors in 
shearing tests at 5.5m/s. 

 
 

Results from shearing tests 
Lower impact force versus time corridors for the 

two impact velocities are presented Figures 7-8. 
The mean peak force is 935N at 4.2m/s and 1300N 
at 5.5m/s. The increasing phase is stiffer at 5.5m/s 
with a slope of 300N/ms against 170N/ms at 
4.2m/s. The impact forces peak at 5.5 ms for the 
lower impact velocity, at 4.3ms for the second 
velocity and then drop to 0 by 14.8ms and 16.2ms 
respectively. 

 
Figures 9-10 show upper impact force versus 

time corridors for both impact velocities. Three 
peaks are noted at 4.2m/s against only two peaks at 
5.5m/s with a decreasing of the force occurring 
much later (60ms) than for the lowest impact 
velocity. If the values of the first peak differ 
according impact velocity (1708N and respectively 
2421N), peak values on all duration are 
approximately the same (3000N) but appear at 
different times (20ms and 60ms). 
 

Femur reaction force versus time corridors for 
both impact velocities are presented Figure 11-12. 
The corridor at 4.2m/s is very larger in time. The 
peak values are similar in both cases with 
nevertheless a slope in the increasing phase greater 
at 5.5m/s than at 4.2m/s (143N/ms and 306N/ms). 
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Figure 9. Upper impact force corridors in 
shearing tests at 4.2m/s. 
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Figure 10. Upper impact force corridors in 
shearing tests at 5.5m/s. 
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Figure 11. Femur reaction force corridors in 
shearing tests at 4.2m/s. 
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Figure 12. Femur reaction force corridors in 
shearing tests at 5.5m/s. 

 
 

After testing, radiographs were taken and pre- 
and post-radiographs were analysed and compared. 
Each lower limb was then autopsied. Injuries are 
listed in Tables 4-5 and concern as well knee 
ligaments as lower limb bones. At 4.2m/s, 
concerning ligament, there were no injuries to any 
of the posterior cruciate ligament and only one 
injury to medial collateral ligament. The anterior 
cruciate ligament was the most often injured (in 
seven tests) with in six tests injury of lateral 
collateral ligament. Bone injuries were mainly 
fracture of fibula (75% of tests) and fracture of the 
tibial intercondylar eminence associated with 
femoral cartilage injury. There were no fractures to 
femoral diaphysis and one to tibial diaphysis. Only 
one knee showed no signs of fracture or any 
ligamentous injury. At 5.5m/s, ligament injuries 
were mainly anterior cruciate ligament injuries 
(seven tests). There were no injuries to any of the 
posterior cruciate ligament and few lateral ligament 
injuries (in 2 tests for the medial collateral and in 2 
cases for the lateral collateral). Concerning bone 
injuries, in all cases, a fracture of the fibula was 
noted. We noted proportionally less tibial 
intercondylar eminence fracture but more tibia 
condyle fracture. 

 
 

 
Table 4. 

Injuries caused in shearing tests at 4.2m/s. 
 

FCG06 None 
FCG07 MCL: avulsion at the tibia insertion 
FCG08 ACL avulsion at the tibia insertion, 

tibial intercondylar eminence crushing,  
femoral cartilage 

FCG09 LCL : avulsion at the fibula insertion, 
ACL: avulsion at the tibial insertion 
Fracture of the lateral tibia plate 
Avulsion of tibial intercondylar eminence 

FCG10 LCL : avulsion at the fibula insertion 
ACL: avulsion at the tibial insertion 
Avulsion of tibial intercondylar eminence 

FCG11 LCL : avulsion at the fibula insertion 
ACL: peeling 
Crushing of the tibial intercondylar eminence 

FCG12 LCL : avulsion at the fibula insertion 
ACL: peeling and partial avulsion at the tibial 
insertion 
Fracture of the fibula 
Crushing of the tibial intercondylar eminence 

FCG13 LCL: rupture 
ACL: rupture at the tibial insertion 
Fracture of the tibia 
Fracture of femoral condyles 

FCG14 LCL :damage 
ACL : avulsion (70%) at the tibial insertion 
Fracture of the fibula neck 
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Table 5. 
Injuries caused in shearing tests at 5.5m/s. 

 
FCG17 Fracture of the femoral diaphysis 

Fracture of the medial malleolus 
Fracture of the fibula (proximal end) 
ACL: Partial rupture (80%)  

FCG18 ACL : Avulsion at the tibial insertion 
Fracture of the fibula diaphysis 
Fracture of the fibula (proximal end) 
Fracture of the tibia (proximal end) 

FCG19 ACL : Avulsion at the tibial insertion 
Fracture of the fibula (proximal end) 
Fracture of tibial intercondylar eminence 
Fracture of tibial spinal tuberosity 

FCG20 Crushing fracture of the medial femoral 
condyle 
Fracture of tibial intercondylar eminence 
Fracture of tibial spinal tuberosity 
Tibial cartilage injury 
Fracture of the fibula neck 
ACL: partial (80%) avulsion at the tibial 
insertion 
MCL: partial rupture 

FCG21 Fracture of the femoral diaphysis 
Fracture of tibial intercondylar eminence 
Fracture of the fibula neck 
ACL: partial (80%) avulsion at the femoral 
insertion 

FCG22 Fracture of the fibula (proximal end) 
MCL: partial rupture  
ACL: partial (80%) avulsion at the femoral 
insertion 

FCG23 Fracture of the tibial diaphysis 
Fracture of the fibula neck 

FCG24 Fracture of the fibula (proximal end) 
LCL: avulsion at the fibula insertion 

FCG25 Fracture of tibial intercondylar eminence 
Fracture of the fibula diaphysis 
Fracture of the fibula (proximal end) 
ACL: avulsion at the tibial insertion 

FCG26 Fracture of the fibula (proximal end) 
LCL : avulsion at the fibula insertion 

 
 
 

 
 
 
Figure 13. General overview of the Lower Limb 
Model for Safety (LLMS). 
 
 

NUMERICAL STUDY 
 

To complete the analysis of experimental 
results, a finite elements model of the lower limb 
(the Lower Limb Model for Safety) was used 
(Figure 13). As this model (validation, applications, 
model features) has already been presented in 
previously published papers (Arnoux 2001- 2004, 
Behr 2003- 2005, Beillas 2001), we only focus here 
on the use of this model to determine injury criteria 
assumption on the base of pedestrian related impact 
situations performed during experiments. In a first 
step model response was evaluated by comparison 
between simulation and reanalysis of experimental 
results performed in this work. Then, an analysis of 
model kinematics, bones Von Mises and lastly soft 
tissues strain levels was performed (Arnoux 2004) 
in order to postulate on injury assumptions 
 
Model comparison with experiments  
 

In Kajzer (1990) bending tests (Figure14) the 
upper leg was allowed to freely translate in the 
vertical direction, while a 22 kg dead weight was 
attached to the proximal femur to simulate the 
weight of the body. The foot was placed on a plate 
which allowed free translation along the direction 
of impact. A 40 kg impactor was used to load the 
distal tibia with impact velocities of 16 and 20 Kph. 
The model validation was achieved by comparing 
forces versus time recorded on the impactor face 
and lateral flexion by analysis of high speed video 
data regarding model response through new 
experimental corridors defined above. Results 
reported were relevant with experiments. Note that 
time amplitude was higher than experiment 
especially concerning unloading phase. This could 
be linked to soft tissue behaviour laws where 
physical failure was not implemented in the model. 
 

In Kajzer (1993) shearing tests (Figure15), the 
leg was put in same conditions as the previous test. 
The impactor consists in two impacting surfaces 
applied simultaneously on both proximal and distal 
extremities of fibula and tibia. Model response was 
relevant with experimental corridors but do not 
describe complete time duration of the test. The 
two-stage injury mechanism experimentally 
identified, with the two peaks in the force time 
curve, was not reproduced with the LLMS model. 
The first injury mechanism, which occurred in 10th 
ms after impact, is directly related to the knee 
impact force. It can be described as a contact injury 
and can induce bone fractures (head of fibula, tibia 
or femur). This phenomenon was relevant with Von 
Mises stress level recorded between tibia and fibula 
(Figure 16).  
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Figure 14. Comparison between simulated model and experiments of impact forces in bending tests for 16 
and 20 kph impact velocities. 
 

 
 

 
Figure 15. Comparison between simulated model and experiments of impact forces in shearing tests for 16 
and 20 kph impacts velocities. 
 
 
 

 
 

Figure 16. Illustration of Von Mises stress level 
in joints and recruitment level of knee ligaments. 
Injury criteria evaluation 
 

 
 
The second injury mechanism is correlated to 

forces transferred through the knee during 
acceleration of the thigh (relative shearing of tibia 
versus femur) which lead to soft tissues injuries. 
This could be linked to soft tissue behaviour laws 
where physical failure was not implemented in the 
model. Consequently, the model analysis was 
bounded to first part of the tests until the strain 
failure level on ligaments were reach. Additionally, 
the locations of stress concentrations predicted by 
the model, including the cruciate ligament 
insertions, the tibia eminence and the tibia fibular 
joint, were in agreement with the injury locations 
found during the autopsies (Figure 17). 
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Injury criteria evaluation 
 
Taking care to the validity domain, loading 

cases can be extended and, from model analysis, it 
remains possible to compute data that is not usually 
recordable experimentally: 
- The stress level and distribution in bones provide 
an estimation of damage on bone structures when 
stress reaches the Yield stress values. 
- The kinematics was recorded to check the correct 
relative movements between the corresponding 
bones or soft tissues through knee torsion, lateral 
bending and frontal bending in the different planes 
and for each test. Therefore, the lateral relative 
displacement between the tibial eminence and the 
intercondylar notch was calculated to accurately 
identify knee lateral shearing at the joint level.  
- Damage properties of soft tissues can be described 
in terms of ultimate strain levels in soft tissue 
structures (Arnoux 2000, Subit 2004). The results 
led to consider ligament failure with a strain 
criterion. Ultimate strain levels were calculated for 
the four knee ligaments and used in this study to 
identify potential failure. Note that literature gives 
various values for ultimate strain (Table 6) obtained 
in different experimental conditions (loading, 
preconditioning, conservation method…). In the 
present study, the ultimate values used to postulate 
on damage were assumed to be 28% for lateral 
ligaments, and 22% for cruciate ligaments. For each 
of the four knee ligaments, strain sensors were 
inserted in the model. These sensors consist in a 
series of springs along the main fiber axis. For the 
cruciate and lateral ligaments, it was also possible 
to compute the global strain level, the average strain 
level as well as the curve of maximum strain 
recorded at various levels in the ligament. A first 
step in the investigation knee joint injury criteria 
was to focus on previous experiments with 
extended impact velocities which are 2 m/s, 4 m/s, 
5.55 m/s, 7 m/s and 10 m/s.  
 

 
Table 6. 

Overview of ultimate strain levels recorded for 
knee ligaments. 

 
Author Collateral 

tibial 
Collateral 
medial 

Posterior 
cruciate 

Anterior 
cruciate 

Viidick 
(1973) 

30% 40% 60% 60% 

Kennedy 
(1976) 

  24 (±6) %  

Marinozzi 
(1982) 

  20 (±5) %  

Prietto 
(1992) 

  28 (±9) %  

Race 
(1994) 

  18 (±5)  

Arnoux 
(2000) 

24-38% 22-38% 15-23% 18-24% 

Kerrigan 
(2003) 

7-10% 11-20%   

For both impact situations, the Von Mises stress 
levels on bones were located on the proximal tibial 
metaphysis and distal femoral metaphysis (Figure 
17). With impact velocity upper than 7m/s Von 
Mises stress reach 120-130MPa which is closed to 
failure. Bone failure on shell element was obtained 
by deleting elements once ultimate strain is reach. 
Note that model stress distribution and failure 
location were relevant with experiments (with 
lower impact velocities). 
 

       
 

Figure 17. Typical Von Mises stress on bones for 
bending and shearing impact. 
 

Model kinematics in bending tests exhibit 
typical lateral rotation between the tibia and the 
femur which seems to be correlated with velocity. 
The frontal rotation is stable whereas torsion effect 
seems to be important and correlated to the impact 
velocity (Figures 18 and 19). Variations of angles 
reach values ranging from 2° to 8°, depending on 
the impact velocity. 
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Figure 18. Knee torsion in the bending test. 
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Figure 19. Knee lateral shearing in the shearing 
test. 
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In shearing tests, the two main kinematics 

aspects are the lateral shearing and the knee torsion 
(Figure 19). The lateral shearing seems to be 
correlated with velocity and rapidly reaches high 
values which are not relevant with geometrical 
characteristics of the proximal tibia and distal 
femur. At 15mm of shearing the curves reach a 
steady state which could result from the contact 
between intercondylar notch and tibia eminence. In 
the first 15 ms, the knee torsion reaches amplitudes 
ranging from 2° to 10° depending on the impact 
velocity (Figure 20). 

 
For both impact situation rotation effects have 

to be linked to the asymmetrical geometry of the 
femoral condyle and the tibial glena. From a 
medical point of view, this torsion effect is 
described as a natural safety countermeasure of the 
human body during trauma situations in order to 
avoid (or limit) damage to ligaments. 
 

The strain level recorded on each ligament 
(cruciate and lateral) and correlated to rotation or 
shearing effects were computed in total strain curve 
on the whole ligament and the maximum strain 
curve of local maximum strain level (Arnoux 
2004). In this model analysis, the maximum strain 
can be considered as a first sensor to locate damage 
in the structure whereas the total strain gives a 
global overview of the whole structure. If the 
maximum strain reaches the ultimate strain level, 
we assume that damage can occur in the ligament. 
Moreover, if the ultimate strain level is reached on 
the total strain curve, the ligament complete failure 
can be postulated with a high probability. 
 

For lateral bending tests, the lateral medial and 
the posterior cruciate ligaments were highly loaded 
and strain versus lateral bending seems to be 
independent of impact velocity (Figure 20). A small 
difference between maximum strain level and total 
strain level seems to show that the medial collateral 
ligament in the model has homogeneous strain 
distribution. Its maximum strain or total strain level 
used to postulate on damage in the ligaments is 
obtained with a lateral rotation ranging from 20 ° to 
24 °. For the posterior cruciate ligament, the 
difference between global strain (maximum strain) 
and local strain (maximum strain) seems to 
confirmed local high strain levels. They were 
obtained on ligaments insertion and illustrated with 
Von Mises curve processing. Local damage could 
occur for knee rotation between 12 ° and 15 °, 
whereas global damage for knee lateral rotations 
was close to 26 ° (which seems to be very high).  
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Colateral medial ligament: Strain/lateral rotation
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Figure 20. Posterior cruciate ligament total and 
maximum strain curves versus lateral rotation. 
Collateral medial ligament total and maximum 
strain curves versus lateral rotation. 
 
 
 
 

For the shearing tests, the two cruciate and the 
tibial collateral ligaments were highly loaded 
(Figure 21). In that situation, impact velocity had 
no effects on strain versus knee shearing curves. 
The failure or damage could start at a 13 to 15 mm 
knee shearing. For the posterior cruciate ligament, 
the strain being not homogeneous on the structure, 
only maximum strain levels were computed, and 
they show that damage could occur for shear values 
ranging from 12 to 14 mm. Finally, for the 
collateral tibial ligament, the maximum strain 
reaches up to 14-17mm according to the impact 
velocity. 
 
 

 
 



 

Masson, 11

Posterior cruciate ligament: Strain/Shear
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Anterior cruciate ligament: Strain/Shearing
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Colateral tibial ligament: Strain/Shearing
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Figure 21. Total and maximum strain curves 
versus lateral shearing for the posterior cruciate 
ligament, the anterior cruciate ligament and the 
collateral tibial ligament. 
 
 
DISCUSSION -CONCLUSION 
 
Four test series were presented with the objective to 
evaluate the response of the lower limb to bending 
or shearing force. Impact tests were performed on 
isolated lower extremities of Post Mortem Human 

Subjects and biomechanical corridors have been 
proposed. 
 

In bending tests, the differences between lower 
reaction force corridors for both impact velocities 
were only in magnitude, the rise time and the 
duration were equivalent. The first lower reaction 
force peak appears between 20 and 23 ms 
corresponding to a knee lateral flexion angle of 15-
16°. Damage to the MCL was the most common 
joint damage induced in this test configuration; this 
is agreement with real word pedestrian accident 
injuries (Bhalla, 2003). Two fractures of the tibial 
plateau were noted for a 5.5m/s impact velocity 
(MFG10-MFG13). These damages could be 
induced by a greater valgus rotation of the knee at 
this speed causing a compression force on the tibial 
plateau. A vertical rotation of the lower limb was 
noted in all tests and is due to the no symmetric of 
the knee joint. The influence of this movement on 
the global response of the knee joint and the 
type/time of injury is unknown but may induce 
tensional forces in the knee joint ligaments. 

 
In shearing experimental test, the upper impact 

load induced firstly bone injuries located near 
impact point as fracture of fibula head, lateral tibial 
condyles fractures or diaphysis fracture. These 
injuries could be tied to the first peak force, 
corresponding to a mean level of 1700N for an 
impact velocity of 4.2m/s and 2400N for an impact 
velocity of 5.5m/s. The following peaks are related 
to intra articular injuries as avulsion or rupture of 
the anterior cruciate ligament, and femoral cartilage 
injury. Note that tibial intercondylar eminence 
fractures were typical due to the shear force through 
the knee joint. In our tests, they were always 
associated with ACL damage. 
 

Coupling such results with model analysis 
which allowed to record data unavailable 
experimentally and then to follow their evolution 
during the test, it was possible to complete injury 
mechanisms description and make correlation 
between peak in force and failure level reach on 
ligaments. 
 

For the bending tests, the knee injury 
mechanism consisted in a lateral rotation around the 
contact area between the lateral femoral condyle the 
and tibial glena. This rotation simultaneously 
induces a high deflection of both anterior cruciate 
and medial collateral ligaments, assumed to be 
injured for rotations over 15 and 20 °respectively. 
These results were not sensitive to impact 
velocities, and seem to be relevant with those 
identified experimentally. Consequently, a 
conservative value of 15° for lateral rotation can be 
considered as ligaments injury criteria. For pure 
shearing impacts, the anterior, posterior cruciate 
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and tibial collateral ligaments were concerned. The 
ultimate shearing level was computed by recording 
the distance between the tibial eminence and the 
condylar notch that reached up to 13 to 15 mm 
whatever the impact velocity. Consequently, a 
conservative value of 13mm for shearing rotation 
can be considered as ligaments injury criteria. 
 

The criteria postulated above were strongly 
dependant on the material properties. Model 
improvement with tissues a damage model as well 
as a parametric study around the failure criteria 
should be performed in order not to summarize the 
injury criteria to a single couple of value (lateral 
rotation and shearing) but also to define injury risk 
curves. 
 

The strain versus time curves show the 
influence of impact velocity and the time dependent 
answer of the whole structure which could be 
mainly attributed to structure effects and also soft 
tissue viscoelastic properties. It also underlines the 
differences in strain distribution between cruciate 
and collateral ligaments. For the cruciate ligaments, 
high strain levels were recorded on ligaments 
insertions (in agreement with experimental results), 
that underlines failure properties of cruciate 
ligaments at their insertions.  
 

Von Mises distribution was systematically 
located on the same metaphysis areas of the lower 
femur and upper tibia but also in the knee joint with 
contact area during shocks. This distribution could 
indicate a bending effect on the two bones. It was 
also observed that for impact velocities overs 
10m/s, and according to the damping properties of 
the impacting surface, the failure risk for bones 
seems to be very high. Therefore, with numerical 
simulations, it was observed that even in pure 
loading, pure shearing or pure bending can not be 
obtained alone. The two mechanisms seem to be 
coupled with a majority of shearing or bending 
according to the loading conditions. 
 

In perspective, new tests will be performed on 
suitably instrumented PMHS with objective to 
compare the effects of varying proportions of 
moment and shear applied at the knee joint. Further 
numerical simulations will be done in order to 
widen model capabilities by focussing on material 
properties and to improve injury criteria accuracy. 
The new experimental tests will be included in 
model validation process. 
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ABSTRACT 
 
Heavy truck on board yaw rate recordings are 

used to discriminate between different driving 
maneuvers and motions such as turning a curve, 
changing lanes, or wandering in a road lane.  Such 
discrimination is important for trucks using a front 
end radar as a sensor for adaptive cruise control and 
collision warning systems.  Turns can cause radar 
returns from objects outside the roadway or confuse 
the adaptive cruise control operation.  A 
methodology for determination of a maneuver is 
derived and then applied to driving data.  Correlation 
of the results is validated by the use of video data.  
The method has been found to be approximately 80% 
accurate in identification of the truck maneuver. 

 
INTRODUCTION 
 
The Yaw Rate signal was recorded in the use of a 

fleet of commercial truck vehicles for a period of two 
years in a field operational test (FOT).  The original 
intent of recording yaw rate was to determine truck 
lane change maneuvers.  It was hypothesized that a 
lane change maneuver would generate a Yaw Rate 
signal that approximates a noisy sine wave as the 
vehicle moves from the current lane to an adjacent 
lane.  The amplitude and frequency of the yaw rate 
signal determines the exact nature of the maneuver in 
that it could be a vehicle turn, multiple lane change, a 
single lane change, or just small variations within the 
same lane.  In this regard the yaw rate signal for a 
lane changes and curves differs from that of a signal 
where the vehicle is wandering within the same lane.  
It was found that the sinusoidal pattern was indeed 
reflected in the recorded FOT data mixed in with 
noise and signal variations due to roadway changes, 
truck vibration, and driver differences.  These factors 
were all dealt with to define an algorithm that reliably 
determined the occurrence of a lane change.  
Development of the algorithm was validated using 

video data to ascertain the maneuver for a given yaw 
rate pattern. 

 
BACKGROUND 
 
For short time periods of a few seconds, a 

simplified model of a vehicle trajectory may be used 
to determine lateral movement vs. steering input.  

The recorded yaw rate γ&  may be described by the 

equation: 
 

αγ sin⋅= K&  

Where K is a constant and α  is the vehicle 
steering angle.  The yaw angle at any time point, i, 
may be determined by the following equation, 
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Where t∆  is the time increment between any 
two successive time points.  The respective 
components of the horizontal (x) and longitudinal (y) 
velocity are expressed as follows. 
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This allows the computation of the horizontal and 
longitudinal displacement equations. 
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From the above equations )(iDx  is the 

current horizontal position of the vehicle at any 
arbitrary time. 

 
METHODOLOGY 
 
In general, a single sinusoidal signal is sought out 

of the entire Yaw Rate trace and one cycle of this 
signal must be of sufficient amplitude, polarity, and 
duration to represent a lane change as described in 
the following paragraphs.  An algorithm was 
developed to compute horizontal position from the 
recorded data.  This computation required several 
steps to remove noise and determine the nature of the 
signal as follows. 

 
Bias Removal 
 
It turned out that the raw recorded Yaw Rate 

signal had a bias added to it such that the expected 
sinusoidal function is not centered around zero for 
one cycle for a lane change.  The bias was therefore 
removed as part of the post-processing procedure by 
computing the median value of Yaw Rate followed 
by subtraction of the median value from every Yaw 
Rate time point, which in net effect produces a Yaw 
Rate signal with zero median value.  The source of 
the removed bias is not well known; but ideally 
should not exist at all.  Therefore, it is removed. 

 

Threshold of the Yaw Rate Signal 
 
Due to ambient noise, the algorithm requires that 

the value of Yaw Rate at each time point exceed the 
threshold of 0.05 degrees per second.  If the threshold 
is exceeded, the value is retained otherwise the signal 
is given the value of zero.  This is done for all time 
points from beginning to end of the trace. 

 
Sine Wave First Half Cycle Determination 
 
It was necessary to determine if the yaw rate 

signal approximated a sine wave.  This was done by 
estimating the period of the sine wave.  The potential 
sine wave pattern was examined to see if a first half 
cycle occurred within the Yaw Rate signal trace.  To 
do this, both the period and the amplitude of 
candidate sine waves are examined.  If a half cycle 
sine wave is found, then following that, the total 
cycle of the sine wave must be found.  If a half cycle 
sine wave is not found, then it is determined that no 
lane change occurred; but some other maneuver is 
still possible.  Figure 1 shows an idealized example 
of signals and computations of horizontal position.  
Figure 2 shows an example of the difference in 
horizontal displacement for a lane change at different 
speeds with a yaw rate period of 2 seconds. 

 
 

Idealized Yaw Rate Signal and Displacement for 
Lane Change
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Figure 1. Example of Displacement Due to Lane Change 
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Figure 2. Effect of Vehicle Speed on Horizontal Distance 

 
To ascertain the existence of a first half cycle sine 

wave, all of the zero crossings of the Yaw Rate signal 
are isolated.  Next, a time threshold is used to see if 
two successive zero crossings have a period of 
greater than 1.83 seconds.  This period was 
determined based on the time required for the truck to 
make a lane change and for that lane change to be 
reflected in the yaw rate signal.  Any two zero 
crossings with a lesser time span are not considered 
as being a valid part of a sinusoid that could be used 
to determine lane change.  Such a signal could be the 
result of merely wandering within the same lane.  
Any zero crossings equal to or greater than the 
threshold represent a valid half cycle sine wave.  
Thus, half of the sine wave is potentially determined.  
Recognition of a total sine wave, however, is 
required to detect a lane change. 

 
Total Time Span of Sine Wave 
 
If a valid first half cycle sine wave is found , then 

the total time span for the sine wave must be 
determined.  In order for a lane change to be 
recognized, three successive zero crossings for the 
sine wave are determined as was previously done.  
All three zero crossings must all be within a time 
period of 12 seconds; otherwise a maneuver such as 
turning a curve would be implied. 

 
Thus, the third successive zero crossing 

determines the end point of the sinusoid.  To find this 
point, small amplitude variations around the second 
zero crossing are ignored until a zero crossing close 
to the period of the first half cycle is found.  The 
amplitudes of both half cycles should be close to the 
same magnitude.  In finding this third zero crossing, 
the period of the sine wave is now known.  If this test 

is failed, then it is determined that no lane change 
occurred. 

 
Sine Wave Amplitudes 
 
This check is made to see if the amplitudes of the 

two half cycles are of opposite sign.  The first half 
cycle must be followed by a half cycle of the 
opposite sign in amplitude.  When the Yaw Rate first 
half cycle is positive, the lane change is from the left 
lane to the right lane; and if the first half cycle of the 
signal is negative, the lane change is from the right 
lane to a left lane.  If the amplitudes of both half 
cycles are not of the opposite sign, then the Yaw Rate 
does not represent a lane change. 

 
Wandering In Lane 
 
A final check is made to see if the amplitudes are 

less than 0.5 degrees per second which represents 
normal “Wandering in the Lane” (WIL) rather than a 
lane change. 

 
Thus, the algorithm must test to find a sinusoid 

that meets the other criteria.  If a sinusoid fails any 
one of those tests, it is then subjected to a WIL test; 
and failing that is deemed not to be a lane change.  
The four decisions that can result from the algorithm 
are no lane change, lane change from right to left, 
lane change for left to right, or wandering in the lane. 

 
SUMMARY 
 
It can be seen that horizontal displacement that 

results from steering action is reflected in both the 
amplitude and the frequency of the yaw rate signal.  
If the yaw rate amplitude is below the noise 
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threshold, horizontal displacement cannot be 
computed.  Yaw rate amplitude much less than that 
produced by a steering angle of 30 degrees but at the 
same frequency as a true lane change results in some 
wandering within the same lane.  Yaw rate frequency 
much lower than that required for a lane change but 
at a similar amplitude as a lane change amounts to 
negotiation of a curve.  In a curve maneuver, the 
driver is keeping the steering wheel in some angular 
position for a longer period without returning it to 
home resulting in a very low frequency sinusoid.  
The resultant horizontal displacement of these three 
effects may be observed in Figures 1 and 3 thru 5. 

 
PERFORMANCE RESULTS 
 
A limited number of video clips were available 

for verification of the algorithm results.  From 105 
usable videos, the lane change algorithm had a 
detection reliability of 80 per cent as shown in Figure 
6 below.  This reliability rate was deemed reasonable 
and used for further analysis of driving data from the 
FOT.  

 
 
 

Idealized Yaw Rate Signal and Displacement for 
Wandering In Lane
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Figure 3. Wandering In Lane Functions 

 

Idealized Yaw Rate Signal and Displacement for 
Curve Maneuver
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Figure 4. Curve Functions 
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Horizontal Path Displacement Variations
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Figure 5. Summary Displacements vs. Yaw Rate Signals 
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Figure 6. Lane Change Algorithm Performance 
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ABSTRACT 
 
 Multifunction in-vehicle information systems 
are becoming increasingly prevalent in cars. These 
systems typically use a centrally located display 
and a single control device to carry out a variety of 
operations including navigation, communications, 
entertainment, and climate control. Advantages of 
these systems include: conservation of dashboard 
space, improved styling, function integration and 
flexible configuration of functions. The aim of this 
research was to investigate potential disadvantages 
of these systems. Given the quantity and 
complexity of the information these systems 
provide and the attention required to operate these 
devices, there is concern that they may be overly 
difficult and distracting to use while driving. Two 
2004 European luxury vehicles containing 
multifunctional information systems were used in 
this study. Both systems consisted of a center-
mounted LCD screen and a console-mounted 
primary control knob. A combination of human 
factors assessment techniques were used to assess 
the systems: 1) expert evaluations:  the 
Transportation Research Laboratory (TRL) 
Checklist and heuristic evaluations, 2) user testing 
and 3) the occlusion test. Six human factors 
experts performed the expert evaluations and 12 
drivers participated in the user testing and 
occlusion testing. Results from the expert ratings 
provided a detailed account of problems. 
Specifically, the information display format in 
System A helped drivers maintain a correct 
representation of system status and provided 
immediate feedback. System B, in contrast, was 
less successful in terms of providing informative 
menu labels, appropriate feedback and navigation 
aids. The number of tasks successfully completed 
was assessed for the two systems. An average of 
82% passed the performance goal in System A, 
and only an average of 38% in System B. Although 
these issues are important to the design of any 

consumer product, they are critical to the 
operation of in-vehicle systems as they could 
impair driver performance and increase crash risk. 
   
INTRODUCTION 
 
 In order to add more functionality into cars 
without increasing dashboard clutter, manufacturers 
are developing one control/one display information 
systems. These information systems integrate 
multiple functionalities, such as climate, navigation, 
entertainment and communication, and can be 
accessed via a single control. This space saving 
results in benefits such as more freedom for options 
and styling that enhances aesthetic and market 
appeal. Whereas the older style of interfaces 
generated distraction by requiring drivers to use 
multiple knobs and buttons, these newer systems 
may contribute  to cognitive distraction by  requiring 
drivers to remember what mode they are in. To 
access information that was once a button press 
away, drivers must now navigate through multiple 
hierarchical menu structures. Research is needed to 
evaluate how the use of these systems impacts driver 
safety. 
 
At present, multifunctional systems are being 
introduced into cars without any standard criteria for 
their design. There are also no standard methods for 
assessing their ease of use and safety of operation 
while driving. To ensure that unsafe devices are not 
added to cars,  appropriate assessment methods are 
required. The ultimate goal would be an assessment 
procedure that  would eventually become the basis 
for an objective performance standard.  
 
In the present study, we evaluated the effectiveness 
of both usability and safety assessment methods.  
The assessments were made using:  (1) two version 
of expert evaluations, (2) user testing, and (3) 
occlusion testing. 
We were specifically interested in the methods’ 
sensitivity to different tasks and different interfaces.  
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Expert Evaluations 
 
 Expert evaluations are performed by human 
factors and vehicle safety specialists who test how 
well a system meets a set of safety and usability 
design guidelines. These guidelines are based on 
requirements such as standards for physical sizing, 
location of controls, labelling and display of 
information, as well best practices for “look and 
feel” and functionality of interfaces. For each 
identified problem, experts give a severity rating to 
guide re-engineering priorities and provide solutions. 
Examples of expert evaluations include the 
Transportation Research Laboratory (TRL) checklist 
(Stevens et al., 1999) and Heuristic Evaluations 
(Nielsen, 1994).  

 TRL Checklist The TRL checklist is a  
structured evaluation tool in checklist format for 
assessing the safety related features of an in-vehicle 
information system. It was developed based on 
accepted existing codes of practice and emerging 
international standards and has much in common 
with the European Statement of Principles. It is a low 
cost assessment technique that only requires a pen 
and an in-vehicle information system. Following the 
checklist assessment, assessors complete a final 
report detailing both the good and bad features of the 
system’s design. Systems recognised as having major 
safety concerns or numerous minor safety concerns 
are considered to be less safe than systems that are 
rated as having  fewer or less serious  safety 
concerns.  

 Heuristic Evaluation Heuristics, or “rules of 
thumb”, are general principles used to guide design 
decisions. A Heuristic Evaluation (HE) consists of 
having evaluators examine a user interface, usually 
in the context of typical user tasks, to generate a list 
of problems and associated heuristic violations 
(Nielsen, 1994). The purpose of this method is to 
identify problems that could hinder the ease of use of 
the system.  Nielsen’s 1994 list of 10 heuristics 
provides the best developed set of user interface 
principles for use when  critiquing a system. This set 
of principles is based on a principal components 
analysis of the usability problems found in a number 
of studies of various user interfaces. Nielsen 
suggests that 3 to 5 evaluators usually result in 
approximately 75% of the overall usability problems 
being discovered. Heuristic evaluations were first 
developed to evaluate website interfaces but have 

been applied in many other domains such as in the 
evaluation of in-vehicle devices. Both types of expert 
evaluations (i.e., TRL checklist and HEs) are 
inexpensive and can be performed quickly and 
easily. As such, they offer a valuable front-end 
design evaluation tool for the automotive sector. 
Although expert evaluations highlight specific 
instances of problems, their usefulness lies in their 
ability to yield a high-level indication of weak 
aspects of an application that need further scrutiny. 
Expert evaluations are often combined with other 
assessment methods such as user testing. 
Specifically, once experts have identified types of 
problems, user testing can be performed on features 
that are most critical and relevant to tasks likely to be 
performed on these systems.  

 

User Testing 
 
 In User Testing evaluations, participants interact 
with an interface while being observed by an 
experimenter. Specifically, users are asked to 
perform a given task and speak aloud as they interact 
with the system. The experimenter notes the 
mistakes that the user makes as well as the “play by 
play” verbal feedback given by the user. Videotaping 
the session ensures that no important information is 
lost and also provides a compelling video record of 
the specific problems encountered by the user. In 
contrast to the qualitative and subjective expert 
evaluation methods discussed thus far in this paper, a 
user test is an objective performance measure that 
aims to test a product or system against a 
predetermined set of high-level usability goals such 
as efficiency, effectiveness, and satisfaction. 
Usability testing was applied in the present study to 
verify that problems indicated by the two expert 
evaluation methods result in actual problems for 
target users. The tasks chosen for the user testing 
were a set of common difficult in-vehicle tasks (i.e., 
set address and point of interest).  

 
Occlusion Testing 
 

The probablility of a crash has been shown to 
increase as a function of increasing visual demands 
imposed by in-vehicle systems (Wierwille & 
Tijerina, 1998).  Measuring “eyes-off-road” time by 
having people drive while interacting with an in-
vehicle device can be dangerous and difficult. The 
occlusion method was developed as an indirect 
measure (i.e., no driving required) of visual demand 
of an in-vehicle task (ISO, 2004). Participants 
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perform in-vehicle tasks while wearing occlusion 
goggles that intermittently block their view of the in-
vehicle device. The occlusion interval simulates 
drivers having to take their eyes off the display to 
look back at the road while still being able to 
manually operate the in-vehicle system. The vision 
interval is 1.5 seconds and the occlusion interval is 
2.0 seconds. During the occlusion interval, the in-
vehicle displays and controls are not visible but 
operation of the controls is still permitted. The 
occlusion testing technique differentiates in-vehicle 
tasks that require more or less sustained visual 
attention to complete a task successfully. The key 
measure of sustained visual attention is the Total 
Shutter Open Time (TSOT) which is calculated by 
multiplying the number of vision intervals (i.e., 
shutters open) needed to complete the task by the 1.5 
seconds vision interval. Tasks that can be completed 
in a few brief glances (i.e., shorter TSOT) are 
considered to be less visually distracting than tasks 
that require a greater number of glances (i.e., longer 
TSOT). Presently, there are no agreed upon specific 
performance criteria although these issues are being 
examined in an ISO draft work item.  The Japanese 
Automobile Manufacturers Association (JAMA), 
however, has recently provided guidelines 
recommending a maximum TSOT of 7.5 s when a 
system is bench tested using the occlusion method.   

 
 METHODOLOGY- EXPERT EVALUATIONS 
 
Evaluators 

 
Six usability experts, working in pairs, 

performed 3 evaluations using the Transportation 
Research Laboratory (TRL) checklist and 3 heuristic 
evaluations. Three experts had background and 
experience in automotive human factors. The 
remaining three experts had combined backgrounds 
and experience in cognitive psychology, human-
computer interaction and systems engineering. 
Because the three evaluators with expertise in 
automotive human factors were familiar with both 
multifunctional devices, they were each paired with 
one of the other three evaluators. Specifically, the 
combinations of expertise were as follows: pair #1- 
automotive human factors/cognitive psychology, pair 
#2- automotive human factors/human-computer 
interaction and, pair #3- automotive human 
factors/systems engineering. The evaluator familiar 
with the systems was able to acquaint the other 
evaluator with the system and describe the typical 
task scenarios in which the interface is used. The 

same pair of evaluators assessed System A and B 
separately. 

 
 
Apparatus 
 

 Two European luxury vehicles (model year 
2004) containing multifunctional information 
systems (System A and System B) were used in the 
evaluations.  Both multifunctional information 
systems consisted of a centre-mounted Liquid 
Crystal Display (LCD) screen and a console-
mounted main control knob that worked as the 
system’s primary control. Both vehicles were 
stationary during testing. 
 
Procedure  
 

Each team of evaluators began the evaluation 
with an introduction to the system provided by the 
evaluator most familiar with the system. After the 
explanation of the  nature and purpose of the 
functions included in the multifunctional systems, 
the team proceeded with their systematic evaluation 
of the interface.  
 
Materials 
 

TRL Checklist The TRL checklist used in the 
present study was developed by the Transport 
Research Laboratory for the UK Department for 
Transport. Prior to commencing the evaluation of the 
multifunctional interfaces, evaluators read the 
comprehensive instructions and detailed guidelines 
contained in the user manual that accompanies the 
TRL checklist. This manual contains supportive 
information providing: (1) an explanation about the 
application of the checklist, (2) the rationale for the 
questions contained in the checklist, (3) a list of 
technical references and abbreviation, and (4) a 
glossary of terms. Evaluators completed the 3 
separate parts of the TRL checklist: (1) assessment 
scenario, (2) in-depth assessment, and (3) 
assessment summary. 

Heuristic Evaluation The checklist guiding the 
evaluation contained 10 heuristics (see Nielsen 1994 
for a review) that have been shown to cover the 
majority of usability problems users might 
encounter. The list functions as a reminder to the 
evaluator of potential problem categories. An 
example of one such heuristic “navigation” refers to 
the presence or absence of suitable navigation tools, 
presented in appropriate places, and leading to 
application areas that are consistent with the users’ 
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expectations. The evaluators worked through a set of 
typical tasks identifying problems and their 
associated heuristic violations as these occurred.The 
result is a list of problems and their corresponding 
severity. The process can be taken a step further in 
that solutions can be proposed. 

 
 

RESULTS- EXPERT EVALUATIONS 
 
TRL Checklist  

Results from the TRL checklist provided a 
detailed account of potential problems. Specifically, 
experts predicted that the way information was 
displayed in system A would help drivers maintain a 
correct representation of system status and provide 
immediate feedback. Conversely, experts predicted 
that System B placed inadequate emphasis on issues 
such as use of informative labels, appropriate 
feedback and navigation aids. Although these issues 
are important to the design of any system, they are 
critical to the operation of in-vehicle systems as they 
could impair driver performance by increasing the 
demands on the driver. 
 
The greatest difference between the two systems, 
based on how they scored on the TRL checklist, was 
that visual information presentation was better for 
System A than for System B. The larger number of 
menus and menu layers on System B increased its 
complexity relative to System A. Experts judged that 
System B’s design  would make it more difficult for 
users to see where they were in the system, how they 
got there, and how to get back to the starting point. 
Experts also rated System B  as being more difficult 
to return to the start or escape from a dead end. This 
problem was due to the inconsistency in the return 
and escape options. In sum, experts concluded that it 
would be more difficult to navigate System B’s 
interface than System A’s interface. The TRL 
checklist states that systems that are more difficult to 
navigate will require more visual interaction time. 
This hypothesis was tested during the occlusion 
testing, the results of which are discussed below.  

 
Heuristic Evaluation  
As shown in Table 1, the total number of 

problems identified for System A was 35 and the 
total number of problems identified for System B 
was 51. Some problems identified violated more than 
one heuristic resulting in the number of violations 
exceeded the number of problems. 

Both systems had a large number of heuristic 
violations given that these heuristics cover fairly 

basic requirements. From Table 1, we can see that 
there were more heuristic violations in System B 
than in System A which suggests that System B is 
less easy to use than System A.  

 
 
 
 
 

Table 1 
Number of Violations by Heuristic and System 

 
Heuristic System A System B 
1. Visibility of system status  11 17 
2. Match between system 
and the real world 

10 26 

3. Recognition rather than 
recall 

3 6 

4. Consistency and 
standards 

12 18 

5. User control and freedom 9 7 
6. Flexibility and efficiency 0 6 
7. Aesthetics and minimalist 
design 

5 9 

8. Error prevention 6 6 
9. Help users recognize, 
diagnose, and recover from 
errors 

0 0 

10. Help and documentation 3 4 

Total 59 99 
 
The number and nature of heuristic violations give a 
global overview of problems. This overview is 
regarded as a first step in usability evaluation in 
which areas of concern are identified to guide 
further, more detailed usability evaluations and to 
highlight specific issues to be exposed in subsequent 
user testing. For example, System B’s interface 
appeared to suffer from a lack of match between 
system and the real world. This finding signals a 
need to review all words, symbols, actions and 
concepts to ensure that they are familiar to users 
(rather than system-specific engineering terms) and 
to test the effect of one or two instances of the 
problem on user performance. Furthermore, the 
design of the interface’s navigation should reflect the 
order in which users will most likely perform tasks. 
System B’s interface also appeared lack of 
standardization and consistency. This finding signals 
that users may be confused as to whether different 
words, icons and actions mean the same thing in 
different situations. It is prefreable to follow a 
conventional platform when designing an interface. 
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Experts predicted that terminology would be a 
problem for locating and interpreting information on 
System B due to the observation that headings and 
sub-headings were often difficult to understand and 
the information contained under many of these 
headings  might not meet users’ expectations. In this 
way, the heuristic evaluation serves as a guide for 
deeper subsequent probing to ensure identification 
and removal of all instances of a given problem type. 
 
In sum, results from the Heuristic Evaluation were 
consistent with findings from the TRL checklist. In 
both cases experts found more usability and safety 
isues with System B’s interface than System A’s 
interface. Once experts identified the potential 
usability and safety problems perceived to exist in 
these systems, user testing  was conducted to 
determine the degree to which the problems impede 
the typical user’s’ ability to complete specific tasks.  
 
METHODOLOGY- USER TESTING 

 
Participants  
 

Twelve participants (11 males and 1 female) took 
part in the user testing. The participants ranged in 
age from 25 to 57 years with a mean age of 40. All 
were experienced drivers with normal or corrected to 
normal vision. 
 
Materials  

 
The same vehicles and multifunctional devices 

used for expert evaluations were used for the user 
testing. Both vehicles were stationary at all times.  
 
Procedure  
 

Participants sat in the drivers seat of the 
stationary vehicle. An experimenter seated in the 
front passenger seat administered the tasks to the 
participants. The experimenter seated in the back of 
the vehicle video- recorded the session. Participants 
were first familiarized with how the multifunctional 
information system functioned and given a few 
minutes to review the system. The goal was to assess 
how easy it is for drivers to locate and interpret 
specific information in the system.  They performed 
four tasks which were developed based on the 
features that are most critical and relevant to tasks 
likely to be performed on these systems. Specifically, 
the experimenter asked participants to perform the 
following tasks:   

 

• Task 1- Set address as destination: 
Participants were given an Ottawa address 
and asked to enter the street name and street 
number into the navigation system as the 
destination. 

• Task 2 - Manually tune radio station and 
store it: Participants were given a specific 
radio frequency and asked to manually 
search for and select it. 

• Task 3 - Set point of interest as destination: 
Participants were given a specific place of 
interest (e.g., restaurant, hotel) in other 
cities (i.e., different from Ottawa) and were 
asked to search for that place of interest 
within the navigation system and input it as 
the destination. 

• Task 4 - Adjust audio setting: Participants 
were asked to adjust different 
“Treble/Bass” or  “Balance/Fader” settings. 

 
Each participant attempted  the four tasks three times 
for a total of 12 tasks using each of the systems. 
Task order and system used was counterbalanced 
across participants.  Participants were asked to speak 
out loud about their actions as they performed each 
task. Individual sessions lasted up to one hour.  
 
Measures  
 

The number of tasks completed successfully was 
the usability metric applied to all tasks. For a task to 
be completed successfully, users had to complete it 
making a maximum of two errors. If users made 
more than two errors, or they were unable to find the 
information, it was considered a failure. 
 
RESULTS- USER TESTING 
 
Of the 4 main tasks, an average of 82% of 
participants passed the performance goal in System 
A, and only an average of 38% in System B. The 
following table shows a summary of the results.  
 

• 8/12 drivers using System A, and 6/12 
drivers using System B were able to set an 
address as their destination point. 

• 9/12 drivers using System A, and 6/12 
drivers using System B were able to 
manually tune the radio station and store it. 

• 10/12 drivers using System A, and 1/12 
drivers using System B were able to set a 
point of interest as their destination. 
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• 12/12 driver using System A, and 5/12 
drivers using System B were able to adjust 
the audio to a given setting. 

 
 

These are indicated as percentages in Table 2. The 
results from the user testing support the experts 
prediction that System B was more difficult to use 
than System A. For system B, the major usability 
issue was that participants didn’t know what menu or 
sub-menu labels to look under to find the desired 
information. This result is also consistent with the 
finding from the Heuristic Evaluation that 
terminology appeared to be a problem for locating 
and interpreting information on System B.  
 

Table 2. 
Percentage Completion by Task and System  

 
To a large extent, the success of any information 
system, such as an Intelligent Vehicle Information 
System (IVIS), will depend on its usability or ability 
to be easily understood and conveniently employed 
by a user. Another important factor to consider when 
evaluating these devices is their safety performance. 
To assess whether these systems differ in the safety 
they provide to users, a user testing employing the 
occlusion procedure was performed. If results from 
the user testing suggest that System B is less safe 
than System A in terms of the amount of visual 
resources needed to perform the tasks, it will be 
more compelling for designers to take more care and 
effort to improve the systems.  
 
METHODOLOGY- OCCLUSION TESTING 
 
Participants  
 

The same 12 participants that participated in the 
user testing took part in the occlusion testing. 
 
Apparatus and Tasks 
 

Liquid crystal shuttering spectacles were used to 
intermittently block the participant’s vision  

(Translucent Technologies Inc. Toronto). The 
goggles were programmed such that the vision 
interval, with shutter open, was 1.5 seconds (within 
the suggested maximum time tolerance for having 
eyes off the road; Zwahlen et al., 1988) and the 
occlusion interval, with shutter closed, was 2.0 
seconds. The same vehicles and tasks used for expert 
evaluations and user testing were used for the 
occlusion testing.  
 
 
 
Procedure  
 

During the experimental task trials, participants 
sat in the driver seat of the stationary vehicle. An 
experimenter seated in the front passenger seat 
administered the tasks to the participants. The 
experimenter seated in the back of the vehicle 
recorded task completion times. Sessions were 
conducted during daylight hours. 

Participants were familiar with the 
multifunctional in-vehicle devices from the previous 
user testing session. They were given three occlusion 
warm up tasks involving the climate control system 
to familiarize themselves with the goggles and 
viewing conditions. Participants were then presented 
with the experimental conditions where they 
performed 12 tasks (3 repetitions of the 4 tasks) 
while wearing the occlusion goggles. The lenses on 
the goggles alternated from clear to opaque at 
intervals of 1.5 seconds and 2 seconds respectively 
until task completion. Participants also performed 
the 12 tasks with the lenses open.  Performance was 
timed for each task. System order, task order and 
occlusion order were counterbalanced across 
participants. 
 
Before each task began, the goggles remained open 
while participants viewed instructions printed on a 
flash card.  Participants were asked to signal that 
they had read and understood the instructions by 
saying ‘OK’, and then were asked to complete the 
requested task to the best of their ability using the 
system. The task ended when the participant had 
completed the task or when five minutes had elapsed 
(whichever came first). 
 
The dependent variable of interest was the Total 
Shutter Open Time (TSOT), the total time that vision 
is not occluded when using the occlusion procedure. 
TSOT is the sum of vision intervals required to 
complete a given task (ISO, 2004) and is a surrogate 
for total eyes-off-road time. 

Tasks System A System B 
Set Address as 
Destination 

67% 50% 

Manually Tune Radio 75% 50% 
Set Point of Interest 
as Destination 

83% 8% 

Adjust Audio 100% 42% 
Average 82% 38% 
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RESULTS- OCCLUSION TESTING 
 
A 4 x 2 analysis of variance (ANOVA), with 
repeated measures on both factors (i.e., 4 task type; 
set address vs. tune radio vs. set point of interest vs. 
adjust audio and 2 devices; System A vs. System B) 
was conducted to test for differences in mean Total 
Task Time in the unoccluded condition (TTTunocc). A 
significant interaction of task type and device type 
was observed [F (3,33) = 30.02, p < 0.001]. Post hoc 
pairwise comparisons using Fisher’s LSD test 
revealed that for the “Set address as destination” 
task, the mean total task time was significantly 
higher when participants used System B (mean = 
78.26sec.) than when they used System A (mean = 
54.66 sec.). Similarly, for the “Set point of interest” 
task, the mean total task time was significantly 
higher when participants used System B (mean = 
95.42 sec.) than when they used System A (mean = 
48.22 sec.) (see Figure 1). These results suggest that 
the components involved in the “Set address as 
destination” and the “Set point of interest” tasks may 
be unsafe and require further scrutiny. 
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Figure 1. Mean Total Task Time without 
Occlusion by Task and System. 
 

Results for the Total Shutter Open Time (TSOT) 
were similar to results for the total task time 
(TTTunocc). Specifically, a 4 x 2 analysis of variance 

(ANOVA) with repeated measures on both factors 
(i.e., 4 tasks; set address vs. tune radio vs. set point 
of interest vs. adjust audio and 2 devices; System A 
vs. System B) was conducted to test for differences 
in mean Total Shutter Open Time (TSOT). A 
significant interaction between task type and device 
type was observed [F (3,33) = 34.15, p < 0.001]. 
Post hoc pairwise comparisons using Fisher’s LSD 
test revealed that for the “Set address as destination” 
task, the mean total shutter open time was 
significantly higher when participants used System B 
(mean = 58.67 sec) than when they used System A 
(mean = 46.79 sec). Similarly, for the “Set point of 
interest as destination” task, the mean total shutter 
open time was significantly higher when participants 
used System B (mean = 78.53 sec.) than when they 
used System A (mean = 35.93sec). These task times 
are quite long. To ensure safe operation of 
multifunctional information systems, complex 
operations such as setting an address or point of 
interest as a destination should be restricted by only 
being accessed when the vehicle is not in motion.    
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Figure 2. Mean Total Shutter Open Time by Task 
and System. 
 
In sum, results for TTTunocc and TSOT show that the 
occlusion procedure was able to discriminate 
between the demands of the two different interfaces. 
Thus, the power of the occlusion procedure as a 
method for evaluating visual demands of in-car 
information systems is supported. These results also 
support the TRL statement that the system most 
difficult to navigate (i.e., System B) would also 
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require the most visual interaction time (TSOT 
System B sig. > TSOT System A). Further, a safety 
requirement for display-based in-vehicle systems is 
that the information must be quickly readable and 
understandable (Baumann et al. 2004). Results 
indicate that System A satisfied the latter 
requirement more so than System B, suggesting that 
System A is safer than System B. It is interesting to 
note that based on the JAMA guidelines for TSOT, 
none of these tasks would be considered safe or 
acceptable because they exceed their 7.5 seconds 
TSOT criteria.  
 
 

 

GENERAL DISCUSSION 
 

Expert evaluations of the two multifunctional 
devices yielded a global overview of their associated 
problems and were valuable in identifying the 
number and nature of usability and safety violations. 
Specifically, System B showed more usability and 
safety violations than System A. This finding 
demonstrates the value of  expert evaluations in 
discriminating the number of basic usability and 
safety problems between two multifunctional 
displays. The increased number of usability 
violations found in System B, relative to System A, 
was consistent with the subsequent user testing 
results which indicated that users had more difficulty 
performing tasks on System B than on system A. 
Thus, user testing contributed to the assessment 
process by validating assumptions from expert 
evaluations. Finally, the occlusion procedure proved 
to be a useful method for evaluating safety, by 
assessing the visual processing demands of the 
multifunctional displays. The results in terms of total 
task time (TTTunocc) and total shutter open time 
(TSOT) clearly showed that System A was superior 
to System B for the two more complex tasks (i.e., 
“Set address as destination” and “Set point of 
interest” tasks).  
 
The present findings provide an important 
perspective on the different  roles of assessment 
methods in the evaluation of multifunctional in-
vehicle interfaces. Expert evaluations and user 
testing of System A and System B accurately 
predicted superior safety performance of System A 
over System B. Given the latter and the fact that 
expert evaluations and user testing are cost effective 
and can be applied quickly, proper evaluation 
chronology should first conduct expert evaluations 
and user testing and then more defined tests such as 

occlusion testing. Thus, to have the most impact on 
the usability of a system, expert evaluations and user 
testing  should be incorporated into the early phases 
of the development process and continue as iterative 
testing during the remainder of the development 
process. Most developers acknowledge the value of 
usability testing, but many still view it as a hindrance 
to a timely and orderly product development process. 
The results from the present study suggest that these 
fears are justified when a usability evaluation serves 
only as a final checkpoint before the product is 
released to the public.  
 
Given the number and seriousness of the problems 
found with the readily available systems evaluated in 
this study, one is lead to wonder why the developers 
did not catch these problems given that these 
techniques are simple and cost effective to 
implement. 
 
Researchers have suggested that methods to evaluate 
safety and usability of multifunctional interfaces in 
cars are needed early on in the design process 
(Bullinger & Dangelmaier, 2003; Nowakowski et al., 
2003). The results of the present research support 
this view and demonstrate that expert evaluations, 
user testing and occlusion testing provide a good 
combination of methods for assessing usability and 
safety of multifunctional information systems.  
 
CONCLUSION 
 
While safety should be at the forefront of system 
design and evaluation, user requirements also need 
to be met. It is imperative that a balance is reached 
between safety and user requirements. There is a 
need to understand how drivers use functions and 
services provide by multifunctional systems. The 
input of human factors specialists early in the 
development would help ensure user requirements 
are examined and met so that IVIS s may even 
decrease driver workload if user needs are matched 
in a way that is compatible with the primary task of 
driving. Together, the expert evaluations (i.e., TRL 
checklist and heuristic evaluation), the user testing 
and the occlusion testing results can help designers 
identify the areas and seriousness of both usability 
and safety issues. 
 
Although System A showed less usability and safety 
problems than System B, it is surprising and 
disappointing that both systems rated poorly on these 
safety and usability evaluations. There is clearly a 
need to incorporate usability and safety assessment 
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methodologies in the development of in-vehicle 
devices. If such methods are being used, then a 
better process is needed to place more importance on 
this information and to assure that problems are 
acknowledged, assigned and tracked until they have 
been resolved. Once evaluations become an integral 
part of the system development process, the end 
result is a safe and easy to use system.  
 
More research is needed to validate and refine 
assessment methods. Specifically, assessment 
methods would benefit from criterion values for 
acceptable driver distraction. Thus, the next step will 
be to define some criteria on which to set 
performance limits for unsafe tasks.  
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ABSTRACT 

The European Automobile Manufacturers 
Association (ACEA) has carried out a study 
looking at the repeatability and reproducibility of 
the proposed test procedures and injury criteria. For 
repeatability, 3 repeat tests were carried out on 3 
different seats using a 16 km/h delta-V test pulse. 
To evaluate reproducibility, the same 3 seats were 
tested to a common protocol at 5 different test labs 
using two different test pulses (16 and 25 km/h 
delta-V). The sleds used included both acceleration 
and deceleration types. A wide range of 
acceleration, simple force/moment and combined 
force and moment injury criteria were evaluated. 
In general, repeatability of the sled pulses was 
reasonable but significant variations in pulses and 
test set up were found between laboratories. As a 
result, more precise procedures, test pulse corridors 
and an agreed definition of Tzero (beginning of 
impact) are needed. 
Repeatability of most of the injury criteria at 16 
km/h was acceptable but reproducibility was poor, 
with variations of up to 40% for some of the 
criteria. The situation was even worse at 25 km/h, 
with some criteria showing variations of over 
100%. Great care therefore needs to be exercised in 
selecting appropriate injury criteria, in selecting the 
stringency of assessment limits and in comparing 
results from different laboratories. The variation in 
results also questions the use of high severity 
pulses for neck injury assessment. 

INTRODUCTION 

A number of organisations are carrying out or 
planning sled tests on car seats to assess the risk of 
soft tissue neck injuries and to make comparisons 
between vehicles.  Most of these tests will use a 
recently developed dummy (BioRID) but a number 
of different test pulses and injury criteria have been 
proposed.  There is little experience available in the 

use of these test procedures and limited knowledge 
of their repeatability and reproducibility. 
Nevertheless, data are widely exchanged for 
comparisons, without checking if the test protocols 
followed exactly the same data processing 
definitions. 
The European Automobile Manufacturers 
Association (ACEA) has carried out a study 
looking at the repeatability and reproducibility of 
the proposed test procedures and injury criteria.  
This study helped in identifying the different 
problems which may be encountered if a test 
protocol is not sufficiently detailed enough. It 
aimed at highlighting the possible improvements to 
reduce dispersion and the test configurations or 
criteria that should not be used to assess whiplash 
because of non reproducibility. 

PRESENTATION OF THE STUDY 

In order to determine reliability of current whiplash 
assessment, a whiplash testing programme has 
been defined. The purpose is : 

- to assess the feasibility and reproducibility of 
the contemplated test procedure and test tools 

- to find the key test parameters/ conditions 
which would ensure that the test are 
reproducible/repeatable 

- to prepare recommendations for the exploitation 
of test measurements/ results and for the ways and 
means to obtain them 

- to record unexpected problems/risks of 
problems with the contemplated test procedure and 
tools 

Description of the test matrix 

The defined test matrix is made of 36 tests : 

- two different pulses that are thought to be used 
to assess whiplash and seat stability by EuroNCAP 
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- three different seat models with different levels 
of performance in published ratings 

-  the same model will be tested three times in 
one laboratory to assess repeatability 

- five different laboratories with different tests 
set-ups and tools to carry out the tests to assess 
reproducibility 
The tests have been carried out according to the test 
procedure which is currently studied within Euro-
NCAP whiplash working group (whiplash test 
procedures such as Thatcham and IIWPG [1], 
ADAC [2], SNRA [3]). Therefore, the key test 
conditions which should be monitored by test 
laboratories (the dummy and dummy installation, 
the pulses, the seat adjustments) are described in 
the following paragraphs. 

Seat adjustment 

Seats were rigidly mounted on sled with actual rail 
angle and standard heel point values. Care was 
taken to reproduce similar configuration in all the 
labs for each seat model. 
Seats were set in mid position and mid height as 
usually required in whiplash test procedures. Head 
Restraints (HR) were set according to the RCAR 
procedure [4] : mid locking position when Z-lock 
available or else fully down. 

Dummy adjustment 

The Head Restraint Measuring Device (HRMD) 
defined by RCAR together with an SAE J826 H-
point machine was used to define H-point and 
backset (horizontal distance between head and 
HR). Backset used to control the BioRID head 
position was measured with HR in its fully up 
position in order to have easy and reproducible data 
to record in all the labs in whiplash test procedures. 
The BioRID dummy was installed in the seat by 
controlling the parameters presented in table 1. 

Table 1. 
Control parameters to install BioRID dummy 

 in the seat. 

Location Target 
Measurements  Tolerance 

X Dummy 
H-Point 

Seat H point + 
20mm (Forward) 

± 10mm 

Z Dummy 
H-Point 

Seat H point + 
6mm (Lower) 

± 10mm 

Pelvis angle 26,5° ± 2,5° 
Head plane 0° (Level) ± 1° 
Dummy 
backset 

HRMD backset + 
15mm (Forward) 

± 5mm 

In order to prevent the dummy from jumping out of 
the seat during rebound, a 2 point seat belt was 
used to restrain the dummy during rebound phase. 
It was loose with same amount of slack for all the 
seats and in all the labs, so that the lap belt could 

not interfere on the behaviour of the dummy during 
the rear impact. 

Test pulses and type of sled 

The IIWPG pulses have been used : deltaV = 16 
km/h and 25 km/h. They are presented in chapter 
“sled pulses”, later in this paper. 
Different sled facilities have been used : 

-  TNO and Fiat used an hydraulic acceleration 
sled,  

- Thatcham used a pneumatic acceleration sled 

- ADAC used a deceleration sled with hydraulic 
brake as stopping device 

- Faurecia used a pendulum device for the 16 
km/h tests and a deceleration sled with hydraulic 
brake as stopping device for the 25 km/h tests 

Parameters analysed and definition 

The first definition needed to analyse the data is the 
definition of Tzero (beginning of impact). Tzero is 
defined as the first point above 0.5 g on the sled X-
accel channel filtered at CFC 60. Change of 
velocity (or “deltaV”) is calculated from the sled 
X-channel filtered at CFC 180. 
All the criteria that could be measured or calculated 
for whiplash studies have been used : 

- accelerations of BioRID head, spine and pelvis 

- force and moment on BioRID upper and lower 
neck 

- combined criteria such as NIC, Nkm and LNL 

- contact between BioRID head and HR 

- … 
 
An example of the method of assessment for 
repeatability and reproducibility is presented 
below. For a given parameter, X, measured during 
the 16 km/h tests for all the same seat model, seven 
values will have to be compared (one for each test). 
They are presented in Equation 1. 
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 (1). 

The following definitions are used to assess 
repeatability (see Equations 2 to 6). 

  
( )

3

X  X X
X TcTbTa

Tmean
++

=  (2). 

  ( )TcTbTa3 X ; X ;XMAXMax =  (3). 

  ( )TcTbTa3 X ; X ;XMINMin =  (4). 

  333 MinMaxDispersion −=∆=  (5). 
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  100x
X

MinMax
Scattering

Tmean

33 −
= % (6). 

 
The following definitions are used to assess 
reproducibility (see Equations 7 to 11). 

  
( )

5

X  X X  X X
X F1T1FATmean

mean
++++

=  (7). 

  ( )F1T1FATmean5 X ; X ;X ; X ;XMAXMax =  (8). 

  ( )F1T1FATmean5 X ; X ;X ; X ;XMINMin =  (9). 

  555 MinMaxDispersion −=∆=  (10). 

  100x
X

MinMax
Scattering

mean

55 −
= % (11). 

ANALYSIS OF RESULTS 

Initial set-up 

The assessment of the initial position for the seat 
and for the dummy is made using the HRMD + 
SAE J826 H-point machine (also called Oscar + 
HRMD). Measurements recorded were : 

- stem angle of HR with respect to vertical 

- torso angle 

- H-point 

- backset and height (measured with different 
position of HR) 
 
BioRID data are also used : 

- H-point 

- backset and height (measured with HR in its 
fully up position and with HR in its tested position) 

- pelvis angle 
 
The following paragraphs present the analysis of 
some of these parameters linked to the initial set-
up. 
 

Torso angle 
The set-up procedure requires a torso angle of 25 
+/- 1°. This requirement was fulfilled, but the 
whole band of tolerance, as proposed in the 
protocol, was needed to achieve it. None of the lab 
shows any particularity with respect to the others, 
such as seat set-up always in the extreme part of the 
band of tolerance for all the seats and seat models.  
Figure 1 shows that the set up of the seat can lead 
to torso angle variations of up to 1.6° depending on 
where the test was carried out.  This is due to the 
fact that seat back recliner could be a step 
adjustment, not a continuous one. Even on a seat 
with continuous adjustment, it could take a long 
time to set-up the seat at exactly 25°. 
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Figure 1. Torso angle dispersion. 
 

Oscar + HRMD H-point 
For H-point coordinates, the reference point is the 
seat back articulation. In the following graphs 
(figure 2 to 5), white crosses represent repeatability 
results. Maximum dispersion is represented by a 
coloured dotted rectangle for each seat model. 
Mean value is also given thanks to a different 
coloured symbol. 
 
The combination of X and Z H-point measured on 
Oscar + HRMD and their dispersion is shown in 
figure 2 with an extensive analysis of the results. 
We can notice that none of the lab shows any 
particularity with respect to the others. Dispersion 
appears in the H-point X and Z coordinates for all 
the seat models (up to almost 20 mm in X and up to 
22 mm in Z). 
 
We can also notice that repeatability (white 
crosses) is better than reproducibility for X and Z 
H-point except for Seat 1 in Z. Up to twenty 
millimetres of dispersion occurred in X and Z for H 
point location. This dispersion is present for the 3 
seat models for X H-point location. 
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Figure 2. H-point distance measured on 
Oscar+HRMD. 
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Head to HR distance measured with HRMD 
Backset and height are combined in figure 3. The 
commonly used HRMD rating zones are also 
presented: The green line is the border between 
“good” and “acceptable” rating zones, the yellow 
line is the border between “acceptable” and 
“marginal” rating zones and the orange line is the 
border between “marginal” and “poor” rating zones 
according to RCAR geometrical rating procedure 
[4]. 
 

50

60

70

80

90

100

10 30 50 70 90 110

Backset (mm)

H
ei

g
h

t (
m

m
)

Seat 1 Seat 2 Seat 3

 
Figure 3. Head to HR distance measured on 
HRMD 
 
We can see that each seat model has a different 
backset average (from 26 mm for Seat 1 to 80 mm 
for Seat 2) and a height average (from 69.9 mm for 
Seat 3 to 73.4 mm for Seat 2). This is due to the 
fact that each seat has its own structure design and 
its own HR volume. We can also add that none of 
the lab presents a specific trend, such as smaller 
backset than the ones measured in the other labs. 
Maximum dispersion for backset is 22 mm and 
maximum dispersion for height is 26 mm. 
 
Since dispersion can be above 20 mm for each 
direction, this means that theoretically, the 
geometrical rating for the same seat can go from 
"Good" (green) to "Marginal" (orange).  
If we suppose training to install HRMD can be 
improved, we can focus on Thatcham points 
(repeatability). In this case, dispersion is lowered 
since backset gets maximum dispersion of 11 mm 
and height gets maximum dispersion of 5 mm). 
 

BioRID H-point 
The combination of X and Z H-point measured on 
BioRID and their dispersion is shown in figure 4. 
Dispersion appears in the H-point X and Z 
coordinates for all the seat models but not to the 
same amount (up to 28 mm in X and up to 33 mm 
in Z). None of the lab can be distinguished from the 
others with respect to the use of the band of 
tolerance.  
We can notice that repeatability (white crosses) is 
better than reproducibility for X and Z H-point. 

Maximum dispersion in reproducibility assessment 
is about 30 mm in X and Z for BioRID H-point 
location.  
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Figure 4. H-point distance measured on BioRID. 
 

Head to HR distance measured with BioRID 
Backset and height are combined in figure 5.  
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Figure 5. Head to HR distance measured on 
BioRID. 
Each seat model has more dispersion for BioRID 
than for HRMD backset. Backset average ranges 
from 40 mm for Seat 1 to 86 mm for Seat 2. We 
can see that there is not so much difference for 
height since height average ranges from 79 mm for 
Seat 2 to 86 mm for Seat 3. 
Moreover, maximum dispersion for BioRID 
backset is 42 mm and maximum dispersion for 
height is 28 mm. 
It is also important to notice that in the current test 
procedures, there are different ways to measure 
backset for BioRID. In our opinion, it is important 
to distinguish the purpose of the measurement. One 
measure is used to ensure the head to be placed 15 
mm forward from the HRMD head. This measure 
can be done with any reference point (seat, sled or 
even north pole thanks to GPS) and has no need to 
be linked to the actual HR position. But this 
measure is not useful for engineers. What is 
interesting for engineering purposes is the actual 
distance between BioRID’s head and HR. For this, 
a specific method of measurement has to be 
defined. This should be discussed within BioRID 
Users Meeting. 
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Dummy final set-up : H-point  
In order to check whether BioRID has been 
correctly installed with respect to HRMD, we can 
analyse the difference in H-point coordinates 
between the two machines. For reminder, BioRID 
X H-point should be 20 mm forward of HRMD 
one, and Z H-point should be 6 mm downward as 
already specified in table 1.  
Figure 6 shows X delta H-point for all the tests 
carried out (16 and 25 km/h). X H-point shift seems 
to be easy to achieve. The average shift ranges 
from 18.3 mm for seat 3 to 19.69 mm for seat 1. 
But the large band of tolerance proposed in the test 
protocol is used by the different labs since 
maximum dispersion goes up to 15 mm. 
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Figure 6. Difference of H-point in X between 
BioRID and Oscar + HRMD. 
 
Figure 7 shows Z delta H-point for all the tests 
carried out. For this parameter, all the seat models 
can be compared since they should all reach the 
same target. 
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Figure 7. Difference of H-point in Z between 
BioRID and Oscar + HRMD. 
Z H-point shift seems to be less easy to achieve 
than X one. The theoretical shift should be –6 mm 
but average shift between -2.53 mm for seat 3 and -
3.87 mm for seat 1. Here again the large band of 
tolerance proposed in the test protocol is used by 
the different labs since maximum dispersion is 18 
mm. 
 

Figure 8 presents the same results in a 2-D format. 
White crosses represent repeatability results. 
Maximum dispersion is represented by a coloured 
dotted rectangle for each seat model. Mean value is 
also given thanks to a different coloured symbol. A 
fourth set of information has been added to this 
graph (green dotted rectangle + green circle point). 
It represents the official target for BioRID H-point 
with respect to HRMD. 
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Figure 8. Difference of H-point in X and Z 
between BioRID and Oscar + HRMD – 
comparison with BioRID official H-point 
tolerance. 
For the three seat models, average points are really 
close together. White crosses highlight the 
repeatability points, and we can notice they are 
closer together than reproducibility points. Training 
would help improving BioRID installation. But 
even with repeatability points, it can be noticed that 
Z H-point target should be modified, since the 
majority of points are above the theoretical target. 
Therefore, it should be recommended to modify Z 
H-point target for BioRID. Our proposal would be 
to require BioRID H-point to be at the same height 
than Oscar + HRMD one. 
 

Dummy final set-up : distance between head 
and HR 

Figure 9 shows difference in backset and height 
between BioRID and HRMD for all the tests 
carried out.  
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Figure 9. Difference of head to HR distance in X 
and Z between BioRID and Oscar + HRMD. 
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Backset shift seems not to be so easy to achieve. 
Theoretical shift is 15 mm (with HR in its fully up 
position), and BioRID positioning fulfilled this 
requirement. But when backset was measured with 
HR in its tested position, the average shift ranges 
from 6.45 mm for seat 2 to 14.63 mm for seat 1. 
The large band of tolerance is, here again, fully 
used since maximum dispersion is 35 mm between 
the two extreme positions. 
Height shift between Oscar + HRMD and BioRID 
seems to be dispersive and linked to the seat model. 
The average shift ranges from 4.93 mm for seat 2 
to 15 mm for seat 3. This means that HRMD is 
always lower than BioRID. Here again the large 
band of tolerance is fully used since maximum 
dispersion is 24 mm. Measurement method for 
backset and height between BioRID and HRMD 
has to be improved if we want to get good 
reproducibility. 
A clear method for measuring backset has to be 
defined.  It should take into account the possible 
different geometries a HR could have. 

Sled pulse 

The comparison of the pulses carried out in the 
different test lab is made in the following sections. 
They are compared with the target pulse (defined 
by IIWPG) for both 16 and 25 km/h severity, and 
with the corridor already defined by IIWPG for 16 
km/h. 
All the pulses are analysed thanks to the Tzero 
definition which was described in chapter 
“Parameters analysed and definition”.  
 

DeltaV = 16 km/h 
Seven pulses can be compared for the 16 km/h test 
severity, for each seat model. Figure 10 presents 
this comparison for seat 2.  
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Figure 10. Comparison of sled pulses for the 
different 16 km/h tests carried out on seat 2. 

Results were similar for seat 1 and seat 3. We can 
notice that the peak is between 9.2 g and 11.2 g. 
None of the sleds fulfils the corridor requirements. 
The shift in time can be explained because of the 
Tzero definition used here which is different from 
the one currently used by IIWPG (IIWPG Tzero is 
such that peak pulse occurs at 27 ms), but there is 
not such an explanation for the magnitude of the 
sled pulse. 
Moreover, it is difficult to distinguish between the 
curves whether the sled is a deceleration one or an 
acceleration one. The only comment we can make 
is that Tzero definition as proposed by IIWPG would 
be difficult to apply to the Faurecia pulse (double 
peak pulse). 
The resultant change of velocity for seat 2 is 
presented in figure 11. The change of velocity is 
calculated from Tzero up to the time when sled 
acceleration goes below 0.5 g.  
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Figure 11. Comparison of sled pulses for the 
different 16 km/h tests carried out on seat 2. 
 
Results were similar for seat 1 and seat 3. We can 
notice that this change of velocity is between 14 
and 17 km/h. 
It is acknowledged that there is a need to better 
define the pulse characteristics.  The data presented 
here is being used by groups such as Euro NCAP to 
define the pulse more precisely, probably using a 
combination of requirements for acceleration levels 
and deltaV. 
Moreover, after the ACEA tests had been 
performed, Thatcham subsequently improved their 
pulse performance and meet now the corridor. 
 

DeltaV = 25 km/h 
Five pulses can be compared for the 25 km/h test 
severity, for each seat model. Figure 12 presents 
this comparison for seat 3.  
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Figure 12. Comparison of sled pulses for the 
different 25 km/h tests carried out on seat 3. 
Results were similar for seat 1 and seat 2. We can 
notice that for this severity, the peak is between 
14.7 g and 17 g. 
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Figure 13. Comparison of sled pulses for the 
different 25 km/h tests carried out on seat 3. 
The change of velocity up to the time when sled 
acceleration goes below 0.5 g is between 23.8 and 
25.6 km/h. 
 

Conclusion on sled pulse 
We can conclude that significant variation in pulse 
and set up have been documented. But repeatability 
of sled pulses is acceptable. Future work should be 
devoted to define more accurate requirements on 
sled pulse and change of velocity. The first action 
would be to define a corridor for the 25 km/h 
(impact severity dedicated to seat stability only). 
Moreover, general accepted definition of Tzero is 
needed since 3 different definitions are currently 
proposed. 
Finally, there is no clear influence of sled type on 
pulse characteristics and on initial position. 

Influence of the different set-ups and sled pulses 
on dummy readings 

Dummy readings have been compared for 
repeatability and reproducibility tests in order to 
assess the dispersion that could be due to difference 
in dummy set-up, sled pulse and type of sled. For 
this purpose, minimum, maximum and average 

values are presented for the main criteria studied in 
the different current ratings (see figure 14 to 25). In 
order to assess the consequences of dispersion with 
respect to a final rating, it has been decided to use 
thresholds (upper and lower thresholds) for each 
criterion. 
In the following figures, the thresholds are 
represented as follows:  

- upper level of rating  ----- 

- lower level of rating  ----- 
 
It is important to note that the thresholds used in 
this study are NOT proposed by ACEA but are 
mainly the ones currently used or proposed in 
published whiplash ratings (Thatcham and IIWPG, 
SRA, ADAC). They are presented in table 2. 
 

Table 2. 
High and low performance level for assessing 
influence of rating on dispersion at different 

impact severities. 

 High 
performance 

Low 
performance 

HRMD data   
Backset (mm) 70 90 
Height (mm) 60 80 

BioRID data   
Fx+ upper (N) 130 400 
Fz+ upper (N) 700 1400 
NIC 10 20 
Nkm max 0.3 0.5 
LNL 1.5 3.0 
T1 (g) 9 15 
THRC 70 120 
TrelHRC 43 93 

 
In this chapter, the type of graph used is as follow : 
3 x 3 bars representing the 3 seat models in the 3 
type of tests (repeatability at 16 km/h, 
reproducibility at 16km/h and reproducibility at 
25 km/h). For each bar, the dark blue part shows 
the minimum value recorded for the criteria under 
study (Min3 for repeatability and Min5 for 
reproducibility), the light blue shows the maximum 
one (Max3 for repeatability and Max5 for 
reproducibility)and the yellow symbol shows the 
mean value(XTmean for repeatability and Xmean for 
reproducibility).  
 

T1 acceleration 
Maximum value of T1 acceleration in X CFC 180 
up to the end of contact between head and HR as 
defined in [6] is studied in this section. 
Figure 14 presents the results for T1 acceleration. 
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Figure 14. Comparison of dispersion analysed 
on T1 acceleration. 
Repeatability is far much better than reproducibility 
for this parameter. Dispersion at 16 km/h is almost 
as large as the band of tolerance. This means that a 
seat could be rated green in one test and red in the 
other.  
In order to decrease dispersion, a different CFC 
filter can be used, or 3ms duration values. 
The three seats show approximately the same trend 
in reproducibility tests. Whereas seat 1 shows a 
different trend in repeatability tests than the two 
other ones. 
 

NIC 
Figure 15 presents the results for NIC. 
NIC is calculated from Head accel and T1 accel in 
X filtered at CFC 180. Maximum value is taken up 
to the end of contact between head and HR as 
defined in [6]. 
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Figure 15. Comparison of dispersion analysed 
on NIC. 
Here again, dispersion is less important in 
repeatability than in reproducibility tests. But it is 
large enough to be above or below the red line. 
Data at 25 km/h shows the very large dispersion of 
this parameter for all the seat models. 
 

THRC : 1st time of contact between head and 
HR 

Figure 16 presents the results for THRC (absolute 
values). 
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Figure 16. Comparison of dispersion analysed 
on THRC. 
This figure shows the raw data which could be seen 
as strongly dependent on Tzero definition. Here 
again, repeatability is good, but reproducibility is 
not. 
It should be noted that only 1 result was reliable for 
seat 2 at 25 km/h. 
 
In order to remove the influence of Tzero definition 
and of the first ms of the sled acceleration, it has 
been proposed to determine a relative time of HR 
contact. In theory, if this time is taken with respect 
to peak sled pulse, Tzero definition will have no 
more influence. This is why we have computed a 
2nd THRC, a relative one, TrelHRC. The thresholds 
have been computed by subtracting 27 ms from the 
threshold proposed for THRC. Therefore we have 
an assessment of dispersion for head to HR contact 
time with no influence of Tzero definition. 
Figure 17 presents the results for TrelHRC (relative 
values). 
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Figure 17. Comparison of dispersion analysed 
on TrelHRC. 
Unfortunately dispersion has not been improved 
thanks to this solution. Therefore, it is not possible 
to say that difference in THRC is only due to 
difference in Tzero definition. This is an intrinsic 
dispersion, because of difference in seat set-up that 
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may generate a difference in backset between the 
different seats from the same model and because of 
measurement dispersion. 
 

Fx : Shear force – upper neck 
Figure 18 presents the results for Fx, upper neck 
shear (positive value only). 
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Figure 18. Comparison of dispersion analysed 
on Fx upper neck. 
Positive shear force measured on the upper neck 
shows very good repeatability results, and slightly 
worse reproducibility results at 16 km/h but 
reproducibility at 25 km/h is not acceptable at all. 
 

Fz : Tension force – upper neck 
Figure 19 presents the results for Fz, upper neck 
tension. 
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Figure 19. Comparison of dispersion analysed 
on Fz upper neck. 
Tension force measured on the upper neck also 
shows very good repeatability results, moderate 
reproducibility results at 16 km/h. But 
reproducibility at 25 km/h is not acceptable at all. 
 

Nkm and its 4 components 
Figure 20 to 24 present the results for Nkm and its 
4 different components. 
 
If we first analyse the 2 components made with 
flexion (My > 0), i.e Nfa and Nfp (figures 20 and 
21), we can see repeatability is very good and 
reproducibility at 16 km/h is acceptable. But 
reproducibility at 25 km/h is unacceptable. 
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Figure 20. Comparison of dispersion analysed 
on Nfa. 
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Figure 21. Comparison of dispersion analysed 
on Nfp. 
We can also notice that Nfa is higher than Nfp for 
all impact severities. Nfa is generally close to the 
red limit whereas Nfp is close to the green one. 
 
Then, if we analyse the 2 components made with 
extension (My < 0), i.e Nea and Nep (figures 22 
and 23), we can see repeatability is very good and 
reproducibility at 16 km/h is acceptable. But 
reproducibility at 25 km/h is unacceptable. 
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Figure 22. Comparison of dispersion analysed 
on Nea. 
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Figure 23. Comparison of dispersion analysed 
on Nep. 
We can also notice that Nea is higher than Nep for 
all impact severity. For 16 km/h tests, Nea is 
generally above the green limit whereas Nep is 
below. 
 
 
By taking into account all the 4 components of 
Nkm, we can create a graph with Nkm max values 
(see figure 24). 
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Figure 24. Comparison of dispersion analysed 
on Nkm max. 
For the 16 km/h tests, maximum values are made 
by Nfa. But it is the Nea component that gives the 
maximum magnitude for 25 km/h tests. This is the 
reason why it is not recommended to compare Nkm 
results without separating the components. 
 

LNL : lower neck load index 
Figure 25 presents the results for LNL index (a 
combination of shear, tension and extension lower 
neck loads as defined in [6]). 
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Figure 25. Comparison of dispersion analysed 
on LNL. 
Here again, we can see repeatability is very good 
and reproducibility at 16 km/h is acceptable. But 
reproducibility at 25 km/h is unacceptable for two 
of the seat models. 

DISCUSSION 

Maximum scattering with respect to test severity 

In order to quantify dispersion, the 3 following 
figures present the scattering, as defined in 
equations (6) and (11) of several parameters 
analysed in this study (backset, height, and 
biomechanical parameters) and for each seat 
model. There is one graph per type of analysis 
(repeatability, reproducibility 16 km/h and 
reproducibility 25 km/h). 

Maximum scattering for repeatability 
assessment at 16 km/h 

Repeatability at 16 km/h (see figure 26) shows that 
scattering is acceptable (around 20%) for all the 
parameters except for Nkm (mainly Nea and Nep 
which reached more than 50% of dispersion). 
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Figure 26. Maximum scattering for repeatability 
assessment at 16 km/h. 
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Maximum scattering for reproducibility 
assessment at 16 km/h 

Reproducibility at 16 km/h (see figure 27) shows 
that scattering is higher than for repeatability but 
still acceptable (generally between 10 and 40%) for 
all the parameters except for THRC and Nkm 
(mainly Nea and Nep which reached more than 
50% of dispersion). Fx, Fz and LNL show high 
scattering for seat 1 only because the values are 
really low. 
Improving training for seat and dummy set-up and 
defining sled pulse corridor will help to decrease 
scattering to the level of repeatability. 
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Figure 27. Maximum scattering for 
reproducibility assessment at 16 km/h. 
 

Maximum scattering for reproducibility 
assessment at 25 km/h 

If we want to do the same comparison for 
reproducibility at 25 km/h it is needed to enlarge 
scattering scale. With a maximum scale of 100% 
we can notice that all the parameters show 
unacceptable dispersion (generally between 30 and 
more than 100%) for all the parameters except for 
backset and height that have no link with impact 
severity (see figure 28). 
It definitively proves that biomechanical criteria 
cannot be used at this impact severity. 
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Figure 28. Maximum scattering for 
reproducibility assessment at 25 km/h. 
 

In conclusion, repeatability (16 km/h) is acceptable, 
with the exemption of the Nep value (no influence 
on Nkm max for these tests).  
For the delta v 16 km/h tests Nkm (all) and THRC 
show variations of more than 50%. Forces (Fx/Fz), 
LNL and T1 are between 20 to 40% variation. NIC 
showed the lowest variation with values below 
30%. 
Reproducibility is significantly degraded when 
delta v 25 km/h pulse is used compared to delta v 
16 km/h. In particular the forces and force based 
criteria show extreme variations (> 100%) with 
delta v 25 km/h pulse. Result variations clearly 
question the suitability using these measures at the 
high severity pulse (delta v 25 km/h). 

Combined criteria (« ratings ») 

Presentation 
When these results were first presented to 
EuroNCAP, a question was raised : whether the 
fact to use a combination of several criteria would 
decrease or not dispersion (like a balance between 
several criteria dispersion). For this purpose, this 
paragraph presents dispersion assessed for several 
ratings inspired by current whiplash rating already 
published for several years or under construction 
[1], [2], [3]. 
As already mentioned earlier in this paper (see 
Table 2), these ratings are NOT proposed by 
ACEA, they are only based on ratings currently 
published or under construction. 
 
The philosophy taken to create the ratings is based 
on the same philosophy as EuroNCAP adult frontal 
or side score. When a parameter is below the green 
limit, the maximum score is given. When it is 
above the red limit, the minimum score is given. 
When it is between the two limits, a sliding scale is 
applied. 
In order to have a correct scale to compare the 
results, the sliding scale proposed is between 10 
and 0 points. ACEA is not suggesting whiplash 
score to be 10 points. The reason of choosing 10 
points is to get sufficient scale to compare the 
results.  
The method of calculation of the rating is described 
below: 

- each parameter gives a score between 0 and 10 
points thanks to the sliding scale.  

- the rating is made of 2 to 6 criteria.  

- the rating score is the average of 2 to 6 criteria 
scores.  
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Therefore: 

- a rating score of 10 points means a seat with all 
the criteria below the green limit 

- a rating score of 0 point means a seat with all 
the criteria above the red limit 
 
We have taken into account three different ratings, 
named “A”, “B”and “C”. The criteria used for each 
rating are: 

- rating A : NIC, LNL, Nkm 

- rating B : NIC, Nkm 

- rating C : Fx, Fz, T1g, TrelHRC 
 
A fourth rating has also been used, it combines all 
the criteria foreseen in the EuroNCAP whiplash 
WG : 

- rating W : NIC,  Nkm, Fx, Fz, T1g, TrelHRC 
 

Results 
In order to assess consequences on dispersion, the 
rating has been calculated for all the 16 km/h tests, 
but also with the average value of each criteria 
(XTmean and Xmean) and with the extreme values too : 
maximum value for all the criteria (Max3 and 
Max5), and minimum values for all the criteria 
(Min3 and Min5). This is called respectively “rating 
with average scores”, “rating with maximum 
scores”, “rating with minimum scores”. 
 
The three different ratings and the whole one would 
give homogeneous scores for seat 1 (see figure 29) 
and different ones for seat 2 (see figure 30) and seat 
3 (see figure 31). 
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Figure 29. Seat 1 - influence of rating 
combination on dispersion for 16 km/h whiplash 
test. 
Figure 29 shows that dispersion can lead to 20 % of 
difference in the rating score for seat 1. Generally 
extreme scores are close to lab scores. This means 
all the minimum (or maximum) values appear in 
the same test. 
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Figure 30. Seat 2 - influence of rating 
combination on dispersion for 16 km/h whiplash 
test. 
For seat 2, dispersion is important and can bring up 
to 40 % of difference in the rating score. 
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Figure 31. Seat 3 - influence of rating 
combination on dispersion for 16 km/h whiplash 
test. 
For seat 3, dispersion is important and can bring up 
to 40 % of difference in the rating score. 
 

Conclusion of rating combinations 
In conclusion, no improvement in dispersion occurs 
when a combination of criteria is used. Therefore, 
the need is clearly to decrease dispersion by 
improving reliability of seat and dummy set-up and 
of pulse reproductibility. 

Tzero definition 

Tzero is defined as the first point above 0.5 g 
measured on the sled accelerometer filtered at CFC 
60. The reason why 0.5 g was chosen is because the 
current definition (1 g) can be in conflict with 
mechanical systems that are triggered when the 
acceleration goes above 1g. Moreover 1 g 
represents 10 % of the maximum value of a 16 
km/h test. It was thought to be too high to use as 
Tzero definition. 
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Whatever the level of Tzero (1 g or 0.5 g), it is 
interesting to notice that defining Tzero for an 
accelerated sled is not so easy because before the 
beginning of the impact the sled is not at rest (see 
figure 32) before impact (setting the sled 
acceleration to 0 before impact could be difficult 
with such a sled device.  
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Figure 32. Illustration of possible difficulties to 
define Tzero or accel peak max for a deceleration 
sled. 
 
What could be added is that it would also be 
difficult to define any peak in this example (figure 
32) where the maximum value is not unique but 
represented by a plateau. 
One of the solutions to improve Tzero definition 
could be to use a specific sensor with a low 
amplitude range (20 g) in order to define more 
accurately the 1st point above 0.5g. 
 

CONCLUSION 

Initial position 

We can sum up the trends by saying that : 

- Oscar+HRMD H-point dispersion was within 
20 mm for x and 22 mm for z 

- BioRID H-point dispersion was within 28 mm 
for x and 32 mm for z 

- BioRID X H-point target with respect to 
Oscar+HRMD is easily respected but the large 
band of tolerance is needed since maximum 
dispersion for X delta H-point was 15 mm 

- BioRID Z H-point target with respect to 
Oscar+HRMD is very difficult to achieve and 
should be modified (ACEA proposal : same height 
as for the Oscar + HRMD). Maximum dispersion 
for Z delta H-point was 18 mm 

- HRMD backset dispersion was up to 22 mm 

- HRMD height dispersion was up to 26 mm 

- BioRID is taller than HRMD (up to 15 mm in 
the tests performed) 

- there is a need to define a BioRID backset for 
which confidence is enough to help in predicting 
biomechanical results since current dispersion is 
42mm (and 28 mm in height) 

Biomechanical criteria 

Repeatability tests showed good results of 
scattering, and reproducibility was acceptable at 16 
km/h. Training in seat and dummy set-up will help 
to improve the results. But the scattering at 25 km/h 
showed that biomechanical results cannot be used 
at this impact severity. Indeed, dispersion at 
25 km/h was generally between 30 % and more 
than 100% on biomechanical criteria. 
It definitively proves that biomechanical criteria 
cannot be used at this impact severity. 
 
The three different ratings and the whole one do 
not show any improvement in dispersion which can 
lead to 40 % of difference in the rating score. 
Therefore, in order to improve dispersion one has 
to put an effort on initial position. 

ACEA whiplash subgroup recommendations 

Following this extensive analysis, ACEA 
recommend : 

- a clear Tzero definition 

- a more accurate pulse corridor 

- training for seat, HRMD and BioRID set-up 

- an update test procedure with pictures to clearly 
understand the requirements 

- an update of Z H-point target for BioRID 

- a clearer definition for backset measurement for 
BioRID to ensure a repeatable position of the 
BioRID head but also to get a useful parameter for 
engineers 

- clear definition of biomechanical criteria 
(computer procedure to calculate each criteria) 

- no biomechanical criteria at 25 km/h. 
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ABSTRACT 

Inside urban areas some accidents are occurring 
between right turning trucks and bicyclists or 
pedestrians. The consequences are exceedingly 
severe if the truck runs over the vulnerable road user. 
This paper will help to improve the knowledge how 
these accidents happen. Matched to this 
countermeasures are shown and discussed to reduce 
the number and the severity of these accidents. This 
contribution is a compendium of the research 
assignment of the BASt (German Federal Highway 
Research Institute) given to DEKRA Accident 
Research named “Endangering of bicyclists and 
pedestrians at intersections by right turning trucks”.  

It includes remarks on the European regulations 
regarding the protection of pedestrians and bicyclists 
in case of collisions with trucks. This is followed by 
an overview of the existing standard of the 
knowledge documented in the literature. It includes 
among other things analysis of official statistics, in-
depth accident analysis and description of measure-
ments to solve the problem. The study contains the 
results of the in-depth analysis of 90 accidents with 
involved right turning trucks versus a pedestrian or 
bicyclist. Outcomes are coming from the pre-crash 
phase (e.g. kind of movement), and the impact (e.g. 
location of collision, speed  and angle). One of the 
main problems is the insufficient field of view (blind 
spot) of the truck driver during the pre-crash phase. 
Results of blind spot analysis of two trucks with two 
different mirror systems will show possible 
improvements. The contribution will finish with a 
description of the developed safety concept 
concerning the analysed situation between right 
turning trucks and pedestrians or bicyclists. 

INTRODUCTION 

The diversity of transport tasks and the mobility 
required of, or commercially necessary for transport 
users make it impossible these days to conceive of a 
world without road transport.  Unfortunately, it is 
also linked with negative consequences. These 

include not only the consumption of resources and 
pollution of the environment, but also road accidents 
and their resulting consequences.  

In the year 2002  38,452 people lose their life every 
year as a result of traffic accidents in the European 
Union (Figures cover the EU region before the 
expansion of 1st May 2004). Between 14% (in 
France) and 46% (in Poland) of the total number of 
people who died in accidents on Europe’s roads were 
unprotected road users (cyclists and pedestrians). In 
Germany the figure is 21%. The conflict between a 
truck and a cyclist or pedestrian may not be the most 
common situation encountered, but it is the most 
dangerous. The biggest and heaviest road user comes 
up against the smallest and weakest. Accidents in 
urban environments involving a truck turning right 
make up an important group in this accident scenario 
and formed the focus of a research project 
commissioned by the German Federal Highway 
Research Institute (BASt) carried out by DEKRA. 

THE PROBLEM 

In general the truck driver and cyclist travel 
unaffected by each other on their own parts of the 
road. The paths of the two groups cross at 
intersections, Fig 1. This crossing of paths of travel 
entail a corresponding risk of accident that involves a 
correspondingly high risk of injury for the 
unprotected road user. This situation raises a number 
of questions that were to be answered as part of the 
research project. What happens during these 
accidents? What are the problems for the road users 
involved? How can the accident figures and their 
consequences be reduced? Is the side protection of 
the truck able to prevent the unprotected road user 
from run over or reduce its incidence? 

Compared to the car, the blind spots of a truck, i.e. 
the areas where the truck driver suffers impaired field 
of view, are considerably greater. The truck driver’s 
field of view problems are, however, considerably 
greater than other road users are generally aware of. 
The truck driver is seated far higher up than the car 
driver. This means that although the eyes of the car 
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driver are roughly located at the same level as the 
cyclist or the pedestrian, the eyes of the truck driver 
can be initially estimated as being 2.5 m above the 
road surface, the exact figure depending on the height 
of the truck, the seat position and the height of the 
seated driver. This higher position leads to numerous 
blind spots (dead angles) in front of, adjacent to and 
behind the truck. The ability of a person to be 
detected depends on the size of the person and his 
position in relation to the truck, Fig 2. 

 
Fig 1: Example of a conflict scenario involving a 

truck turning right /1/ 

 
Fig 2: Examples of blind spots impairing the 

direct view, in a top-down view and as 
side view (object size up to 1.6 m) 

The blind spots are the fundamental causes for the 
conflicts between the trucks and the unprotected road 
users analysed within this project. If the truck driver 
does not see the cyclist or pedestrian and turns right, 
a crash with the unprotected road user can be the 
result. The cyclists and pedestrians place their faith in 
the right of way laid down in the road regulations and 
assume that the truck driver can also see them in one 
of his numerous mirrors. This faith and the incorrect 
assumption about the truck driver’s ability to see 
what is going on around the truck can end fatally if 
the accident causes the unprotected road user to end 
up under the truck and be rolled over by its wheels.  

GENERAL ACCIDENT STATISTICS 

In 2002 there were 362,054 accidents in Germany 
resulting in personal injury (API), of which 233,865 
in urban area (64.6%) /3/. A total of 586,180 motor 
vehicles were involved in all APIs, of which 364,121 
took place in urban area (62.1%). 21,633 goods 
vehicles (GV) were involved in APIs in urban areas. 
Goods vehicles include delivery vans and trucks with 
normal and special superstructures, articulated lorries 
and other traction engines. Agricultural traction 
engines are not included. This represents 5.9% of the 
motor vehicles involved in urban accidents. These 
GVs also include vehicles with a permissible total 
weight (PTW) up to a maximum of 3.5t. These 
vehicles have a fundamentally different vehicle 
superstructure and thus constitute different problems 
in an accident. This study was interested in the 
heavier GVs with ladder frame chassis and a 
correspondingly large space between the axles.  
Removing GVs with a PTW of a maximum of 3.5t 
leaves a percentage share of heavier GVs involved in 
urban APIs of between 2.3% and 2.8% (A more 
precise figure cannot be given because the PTW was 
unknown for some GVs.).  

In 2002 official statistics recorded a total of 47,669 
turning-off crashes. This represented 13.2% of all 
APIs. In built-up areas there were 37,766 turning off 
crashes, representing 15.7% of recorded urban 
accidents. The remaining 84.3% of urban APIs are 
covered by the other accident types. 

Taking altogether, goods vehicles were involved in 
2,920 accidents with cyclists and 1,580 cases with 
pedestrians in 2002. These 4,500 cases represent 
2.2% of the urban APIs involving one or two 
participants.  

Official statistics draw no clear distinction between 
the number of accidents involving GVs (>3.5 t) 
turning right and cyclists or pedestrians. A rough 
estimation of the absolute figure can be made by 
taking the total number of accidents between GVs 
and cyclists or pedestrians, the percentage of urban 
accidents in which the vehicle was turning right and 
the percentage of heavier GVs (>3.5 t) of all GVs. It 
must be borne in mind that the recorded number of 
turning off accidents covers right-turning scenarios 
that are not pertinent to this study. This means that in 
general terms only half (50%) of the turning-off 
accidents can be included in an estimation of the 
absolute number of cases. 
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110 ... 135 accidents with 
involved GV (> 3,5 t) and 
bicyclists or pedestrians

84,3 % other accident types
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Right 
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ca. 50 % other turning 
accidents 
(no right turning)

4500 GV-Accidents involving bicyclists or pedestrians
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84,3 % other accident types84,3 % other accident types

57 %
GV � 3,5 t
57 %
GV � 3,5 t

Right 
turning 
accidents

ca. 50 % other turning 
accidents 
(no right turning)

4500 GV-Accidents involving bicyclists or pedestrians

 
Fig 3: IRR figures /8/ derived estimation of the 

absolute figures of APIs with urban right 
turning GVs  (> 3.5 t) and involved cyclists 
or pedestrians. 

If the figures and relations described above are taken 
as a basis, a figure of between 110 and 135 urban 
APIs between right turning GVs (>3.5 t) and 
cyclists/pedestrians is derived in line with the esti-
mation in Fig 3. In 2002 there were 106 fatal urban 
crashes involving GVs and cyclists/pedestrians. 
Taking as a basis the same estimation as for the APIs 
in Fig 3, produces a figure of ten fatal crashes 
involving right turning trucks and an unprotected 
road user. This estimation for the APIs and for the 
accidents involving fatalities must be viewed with a 
certain degree of uncertainty because there is no way 
of ensuring that there are no distinct deviations from 
the respective parent population for the particular 
situation of right turning trucks. This could apply to 
fatal crashes in particular. 

Many investigations look at accidents between truck 
and cyclists/pedestrians in general terms. Evaluation 
of the publications shows that the percentage of right 
turning accidents, insofar as this is given at all, is 
relatively low (Volvo 4 % /5/, Otte with 4.1% /7/ for 
a special turning off situation). Individual 
investigations such as Appel 1977 (/5/) quote a 
relatively high number of fatally injured unprotected 
road users losing their life in a crash involving a 
truck. The discrepancy with the estimations based on 
current figures can be traced, on the one hand, to the 
different accident situation prevalent at the time, 
which involved more fatally injured persons in this 
field, and, on the other, to the fact that the figures 
given there also include crashes that are not caused 
by the turning off situation. 

Apart from the pure incidence of accidents the sour-
ces list other interesting aspects in this field of study. 
A Dutch study analysed the position of the opponent 
and the respective field of vision of the truck driver in 
the pre-crash phase. In 68% of the cases studied the 
pedestrian/cyclist was, at the point in time of percep-
tion by the truck driver, in a position that is not 
covered by the statutorily defined minimum view to 
ground level. It was also discovered that the injuries 
sustained in crashes with right turning trucks are 
particularly serious and frequently fatal /8/. 

German studies from 1977 quote the accident figures 
current at the time. These relate to the Federal 
Republic of Germany as it then was and cite about 
459 fatally injured persons per year for accidents 
involving a truck > 3.5 t both for pedestrians as well 
as for cyclists /5/. Studies of 18 truck/pedestrian and 
14 truck/cyclist crashes revealed that in each case 
four pedestrians and four cyclists were hit frontally 
(13% of the opponents). Seven pedestrians and 
cyclists (22%) collided with the side of the truck. The 
reason why there was no run over in all cases is due 

to the fact that the truck performed an emergency 
stop immediately following the initial contact.  

An analysis of the accident data of the Medical 
University of Hanover (Medizinische Hochschule 
Hannover (MHH)) for the years 1985 to 1994 shows 
that cyclists, with 9.1 %, were after cars (41.2%) and 
other commercial vehicles (12.7%) the third most 
frequent opponent of a commercial goods vehicle /6/. 
Pedestrians were in fourth place with 4.4%. Cyclists 
most frequently collided frontally into the side of a 
commercial vehicle (35.6%). The analysis is based on 
the available data of all accidents there involving a 
commercial vehicle, without undertaking any pre-
filtering such as, for example, as regards the type of 
accident or the location.  

In a more recent study conducted by the MHH the 
accident inducing situation (accident type) involving 
a right-turning truck colliding with a cyclist on a 
cycle path (accident type 243, see Fig 4) came fourth 
in a table of accident types with 4.1% for commercial 
vehicles (≥7.5 t) /7/. 

IN-DEPTH ACCIDENT ANALYSIS 

The official road accident statistics /8/ can give a 
rough overview of the total number or the share of 
the accident situations of interest. In-depth data 
survey and analysis enable more thorough analyses. 
45 individual cases involving collisions between 
unprotected road users and right-turning trucks were 
taken from a database of recorded cases held by 
DEKRA and the MHH, and studied in detail.  

The turning trucks were nearly all involved in 
accidents between the period of 6 a.m. and 6 p.m. 
Fig 5, almost exclusively in daylight and virtually 
always (except for three cases) in dry weather 
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conditions. The crashes under scrutiny took place 
during the working days Monday to Saturday. In 
more than 40% of the accidents studied, one person 
died during or following the accident, by far the 
greater percentage of these crashes involving a fatally 
injured person coming from the DEKRA data pool.  

The unprotected road users involved in the accidents 
studied were predominantly cyclists (78 out of 90) 
and came from all age groups, Fig 6. Females are 
represented far more significantly among pedestri-
ans/cyclists than males, Fig 7. This distribution of 
about 1 : 2 (men : women) does not match the distri-
bution of cyclists in the official statistics (about 2 : 1). 

There is a range of variants corresponding to the 
three-digit accident type catalogue /13/ for the 
accident-inducing critical situation between the right-
turning truck and cyclist or pedestrian. The most 
common incidence in the accidents studied was the 
conflict between the right-turning truck and the 
cyclist travelling in the same direction along a 
separate path on the right-hand side of the road 
surface. (accident type  243; 71 % of the 90 accidents 
reviewed), Fig 8. The corresponding situation 
involving a cyclist on the same lane was significantly 
rarer (10%). As a consequence of their relatively low 
share of accidents involving pedestrians in the poll of 
accidents studies, accident types 241 and 242 (see 
also Fig 4 ) are only slightly represented.  
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Fig 5: Time of accident of the accidents studied 
involving right-turning trucks 
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Fig 6: Age of involved pedestrians and cyclists 
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Fig 7: Gender of the involved pedestrians and 

cyclists 
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Fig 8:  The most frequent accident types 

encountered (see also Fig 4) 

Basically there are two fundamentally different 
behaviour patterns displayed by turning trucks before 
collision, Fig 9. One group was stationary before 
commencing the turning manoeuvre (at a traffic light 
or due to traffic conditions) in order to then accelerate 

 
Fig 4: Pictogram of the most common accident 
types involving right-turning trucks and 
pedestrians/cyclists from the three-digit accident 
type catalogue /13/ 
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from stationary and initiate the turning manoeuvre. 
The other group was in motion before decelerating to 
the required speed to initiate the turning manoeuvre. 
The consequences of the accident for the cyclist are 
more serious in the scenario where the truck began 
stationary.  In this instance more than half (51%, 
Table 1) suffered fatal injuries whereas the figure for 
the other scenario totalled merely 31% (Table 2). The 
speeds determined for the truck and cyclist involved 
in the accident show a similar magnitude. This means 
there is virtually no relative movement between 
cyclist and truck. This fact which can also be found in 
the literature is of great significance as the following 
will show. Fig 10 gives the basic relative movement 
of the cyclist vis-à-vis the truck for the seconds of the 
collision /6/. The cyclist does not leave the blind spot 
during this time. 
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Fig 9: Movement behaviour of the truck in the 

accident before commencing the turning 
manoeuvre  

  Table 1: Severity of cyclist injuries for a truck 
that is stationary before performing the 
turning manoeuvre, Source: DEKRA + 
MHH, each cover data of several years   

Table 2: Severity of cyclist injuries for a truck 
that is moving before performing the 
turning manoeuvre, Source : DEKRA + 
MHH, each cover data of several years 

 

The accidents studied contain many pedestrians or 
cyclists that have been run over (62%). The initial 
impact of the cyclist/pedestrian took place for the 
most part in the front right-hand corner of the vehicle 

(57%), Fig 11. This area includes the right part of the 
front, the front right-hand corner and the right side of 
the front axle. Merely 7% of the pedestrians and 
cyclists collided for the first time with the truck in the 
area of the side guard (SG). The initial collision is 
merely the primary contact between pedestrian/cyclist 
and truck. This is usually followed by a fall down  
and one or more additional contacts. Of particular 
interest is the area of the vehicle in which the 
pedestrian/cyclist ends up under the truck. Depending 
on where the initial impact took place, it is followed 
by a run over. A study conducted in the Netherlands 
/8/ discovered that 62% of initial contacts take place 
on the right-hand side in front of the front axle.  

 
Fig 10: Principal relative movement of the cyclist 

in the accident in relation to the truck, /6/ 

 
Fig 11: Area of the initial impact on the right-

turning truck 

Slightly 
injured

seriously 
injured killed total

number 7 17 11 35
[%] 20.0 48.6 31.4 100.0

Slightly 
injured

seriously 
injured killed total

number 2 13 16 31
[%] 6.5 41.9 51.6 100.0
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In the accidents studied the persons did not inevitably 
end up under the truck where the initial impact took 
place. Depending on the specific nature of the impact 
constellation, the road user who fell down only ended 
up under the truck at a later stage. In the accidents 
studied 59% of the truck opponents ended up still in 
front of the front axle under the truck. A further 23% 
ended up in the immediate area of the front axle 
under the vehicle. Building site and municipal 
vehicles were involved particularly frequently in the 
accidents studied (46%). In the case of the building 
site vehicles this is partially attributable to the greater 
line of sight problems occasioned by greater height of 
the chassis and the frame of such a truck.  

The frequency of the first contact points on the right 
front edge of the truck wasn’t expected previously. 
This had given a decisive influence to the following 
project work. Therefore the main focus changed to 
primary safety. 

THE PROBLEMS OF TURNING RIGHT OF 
TRUCKS  

DRIVER 

Not every truck driver is aware of the dangers and 
problems of turning right. In many regions of a 
country, for example, the percentage of cyclists of 
private traffic is very high, while in other regions 
virtually no cyclists are encountered. The figure 
depends on the population structure and the 
geography. Now if a driver only comes across 
cyclists and pedestrians very rarely on the roads in 
the region he knows well, he does not reckon on 
encountering them on roads he does not know well 
even though he is, in principle, aware of the problem 
presented by the situation. By the same token, 
however, cyclists and pedestrians also reckon on 
what is for them the accustomed behaviour patterns 
of drivers. This results in a higher risk of accident. 
The normal behaviour patters of road users and the 
state of expectation that this brings with it therefore 
have a considerable influence on movement in road 
traffic and the risks of accidents this entails. 

VEHICLE 

When considering the vehicle as a factor, the risk to 
unprotected road users from right-turning trucks 
primarily derives from the very often insufficient 
field of vision of the truck driver. The higher sitting 
position is very beneficial in flowing traffic as the 
range of vision and the ability to see over other road 
users enables the driver to drive in an anticipatory 
manner and to detect danger in good time. It is 

precisely close up, however, that this advantage turns 
into a significant disadvantage. The fact that the line 
of sight is situated higher up means that objects in the 
immediate vicinity of the vehicle are impossible to 
detect or only detectable to a degree. This particularly 
affects pedestrians and cyclists who quickly 
disappear into the blind spots due to their 
comparatively small and inconspicuous silhouette, 
Fig 12, Fig 13. 

 
Fig 12: Simulated impact scenario, helmet is just 

about visible (top); original conditions 
(below) 

The existence of a strip of grass delineates a separa-
tion between the motor vehicle traffic and the  
unprotected road user. Therefore a conflict between 
the individual truck and the cyclist or pedestrian is 
restricted to those areas where the used paths cross.  

At the same time a correspondingly broad strip of 
grass also means that the truck driver is only capable 
of perceiving the cycle and/or foot path next to this 
strip of grass in the outside right mirror at a greater 
distance, Fig 14. This means that the standard outside 
mirror can supply no information on cyclists and 
pedestrians that are in the immediate vicinity of the 
intersection. The driver has to rely on the wide-angle 
mirror. The driver’s field of view in this road traffic 
set-up is further restricted if trees have been planted 
or, as shown in Fig 14, advertising hoardings are 
located in the field of view. 
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Fig 13: An example of the right-handed 

arrangement of mirrors on a truck  
(top of hair visible) 

  
Fig 14: Advertising hoarding having a 

detrimental effect on the field of vision 

OTHER ROAD USER 

A truck is an optimised means of transport for 
conveying large quantities or heavy loads. These 
vehicles require not only more space on the road than 
other road users, but also move differently on account 
of their dimensions. An articulated lorry cannot turn 
on a road in the same way as a passenger car. It 
requires the truck to either swing out to the left 
beforehand, or to be first of all steered straight ahead 
before the turning manoeuvre is initiated and to use 
the entire access funnel. The other road users are 
often not aware of this necessity and this can lead to 
misinterpretations of the traffic situation. If the 
articulated lorry first travels straight ahead, the 
pedestrian only recognises the turning manoeuvre 
when the side wall of the trailer is already moving 
towards him. 

TESTS 

DEKRA Accident Research has carried out tests on 
the subject of right-turning trucks at the DEKRA 
Crash Test Center by simulating the findings 
garnered in the accident analyses. The programme 

not only included the simulation of impact scenarios 
but also investigations into the field of view. 

FIELD OF VIEW FROM A TRUCK 

The direct and indirect field of view are the key 
factors for the situation involving a right-turning 
truck. This became clear both in the study of the 
literature as well as during the tests conducted as part 
of the project and in-depth analyses of road accidents. 
It is the inadequate field of view forward of the 
vehicle and to the right in particular that cause the 
truck drivers considerable problems.  

The directive 71/127/EEC /11/ or the successor 
directive 97/2003/EC /12/ prescribes for the mirrors a 
field of view of the ground visible to the driver.  
Fig 15 and Fig 16 show the blind spots as a hatched 
area that exists in a direct view of the ground, cross-
hatched for a person 1.75m tall. The height is shown 
in the illustrations with 1.6 m, so that a part of the 
head (0.15m) remains visible to the driver. Persons 
smaller than 1.75 m can only be perceived outside of 
the cross-hatched area from the driver’s position. The 
indicated points A and B mark the distances in 
relation to the centre of the outside edge of the right 
front wheel on the ground. The driver can only 
perceive a point on the road at a distance of 7.5m on 
the right next to the vehicle. A point at a height of 
1.6m above the road surface must be at least 1.85m 
away from the driver’s cabin (BD) in order for the 
driver to see it. 

INDIRECT VIEW 

Depicting the indirect view is more difficult than the 
direct view. The incorporation of the field of view 
regions in photos has proved to be a sensible and also 
vivid method of depiction. The field of view depicted 
in the wide-angle mirror can be seen to be arranged 
far more rearwards on the MB 1748 (Fig 17) in 
comparison to the so-called MIM vehicle (Fig 18). A 
cycle standing at the level of the front axle would be 
largely visible from the MIM vehicle, whereas it 
cannot be seen using conventional mirror systems. 

A corresponding comparison of the close-proximity 
mirror (Fig 19) with the front mirror (Fig 20 replace-
ment for the close-proximity mirror) on the MIM 
vehicle clearly shows the greater coverage of the 
front mirror. In spite of the improvements the driver 
needs to get used to the new mirror to be able to 
allocate the mirror image to the real surrounding. 
Special note should be made of the objects visible in 
the border regions of the mirror.  
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In front of the truck an object on the 
ground is visible from a distance of 
3.1m. An object with a height of 
1.6m is visible from a distance of 
0.7m in front of the truck. On the 
right next to the truck the driver can 
only see the object on the ground at 
a distance of 7.5m (AD) away. For a 
height of 1.6m the minimum 
distance is 1.86m (BD) at the height 
of the right-hand B pillar.  

Fig 15: Diagram showing the direct field of view from a Mercedes Benz 1748 (SK-model range) 
 
Apart from the mandatory mirror, the accessories 
trade offers various mirrors and lenses aimed at 
improving the indirect view. As part of analysing the 
field of view, investigations were also undertaken 
into whether the field of view of the driver can be 
perceptibly enlarged using a Fresnel lens. To this 
purpose a standard wide-angle lens was employed 
that works on the Fresnel principle. It widens the 
cone of the user’s view. One can so-to-speak see 
around the corner. Conversely, the Fresnel lens 
reduces the size of the image of the object. It distorts 
the direct view of the object that, from the vision of 
the viewer, is behind the lens. However, it does not 
suffer from the blind spots a mirror has.  

 

Fig 16: Explanatory picture of the field of view 
for Fig 15. 

 
Fig 17: Photo showing the indirect field of view 

from the driver’s viewpoint (MB 1748) via 
the wide-angle mirror (the overlay 
pyramid stump marks the coverage of the 
wide-angle mirror; the cycle is located 
2.0m away to the truck.) 

Fitting the lens close to the rear edge of the side 
window (Fig 21) improves view sidewards and 
rearwards behind the B pillar of the driver’s cabin. 
The test person was standing outside of the direct 
field of view and can be easily spotted in the lens. He 
was located on the ground directly next to the field 
visible in the starting mirror (see chalk markings). 
The commencement of the visible field on the ground 
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covered by the lens is documented by the three black 
marking plates on the ground (five-point targets). 
Using the lens a point on the ground by the side of 
the driver’s cabin can already be seen at a distance of 
2.95 m (AL -) (Index L - View through the lens) 
(Fig 22), while without the lens the background can 
only be recognised at a distance of 7.5 m (AD) 
(Index D - Direct view). For a height of 1.6 m the 
minimum distance for recognition reduces from 
1.86 m (BD) to 0.6 m (BL). 

 
 Fig 18: Picture showing the indirect field of view 

from the driver’s viewpoint  (Mercedes 
Benz MIM vehicle) via the wide-angle 
mirror; the marking tape defines the 
lower limit of coverage in the mirror and 
the key points of the actual field of view on 
the ground. 

 
Fig 19: Photo showing the resulting view pyramid 

from the close-proximity mirror; the line 
running from the mirror to the marking 
showing the limitations of the mirror 
edges (Mercedes Benz 1748) Dynamic tests 

The tests simulated impacts to the front right-hand 
side (No.1) of the corner of the driver's cabin and 
directly behind the driver's cabin in the area of the 

side guard (No. 2 - 5, Fig 23). The first three tests 
were impacts involving a moving cyclist; tests 4 and 
5 were collisisons with stationary pedestrians. 
Modified side protection devices were employed in 
tests 3 and 5.  

 
Fig 20: Picture showing the resulting view cone 

from the front mirror (MB MIM vehicle) 

 

 
Fig 21: Picture of the indirect field of view 

(Mercedes Benz 1748) on the front right-
hand side upon the fitting of a standard 
Fresnel lens in the rear part of the right-
hand side window, person only visible 
with Fresnel lens, marking plates define 
the beginning of the field of view of the 
Fresnel lens on the ground. 
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Fig 22: Picture showing the combination of the 

direct field of view with the addition of 
the Fresnel lens; position at the rear or 
the side window 

In three further tests the identical driving line as in 
tests 1 up to 5 was used and the field of view for the 
truck driver recorded in stages in order to document 
when the driver sees the future opponent in the 
mirror. A corner impact (Test 6) and an impact in the 
region of the side protection system (Test 7) were 
performed with a conventional mirror system. On the 
MIM vehicle merely the impact with the corner of the 
driver’s cabin (Test 8) was performed.  

30°

  

30°

   
Fig 23: Impact constellation of the tests 1 (left),  

2 + 3 (centre), 4 + 5 (right) 

In the corner impact involving the MB 1748 (Test 6) 
the truck driver was unable to see the head of the 
cyclist until directly before the impact in the side 
window, Fig 24 + Fig 25. This would in real life be 
far too late to prevent the accident. In the impact in 
the side protection area (Test 7) the cyclist could be 
seen by the truck driver in the wide-angle mirror from 
the moment the test was run, Fig 26 + Fig 27. The 
cyclist was so far behind in relation to the truck that 
he could be spotted in the wide-angle mirror. The 
cyclist is also visible in the main side mirror directly 
before the impact. In the corner impact involving the 
MIM vehicle the cyclist is also always visible in the 

front mirror and as the test progresses in the wide-
angle mirror too (Fig 28 + Fig 29) and then likewise 
in the side window, Fig  30. 

The view tests provide a possible explanation for the 
relative seldom incidence of collisions between 
cyclists and trucks involving an initial contact in the 
side protection region (see Fig 11). Mirror systems 
that have so far been configured in accordance with 
71/127/ECC put the truck driver in the position to 
notice a cyclist at a point in time x when he is 
towards the rear alongside the truck and to react 
before the cyclist comes into contact with the side 
protection system. If the cyclist is at the same point in 
time somewhat forward alongside the truck and the 
other conditions are otherwise identical he is not 
visible or if so only at a very late stage so that a 
collision in the region of the right-hand corner of the 
vehicle is probable. 

 
Fig 24: Picture showing the driver’s view from 

the Mercedes Benz 1748 of the (not 
visible) cyclist for the corner impact 
scenario , s = 17.1 m before impact, 
distance of cyclist-truck a = 3.5 m, Test 6 

 
Fig 25: Picture showing the driver’s view from 

the Mercedes Benz 1748 when the cyclist 
appears for the first time in the field of 
vision of the driver of the Mercedes Benz 
1748, s = 5.9 m before impact, Test 6 
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Fig 26: Picture showing the driver’s view from 

the Mercedes Benz 1748 of the cyclist in 
the side impact scenario,  
s = 16.5 m before impact, Test 7 

 
Fig 27: Picture showing the driver’s view from 

the Mercedes Benz 1748 of the cyclist for 
the side impact scenario, impact scenario 
Test 7 

 
Fig 28: Picture showing the driver’s view from 

the Mercedes Benz MIM vehicle of the 
cyclist in the corner impact scenario,  
s = 18.5 m before impact, Test 8 

 
Fig 29: Picture showing the driver’s view from 

the Mercedes Benz MIM vehicle of the 
cyclist in the corner impact scenario, 
impact scenario, Test 8 

 
Fig  30: Picture showing the driver’s view from 

the Mercedes Benz MIM vehicle when the 
cyclist appears in the direct field of view 
of the driver of the Mercedes Benz 1748 
for the first time, s = 5.9 m before impact, 
Test 8 

ATTEMPTS TO FIND TECHNICAL 
SOLUTIONS 

OPTICAL SYSTEMS 

Basically, the truck driver should have a direct field 
of view that is as good as possible. This means in 
detail that the vehicle should have large front and side 
windows that extend down as low as possible. The 
mirrors prescribed by the existing 71/127/ECC 
display clear gaps in assuring indirect view for the 
truck driver in particular as regards turning right as 
was shown in the accident analysis and the tests.  

In comparison to the currently existing regulations 
the new mirror directive 2003/97/EC /12/ contains 
considerable improvements in the prescribed field of 
view. Apart from extending the field of view for the 
main outside mirror (Group 3) and the wide-angle 
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mirror (Group 4) the new directive also prescribes a 
field of view in front of the truck, Fig 31. These new 
stipulations appear at first sight to be only possible by 
adding at least a further mirror or camera system. The 
new mirror system of the MIM vehicle, altering the 
arrangement as well as using modified mirrors, 
enables the directive to be fulfilled by using three 
mirrors, Fig 32. This type of fitting is not new. It has 
recently become customary on coaches and this type 
of mirror visible through the front screen has been 
fitted as standard on trucks for some time now. 

The mirror system fitted to the MIM vehicle more or 
less exhausts possible further development as far as 
the truck mirror is concerned. The mirror system 
represents the furthest development can go and 
additional improvements can no longer be expected 
here. One of the serious weak points of indirect view 
via mirrors is the compelling need to match it to the 
direct field of view of the driver. The driver must be 
able to see the mirror himself. This necessity does not 
apply to camera monitor systems as well as for 
sensor-based assistance systems.  

 
Fig 31: Field of view of the front mirror 

(Group VI) as foreseen by 2003/97/ECC  

 
Fig 32: Field of view via the wing mirror in the 

DaimlerChrysler MIM vehicle /2/ 

The employment of supplemental systems to improve 
the indirect field of view such as additional mirrors, 
lenses or camera monitor systems are to be consi-
dered critically as regards use and the expected 
distraction of the driver occasioned by consulting the 
systems and processing the information. The increa-

sed deployment of camera monitor systems requires 
more intensive research work to be done. One of the 
questions yet to be answered is that of determining 
the most optimum position of the monitor. 

DRIVER ASSISTANCE SYSTEMS 

In contrast to the passive mirror and camera monitor 
systems mentioned so far, assistance systems func-
tion actively. The assistance systems are geared to 
special situations categorised as representing a 
problem in road traffic such as, for example, chan-
ging lane. The system lends the driver support and 
thus relieves him of some of his work in performing 
his task as driver. The assistance systems possess 
various levels of automation/15/. In the simplest 
version they inform the driver merely about an 
existing situation. A fully automated assistance 
system performs an action independently without the 
driver being able to intervene.  

In comparison to the field of view based around the 
driver, the detection range of assistance systems is to 
be defined completely differently. The detection 
range is to be understood as the spatial area, also 
called the ROI ("Region Of Interest", /14/), that the 
assistance system sensors are to monitor. The 
detection range can be precisely delimited on sensor 
systems. A possible parameter for the turning 
manoeuvre situation could be a monitoring function 
that focuses on the right, alongside and front next to 
the vehicle spanning a range of up to 5 m to the outer 
contours of the vehicle.  

Assistance systems are the way ahead. Currently 
under development are turning assistance research 
projects such as the version developed as part of the 
EU Project PROTECTOR, Fig 33. 

 
Fig 33: Arrangement and range of sensors on the 

Demonstrator with turning assistant 
developed as part of the EU Project 
PROTECTOR  (Source: MAN) 
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ENVIRONMENT RELATED MEASURES 

The structural design of the environment, e.g. in 
intersections, can influence the incidence of 
accidents. This also applies to vehicle-turning 
accidents. Structural measures must, however, be 
based on the local conditions. Requirements can only 
be implemented insofar as they are technically 
feasible. In densely built-up urban environments it is 
partially unrealistic and consequently not always 
practicable to implement requirements for generously 
apportioned intersections. Existing buildings 
including the front pedestrian paths restrict the 
options of traffic planers and building authorities. 

Well-designed building measures that take into 
account existing restrictions can be seen in Fig 34 . 
Here the stop line for cyclists is about 3 m closer to 
the traffic lights than for trucks. This means the 
cyclist is situated in the field of view of any truck 
driver who would like to turn right there. In addition, 
the lights turn green for the cyclists before they do so 
for motor vehicles. This allows the cyclist to start off 
earlier, to remain in the field of vision of the truck 
driver and not to end up in the blind spot. The 
distance of the stop lines should be at least 3 m. Any 
less than this would mean that the cyclist can still end 
up in the blind spot in unfavourable circumstances. 

 
Fig 34: Design of the traffic flow system and the 

traffic light staggering system in favour of 
cyclists 

SAFETY CONCEPT 

The findings garnered from the accident analysis 
create a completely different view on actual accident 
situation as expected. The impact of the unprotected 
road user takes place primarily around the front right-
hand side of the vehicle corner. A noteworthy 
percentage of cyclists/pedestrians end up under the 
vehicle well in front of the front axle. A round table 
of experts examined and discussed a catalogue of 
possible measures to reduce or eliminate problems 
created by a right-turning truck. The safety concept 
measures also incorporate the aspects discussed 
during the meeting of experts. 

The diverse measures affect drivers, driving schools, 
law givers, manufacturers, media, administrative 
districts, municipalities, police, schools, haulage 
companies, road building authorities, technical 
monitoring organisations and associations. They are 
subdivided into when they can be implemented, when 
they can become effective and effectiveness on the 
accident as well as on individual vehicle groups. 

The visibility problems in the situation “a right-tur-
ning truck is in conflict with a cyclist or pedestrian” 
show additionally a shortcoming of information of 
the other road users. This shortcoming includes the  
possibilities of visibility and movement of a truck. 
There are urgent needs for campaigns to elucidate all 
classes of population. It is not surprising that children 
are not aware of all the details pertaining to trucks. It 
is, however, remarkable that more than a few judges 
that preside over the misconduct of truck drivers do 
not know what the view from the inside of a truck 
looks like. This shows that every Euro invested in a 
corresponding instructional campaign is money well 
spent. Schools could integrate relative examples into 
their teaching. But adults, too, must be included in 
this instructional work. Accompanying campaigns 
and events can employ printed mater or suitable 
media for downloading in the internet or graphic 
video material. Real life exercises in and on the truck 
have much to recommend them. 

The additional measures concern among other things 
improved mirror systems, a low bottom line of the 
windscreen and side window, development and 
adoption of driver assistance systems, optimised 
configuration of the signposting and the run of the 
road, change of the German road traffic regulations 
(§ 5 para. 8: a bicyclist is allowed to pass a standing 
truck on the right side) and also the training of the 
truck drivers. 
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SUMMARY AND OUTLOOK 

Over the course of research projects, in the literature 
as well as in the public the problem of the situation of 
"a right-turning truck and the conflict with a cyclist 
or pedestrian“ has been discussed since the late 
seventies.  

The in-depth accident analyses led to new findings as 
regards the initial contact between the truck and the 
unprotected road user. More than half of the cyclists 
and pedestrians came into initial contact around the 
right front of the vehicle corner. This and the 
resulting frequently run over by the front axle require 
efforts to be concentrated on the front right-hand 
corner. The battery of tests conducted at the DEKRA 
Crash Center covered both impact situations around 
the truck side protection area as well as the corner 
impact on the truck.  

The literature evaluated as part of the project sees the 
direct and indirect field of view as the key factors for 
the situation involving a right-turning truck. One of 
the well-known reasons for the problems facing the 
truck driver in this situation is the insufficient view to 
the right and in front. A basic change is to take place 
in this area with the advent of the new directive 
2003/97/EC.  

In addition to the IRR figures, a total of 90 accidents 
were available for in-depth accident analyses in 
which a right-turning truck collided with a cyclist or 
pedestrian.  

• The initial contact takes place in the majority of 
cases (57%) in the region of the front right-hand 
vehicle corner. This includes the front right-hand 
part of the vehicle, the right-hand vehicle corner 
and the right-hand region back to the front axle.  

• Half (50%) of the unprotected road users end up 
in front of the front right-hand wheel or in the 
region around the right front wheel under the 
truck. 

• Construction and municipal vehicles are 
exceedingly often involved in turning accidents. 

There are basically two turning scenarios, both with 
their inherently different problems.  

Scenario 1: The truck drives up to the turn off and 
turns right at a correspondingly reduced speed. 
During the turning manoeuvre both the truck and the 
cycle have a similar rate of speed. A cyclist located in 
the truck driver’s blind spot during the turning 
manoeuvre remains hidden therein until shortly 
before the collision takes place. 

Scenario 2: The truck stopped before the turning 
manoeuvre. This stop can be caused by traffic con-
ditions or be due to a traffic light installation. It  
includes the 10% of the accidents in which the cyclist 
is in the same lane and intending to cycle past on the 
right of the stationary truck. 

The investigations in the field of view comprised 
measurements of the direct and indirect field of view 
of a truck using a mirror system conforming to the 
current regulation (71/127/ECC) and with the 
addition of a field of vision aid in the form of a 
Fresnel lens. As a comparison, the same field of view 
measurements were conducted on the Daimler-
Chrysler MIM vehicle.  

A particularly problematical view situation exists at 
the pre-cash stage when the cyclist contacts the area 
of the front right vehicle corner. In a collision in the 
area of the side protection the truck driver driving a 
truck as currently found on the road in combination 
with the prescribed mirrors is always able to see the 
cyclist before the collision. This is not the case with 
an impact around the area of the front vehicle corner. 
This explains the more frequently encountered impact 
situation at the driver’s cabin corner in the accident 
analyses. 

When turning right that part of the field of view that 
constitutes a particular problem for the truck driver is 
that directly to the right next to the driver’s cabin, 
extending to about 3 m in front of the truck. The 
truck driver has virtually no field of view into this 
zone with the previously described systems. 
Consequently he finds it impossible to detect any 
pedestrian and cyclists located there. A corresponding 
improvement of the field of view is urgently required. 
Put generally, the driver requires further information 
about objects located in this area.  

It is precisely the investigation of the traffic situation 
involving “right-turning trucks coming into conflict 
with a cyclists or pedestrian” that reveals not only the 
field of view problem of the truck driver but also a 
considerable lack of information possessed by other 
road users about the viewing possibilities and the 
manoeuvrability behaviour of a truck. Here, 
instructional work aimed at the public at large is 
urgently required.  

In the future we can expect that the introduction of 
different improvements will change the road traffic 
situation. Targeted information campaigns will bear 
fruit and pedestrians and cyclists will be in a position 
to correctly read the truck driver’s manoeuvring 
intentions. The truck driver will encounter a host of 
changes. In those areas where a large blind spot still 
leaves uncertainty the truck driver will in future have 
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more information about whether another road user is 
located there. Indeed the advent of information and 
assistance systems among other things can also 
change the behaviour of the truck driver and the 
cyclist or pedestrian. The ergonomic, occupational 
physiological and psychological effects on the road 
user that this brings with it still require further inter-
disciplinary research. Here, in the run-up to the 
market launch of new systems, an attempt should be 
made to assess the possible effects in order to sound 
out the existing optimising potential and to be able to 
counter the negative consequences early enough. It is 
absolutely essential that the market launch of new 
types of systems be accompanied by the gathering 
and evaluation of relevant accident scenarios in order 
to record the actual changes made on real accidents 
and to analyse deviations to the predictions. 

The MIM vehicle developed by DaimlerChrysler 
shows a project study with its optimised mirror con-
figuration and positioning shows what can be achie-
ved here. The attainable improvements in the indirect 
field of view have been remarkable and if systema-
tically introduced on all trucks would not only reduce 
accident figures for the situation involving a right-
turning vehicle. The research study developed by 
MAN, which incorporates turning assistants, points 
the way ahead in electronic driver aids. A system that 
warns the driver when a corresponding danger is 
detected is already the current state of technology. In 
future, a system is also conceivable that actively 
intervenes in a  correspondingly diagnosed situation.  

Further research is required into the effect of new or 
modified systems on the driver. It must take account 
of the ergonomic, occupational-physiological and 
psychological aspects. 
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ABSTRACT 

Rear Facing child restraints (RFCR) have 
various component designs which can couple the 
restraint to the vehicle.  Swedish tethers, which link 
the upper portion of the child restraint to the vehicle 
floor, prevent rearward rotation in rear impacts and 
during rebound in frontal crashes.  They also simplify 
installation of restraints by allowing better control of 
the installation angle and removing the need of 
spacer devices.  The objective of this study was to 
test the effect of Swedish tethers on RFCR in frontal 
crashes.  The tethers reduced forward excursion and 
rotation, and had a positive but minor effect on injury 
values.  The more secure attachment to the vehicle 
caused by the Swedish tether could also be beneficial 
in other crash types. 

 
INTRODUCTION 

The vehicle belt, lower LATCH belt, or ISOFix 
anchors serve as the primary components which 
attach Rear Facing Child Restraints (RFCR) to the 
vehicle.  There are other devices, however, which can 
be used in addition to the primary components.  Anti-
rotation legs, Australian tethers, Swedish tethers, the 
ISOFix base, and anti-rebound bars are each designed 
to change the kinematics of the child restraint in 
different crash types. 

Federal Motor Vehicle Safety Standard 
(FMVSS) No. 213, "Child restraint systems," 
requires RFCRs to meet the performance 
requirements of the standard when secured to the 
standard test seat assembly using (1) the lap belt only 
or (2) the lower LATCH (Lower Anchorages and 
Tethers for Children) anchorages only.  NHTSA does 
not use a means supplemental to the lap belt/lower 
LATCH anchorages, such as a tether or a bar, of 
securing RFCR to the seat assembly in the agency's 
compliance test.  In the past, NHTSA found that a 
very high percentage of parents did not use a 
supplemental tether strap to secure their child seats 
even when they knew the strap was needed to provide 

their child protection.  The agency concluded that 
there was a strong likelihood that a tether or a bar 
would be misused with the seat, and that FMVSS No. 
213 should thus require that child restraints must 
meet minimum requirements of the standard without 
supplemental tethers. 

Swedish tethers prevent rear rotation in rear impacts 
and during rebound in frontal impacts [1].  They link the 
upper portion of the child restraint to the vehicle floor, 
and may also have benefits in non-frontal crash types by 
more rigidly attaching the RFCR to the vehicle [2,3].  
They can be attached to built-in anchor points or to the 
front seat base structure.  The tether may reduce 
excursion in side impacts (lateral) and rollovers 
(upward/rearward). 

In addition to the effect it may have in vehicle 
crashes, the tether may also have benefits during 
installation.  RFCRs have a recommended range of  child 
restraint angles.  The RFCR angle should be 
approximately 45 degrees (with respect to vertical), but 
no greater [3].  Since young children cannot hold their 
heads upright due to their weak neck musculature, the 
reclined angle prevents the head from flopping forward 
and cutting off the airway.  At angles greater than 45 
degrees, however, the child restraint provides less support 
for the head and neck.  Variations in child restraint design, 
vehicle seat design, attachment equipment (LATCH, 3 pt 
belt), and the location of attachment anchors result in 
many RFCRs positioned at incorrect angles [4].  The 
most common method, which allows adjustment of the 
angle, is to place a spacer (typically rolled up towels or 
foam noodles) under the base of the RFCR near the seat 
back (Figure 1).  Swedish tethers provide the opportunity 
to control and easily adjust this angle. 

 

Figure 1.  Schematic of RFCR with spacer placed under 
base to correct installation angle. 
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It is expected that Swedish tethers would have a 
minimal effect prior to rebound in frontal crashes 
because they are not rigid and would go into slack 
upon impact.  However, the tension in the tether and 
the absence of the spacer may change the initial 
position of the child restraint and alter its interaction 
with the vehicle seat.  The objective of this study was 
to test the effect of Swedish tethers on RFCR in 
frontal impacts. 

 
METHODS 

Six frontal sled tests were performed to measure 
the response of a restrained dummy in rear facing 
child restraints with and without a Swedish tether.  
All tests were conducted at a 49 km/h impact speed 
with an acceleration pulse similar to that specified in 
FMVSS 213 (23g peak, 90 ms duration).  The tests 
were performed on a vehicle buck that represented a 
popular minivan.  A third row bench seat and seat 
back were rigidly attached to the buck to create a 
durable, consistent seat system.   

The CRABI 12 month old dummy was used to 
represent the child occupant.  The dummy was 
equipped with head, chest, and pelvis accelerometers 
as well as upper and lower neck load cells.  
Electronic data were sampled at 10,000 Hz and were 
filtered per Society of Automotive Engineers (SAE) 
Recommended Practice J211.  The tests were 
recorded at 1000 frames/sec with side and overhead 
digital video cameras. 

Three convertible child restraint models were 
tested in the rear facing orientation:  the Britax 
Roundabout, the Evenflo Comfort Touch, and the 
Safety First Comfort Ride.  Each child restraint was 
restrained using the lower LATCH belt in two 
restraint conditions a) with and b) without a Swedish 
tether.  The Britax Roundabout manual states that the 
upper tether, typically used as the tether when 
forward facing, can also be used as a Swedish tether 
when rear facing.  The upper tether was used as a 
Swedish tether in the Evenflo and Safety First seats 
as well, although it was not instructed by the manual. 
All conditions had identical initial angles (40 ± 0.5 
degrees, measured with respect to vertical at the 
child’s back).  The 40 degree value was chosen 
because children at 12 months of age (the size of the 
dummy used in these tests) can sit more upright than 
newborns.   

Without the Swedish tether, the lower LATCH 
belt was tightened with the foam spacer in place until 
the appropriate restraint angle was reached.  With the 
Swedish tether, the foam spacer was not used as it 
was not needed to provide the correct restraint angle.  
Positioning the child restraint was an iterative process 
in which the tensions of the lower LATCH belt and 
Swedish tether were adjusted until the correct angle 

was attained.  The lack of the foam spacer changed 
the interaction between the restraint and the vehicle 
seat, but each restraint was installed with the purpose 
of a) providing a consistent angle and b) attaching the 
restraint to the vehicle seat as tightly as possible.  
Figures 2-4 show pre-crash side photographs of the 
tests, and data on initial positions and tether tensions 
are included in Table 1.  The Head X position was 
measured with respect to an arbitrary reference point.  
In tests without the Swedish tether, a secondary tether 
was placed on the child restraint without any tension, 
and was only used to prevent the child restraint and 
dummy from striking the rigidized seat back during 
rebound. 

 
 
 

 

 
Figure 2.  Pre crash photos of the Britax restraint 
without Swedish tether (Britax No Tet, top) and with 
Swedish tether (Britax Tet, bottom).   

 

Swedish tether 
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Figure 3.  Pre crash photos of the Evenflo restraint 
without Swedish tether (EF No Tet, top) and with 
Swedish tether (EF Tet, bottom).   

Figure 4.  Pre crash photos of the Safety First 
restraint without Swedish tether (SF No Tet, top) 
and with Swedish tether (SF Tet, bottom).   

 

Table 1. 
Initial position data 

 BTX 
No Tet

BTX 
Tet 

EF 
No Tet 

EF 
Tet 

SF 
No Tet

SF 
Tet 

Head X 
position 

(cm) 
56.0 58.0 65.5 66.7 60.0 60.4 

CR angle 
(deg) 40.3 39.5 40.2 39.7 39.9 40.0 

Lower 
LATCH 
tension 

(N) 

>90 No 
data 44 >90 >90 67 

Swedish 
tether 

tension 
(N) 

NA 31 NA >90 NA 53 

  
RESULTS 

The Swedish tether changed the kinematics of 
each child restraint, but not by large amounts.  
Figures 5 and 6 show the kinematics of both 
conditions for the Evenflo restraint.  For each 
restraint the tether reduced the maximum child 
restraint angle and horizontal excursion distance 
measured at a point near the child’s head (Table 2).  
The average reduction in movement caused by the 
addition of the tether was 5.3 degrees and 1.8 cm. 

 
Table 2. 

Child restraint kinematic data 
 BTX 

No Tet
BTX 
Tet 

EF 
No Tet 

EF 
Tet 

SF 
No Tet

SF 
Tet 

Max CR 
angle 
(deg) 

33 25 18 13 25 22 

Max 
Horiz 

Excursion
(cm) 

75.4 73.8 77.4 74.2 70.3 69.9 

  
 

The sensor injury measurement values are 
provided in Table 3.  The same data are shown 
graphically in Figure 7, when the percentage of 
change due to the addition of the Swedish tether is 
calculated for each injury measure and each restraint.  
The effect of the tether varied by injury measure and 
by child restraint.  The tether caused an increase 
greater than 30% in only one instance (upper neck 
shear), while there were five instances of the tether 
causing a decrease in an injury measurement by more 
than 30% (HIC, lower neck shear, lower neck 
extension).  

 
 

Swedish tether 

Swedish tether 
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Figure 5.  Evenflo restraint without 
Swedish tether at 0, 25, 50, 75, and 100 ms. 
 

 

 

 

 

 

 
Figure 6.  Evenflo restraint with Swedish 
tether at 0, 25, 50, 75, and 100 ms. (images 
flipped to allow easier comparison) 
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Figure 7.  Graph of the effect of Swedish tether 
on each injury measure, for each restraint. 
 

Table 3. 
Dummy injury measurement peak values 

 BTX 
No Tet 

BTX 
Tet 

EF 
No Tet 

EF 
Tet 

SF 
No Tet

SF 
Tet 

Head 
3ms 
clip 

52.4 51.7 76.7 62 55.9 63.3 

HIC36 560 534 690 431 436 412 
UN Fx -220 -468 -372 -400 -409 -306 
UN Fz 1395 1137 1332 1255 1190 1548 
UN My -13 -16 -12 -13 -13 -10 
LN Fx 324 71 460 133 437 481 
LN Fz 1482 1335 1469 1456 1299 1623 
LN My -11 -4 -14 -5 -14 -14 
Chest 
3ms 
clip 

47.7 46 55.3 44.8 40 46.2 

Pelvis 
3ms 
clip 

44.8 46 67.3 50.5 52.5 48.2 

 
There were secondary peaks which occurred 

when the tether went into tension during rebound.  
However, these peaks never approached the peak 
values which occurred earlier in the test.   

 
DISCUSSION 

Each restraint was positioned on the vehicle seat 
with two primary objectives.  The first was to 
position the restraint with consistent angles because 
installation angle is critical for young children, and 
because restraint angle significantly affects injury 
biomechanics.    The second was to attach the child 
restraint to the vehicle as tightly as possible.  The 
tension in the Swedish tether and the removal of the 
foam spacer changed the restraint’s interaction with 
the vehicle seat, and resulted in different lower 
LATCH tensions.  These varying tensions, however, 
are the real world by-product of the addition of the 
Swedish tether and represent a fundamental factor 

that should be included when comparing the two 
restraint conditions.   

The addition of the tether had the practical 
benefit of allowing better control of the child restraint 
angle.  Further studies are necessary, however, to 
ensure that the addition of the Swedish tether does 
not result in other misuse scenarios.  Although the 
tether tension is minimal during installation and 
decreases to zero during the primary portion of the 
frontal crash, strength requirements of the anchor 
during rebound and in rear impacts must be analyzed. 

The addition of a Swedish tether changed the 
kinematics of the child restraints, although the results 
varied between the child restraints tested.  Rotations 
and excursion distances of the upper portion of the 
child restraint were reduced, which would reduce the 
chance of the child restraints striking vehicle 
structures such as front seats or the vehicle dash. 

The effect of the Swedish tether on injury 
measures was less consistent.  The addition of the 
tether generally caused an earlier onset of 
accelerations, but there was not a concomitant 
decrease in peak acceleration.  The effects varied 
across injury measures and across child restraint 
model.  Only six values (out of 30 calculated) 
changed by more than 30%.  In five of these six 
instances, the tether resulted in reductions in injury 
measures.  All but one of these instances occurred in 
the neck shear or moment measures, which are likely 
the least biofidelic sensors in the CRABI dummy.  
Thus, while the results varied, the overall effect of 
the Swedish tether was a negligible reduction in 
injury severity.  Further testing on multiple vehicle 
seats would provide more support for these findings. 

Although not measured as part of this study, the 
tether had significant effects on the lateral and 
vertical coupling of the child restraint.  Although 
different coupling methods were tested, Kelly et al. 
(1995) showed that increased coupling of the child 
restraint to the vehicle improved test results in side 
impacts.  The increased rigidity afforded by Swedish 
tethers would be expected to have benefits in side 
crashes and rollovers, but this area requires more 
research.   

 
CONCLUSIONS 

The results provide evidence that use of a 
Swedish tether causes a positive but small benefit on 
the injury risk to children in RFCRs in frontal crashes.  
The advantage of tethers during installation and 
possibly in other crash types (side impacts, rollovers) 
suggests that the use of Swedish tethers in RFCR 
could be beneficial.  Further work is needed to 
consider issues such as misuse, tether anchors, and 
the effect in other crash modes. 
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ABSTRACT 
 

Types of vehicle rollovers can be classified 
into two categories: untripped and tripped.  Untripped 
rollovers are relatively rare events resulting from 
high lateral friction forces between the tires and road.  
Tripped rollovers are the result of lateral forces 
caused by the tire or wheel digging into the road or 
ground or from striking a curb or other obstacles.  As 
reported in the open literature, various test methods 
for conducting rollover events such as SAE J2114, 
Side Curb Trip, Critical Sliding Velocity, and 
Corkscrew have been used.  This paper presents the 
development of MADYMO-based models for 
simulating vehicle kinematics in these four modes. 
The CAE methodologies using MADYMO is 
interactively developed with the test methodologies.  
Experimental data obtained from these test modes are 
used for developing rollover CAE models for 
replicating vehicle motions under similar test 
conditions.  Analyses of simulated results provide 
feedback to improve the test procedures.  Testing 
with improved procedures provide additional new 
data for continued model refinements.  MADYMO-
based CAE tools thus provide quality models with 
better simulated and/or predicted results.  MADYMO 
rollover models consist of sprung and un-sprung 
masses, suspension systems and tires, whose 
characteristics are extracted from ADAMS-based 
vehicle handling model. Use of the MADYMO-based 
models to support rollover testing, rollover sensing 
algorithm development, and rollover protection 
system development will be described.  Since 
MADYMO modeling described in this paper is a 
rigid-body based approach, model limitations and 
issues associated with rollover simulation will also be 
discussed.  In addition, model correlations with test 
data in these four modes and future areas of 
improvement will be presented. 
 
 
 
 

INTRODUCTION 
 
  For many years, NHTSA has conducted 
research investigating the underlying causes of 
vehicle rollover accidents, developing rollover test 
procedure, and developing vehicle and roadway 
design criteria to help reduce both the number and the 
severity of rollover accidents.  The rollover process, 
which involves a complex interaction of forces from 
suspension systems, tires, power-trains, and road 
surface, is one of the most complicated types of 
safety analysis.  To study the vehicle and/or occupant 
kinematics during rollover crashes, mathematical 
models are useful tools for understanding essential 
rollover mechanics and evaluation of restraint system 
performance in mitigating occupant ejection.  Tools 
available for such analysis include vehicle dynamic 
handling models, occupant gross-motion simulators 
[1-3] and finite element (FE) analysis programs. 
 
 
 A BRIEF REVIEW OF ROLLOVER MODELS 
 
  Rollover models are basically mathematical 
analyses which describe equations of motion derived 
for a simplified vehicle system consisting of one rigid 
body or two/three rigid bodies connected by joints 
and springs.  Models are specifically developed for 
studying rollover mechanics under specific 
conditions.  Jones [4] used a simple one-degree-of-
freedom model to study the mechanics of vehicle 
rollover as a result of curb impact by treating the 
contact force at the curb as impulse forces in 
determining the vehicle kinematics.  Ford and 
Thompson [5] developed a two-dimensional model as 
an initial attempt to predict the rollover 
characteristics of a vehicle.  Their model is basically 
a 2D rigid-body of an automobile to allow simulation 
of vehicle ground contact and airborne motion.  Lund 
and Bernard [6] developed a one-rigid-body model 
for analysis of simple rollovers to study the 
mechanics of the tilt table test and critical sliding 
velocity. Rollover simulation using a nonlinear model 
was reported by Eger et al. [7], using two rigid bodies 
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with non-linear springs to represent suspension 
systems. 
  

Other commercially available programs that 
have been used  in vehicle dynamic handling are 
ADAMS by MDI [8] and PC-Crash by Maclnnis [9].  
These models can simulate vehicle kinematics for 
inputs to Crash Victim Simulators (CVS), such as 
CAL3D/ATB and MADYMO for occupant 
kinematics simulations.  
 
       Both CAL3D/ATB and MADYMO programs are 
gross-motion simulators for vehicle occupant 
dynamics in three-dimensional motion in a crash 
environment. Prasad and Chou  [10] published a 
detailed review of these models.  Applications of 
these simulators in rollovers are presented below.  
 
 CAL3D/ATB.   
 
Since the early 80's, CAL3D (later known as ATB 
which stands for Articulated Total Body), has been 
used for rollover studies.  Rollover simulations were 
made possible in CAL3D with an improved option, 
which allows specification of vehicle angular motion.  
Kaleps et al. [11] and Obergefell et al. [12]  
conducted simulations of rollovers lasting up to 4 
seconds. Use of ATB in the study of the occupant 
kinematics and the vehicle motion during rollover 
tests were presented in a series of papers.  In the first 
paper of this series, Smith et al. [13] used ATB to 
study the occupant dynamics during a rollover by 
identifying some input parameters that were needed 
in the simulation.  These included occupant' body 
segment shape and weight, moments of inertia, and 
body joint torque properties.  In addition, vehicle 
interior geometry and its motion, the contact 
characteristics for the occupant and vehicle 
interactions, and the seat belt characteristics were 
also needed.  The primary purpose of models 
developed by Ma et al. [14] and Cheng et al. [15] 
were developed to simulate occupant kinematics with 
or without restraint systems.  The vehicle rollover 
motion was input to the models by describing its 
translational and rotational acceleration time 
histories.  These time histories were obtained from 
rollover tests.  Cheng et al. [16] further reported 
application of CAL3D/ATB to study vehicle and 
occupant kinematics in a rollover. Using the ATB 
models, evaluations of vehicle glazing materials were 
also made to study potential occupant ejection 
mitigation and head injuries reduction during rollover 
accidents 
 
 
 MADYMO.   

 
The multi-body code MADYMO offers 

many options for defining the dynamic environment 
with interaction characteristics. This flexibility 
allows reasonable replication of some rollover tests.  
To simulate a rollover phenomenon, the vehicle 
model needs to be developed. In the development of 
rollover models, the contact between the vehicle and 
the ground plays a key role in determining the 
rollover consequence.  Selection of appropriate 
contact parameters between the vehicle and the 
ground, such as stiffness, coefficient of friction, 
hysteresis and damping, is extremely important.  
However, lacking such data generally leads to "trial 
and error" methods to establish appropriate values for 
these parameters. In order for further application of 
the models, it is essential that their correlations with 
the test results be established. 
 

MADYMO applications to rollover 
simulations have appeared in the literature. Blum 
[17] explored feasibility of using MADYMO to 
simulate rollovers in various conditions.  Aljundi et 
al. [18] gave a brief description of rollover impact 
simulation using a MADYMO package. Yaniv et al. 
[19] developed a MADYMO model and validated 
against test results for restrained occupants with an 
inflatable tubular structure (ITS).  Their model was 
then run to evaluate the effectiveness of ITS in 
preventing occupant ejection during rollover events.  
Sharma [20] used the model to help develop a 
rollover component test methodology for evaluating 
restraint systems under a NHTSA contract.   Renfroe 
et al. [21] presented the MADYMO modeling of 
vehicle rollovers and resulting occupant kinematics.  
MADYMO models in general give fairly good 
predictions of vehicle kinematics at its initial and 
airborne phases during a rollover, and can be applied 
to (1) help establish threshold(s) for rollover sensor 
system development, and  (2) guide and determine 
the initial conditions for rollover tests.  Recently, 
Frimberger et al. [22] adapted MADYMO for 
occupant simulation in corkscrew type rollover 
situation. It should be mentioned that the rigid-body 
approach in the aforementioned simulations 
precludes itself from predicting vehicle structural 
crush and its effect on occupant kinematics during a 
rollover.  In order for predictive structural model 
development, use of finite element analysis and test 
data from numerous rollover modes are needed. 
     

In this paper, MADYMO-based models are 
developed to simulate certain full vehicle rollover test 
modes as described below. 
.   
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FULL VEHICLE ROLLOVER TESTS 

Types of rollovers can be classified into two 
categories: untripped and tripped.  Untripped 
rollovers are relatively rare events resulting from 
high lateral friction forces between the tires and road. 
Tripped rollovers are the result of lateral forces 
caused by the tire or wheel digging into the road or 
ground or from striking a curb or other obstacles.  In 
both cases, the rollover event is preceded by the 
vehicle going into a maneuver, that has a relatively 
high lateral velocity. Different test methodologies 
such as SAE J2114, Side Curb Trip; Critical Sliding 
Velocity, and Corkscrew, as shown in Figure 1, for 
simulating rollover events have been used and 
reported in the open literature.  A brief description of 
each mode is given below.  
 
 
 
 

 
Figure 1 - Examples of various rollover test 
modes. 
 
 
SAE J2114 Test Mode: 
 
The SAE J2114 rollover test procedure is shown in 
Figure 1, along with other test modes to be described 
later.  The test vehicle is placed laterally on a rolling 
cart at an angle of 23 degrees from the horizontal 
with the lower-side of the tires against a 4 inch (10.16 
cm) high rigid flange so that the lower-side tires are 9 
inches (22.86 cm) above the ground.  The vehicle and 
rolling cart are accelerated to a constant velocity of 
30 mph (50 kph) and the cart is then stopped in a 
distance of not more than 3 feet (0.914 m) without 
transverse or rotational movement of the platform 
during its deceleration.  The cart deceleration must be 
at least 20 g's for a minimum of 40 milliseconds. 
 
Side Curb Trip Mode: 
 

The vehicle is placed laterally on a sled 
against a curb, which is about 6 inches (15 cm) high 
or high enough to allow rim interaction with it.  The 
sled is towed to a pre-determined velocity (which is 
determined by a CAE rollover model of the specific 
vehicle) and released from the tow device prior to 
impact with the curb.  In this test mode, the vehicle 
will experience a lateral acceleration of 
approximately 7 to 12 g's. 
 
Critical Sliding Velocity Mode: 
 

In this mode, the test vehicle is laterally 
placed at the top of a slanted ramp, which can be 
adjusted to any slanted angle.  The wheels of the 
vehicle sit on "frictionless padding", which are 
guided in the slanted ramp.  The vehicle slides down 
the ramp if the slanted angle is large enough, and 
initiates rollover when the tires impact the flange 
located at the bottom of the ramp as shown in Figure 
1.   
 
 
 
Corkscrew Mode: 
 

This test mode requires a test ramp.  Figure 
2 shows various ramp configurations with different 
height, width, and length that appeared in the 
literature.  It should be pointed out, however, that the 
SAE J857 test is currently obsolete. During the test, a 
vehicle with sufficient longitudinal velocity runs over 
the ramp, with wheels from one side of the vehicle on 
the ramp, while wheels from the other side of the 
vehicle on the ground.  The vehicle gains a high 
asymmetric acceleration from the z-direction.  When 
it leaves the ramp, the vehicle rotates along its 
longitudinal axis until it impacts against the ground. 

 

Figure 2 – Various ramp configurations. 
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TYPICAL TEST DATA 

Some typical data obtained from the afore-
mentioned rollover tests are shown in Figure 3.  
These data are the angular rate time histories, which 
can be integrated to yield angular displacement (or 
rotation) time histories.  Both angular rate and 
rotation are important parameters for rollover sensing 
algorithm development.  The aims at developing 
MADYMO-based are to provide such information 
through simulations. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 – Typical sample data from rollover 
tests. 

 
 
 
MADYMO ROLLOVER MODELING 
MERHODOLOGY  
 

In MADYMO, the vehicle is modeled as a 
system consisting of the vehicle body and the 
suspension sub-systems.  Inclusion of the suspension 
sub-system allows simulation of wheel's 
bouncing/jouncing effect on the vehicle body in 
addition to the deformation of the tires during 
rollover events.  The resulting deflection, which is 
dependent of spring and damping characteristics of 
the suspension system, has substantial effects on the 
rollover kinematics.  In the suspension sub-system 
model, a translational joint is used to model the 
wheel bouncing in the vehicle vertical direction.  In 
addition, a revolute joint is applied to model the spin 
of the wheel/tire, which is essential in rollover 
simulation of a vehicle driving forward over a 
corkscrew ramp. 

    
Vehicle parameters that need to be included 

in the model are: wheel base, track width, roof 
height, CG height, weight, moments of inertia in 
roll/pitch/yaw directions, suspension spring rate and 
damping. The exterior and interior profiles of the 
vehicle are represented by a series of ellipsoids, 
including the windshield, seat back, seat cushion, 
door trim, steering wheel, etc. The contact between 
the vehicle and the ground is characterized by 
specifying load-deflection curves for the contact 
between the vehicle ellipsoid and the plane 
representing the ground. Contacts between the 
dummy and vehicle interior components are 
determined by the contact between ellipsoid-to-
ellipsoids, representing the vehicle interior and the 
dummy segments, respectively.  The behavior of tires 
is modeled using ellipsoids with prescribed stiffness, 
damping and coefficient of friction.  These 
characteristics are approximations for demonstrating 
the vehicle/occupant kinematics with very limited 
representation of vehicle structural energy absorption 
during the rollover.  For occupant restraint system 
performance, MADYMO provides a finite element 
capability for not only modeling the belts and/or 
curtain airbags, etc., but also simulating structural 
deformation during vehicle contact with the ground.  
Flexible structural modeling using MADYMO still 
needs to be evaluated for possible future applications. 
However, this study focuses on the development of 
rigid-body-based MADYMO rollover models for 
simulating four test modes as shown in Figure 1.    
  

     

a) Simulation of SAE J2114 Rollover Test Mode: 
 

A MADYMO-based model for simulating 
SAE J2114 rollover test procedure consists of the 
following: 
  
Vehicle and Test Platform Sub-models -  This model, 
as shown in Figure 4, consists of vehicle, test 
platform and ground sub-models.  The ground is 
modeled as a plane and is the global reference frame 
from which all the parameters were measured. The 
vehicle is modeled with two (2) body systems 
consisting of vehicle and engine masses.  The engine 
is connected to the vehicle CG by a very stiff joint 
via Cardan restraints.  The total mass of the vehicle is 
about 2000 kgs.  Hyper-ellipsoids of the 8th order are 
used to represent the vehicle parts such as 
windshield, doors, roof, tires and engine.  The 
coordinates of the vehicle CG and mass moments of 
inertia about the CG are obtained from actual vehicle 
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test data.  The vehicle is initially oriented at an angle 
of 23 degrees from the horizontal and resting against 
the flange as described above. The test platform is 
modeled as one body system.  Hyper-ellipsoids are 
used to represent the inclined platform, and base of 
the platform. 
 
 

 
 
Figure 4 – MADYMO model for SAE J2114 test 
mode simulation 
 
Initial Conditions & Acceleration Field - The vehicle 
is prescribed an initial velocity of 30 mph along with 
the platform in the lateral direction with reference to 
vehicle.  The platform is then stopped in a short 
distance (less than 3 feet) while maintaining a 
deceleration rate of at least 20 g's for 40 msec.  This 
is achieved by prescribing an acceleration field on the 
"platform alone" in the lateral direction opposite to its 
motion.  In the tests conducted in this study, 
honeycombs are used as a stopping mechanism. 
 
Contact-Interactions -  Plane-Ellipsoid sub-model is 
used for contact interactions for calculating contact 
forces.  Contact is specified between tires of the 
vehicle and the platform along the flange.  Contacts 
are also specified between all parts of vehicle and 
ground (e.g., tires/ground, engine/ground, 
roof/ground and doors/ground).  Contact stiffnesses 
between contacting surfaces have been specified by 
means of force-deflection characteristics.   
 
Required inputs for generating the SAE J2114 model 
are a) vehicle geometry in both exterior and interior 
dimensions, b) vehicle parameters, such as vehicle 
c.g. location, moments of inertia, track width, wheel 
base, vehicle weight, etc. c) suspension system and 

tire parameters such as suspension linkage geometry, 
spring and damping characteristics, tire dimensions, 
moment of inertia, tire characteristics, etc., and d) 
initial conditions: vehicle test velocity, vehicle 
position, etc. 
 

Figure 5 shows a sequential rollover motion 
of a vehicle in the SAE J2114 rollover test procedure.  
Figure 6 presents a comparison of the simulated 
results in roll rate and lateral acceleration with the 
test data, exhibiting a favorable agreement in roll-rate 
time history.  Lack of prediction in lateral 
acceleration is due to many assumptions used in the 
rigid-body modeling.  Some test parameters that 
affect rollover performance are listed in Table 1, 
along with MADYMO model limitations. 
 

 
Figure 5 – Sequential rollover motion of a vehicle 
in SAE J2114 test procedure 
 

 
 
Figure 6 – Comparison s of simulated results with 
the test data – roll rate and lateral acceleration 
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b) Simulation of  Critical Sliding Velocity (CSV) 
Mode: 
 

Figure 7 shows the model used for 
simulating the CSV mode.  A system, which models 
the vehicle carrier, should have the same mass as the 
actual test fixture. This carrier system is connected to 
the global system with a translational joint and a 
specific inclined angle from the test. Flange height 
should be shorter than the height it represented.  Half 
the height of the flange is used to specify the semi-
axial length for the ellipsoid. The travel distance and 
the deceleration force acting on the vehicle carrier are 
specified in terms of force-displacement function for 
this translational joint. Zero force is specified during 
the free travel of the vehicle carrier.  The resistant 
force is specified to model the deceleration force 
from the honeycomb, which is used to decelerate the 
vehicle carrier. The magnitude of the deceleration 
force is based on the honeycomb used. Both the 
vehicle and the carrier have zero initial velocity and 
have a gravitation force of one g in the vertical 
direction. Major factors affecting the vehicle roll rate 
in this mode are: flange/tire contact stiffness, 
flange/tire contact friction, tire/vehicle carrier contact 
stiffness, stiffness of vehicle suspension system. 
Two cases, i.e. no-roll and roll, are simulated.  In the 
no-roll case, the fixture was set at an angle of 110, 
and the comparison of results between the simulation 
and the test is shown in Figure 8.  The simulated 
result in roll-rate shows a higher peak than the test 
data.  For the roll case, the inclined angle of the test 
fixture was set at 190, and Figure 9 presents both the 
simulated and test results.  Simulated results in both 
roll-rate and lateral acceleration look good in this 
case.  The simulated result in roll-rate deviates at 
approximately 0.8 second is mainly due to the setup 
of the test where the vehicle was restrained with 
tethers to prevent the test vehicle from being rolled 
over the test fixture, thus saving the vehicle for 
repeated use. 
 

 
 
Figure 7 – A CSV MADYMO model 
 

 
 
Figure 8 – No-roll case in CSV – simulation vs. 
test 

 
Figure 9 – Roll case in CSV – simulation vs. test 
 
 
 
c) Simulation of Side Curb Trip Mode: 
 

A side curb trip MADYMO model is shown 
in Figure 10.  This model uses the same modeling 
procedure as the one for critical sliding test, except 
that the translational joint has zero (0) inclined angle 
with respect to the ground and an initial lateral 
velocity for the vehicle only is needed.  The vehicle 
carrier is treated as a side flange padded by 
honeycomb, and no initial velocity is specified on it. 
The major factors, which affect the vehicle rollover, 
are: vehicle lateral velocity, flange height, flange/tire 
contact stiffness, and friction.  The roll case of this 
mode is simulated using an initial lateral velocity of 
16 mph.  Figure 11 exhibits the simulated results 
when compared with the test data.  The initial peak in 
roll-rate compares well with that from the test, while 
the model still predicts higher peaks in lateral 
acceleration.  
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Figure 10 – A Side Curb Trip MADYMO model 
 

 
 
Figure 11 – Comparisons of results of Side Curb 
Trip – simulation vs. test 
 
 
 
d) Simulation of Corkscrew Mode: 
 

A corkscrew ramp MADYMO model is 
shown in Figure 12.  In this model, a finite element 
tire sub-model is used.  The geometric configuration 
of the corkscrew ramp can be modeled either using 
ellipsoids, planes associated with the global system 
or a rigid body associated with a system which is 
fixed on the ground.  Contact between the tires and 
the ramp must be defined, and a higher friction 
coefficient for the contact needs to be specified to 
ensure that the vehicle stays on the ramp. The vehicle 
forward (or longitudinal) velocity is specified as an 
initial velocity for the vehicle system. Position the 
vehicle and make sure the right-hand-side tire ride on 
the correct position of the ramp. The major factors, 
which determine the vehicle rollover are: vehicle 
forward velocity, and the riding position of the 
vehicle on the ramp.  In order to improve the model 
prediction, a finite element tire sub-model is used 
instead of ellipsoids.   Figs. 13 and 14 show 
comparisons of roll-rate and lateral acceleration for 
the no-roll and roll cases, respectively.  Results show 
favorable agreement between the simulation and the 
test.  

 
 

 
Figure 12 – A Corkscrew ramp MADYMO model 
 

 
Figure 13 –  No-roll case in Corkscrew ramp mode 
– simulation vs. test 
 
 
 

 
 
Figure 14 – Roll case in Corkscrew ramp mode – 
simulation vs. test 
 
 
FUTURE CAE MODELONG AND TESTING 
 
  For future MADYMO-based CAE rollover 
modeling, efforts should be directed towards: 
� Developing algorithms to allow specifying path 

for vehicle motion; 
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� Refinement of suspension model for improved 
side curb impact simulation; 

� Developing mechanisms to allow provisions in 
simulating wheel separation from the axle 
during impact, if any; 

� Using finite element vehicle interior for better 
contact simulation instead of plane/ellipsoid 
contact elements 

� Developing a suspension model database 
� Exploring MADYMO's magic formula for tire 

modeling 
� Exploring MADYMO's finite element 

capability for structure simulations 
 
     In addition, a feasibility study needs to be 
conducted to develop hybrid modeling methodology 
by partly using rigid-based technique to obtain 
vehicle kinematics in rigid-body motion phase, and 
then using  the information from the rigid-body phase 
data for deformable structural study in calculating 
stress/strain when the vehicle contacts ground.   
 
      To support the above modeling effort, testing is 
needed to provide data, which characterize (1) tire 
properties in lateral direction, (2) dummy joint 
properties in lateral direction and rotation about AP 
(Anterior-Posterior) direction, and (3) force-
deflection pertaining to dummy/vehicle interior 
interactions.  
 
 
 
CONCLUSIONS 
 
      Rollover models of varying degrees of 
complexity based on rigid-body assumptions are 
reviewed.  The analytical studies and model 
simulations are becoming useful method for 
determining the influence of vehicle parameters on 
vehicle response.   In this paper, MADYMO-based 
models for simulating vehicle kinematics in SAE 
J2114, side curb trip, critical sliding velocity and 
corkscrew ramp are developed.  Simulated results are 
compared with test data, exhibiting good agreement 
between them.  The rigid-body based MADYMO 
models are easier to run to provide trend analysis and 
design direction for rollover restraint system 
development.  However, it should be noted that the 
rollover modeling techniques described herein do not 
include the ability to reconstruct a rollover event.  
Development of rollover models is a continuous 
improvement process, which requires experimental 
data for validation and refinement.  In the future, this 
technology will continue to grow with possible use of 
finite element analysis for rollover modeling to study 
vehicle structural deformation and occupant 

kinematics interacting with the restraint system and 
vehicle interior. 
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Table 1.  Rollover modes and CAE model summary. 

Test Mode 
 

Test parameters that 
affect performance 

MADYMO Model 
Limitations 

 
SAE J2114 
(23-degree) 
 

� Road conditions: dry/wet; concrete/ 
asphalt; evenness; surface roughness 

� Friction 
� Deceleration pulse of dolly: G's & 

duration 
� Stopping mechanism: hydraulic/ 

pneumatic/honeycomb 
� Vehicle initial ground contact 
� "Curb" height: (currently 4") 
� Platform inclination: (currently 23-

degree) 
� Dolly height and tire pressures 
� Platform orientation (0 vs. 45-deg.) 
� Test Vehicle wheel rim types; tire size 
� Test vehicle tire pressures 
 

� Engineering judgment with assumed 
parameters (friction, etc) 

� Numbers of rigid body system used. 
� Rigid vs. deformable 
� Currently tire modeling technology is 

unavailable 
� Allowable interactions 
� Multi-directional friction capability  
 

Critical 
Sliding 
Velocity 

� Test fixture 
� Sliding surface condition and friction 
� Lubricant material used to reduce 

friction 
� Sliding angle (C.G. may be shifted) 
� Sliding distance  
� Release mechanism 
� Pre-to-run time (tire/lubricant reaction) 

� Only consider the following vehicle 
parameters (i.e. C.G. height, track 
width, moments of inertia) are needed. 

� Need wheel/curb interaction data 

Side Curb 
Trip 

� Curb height 
� Curb stiffness 
� Tire pressure 
� Tire & rim types 
� Velocity 
� Tire/curb interaction 
� Test method: vehicle on cart vs. 

vehicle slides on ground  

� Suspension model is good for up-and-
down motion 

� Wheels are rigidly attached to axle. 
Cannot simulate wheel breakage 

� Lack of information on wheel/curb 
contact characteristics 

Corkscrew � Ramp shapes: height, length continuous 
vs. segmental 

� Ramp surface: flat vs. spiral 
� Wheel/ramp friction 
� Ramp top edge/vehicle interaction 
� Vehicle travel path: straight vs. curve 
� Tire pressure 
� Velocity 
� Steering wheel: lock vs. unlock 

� Need good suspension model for 
accurate timing for roll 

� Limited capability in simulating 
interaction between ramp top edge 
and suspension 

� Lack of multi-directional friction 
capability 

� Can simulate locked steering wheel 
case only 
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ABSTRACT 

In the EC countries approximately 30000 persons 
are injured as bus or coach occupants in accidents 
with transportation in the size of more than 5000 kg 
every year. Some 150 of these persons suffer fatal 
injuries. The kind of accidents which occur 
throughout EC countries cover collisions, single 
accidents as well as “normal” driving manoeuvres. 
This study describes the results of an analysis of 
coach and bus occupant safety research and 
regulatory practices in Europe. The focus of this 
work is on occupant protection in several types of 
buses and coaches in both the scheduled and non-
scheduled transportation. 
For this purpose the connection between the 
occurrences at the real world accident scenes and 
the mandatory test methods has been analysed. The 
simple reason for that approach was the important 
feedback and usable knowledge of the accident 
incidents and their influence to improve current test 
procedures. Therefore an investigation was 
conducted on a number of topics including 
statistical collision data analysis, development of a 
bus accident database, reconstruction of real world 
accidents by means of an accident reconstruction 
software, component testing, full scale bay section 
testing, development of numerical simulation 
models for vehicle structure and occupant 
behaviour, parameter studies on occupant size 
influence, detection of injury mechanisms, cost 
benefit analyses for different test methods and 
finally the suggestion for improvements of current 
testing practices. 
The main approach of this research work is the 
development of enhanced bus safety. This shall be 
obtained through the European Regulatory 
Agencies and ISO standard committees as this 
work will deliver the bases for new and released 
regulations. Some of the results of this study have 
already been taken to table an amendment to a 
current directive and will further be used to 
propose necessary improvements and additional 
research subjects either. 
 
INTRODUCTION 

This study describes the results of an analysis of 
coach and bus occupant safety research and 
regulatory practices in Europe. The focus of this 
work is on occupant protection in several types of 

buses and coaches in both the scheduled and non-
scheduled transportation. 
For this purpose the connection between the 
occurrences at the real world accident scenes and 
the mandatory test methods has been analysed. The 
simple reason for that approach was the important 
feedback and usable knowledge of the accident 
incidents and their influence to improve current test 
procedures. 
Therefore an investigation was conducted on a 
number of topics including statistical collision data 
analysis, development of a bus accident database, 
reconstruction of real world accidents by means of 
an accident reconstruction software, component 
testing, full scale bay section testing, development 
of numerical simulation models for vehicle 
structure and occupant behaviour, parameter 
studies on occupant size influence, detection of 
injury mechanisms, cost benefit analyses for 
different test methods and finally the suggestion for 
improvements of current testing practices. 
 
In total seven ECE (Economic Commission for 
Europe) regulations and 5 corresponding EC 
directives deal currently with the structural and seat 
design for buses and coaches.  
Therefore the general objective of this work was to 
generate new knowledge to minimize the incidence 
and cost of injuries caused by bus and coach 
accidents. 
 
This objective is relevant for: 
• the bus industry since it will bring them safer 

buses  
• the insurance industry since it will reduce their 

costs 
• society due to the decrease in incidence and 

severity of injuries to bus and coach occupants  
 
Additional emphasis was put on the various 
passenger sizes, in order to consider optimisation 
of restraint designs for occupants other than the 
50th%ile male. There are currently no data relating 
specifically to the requirements for, or performance 
of, child restraint systems for children in buses. As 
various sizes of buses are used for public 
transportation different groups will be investigated 
according to ECE (M2-up to 5 tons and M3-more 
than 5 tons) 
Special emphasis was also put on so called “City 
buses”, where passengers are often standing. In 
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these buses injuries are the result of crashes and 
also vehicle operation, such as emergency braking, 
when injuries occur due to impacts of passengers 
against components of the bus interior. 
Suggestions for new written standards, which 
increase the safety of buses, and which demonstrate 
and prove the increased safety were the major 
result of this research work. They are based on the 
developed and evaluated new and extended test 
methods. Their efficiency was demonstrated 
through numerical models of an improved bus 
design. 
 
METHODOLOGY 

Following study gives an overview of the technical 
state of the research work on bus safety with 
emphasis on the main achievements. The structure 
of the paper represents the chronology of the 
performed work. 
 
Statistical Collection 
First step was the analysis of statistical accident 
data. This was done by using the data from 
representative countries (Austria, Germany, Great 
Britain, Italy, the Netherlands, Spain, France and 
Sweden). 
Firstly the numbers of casualties in buses and 
coaches were compared to the national pictures to 
give a measure of the relative importance. For the 
years 1994 to 1998, on average, approximately 150 
bus or coach occupants were killed per year in the 
eight countries in the study as a whole. Fewer bus 
or coach occupants were injured than car occupants 
and in all the countries, when a casualty occurred 
in a bus or coach, the injury is likely to be less 
severe than for the whole road casualty population. 
From 1994 to 1998 the number of casualties has 
risen in the Netherlands, France, Spain and 
Sweden. 
The bus and coach casualty population was then 
considered, by age, gender and injury severity. In 
all eight countries many more women than men 
were injured overall but this trend is not necessarily 
borne out in fatality figures. In all represented 
countries men have a greater likelihood of a serious 
or fatal injury when an injury occurs, with their 
ages more evenly distributed than those of female 
casualties. In some countries peaks in age can be 
ascertained at school age and towards elderly age, 
the latter being more obvious for female casualties 
than male casualties. The position of casualties was 
then investigated. More passengers were injured 
than drivers in all countries. In France, Germany 
and Great Britain a higher proportion of driver 
casualties sustained a serious or fatal injury than 
passenger casualties. The circumstances of bus and 
coach accidents with injured occupants were then 
studied. This specific study has been able to 
support further work in this study on rollover and 

frontal impacts whilst also identifying the need to 
appreciate the high levels of non-collision injuries 
seen in Austria, Germany and Great Britain 
(especially for elderly passengers). 
From the data available with definite 
rollover/overturning data fields it has been 
established that these types of accident don't 
happen very often but when they do the number of 
seriously injured occupants can be high. Frontals 
are less serious in terms of injury than 
rollover/overturning but they happen more often 
and make up a large proportion of the casualty 
populations. It is also apparent that collisions with 
trucks are a significant influence on the fatal injury 
experience of bus and coach casualties. For the 
countries with data available most casualties 
occurred on urban roads; however most fatal 
injuries occurred on rural roads. 
Data were also analysed on environmental 
conditions at the time of the injury accident to 
investigate when and in what weather conditions 
injuries occur.  
 
Selection of cases for in-depth study 
The outcome of the statistical collection supported 
the definition of the cases for the in-depth analyses. 
Although the access to real accident data was 
limited a reasonable number of cases could be 
analysed. This information was stored in a 
particular database for further process. 
 
Accident reconstruction 
By means of accident reconstruction software tools, 
especially PCCrash and SINRAT the selected cases 
have been analysed. For this purpose the accident 
involved vehicles and obstacles were loaded from a 
special database. Sketches or photographs of the 
accident scene (Figure 1) which showed the end 
position of the vehicles and the tyre marks were 
loaded too. After defining the operation sequences, 
the correct boundary and the initial conditions the 
calculations were performed. The results were 
shown in tables, diagrams as well as 3-dimensional 
video clips. 
Figure 2 shows a simulation sequence of a frontal 
impact between a bus and a tree. The accident was 
caused by a car driver from the ongoing traffic who 
entered the wrong lane and hit the bus in the left 
front area.  
 

   
 

Figure 1.  Photographs of accident scene and 
marks on the street 
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Figure 2.  Accident reconstruction 
 
Component Tests 
As preliminary work on the FMH testing a huge 
number of photographs were taken from several 
bus interiors to show current European bus design. 
Based on this  work a proposal was generated, 
describing the performance of the free motion 
headform testing. The tests were performed using 
several bus parts, where head contact is possible 
and can be critical due to injury risk. 
 

 
 

Figure 3.  FMH testing 
 
These test were done to measure accelerations and 
loads as well as to calculate the injury criterion 
HIC. 
In addition to these bus interior component test two 
series of tests on bus seat crash behaviour were 
performed. 
One series focused on basic seat material tests and 
the frontal impact behaviour (Figure 4), The tests in 
frontal direction were performed according to the 
ECE R80 conditions, varied by different 
configurations of the dummy placements. 
 

 
 

Figure 4.  Frontal impact testing  
 
The rear impact tests (Figure 5) have been 
performed as new approach in seat testing. 
Background was the analyses of the seat behaviour, 
either in rear end impacts or in frontal impacts, 
when the seats are rearward faced. 
 

 
 

Figure 5.  Rear impact testing  
 
 
Full Scale Reconstruction 
The first performed full scale test has been a 
rollover test on a M2 bus. This kind of testing 
represents a new approach, since such a test is 
currently required only for M3 buses. The 
boundary conditions were the same as for a 
standard ECE R66 test. A further new approach 
was the usage of 2 dummies for measurement 
purposes. The second test has been a frontal impact 
pole test (Figure 6). 
 

  
 

  
 

Figure 6.  Frontal impact and rollover testing  
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Numerical simulation model for vehicle 
structure  
The study of Cranfield involved creating a detailed 
finite element mo del of a M2 minibus (Figure 7) 
that was previously tested in the full scale test. The 
model was set up to simulate the two full-scale 
reconstructions ie. rollover conforming to ECE 
Reg. 66 and frontal impact into 60cm diameter pole 
barrier. 
The main criteria for the model validation were the 
acceleration pulses obtained from the full-scale test 
vehicle. A comparison of the simulation and test 
values showed that the peak values and general 
trends were very similar between test and 
simulation. 
 

 

  

  
 

Figure 7.  Frontal impact and rollover model 
 
The numerical bay section models from PoliTo 
were developed using MADYMO software. For the 
model shown on the right side both rigid bodies 
and finite elements were employed. The vertical 
and the roof pillars were modelled using rigid 
bodies connected 
each other by 
revolute joints. The 
lower part of the 
bay section was 
modelled using one 
rigid body because 
it was observed that 
this part has very 
small deformations 
during the rollover. 
 
 

Figure 8.  Bay section rollover model 
 
 

Numerical simulation model for occupant 
behaviour 
Cranfields rollover occupant model (Figure 9) 
simulated one of the 50th percentile Hybrid III 
dummies that was inside the full-scale M2 rollover 
reconstruction. The dummy was seated away from 
the contacted side of the vehicle and wearing a 3-
point belt with the shoulder belt over it’s right 
shoulder (ie. the side closest to the ground contact). 
 

 
 

Figure 9.  Rollover simulation (M2 bus) 
 
The frontal impact occupant model (Figure 10) 
simulated one of the 50th percentile Hybrid III 
dummies inside the full-scale M2 frontal impact 
reconstruction. The dummy was seated in one of 
the original minibus seats, with an unoccupied seat 
directly in front. The seat characteristics (geometry, 
breakover stiffness and pitch) were taken from the 
tested vehicle. The model consisted of a validated 
Dyna3D Hybrid III dummy model, seated in a 
double seat, with a double seat in front. 
 

 
 
Figure 10.  Frontal impact simulation (M2 bus) 

 
INSIA created two types of numerical models, one 
consisting in the bay section occupants and another 
without occupants. For the case of bay section with 
occupants several models were developed to 
determinate how the usage of a two points belt 
system and the original position of the occupant 
may affect to the severity of the injury suffered by 
the occupants. 
This model was validated through a rollover test of 
ECE R66 performed in the INSIA facilities with a 
coach body section. The structure accelerations and 
deformations were used for validating the model. 
As a conclusion of the model without occupant 
validation it have been proved that the deflexion 
results are very similar in the model and in the test. 
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Some of the accelerometers signals are similar in 
terms of behaviour (when the maximum and the 
minimum are reached) although the value is 
different. 
This model was validated through a rollover test of 
ECE R66 performed in the INSIA facilities with a 
bay section that has been loaded with passengers, 
and equipped with an instrumented EuroSID-1 
dummy. The effect of passenger’s mass was 
represented by 7 ballast masses (68 kg). 
 

 
 

Figure 11.  Rollover simulation (bay section) 
 
The structure accelerations and deformations and 
the dummy signals registered during the test are 
used to validate the model. The model parameters 
of the structure are the same used in the previous 
test. To simulate the ballast and the EuroSID used 
in the real test, four EuroSID dummy models were 
placed in the front seats row of the structure.  
 
TUG created a numerical occupant model to 
simulate the occupant kinematics in different kinds 
of City bus interior designs under usual non 
collisions incident situations like emergency 
braking, driving manoeuvres and acceleration jerks. 
By editing the predefined data files various kinds 
of City bus configurations can be generated. 
Especially the seat systems e.g. single seats or 
complete seat rows in line or in opposite 
configuration and the retaining systems like grab 
rails and space dividers can be modified and varied. 
The results of these calculations enabled the 
evaluation of the movement of the occupant, the 
detection of possible impacts with interior parts and 
the loads to the dummy. 
The numerical simulation model for occupant 
behaviour represents a good possibility to analyse 
the injury potential of city bus interior areas during 
an extreme driving manoeuvres e.g. emergency 
braking. 
For these purposes the interior of a city bus was 
generated (Figure 12) by means of a several multi-
body systems within the MADYMO software. 

The validated dummies, in seating and standing 
configuration were also taken and adapted from the 
MADYMO database. For the calculation of real 
world driving situations, the trajectory of the centre 
of gravity of the vehicle is determined by means of 
the accident reconstruction software PCCrash. 
 

 
 

Figure 12.  City bus model 
 
By implementation of a special transformed 
coordinate system, the data from PCCrash can 
directly be taken as input data. The validation of 
the numerical model was performed by using the 
data of experimental tests. The resultant 
acceleration curves from the experimental free 
motion headform tests were used to define the 
contact functions of the model. Since only one head 
drop test was performed per interior part and no 
videos were available the validation is mainly 
based to quantify and to compare the injury risk 
during different impact situations. Although these 
results are generated with a simplified model, they 
are quite sufficient to detect lacks of safety matters. 
 
Cause of injury summary 
This work takes an overall view of the real world 
accident data and investigates the results of the 
numerical simulations to establish the injury 
mechanisms that are causing problems in M2 and 
M3 vehicles. At the national level though no 
information was available on injury severity to 
different body regions. Therefore analysis has been 
carried out using the in-depth study of 36 accident 
cases. As this database was created from available 
accidents and was not sampled the injury 
distributions are not comparable to the national 
pictures and therefore absolute figures of risk 
cannot be taken from the data. Care must be taken 
with the results from such a small number of cases, 
which are very diverse in their nature (e.g. different 
crash scenarios, classes of vehicles, occupant 
characteristics, restraint use). A general picture is 
formed though of which body regions are more 
susceptible to injury in M2 and M3 accidents. The 
results of simulations performed were used to 
illustrate possible contacts and the injury criteria of 
the dummy models indicate where injury criteria 
limits are being exceeded. 
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Parameter study 
This task has been carried out to investigate the 
influence on injury risk when certain key 
parameters, such as vehicle structure, seat 
characteristics and stiffness are changed. Thes e 
results indicate areas of the vehicles that could be 
improved and may be adding to an injury 
mechanism at the moment. Using the in-depth 
database it is possible to get injury data to body 
region level and from tests and simulations it is 
possible to analyse dummy movements to realise 
general dynamics.  
 
Numerical test methods  
This task was undertaken by Cranfield in order to 
investigate the strength of the superstructure of a 
typical coach under rollover conditions. In 
particular the validated, with experimental 
evidence, finite element model of a coach bay 
section consisting mainly of three dimensional 
highly non linear beam elements was used for a 
parametric study and further detailed modelling of 
some simplified features used to assemble this 
model. Also several finite element detailed models 
were created in an 
attempt to obtain 
theoretical 
information for the 
bending only, 
structural behaviour 
of components and 
joints. 
 

Figure 13.  Pillar - structural behavior 
 
The conclusions obtained by INSIA in relation to 
the structural numerical test for rollover of coaches 
are described. The results from the rollover tests 
have been analysed and compared, and new 
developed  models have been used. 
 

 
Figure 14.  Seat frame - Structural behaviour 

 
On the one hand, the effect of the belted passengers 
over the structural deformation and energy 
absorption has been quantified, and the way to 
introduce it in the numerical models has been 
discussed. On the other hand, it has been analysed 
some possible problems of different techniques for 
structural models, and some guidelines are 

proposed for the model conditions and the required 
validation tests. 
 
PoliTo performed simulations by using the 
numerical models of the CIC coach bay section. A 
study was performed to verify the effects of some 
parameters relevant for the structural tests in order 
to point out the need of parameter specifications 
and the possibility of changes in the test conditions. 
In this way new structural tests could be figured. 
Investigation parameter were amongst others the 
moment of inertia, the falling height, the impact 
inclination and number of jointed bay sections. 
 
This task was undertaken by TUG in order to 
extend the numerical models for vehicle structure 
and occupant behaviour so that the results of 
component tests which allow the definition of 
structure and design can be adopted to the 
individual bus in a rather simple manner. The 
numerical simulations demonstrated an easy 
approach to evaluate the interaction between 
passenger movement and deforming roof structure 
during a rollover impact. This tool can be used as 
pre-check of a new coach model both for 
assessment of the structural roof deformation and 
the contacts between occupants and the intruding 
structure. 
 

 
 

Figure 15.  Rollover occupant behavior 
 
 
Component test methods  
CIC`s guidelines for Free Motion Headform 
(FMH) drop tests have been developed for city-
buses, coaches and minibuses, through the use of 
experimental data and numerical simulations. The 
following steps have been undertaken: a) 
Numerical FMH models (Figure 16) were created 
and validated and used assess the influence of 
different impact speeds; b) A list of interior 
components commonly impacted by occupants for 
each vehicle type was compiled, including typical 
methods of construction and suggested methods of 
improvement; c) Head impact velocities and angles 
of impact were obtained from the numerical 
occupant models  and used to define FMH test 
guidelines; d) FMH tests on a typical coach interior 
component were performed to assess the influence 
of impact speed, angle, local stiffness and possible 
padding. 
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Figure 16.  FMH simulation model 
 
TNO’s work focused on frontal impacts where the 
main interaction is between the passenger and the 
restraint system, the forward seat, a bulkhead or 
other solid object. Although this is a very limited 
subset of all injury causing loading conditions, it 
seems to be the only one for which the suitability 
and optimisation of restraints systems makes sense. 
Based on the best compromises between wearing a 
2 point or a 3 point belt system, the use of 3 point 
belt systems is recommended for adult and child 
occupant passengers in buses and coaches. 
 

 
 

Figure 17.  Frontal impact simulation model 
 
TUG investigated the behaviour of sitting 
occupants under rear impact conditions. That can 
occur both for forward faced seats under rear end 
impact and for rearward faced seats under frontal 
impact conditions. TNO’s validated frontal impact 
seat model formed the basis for the further detailed 
modelling to create the rear impact model. The 
numerical seat model describes a geometry of a 
rigid platform and 2 rows of coach seats, one 
behind the other. This configuration corresponds to 
the performed rear end impact sled tests. The 
objective of the analysis was to investigate the 
injury risk in that type of impact incidence and to 
detect and point out the weak points. 
 

 
 

Figure 18.  Rear impact simulation model 

Full-scale test methods  
The aim of this specific work was to gain a better 
understanding of how the mass of passengers may 
effect the deformation of a coach structure during 
the UN-ECE Regulation 66 rollover test procedure. 
Therefore Cranfield calculated the proportion of 
the occupant mass that is effectively coupled to the 
coach during an R66 rollover test for various 
passenger restraint configurations (unrestrained, 
lap-belted and 3-point belted) and to assess the 
influence of the passenger mass on the deformation 
of a typically fully laden coach. 
 

 
 

Figure 19.  Bay section simulation model 
 
INSIA’s work describes the conclusions obtained 
in relation to the extended rollover test of coaches. 
The results from the rollover tests and simulations 
have been analysed and compared. It is quantified 
for different types of buses the energy increase that 
the superstructure must absorb because of the 
influence of the use of safety belts to fulfil the 
requirements of Regulation 66. Two different 
rollover test methods that let take into account the 
influence of the use of safety belts in buses and 
coaches already proved in previous tasks are 
presented. Other subjects such as the preparation of 
the bus to perform a full scale rollover test, the 
energy absorption capability of the seats and the 
driver’s place are discussed. 
TNO´s preliminary feasibility study of the 
driver/co-driver safety in case of frontal collisions 
by performing MADYMO simulations and if 
possible to propose first ideas for evaluating the 
“survival space” for driver/co-driver during a 
frontal impact. The feasibility study on the use of 
ECE/R.29 type of tests, even when a large margin 
of uncertainty is taken into account, has learned 
that current upper bus structures are far away from 
being crashworthy for frontal impact. 
 

 
 

Figure 20.  Frontal impact driver model 
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Test procedures for city-buses 
This task was undertaken in order to draft a 
proposal for a basic test procedure for bus interior 
to measure and limit the impact load for standing, 
sitting and moving people especially under the 
conditions of an extreme driving operation namely 
the emergency braking. 
 

 
 

Figure 21.  Proposal for test procedure 
 
 
Cost benefit analysis of different test methods  
The following part describes a cost/benefit analysis 
for different test procedures according to the 
current Regulations ECE R66 and ECE R80. 
Previous studies of this work revealed that, apart 
from the prescribed safety requirements in the 
mentioned regulations, a number of additional 
improvements can be suggested. The 
recommendations refer, for instance, to the use of 
seat belts, performing test procedures with 
dummies, etc. The cost/benefit analysis assessed on 
the one side the required costs for tests and 
simulations, considering the extension of the ECE 
R66 and ECE R80 with the additional 
improvements. On the other side, the analysis 
estimated the reduction of socio-economic costs 
due to less fatalities and seriously injured 
occupants in rollovers and frontal/rear impacts if 
safety requirements as prescribed in the improved 
Regulations are fulfilled. 
 

Table 1. 
Estimation on achievable tests versus 

required tests 
 
Regulation 

No. 
Type of  
Test / 

Simulation 

Required 
tests per 

year in EU 

Achievable 
tests 

Achievable 
tests / 

Required 
tests 

Bay section 408 - 1224  2912 - 5698 4,6 - 7,1  
Full scale 408 - 1224  190 - 320 0,3 - 0,5  

ECE R66* 

Simulation 408 - 1224  422 - 3333  1,0 - 2,7  
ECE R80* Sled tests 4080 - 8160 2730 - 8635 0,6 - 1,0  

 
In addition, the number of tests required for type 
approving all buses and coaches in the EU per year 
was estimated using the production figures for 
buses in the year 2000. The number of theoretically 
achievable tests could be determined on the basis 
of the saved socio-economic costs and the required 
costs for tests. The study showed that, apart from 
small exceptions, the socio-economic costs saved 
due to less fatalities and seriously injured bus 

occupants in rollover and frontal/rear impact 
accidents would be sufficient to cover the annual 
expenses needed for performing tests/simulations 
for type approving all produced buses and coaches. 
The report closes up with a theoretical 
consideration regarding the acceptance for bus and 
coach accidents, underlining the necessity of more 
tests and simulations. 
 
 
Mathematical model of improved bus design 
The objective of this task was to demonstrate the 
best practise design for M2 vehicles involved in 
frontal impact and rollover accidents. The original 
minibus vehicle from Cranfield was considered to 
perform well for both frontal impact and rollover. 
The frontal impact test into a barrier was an 
aggressive scenario resulting in a survivable 
accident for all the passengers, with just the 
driver’s compartment intruded. The rollover 
according to ECE R66 was passed comfortably due 
to stable roof cross beams. The scope of this task 
was not to assess or modify the structural 
performance of the M2 vehicle, as this would 
require far more time and effort to achieve. Instead, 
the original structural performance was accepted as 
a good design for which the interior could then be 
optimised. 
 

 
 

Figure 22.  Improved M2 bus model 
 
INSIA created a mathematical model that allows 
simulating the dummy response in a bay section 
rollover test according to the ECE-R66. In order to 
study the influence of different structures, the 
structure’s model is  made in parametric way. With 
the intention of to study the influence of the 
location of the dummy and its response, several 
models were developed with the dummy placed in 
different locations and also with different restraint 
systems (two points belts and three points belts). 
 

 
 

Figure 23.  Improved bay section model 
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This part performed by Polito reports on the 
influence of the passengers 
mass on the results of a standard 
ECE66 rollover test. As a result 
of this study a K factor was 
calculated to represent the 
percentage of the passengers 
mass coupled to the structure 
during a rollover using different 
restrain systems (two point and 
three point belt).  
 

Figure 24.  Improved bay section model 
 
This work described the approach from TNO to 
evaluate possible improvements to the existing 
ECE/R80. All simulations were oriented towards 
the final objective of providing design guidelines 
(recommendations) for bus seats as far as 3 points 
belt system requirement is involved. It seems to be 
necessary to update ECE/R80 with respect to 3 
points belt systems and the necessity to check their 
adaptation to children and small occupants. It must 
be verified if ECE/R.44 is able to certify safety of 
three point belt adaptable systems or if this needs to 
be addressed in ECE/R.80. 
 

 
 

Figure 25.  Improved frontal impact model 
 
This task was undertaken by TUG in order to draft 
design guidelines which represent a better (safer) 
impact behaviour for the sitting or standing 
occupants. For this purpose a new developed 
numerical city bus model including all important 
components of bus interior was taken for a 
parameter study varying the material 
characteristics, interior designs and the occupant 
sizes 
 

 
 

Figure 26.  Improved city-bus model 
 

ADDRESSED STANDARDS 

The Economic Commission for Europe (ECE) of 
the United Nations elaborates the list of regulations 
known habitually as Geneva Regulations 
(www.unece.org/trans/main/wp29). 
The European countries can adhere in a voluntary 
manner to each of these regulations, which will be 
mandatory in a particular country only if they are 
explicitly incorporated to his national regulation. 
The European Directives are mandatory for all the 
members of the European Union when they are 
included in the Directive 70/156-2001/116/CE 
(homologation of the vehicles that includes the list 
of particular Directives for each type). Those 
Directives are issued by the European Parliament, 
Council or European Commission depending on 
the case, and they are approved in Brussels 
(www.europa.eu.int/comm/enterprise/automotive/d
irectives/vehicles). 
Table 2 below shows the actual European 
Directives and Regulations that can be affected by 
the recommendations made from the research done 
inside this study. 
 

Table 2 
Actual European Directives and Regulations 

 
 European 

Directive 
ECE 

Regulation 
Obligatory use of eat 

belts 
91/671 – 

2003/20/EC 
 

Seat belts anchorages  76/115 – 
96/38/EC 

14 R05 

Seats, seat’s 
anchorages and head 

restraint 

74/408 – 
96/37/EC 

80 R01 

Safety belts and 
restrain systems  

77/541 – 
2000/3/EC 

16 R04 

> 22 + 1 
< 22 + 1 

General 
construction 

of large 
passenger 
vehicles 

Double-
deck 

36 R03 
52 R01 
107 R00 

Rollover resistance 

2001/85/EC 

66 R00 
 
 
SUGGESTION FOR WRITTEN STANDARDS 

This paragraph describes the suggestions for 
written standards in detail. These proposed 
improvements and ideas are based on the whole 
research carried out during this study. Main inputs 
were the results from the accident analysis, the 
component tests, the numerical simulations and the 
parametric studies. The following description is 
subdivided in 3 chapters, namely two to address 
directly existing regulations (rollover / frontal 
impact) and one for new and open issues. 
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Rollover 
 
Use of seat belts is strongly recommended 
The performed accidents analysis indicated that a 
part of the injuries in rollover accidents are caused 
by the impact of the occupants on the side panel 
and on the luggage rack and also by the effects of 
occupant interaction. The number of injured 
occupants and the injury severity of the casualties 
is less if the bus is equipped with a proper seat 
restraint system on condition that the belts were 
used. Studies based on the performed simulations 
indicated that at least a 2-point belt retains the 
occupants in their seats and avoids their free 
movement inside the vehicle during a rollover for 
three seat positions that are not closed to the impact 
side. The differences between lap belts and 3-point 
belts have been analysed and it can not be 
determined which of them is better under rollover 
conditions. When the passenger is situated in the 
rollover side near the aisle, a three point’s belt 
could avoid the impact of the head with the side 
window. At least a lap belt increases the 
passengers’ security under rollover. There are no 
recommendations of modification in the numbers 
of seat belts anchorages (2- or 3-points) that must 
be obligatory and the conclusion is that the actual 
regulations are sufficient for that point. 
(Targets: Directive 2003/20/EC, Directive 
96/38/EC, Directive 2001/85/EC, ECE 14R05, 
ECE 66R00) 
 
Mass of belted occupants has to be considered for 
calculation and testing 
The investigations within this study indicated that 
the introduction of belted passengers increases the 
energy to be absorbed during rollover significantly. 
That fact must be taken into account in the 
requirements made to the superstructure in the 
current Directives and Regulations. The influence 
of the belted occupants must be considered by 
adding a percentage of the whole passenger mass to 
the vehicle mass. That percentage depends on the 
type of belt system and is 70% for passengers 
wearing 2-point belts and 90% for passenger s 
wearing 3-point belts. The mass must be 
considered as rigid joint and must be fixed at the 
theoretic centre of gravity of the passengers (about 
200 [mm] above the cushion or about 100 [mm] 
above the R-point. Those 2 factors (the increment 
of the total mass and the height of the centre of 
gravity ) increase the energy to be absorbed during 
rollover and must be taken into account in the tests 
and the calculation methods either. 
(Targets: Directive 2001/85/EC, ECE 66R00) 
 
M2 buses included in the rollover test 
The regulation 66R00 will be applied to single-
deck rigid or articulated vehicles designed and 
constructed for the carriage of more than 22 

passengers, whether seated or standing, in addition 
to the driver and crew. With the scope defined, 
vehicles of less than 22 passengers and double-
deck vehicles will be not obliged to be approved 
according to R66 prescriptions. Another idea could 
be to define the scope according to masses and/or 
dimensions of the vehicle, as another regulation do. 
With the scope defined vehicles 10 [m] length but 
with only 20 passengers are not obliged to be 
approved according to R66 prescriptions. As tests 
have proved, a good designed M2 vehicle pass the 
rollover test nowadays. The proposal is to include 
M2 and M3 vehicles in the scope of rollover test. 
(Targets: Directive 2001/85/EC, ECE 66R00 
 
Child safety (adaptation of the restraint system) 
This chapter deals basically with the same claim as 
child safety during frontal impact. It was proved as 
necessary to restrain children by means of an 
adapted belt system to protect them well. Main goal 
is the avoidance of ejection through side window or 
windshield and naturally also the protection of an 
uncontrolled free movement inside the bus. 
(Targets: Directive 2001/85/EC, ECE 66R00) 
 
Pendulum test should be deleted 
Regulation 66 permit the evaluation of the rollover 
resistant of the structure by a full vehicle rollover 
test, bay section rollover test, calculation methods 
of by a pendulum test. Comparing the results 
obtained from simulations from rollover tests and 
pendulum tests it was found that at the end of the 
deformation process the energy absorbed by the 
joints is higher for the pendulum. Therefore, the 
two testing procedures are not equivalent and the 
less realistic pendulum test should be deleted. 
(Targets: Directive 2001/85/EC, ECE 66R00) 
 
Frontal / Rear End Impact 
 
Use of a 3-point belt system is recommended 
It is recommended to prevent the contact between 
passenger head and seat back in front in most 
cases. The validated models for frontal impact 
showed that, even for crash pulses higher than the 
80 regulation one, which should be prevented when 
using a 3-point belt. The use of a 2-point belt 
produces a higher neck extension moment for a 
frontal impact than a 3-point belt. Attention must 
be paid to the correct restraining of children. 
(Targets: Directive 2003/20/EC, Directive 
96/38/EC, Directive 2001/85/EC, ECE 14R05, 
ECE 66R00) 
 
Rigid platform for seat testing 
Both the vehicle floor and the seat structure affect 
the crash behaviour of the combination to be tested. 
To avoid having to tailor the bus seat of a certain 
seat manufacturer to the various bus and coach 
structures, the bus seats should be designed for a 
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rigid floor structure that does not absorb energy 
during impact. Test performed on a combination of 
a rigid vehicle floor structure and seats specifically 
tailored to this structure are applicable to all kind of 
different floor structures. A special rigid floor 
structure and wall rail system should be defined for 
performing sled tests according to the regulation 
and directive. 
(Targets: Directive 96/38/EC, ECE 80R01) 
 
Combination test for seats 
A sled test configuration could be: 2 rows of seats, 
the front seat (first row) with restrained passengers 
(50%ile dummies) and the auxiliary seat (second 
row) with unrestrained and restrained passengers. 
In practice it will be difficult to decide what the 
worst case configuration should be, because it 
depends on the type of seat. Therefore, it is 
recommended to perform at least two impact tests. 
(Targets: Directive 96/37/EC, ECE 80R01) 
 
Crash pulse for M2 vehicles 
The best practise M2 restraint system is the 3-point 
seat belt. This has been proven for both frontal and 
rollover accidents. The 3-point belt allows the 
major body parts of the occupant to be directly 
coupled to the seat, giving a greater degree of 
control over the occupant’s movement during a 
crash. 
In order to achieve this control and therefore have 
an effective restraint system, the seat must also be 
capable of withstanding the loads transferred to it 
by the belt system. For frontal impact in an M3 
coach this requires the seat + belt to adhere to ECE 
R80. It is proposed that a similar test should apply 
to M2 vehicles bus using the slightly higher test 
pulse developed by another EC project. 
(Targets: Directive 96/38/EC, Directive 2000/3/EC, 
Directive 2003/20/EC, ECE 80R01, ECE 16R04) 
 
Child safety (adaptation of the restraint system) 
From the summary of ECE R80, it is clear that no 
interest is given to the necessary adaptation of 3-
point belt systems to children or small occupants. 
This probably is the main concern related to this 
regulation, because wearing not adapted 3-point 
belt systems can not be considered as a solution for 
children. It seems therefore necessary to update the 
regulation and directives also with respect to 3-
point belt systems and the necessity to either check 
the suitability of the belt system for children or to 
limit the access to 3-point belts for children. 
(Targets: Directive 96/38/EC, Directive 2000/3/EC, 
Directive 2003/20/EC, ECE 80R01, ECE 16 R04) 
 
Proposals for new Regulations 
 
Even though the important progress related to the 
regulations and directives to homologate buses and 
coaches during the last years, and the increase on 

technical advances implementation and in the 
safety level of those vehicles, there is still a 
considerable gap from research, technological 
implementation and active and passive safety in 
vehicles of category M1. Although the accident 
statistics indicate that the transport by bus and 
coach is the safest mode of road transportation, 
there are still some important points that could 
increase the security level of that type of transport 
and that are implemented or advanced in other 
types. 
 
Research for driver / co-driver frontal impact safety 
The analysis of the real world accidents indicated 
that the occupants in the first row (driver, guide) 
can be ejected through the front window, or 
affected by the intrusion of coach elements. 
Assuming that both the driver and co-driver are 
belted, the major proble m is the energy absorption 
of the frontal area and the intrusions through the 
wind screen. 
The special risk of the driver’s workplace in a lot 
of accidents, like frontal collisions, can be higher 
than the passenger’s one. On the other hand, if the 
drivers were correctly protected, in such way that 
they remained conscious and were not seriously 
injured, they would keep the control of vehicle in 
manoeuvres after the accidents and would make 
easy the evacuation. 
Special protection devices should be designed for 
the driver protection in the frontal of the coach 
because the driver’s safety is not adequately 
considered in current regulations. 
The research carried out with a frontal coach 
impact at 25 [kph] and the current R29 regulation 
(Protection of the cabin occupants in an industrial 
vehicle) has demonstrated that the actual designs 
are not capable of absorbing the applied energy. 
More research is needed to define the requirements 
for the structure, a suitable test for buses and to 
modify the actual designs to preserve the integrity 
of drivers in frontal of front-lateral impacts. Some 
ideas can be found in following references. 
 
Compatibility between bus/coach and other 
vehicles 
The proposals that must be studied about the 
driver’s workplace must go hand in hand with the 
study on the compatibility with other vehicles 
(industrial and cars). First it is needed to guarantee 
the security of the driver in the bus or in the coach 
against very different obstacles (at different heights 
and with different energy to be taken into account). 
On the other hand to guarantee the security of the 
occupants in the vehicle that could impact against 
the bus or the coach. It is important to pay attention 
to the results that will be obtained inside another 
European project called VC Co mpact, who are 
studying the compatibility between car and car and 
between car and truck. 
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Double-deck coaches (superstructure resistance) 
The superstructure of the double-deck coaches 
must currently not be tested under rollover 
conditions. It is necessary to analyse how resistant 
the actual designs are and the economical and 
social impact of including those vehicles inside the 
requirements of regulations and directives on 
rollover. 
That is especially important if the mass of the 
belted passengers is taken into account, because the 
increase of the energy to be absorbed during 
rollover increased with the number of passengers 
and the height of the centre of gravity. 
 
Harmonised bus accident database 
The performed statistical accident data collection 
showed a big difference between the capture of the 
data within the European countries. That indicates 
the necessity of an integrated database of the 
accidents that could take into account the same 
parameters in all the accidents and provide data for 
a good study on new necessities of research and/or 
requirements on buses and coaches. 
 
Guidelines for using Numerical Techniques 
The regulation 66R00 and the directive 2001/85 
allow the approval by numerical methods. 
Nowadays there is a great variety of numerical 
techniques  (as finite elements method or multi-
body method) and a lot of commercial programs 
that permit to calculate the superstructure 
behaviour of a coach under rollover. 
During this study, quasi-static and dynamic 
modelling methods have been used and validated. 
That work aims the necessity of carrying out some 
guidelines for using numerical techniques for 
approval, especially about how to validate the 
models. 
 
Partial ejection out of the bus (side window / wind 
screen) should be avoided 
The analysis of the real world accidents indicated 
that the partial or total ejection is a severe injury 
mechanism. The injury severity of the casualties is 
less if the bus is equipped with a seat restraint 
system and with laminated glasses. Besides, a side 
airbag especially developed for rollover movement 
could prevent from the ejection of occupants. 
 
Contact load with side (window and structure) 
should be as low as possible 
The numerical rollover simulations showed that the 
impact between dummy and side panel as well as 
the direct hit of the intruding structure on the 
dummy cause high load and therefore a big injury 
risk. That fact can be responded by either an 
avoidance of direct contact between dummy and 
side panel or by a soften impact behaviour. A 
calculation of relevant injury criteria would 
increase the safety standard especially for rollover. 

Development of a rollover dummy is necessary to 
predict injury criteria 
In-depth studies have shown that the most common 
body parts injured in a rollover, when no ejection 
occurs, are the head, the neck and the shoulder. 
This behaviour has been confirmed with the 
simulations performed with the validated Madymo 
models. These models have been used to study 
different rollover configuration to analyse the most 
frequent injury mechanism and to estimate the 
expected injury reduction using different restraint 
systems (2- and 3-point). 
One of the conclusions of these studies is the fact 
that the current side impact dummies are not ready 
to assess the injuries suffered by the occupants of 
buses in case of rollover. Especially two important 
regions should be improved, the neck and the 
shoulder region (shoulder and clavicle as a whole). 
The simulations showed that during rollover the 
neck is subject to combined loads namely lateral 
bending, lateral shear and torsion. Nowadays, there 
are no injury criteria that take into account these 
types of loads. The response of the shoulder in the 
current side impact dummies is not human like, the 
biofidelity of this region should be improved and 
an injury criterion to assess injury severity should 
be created too. Further research should be done in 
the field of rollover dummies and its associated 
injury criteria. The creation of a specific rollover 
dummy should be developed in parallel to the 
definition of new test procedures and the 
implementation of these procedures in the different 
regulations. 
 
Further research on driver’s impact on accident 
avoidance 
The in-depth study of the real world accident cases 
showed that a serious number of incidents was 
more or less negatively influenced by the action of 
the driver. Consequently the question whether the 
drivers know what to do or how to react in such a 
situation is certain appropriate. A further issue is 
the big range of technical standards of buses and 
coaches which demands different level of driver 
trainings. 
 
Further research on possibilities for general rating 
of the passive safety 
This suggestion is directed at a new definition of 
bus and coach safety. Since newer buses and 
coaches that meet the current Regulations and 
directives as well as a big fleet of older vehicles are 
on the road, the passengers of non scheduled 
transportation or municipal authorities responsible 
for scheduled transportation are more or less 
dependent on the available vehicles and so they 
have no special distinction features or identification 
possibilities of selecting a safe bus type. 
An adapted classification similar to the star rating 
of (Euro) NCAP would definitely increase the 
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safety level of future vehicles and could 
furthermore support the travel agencies to simplify 
the hire of a safer bus or coach (sales argument and 
demands). Although it is a long way off for 
realization it should be content of a further 
research. 
 
CONCLUSIONS 

This study was undertaken to identify the 
correlation between the current test approvals on 
passive safety for buses and coaches and the real-
world accident incidents. Reasons for that claim 
were on the one hand the missing tendency of the 
fatality and injury rate in bus and coach accidents 
over the last years and on the other hand a missing 
research study on general bus and coach safety. 
Although several studies on individual topics of 
passive safety for buses and coaches exist which 
explain the single problems well, a comprehensive 
study which takes the interaction of the main safety 
relevant issues (frontal / rollover) under 
consideration is for the first time presented by this 
study.  
For that purpose a statistical accident analysis was 
performed in a first step to gain basic knowledge 
on several usable information out from 
governmental databases. Despite the different ways 
of data collection within the European countries, it 
was possible to work out a general overall pattern. 
The results of this chapter were used to perform an 
in-depth accident analysis including detailed 
accident reconstructions and the compiling of a 
new defined bus and coach accident database. 
Next step was the investigation on the main injury 
mechanisms according to this crash type. For that 
purpose this chapter was structured in different 
sections. The first part reports from different kinds 
of component tests which were performed to 
analyse the impact behaviour of e.g. interior 
components, seat systems and structural parts. 
These physical and material data were used in a 
further step to validate new created numerical 
simulation models for vehicles structures and 
occupant behaviour. Parameter studies, including 
type of occupant, type of vehicle and type of 
restraint system completed this experimental and 
analytical work. 
Based on the knowledge gained within the accident 
analysis and the assessment of the injury 
mechanisms different test methods were elaborated 
and verified by means of different numerical 
simulation methods. For all proposed 
improvements and changes the current status of the 
test approvals formed the reference. The financial 
quantification of the increased safety features was 
done by a cost benefit analysis and showed a 
proper ratio for the additional charge. 
Some recommendations for current European 
Regulations and Directives have been made based 

on the research performed within this study, 
essentially inside the Regulation 66R00 (Directive 
2001/85/EC) and the Regulation 80R01. Some of 
them (related to 66 Regulation) have been taken 
into account by the Ad-Hoc Experts Group and are 
going to be included in the proposals that will 
modify the 66 Regulation in a near future. 
The state of the technique and consequently the 
current regulations are still far away from the ones 
related to other types of transport (especially M1 
vehicles). The results of this study can be 
considered as a first step towards new research, 
future designs and regulations to enhance the safety 
level of buses and coaches. 
The realisation of these actions and the definition 
of new targets and future research represent a big 
challenge for both the scientists (technical, 
medical) and the industry and can only be solved 
by using interdisciplinary methods. 
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ABSTRACT 
 
This study aimed to investigate the correlation of 
different impact conditions to the injury severity 
and impact biomechanics of pedestrians in real 
world accidents, and study the tolerance level with 
focus on head-brain of adults and children via in-
depth analysis and reconstructions of real world 
accidents.  
 
For this purpose, 188 pedestrian accident cases 
were selected from existing accident databases. Of 
which 186 cases obtained from GIDAS (German 
In-Depth Accident Study) documented by Accident 
Research Unit at Medical University Hannover in 
Germany, and 2 cases from Sweden. For each 
collected case, complete information regarding 
pedestrian injuries, accident cars, and crash 
environment was registered based on hospital 
clinical record and police report. In order to find 
the correlation of injuries observed in accident with 
physical parameters during a collision, reconstruc-
tions of selected 8 adult- and 12 child-pedestrian 
cases were conducted by using pedestrian and 
passenger car models. The pedestrian models were 
generated based on the height and weight of 
pedestrians involved in accidents. Each car model 
was built up based on the corresponding accident 
car. The mechanical properties of the accident cars 
were defined based on available data from 
EuroNCAP tests. 
 
The correlations of calculated injury parameters 
with injury outcomes registered in the accident 
database were determined. Influences of impact 
conditions and pedestrian initial moving posture on 
HIC value were analyzed and discussed. 
Furthermore, the relative importance of the factors 
was determined according to their effects on 
various injury parameters. The difference of injury 
distribution and dynamic responses of pedestrians 
at various body sizes for adult and child were 
analyzed, which would provide background 

knowledge to develop safety counter-measures and 
protection devices. 
 
INTRODUCTION 
 
The pedestrians are the most vulnerable road users 
who exposure a high risk in road traffic collisions 
with motor vehicles. Each year, about 1.2 million 
people are killed in road vehicle traffic worldwide, 
of which the pedestrians account for a large part of 
the traffic fatalities, especially in low- and middle- 
income countries. In high-income countries, car 
occupants account for a large majority of road 
users and the majority of road traffic deaths. 
Nevertheless, even there, pedestrians, cyclists and 
moped and motorcycle riders have a much higher 
risk of death per kilometer traveled [1].  

The studies in Europe [2-4] indicated that the 
passenger cars are most commonly involved in 
pedestrian accidents. Figure 1 shows a distribution 
of vehicle type in pedestrian accidents which based 
on accident data from Swedish national accident 
database STRADA.  

passenger 
car

79.2%

spårvagn
3.1% train

0.1% motorcycle
1.2%

moped
6.4%

bus
5.6%truck

4.4%

 
Figure 1. Involved vehicle types in pedestrian 
accidents based on Swedish national accident 

database STRADA (1999-2004). 
 

During the past three decades significant reductions 
in pedestrian fatalities have been achieved in 
Europe [5] and the United States [6]. This tendency 
is mainly due to improved traffic planning in built-
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up areas. Other safety program such as appropriate 
speed limits, drink driving control, education of 
young people could also contribute to the reduction 
of casualties. So far, there is not any statistical 
study to prove that injury reduction is caused by 
changes of car-front shape, but the findings from 
studies suggest that a potential benefit can be 
obtained from improvement of new vehicle designs 
which meet the EEVC requirements. 

A study on pedestrian accidents is presented in this 
paper with focus on detailed individual case 
analysis via accident reconstruction using the 
mathematical models. The objective of the study is 
to determine the correlations of impact conditions 
and dynamic responses with the injuries and injury 
severity of pedestrians from accident. The results 
were analyzed and discussed in terms of data 
collection, estimating vehicle impact speeds, 
pedestrian moving speeds and initial posture, 
secondary ground impact, as well as impact 
biomechanics.  
 
METHOD AND MATERIALS 
 
Accident cases were selected from the accident 
database GIDAS (German In-Depth Accident 
Study) documented by Accident Research Unit at 
Medical University Hannover [7, 8]. In the district 
of Hannover a representative sampling of accidents 
is carried out by order of the German Government 
(Federal Highway Research Institute BAST) in co-
operation with the car manufacturers. A general 
statistics analysis was carried out with the collected 
sample cases. Reconstructions were conducted 
using selected cases from the whole samples. The 
results from accident reconstructions were analyzed 
and discussed. 
 
Selection of Accident Cases 
For the purpose mentioned above, 188 pedestrian 
accident cases were selected from Hannover 
Medical University, of which 117 adult- and 69 

child-pedestrian accident cases, and 2 cases from 
Sweden. For each collected case, complete 
information regarding pedestrian injuries (AIS1+), 
damage of accident cars, and crash environment 
was registered based on hospital clinical record and 
police report. The anthropometric data of 
pedestrian such as age, gender, height, and weight 
were also documented in the hospital. Accident 
witnesses were investigated to obtain the accident 
information such as pedestrian posture, impact 
direction etc.  

The passenger cars involved in the accidents were 
recorded with detailed information about car 
makers, model, registration year, estimated impact 
speed. The selected cases were limited with 
accident car introduced to the market after 1990. 
The deformation pattern, contact points on the car 
and characteristics of special traces on the road and 
on the car were measured and documented in a 3D 
coordinate system with reference to longitudinal 
central line of vehicle. Pictures of impact location 
are documented and could be used for analysis. The 
final positions of the pedestrian and car were also 
recorded. Thus these accidents reflect the most up 
to date pedestrian accident characters. 
 
Selection of Accident Cases for Reconstruction 
 
Further screening the collected cases was carried 
out for reconstructions that request very detailed 
accident data in pre-crash, crash, and post crash 
phases. The requested data are summarized in 
Table 1. It is necessary to mention here that some 
information for accident reconstruction is not 
possible to acquire from field investigation, such as 
the vehicle front stiffness, and kinematics of the 
pedestrian collision.  
 
In the present study, 8 adult cases and 12 child 
cases were selected for accident reconstructions. 
Two examples are described in following section. 
 

Table 1. Summary of accident data collection for reconstruction in case 1 

 Pre-crash Crash Post crash 

Vehicle  
- Travel speed  
- Pre-crash braking 
- Driver maneuver  

- Impact speed  
- Contact point  

- Maker, model, year, 
weight 
- Damage (dents, scratch) 

Pedestrian 

- Initial posture 
- Moving speed 
- Orientation 

Grass Kinematics 
Wrap around distance 
Throw distance 
- Landing point 
- Sliding distance 
- Resting point 
Ground impact mode 
- Body contact 

- Gender, Age, Height, 
Weight 
Injuries 
- Injury patterns 
- Injury distribution 
- Severity  
- Cause of injury 

Road and  
Environment 

- Road type 
- Road surface 
- Weather condition 

Ground impact  
 

- Skid mark and other traces 
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Example Case 1: Adult Pedestrian Accident  
 
Pre-crash 
A passenger car-to-pedestrian accident happened in 
a residential area in Hannover, Germany (Figure 
2a).  

 
(a) 

 
(b) 

Figure 2. (a) Scheme of accident scene, (b) the 
location of head impact on windscreen and 

pelvis impact on hood top. 
 
The accident car is a VW Golf III 1993 model. The 
car was traveling over a cross in which corner 
standing a building. A 70-year-old male walked 
fast behind the building to cross the street. Because 
of the building, the driver could not see the man in 
advance. After the driver saw the man, he braked 
hardly but still hit the man. The impact speed was 
about 43 km/h.  
 
Crash 
The car hit the left leg by the right side of the 
bumper. The head impacted against the 
windscreen. The scratches and damages of the 
vehicle are shown in Figure 2b. The man was 
thrown away for about 11 m. 
 
Post crash data 
The man sustained laceration wound at the head, 
oedema of the brain, concussion and fracture at the 
left tibia. 
 
Example Case 2: Child Pedestrian Accident 
 
Pre-crash 
A passenger car-to-child pedestrian accident 
occurred in a resident area in Hannover, Germany. 

The accident car is an OPEL Omega Combi 1994 
model. The car was traveling on a street where 
several vehicles were parking along right side 
(Figure 3a). A 4-year-old boy walked fast to cross 
the street. Because of the parked car, the driver 
could not see the boy in advance. After the driver 
saw the boy, he braked hardly but still hit the boy. 
The impact speed was about 25 km/h. 
 
Crash 
The car hit the child by the left front part. The boy 
was thrown away and the throw distance was about 
6 m. 
 
Post crash data 
The child sustained AIS 2 head injury, AIS 1 lower 
extremity injury. On the vehicle, scraps on the 
bumper and dents on the hood were found as 
shown in Figure 3 (b). 

 
(a) 

 
(b) 

Figure 3. (a) Scheme of accident scene, (b) 
Scraps and dent on the accident car 

 
Accident Reconstructions  
 
The selected accident cases are reconstructed using 
pedestrian models and passenger car models. The 
reconstructions were carried out by using 
MADYMO program. 
 
The Set-up of Reconstruction Models 
 
The anthropometric data of the pedestrian models 
used in the reconstructions are summarized in 
Table A1 (Appendix), which based on the height 
and weight of pedestrians involved in accidents. 
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The pedestrian models were generated by GEBOD 
code in MADYMO program for both adults and 
children. The characteristics of the adult models 
was defined based on a validated human body 
model [9, 10]. The characteristics of child models 
were scaled from the validated adult pedestrian 
model.  
 
The car models were built up based on the 
corresponding accident car. The geometry of the 
car models was obtained from the drawings of the 
production cars that had the same make, model and 
series as those involved in the accidents. The 
mechanical properties of the car models were 
defined in terms of stiffness properties acquired 
from Euro NCAP sub-system tests.  
 
The impact speeds of the cars and the pedestrian 
moving speeds were estimated based on the 
accident data, considering the car braking skid 
marks on the road surface and the pedestrian 
moving postures before the impact. The friction 
coefficient between the wheels and road surface 
was defined according to road surface conditions. 
The diving angle of emergency braking and 
steering effect were also simulated. The Figures 4a 
and 4b show the reconstruction models for example 
adult and child accidents.  

 
(a) 

 
(b) 

Figure 4. Simulations of (a) adult pedestrian 
accident, (b) child pedestrian accident. 

 
The kinematics was simulated in reconstructions of 
the selected accident cases. The injury parameters 
in head, chest, pelvis and lower extremities were 
calculated to evaluate the injury severities from the 
accidents. The correlations of the output parameters 
from simulations with the injuries described in 
medical and accident report were analyzed. The 

threshold of brain injury parameters, such as HIC 
was discussed based on reconstruction results. 
 
RESULTS 
 
General Statistic Analysis 
 
The initial posture at the moment of impact was 
determined at running, fast walking, walking or 
standing. Figure 5 shows that half of children were 
running but only 2% children were standing when 
they were hit by the vehicle. This is remarkable 
comparing to the situation of adult pedestrians (7% 
running). The accident data also showed that 82% 
adults and 87% children were impacted from the 
lateral direction.  

unknown
13%

running
7%

standing
6%

walking
60%

fast 
walking

14%

 
(a) 

 
(b) 

Figure 5. Pedestrian moving posture at the 
moment of impact: (a) adults, and (b) child. 

 
The injury distribution of pedestrian is shown in 
Table 2. It was observed that the head and the 
lower extremities were the two most frequently 
injured body parts during the accidents for both 
adults and children, but adult lower extremities are 
more frequently injured than children. For AIS 2+ 
injuries, head injuries accounted for 30.9% for 
adults and 56.4% for children, respectively.  

Table 2. Injury distribution by body regions 

AIS 2+ All injuries 
Body  

Adult  Child Adult Child 
Head 
Neck 
Thorax 
U-Limbs 
Abdomen 
Pelvis 
L-Limbs 

30.9% 
4.3% 

12.8% 
7.4% 
1.1% 
5.3% 

38.3% 

56.4% 
0.0% 
7.7% 

12.8% 
0.0% 
0.0% 

23.1% 

25.9% 
5.0% 

12.0% 
16.6% 
1.9% 
6.2% 

32.4% 

33.1% 
1.8% 
5.5% 

20.9% 
3.0% 
8.6% 

27.0% 
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Reconstrustion Analysis 
 
Overall kinematics of pedestrian 
The contact location of head on the vehicle could 
be defined by the wrap-around distance (WAD) 
along the car-front surface. Results from accident 
reconstructions show that the WAD is influenced 
by the pedestrian height and impact speed. Table 
A2 (Appendix) shows the overall kinematics of 
pedestrians from reconstructions. The wrap around 
distance was close to the information collected by 
police.  
 
Head impact conditions 

The head impact conditions to the car front were 
determined for each case in terms of head resultant 
impact velocity relative to the car, head impact 
angle relative to the horizontal, head impact 
location, as well as timing of head impact. 
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(b) 

Figure 6. The time history of head resultant 
velocity relative to car front: (a) adult, (b) child. 
 
Figure 6a and 6b illustrate the time history of the 
head resultant velocities for 4 adults with the height 
of around 170 cm and 4 children with the same 
height of 120 cm. The head impact timing varies 
from 123 ms to 199 ms for the adults, and  from 56 
ms to 83 ms for children. The results indicated that 
the head impact timing varied in a wide range due 
to vehicle speed and size of the pedestrians. 
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Figure 7. Relationship between head impact 

speed and vehicle speed 
 
The head impact speed appears to be proportional 
to vehicle impact speed as shown in Figure 7. 
Normally, the child head impact speed is lower 
than the vehicle travel speed at the moment of 
impact. 
 
The head impact angle could be greatly influenced 
by several factors such as the pedestrian height, 
hood edge height, hood angle and impact speed. 
The individual contribution of each factor to the 
head impact angle should be investigated using 
more detailed parameter studies. Figure 8 shows 
the relationship between head impact angle and 
vehicle velocity. The results showed that the head 
impact angle usually decreases with the increasing 
of vehicle impact speed for both adult and child. 
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Figure 8. Relationship between the vehicle 

impact speed and head impact angle  
 
Calculated injury parameters 
 
The head injury risks were evaluated by calculating 
HIC as shown in Table A3 (Appendix). The 
relative importance of ground and vehicle in 
causing the head injury is investigated in terms of 
HIC ratio β which is defined as follows: 

impactground

impactcar
HIC HIC

HIC

−

−=β  [1] 

Table A3 shows that during the second impact, it 
could be the head or other body parts that first 
landing on the ground. If the head first landing on 
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the ground, it has a high injury risk of the head 
caused by ground. 
 
The relationship between head injury severity and 
vehicle impact speed is shown in Figure 9. A 
nonlinear correlation is achieved by a second-order 
polynomial curve. 
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Figure 9. Correlation of vehicle impact speed 

and HIC 
 
Throwing Distance 
 
Figure 10 shows the calculated pedestrian throwing 
distances in accident reconstructions, which are 
comparable with the throwing distances registered 
in police report. It appears that the child throwing 
distances are greater than that of adult at the same 
impact speed. 
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Figure 10. Throwing distance 

 
DISCUSSION 
 
In this study efforts have been made to find the 
correlation of the calculated biomechanical 
responses of pedestrian body segments with the 
corresponding injuries observed in accidents. The 
reliability of the findings from accident 
reconstructions is dependent on quality of data 
sources, including information about three aspects: 
vehicles, pedestrians, and road traffic environment.  
 
Data sources and the basic variables 
 
The accident data used in these studies were 
collected from hospital clinical record and police 

report, which contributed to form national 
databases. This study was carried out based on the 
databases for acquisition of detailed information 
about causation and occurrence of accidents, injury 
patterns, causation and distribution of the injuries. 
The collected information forms firm background 
for in-depth study on impact biomechnics and 
injury correlations of pedestrians in vehicle 
collisions. 
 
Estimating vehicle impact speeds 
 
The vehicle impact speed is one of the most 
important issues to investigate the pedestrian 
impact responses and injury biomechanics. There 
are various approaches to estimate the vehicle 
speed at the moment of the collision. In the present 
study the following techniques were used to 
estimate the vehicle impact speeds based on 
available accident data.  
 
Vehicle speed based on skid marks  
 
Calculation of vehicle speed by using skid marks is 
the most common way in pedestrian collision 
analysis, in the case of accident vehicle skidded 
after an emergency braking. The length s of the 
skid marks can be measured in field investigations. 
The possible car impact speeds Vi are calculated 
using equation as follows: 

sgVi µ2=  [2] 
It is necessary to point out that there could be some 
difference of the calculated speed from the speed in 
real world accident due to effect of pedestrian mass 
and road surface conditions.  
 
Vehicle speed based on pedestrian throw 
distance 
 
The skid marks are not always available in accident 
field. One of the reasons is due to the increasing 
use of Anti-lock Brake Systems, skid marks are 
less common. The pedestrian’s total throw distance 
is another indicator of the speed of the vehicle at 
impact. Estimating vehicle speed by pedestrian 
throw distance is thus becoming more important in 
accident investigations. The vehicle impact speed 
can be estimated by simulation of the vehicle and 
pedestrian motions [4]. 
 
Pedestrian initial posture and moving speeds  

In the real world vehicle-pedestrian accidents the 
initial posture of a pedestrian at an impact is varied 
in different motion attitude. Therefore an 
appropriate initial position should be investigated 
and defined for reconstruction of the pedestrian 
accidents. According to present study, the child 
initial posture in an accident is quite different from 
that of an adult. 
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The majority 98% of the child pedestrians are in 
motion during impact, either walking or running. 
This indicated a remarkable difference from study 
on initial posture of pedestrians in all age group, of 
which 79% in motion [11].  

The impact responses and injury outcomes are 
significantly affected by the initial postures and the 
orientation of body segments. It was proposed to 
take into account the leg orientation for the moving 
posture. During the pedestrian impact the 
kinematics and dynamic loading of pedestrian are 
not the same if you have the left leg forward or the 
right leg forward.  

The moving speed is another important variable to 
define in accident reconstruction. The child normal 
crossing speeds were established as 1.5 m/second 
to 2 m /second, which are recommended to be used 
in present study. 
 
Secondary ground impact 
 
In reconstruction results the HIC values were 
calculated in both first contact with car and second 
contact with road surface. It is usual that the HIC 
value in contact with car front is lager than that in 
second ground impact without head landing ground 
first. The reverse is the case for the second ground 
impact with head contact ground first. It indicated 
that the contact modes in secondary ground impact 
are complicated, which could be dependent to the 
vehicle front shape, impact velocity, and body size. 
 
Impact biomechanics 

It was found that the injury distribution of 
pedestrians varies with the body size. In general 
children exposure higher risk for head injuries, and 
adults for lower extremities.  

The HIC is an important measurement of the head 
injury. The results show a good correlation 
between calculated injury parameters and the head 
injury severities in the accidents. However, more 
accident cases are needed to establish a tolerance 
level and a correlation of head injury risk with HIC 
value.  
 
CONCLUSIONS 

In car-pedestrian accidents, the pedestrians are 
often struck from the side by the front structure of a 
vehicle when crossing a street. In this study it was 
found that the pedestrians were hit from the side for 
82% of adult cases and 87% of the child cases  

It was found that the child head injuries account for 
56.4% of total child pedestrian injuries, adult head 
injuries for 30.9% of total adult pedestrian injuries. 

The head impact conditions such as impact 
velocity, impact timing and angle, wrap around 

distance are mainly dependent on the car front 
shapes, impact speed and size of child pedestrian.  

The head injuries caused by car front structures 
were usually much severe than caused by the 
secondary ground impact.  

The impact velocity and car front structures have a 
significant influence on the kinematics and injury 
severity of child pedestrian head. By limiting the 
vehicle speed and improving car front design, the 
head injury severity of child pedestrian could be 
reduced.  

The dynamic responses and injury parameters from 
accident reconstructions would provide comple-
ment knowledge to develop safety countermeasures 
and protection devices. 
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APPENDIX 
 

Table A1a. Anthropometric data of adults 

Case No. 1 2 3 4 5 6 7 8 
Age 62 24 81 49 50 70 28 84 
Height(cm) 170 155 153 168 180 175 170 150 
Weight (kg) 90 50 45 70 87 85 69 55 

 

Table A1b. Anthropometric data of children 

Case No. 1 2 3 4 5 6 7 8 9 10 11 12 
Age 7 9 12 4 7 6 6 6 5 6 4 8 
Height(cm) 123 130 120 110 120 113 120 115 120 126 110 128 
Weight (kg) 25 30.7 45 18 31 22 18 12 25 31 17 25 

 

Table A2a. Correlation of WAD distance with adult pedestrian height  

Case No. 1 2 3 4 5 6 7 8 
Height (cm) 170 155 153 168 180 175 170 150 
WADR (cm) 173 146 149 188 207 191 172 163 
WADR/Height 1.01 0.94 0.97 1.12 1.15 1.09 1.01 1.09 

 

Table A2b. Correlation of WAD distance with child pedestrian height  

Case No. 1 2 3 4 5 6 7 8 9 10 11 12 
Height (cm) 123 130 120 110 120 113 120 115 120 126 110 128 
WADR (cm) 131 136 100 97 109 103 104 112 111 119 93 118 
WADR/Height 1.06 1.05 0.83 0.88 0.91 0.91 0.87 0.97 0.93 0.94 0.85 0.92 
 

Table A3a. Calculated injury parameters from adult accident reconstructions 

Case No. 1 2 3 4 5 6 7 8 
Vehicle speed (km/h) 25 43 26 35 59 43 25 43 
HICcar-impact 682 1138 984 980 1397 2278 984 1534 
HIC ratio 14.8 0.8 6.4 0.5 2.4 3.9 0.8 0.7 
Landing body part Arm Head Arm Head Foot Foot Foot Arm 
Head injury (MAIS)  2 2 2 2 3 3 1 2 

 

Table A3b. Calculated injury parameters from child accident reconstructions 

Case No. 1 2 3 4 5 6 7 8 9 10 11 12 
Vehicle speed (km/h) 40 36 23 35 30 24 35 77 40 26 25 30 
HICcar-impact 1147 764 367 1041 227 58 851 3788 1182 166 263 725 
HIC ratio 1.23 1.10 1.11 1.03 0.51 0.10 1.08 0.77 1.14 0.89 0.33 0.99 
Landing body part Foot Foot Head Foot Foot Head Foot Head Foot Head Head Head 
Head injury (MAIS)  5 5 1 2 0 1 1 6 5 0 2 1 
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ABSTRACT 
 

Driving support systems, such as Adaptive 
Cruise Controls and Lane Keeping Assists, are 
believed to change driving behavior. These 
changes allow drivers to ignore the tasks 
performed by the driving support system, which 
can cause dangerous driving circumstances. A few 
reasons can account for the increased danger. First, 
decreasing driving responsibilities can make a 
driver lazier, while increased driving tasks require 
a quicker and more accurate under- standing of the 
system. Second, an observant driver may disagree 
with the system’s assessment of a situation. 

In order to solve these problems, it is 
necessary to observe driving behavior more 
closely, to clarify the decision-making process by 
using some indexes measured by drivers’ signals, 
and to discover why a driver’s behavior changes 
through traced indexes. 

This study reviews one method of 
determining a drivers’ thinking process. We chose 
the Low-Speed Following system as the driving 
support system model item. The Driving 
Simulator in the Japan Automobile Research 
Institute was used to conduct the experiments.  
The indexes measured were breaking reaction 
time, moving time of eye points, and subject 
information based on the indirect method of 
Situation Awareness. 

As a result, our method illustrated the 
drivers’ decision-making process, and the reason 
for drivers’ using the driving support system was 
specified. Furthermore, we estimated the validity 
of driver behavior changing when using driving 
support systems. 

INTRODUCTION 
 

Driving support systems control the vehicle 
for the driver, making driving easier and safer. 
When drivers use these systems, they change their 
driving style. Since these changes create two 
problems, we should judge the safety of these 
changes, before they are instituted globally. We 
applied Situation Awareness (SA), the method 
used to clarify the cause of plane accidents, to 
evaluate which of these changes were safe for 
drivers. The purpose of this research was to 
confirm that this method was able to evaluate 
driving support systems. 
 
Two Important Tasks and Problems 
 

Figure 1 depicts a driver’s style when using 
a driving support system. A driver should pay 
attention to the traffic environment, whether or not 
the system is being used. We call this task the 
“Environment Observing Task.” Furthermore, a 
driver who is using a system is responsible for 
observing the system controls instead of 
performing some vehicle operations (controlling 
the throttle, pressing the brake pedal, and turning 
the steering wheel). We call this new task “System 
Observing Task.” These two tasks are important 
for driving safely with driving support systems. 
Present driving support systems may sometimes 
not control the vehicle safely. The driver must 
operate his vehicle independently, if the system 
controls malfunction. The driver must therefore 
maintain awareness of other vehicles and his own 
vehicle through those two important tasks. 

There are primarily two problems in this 
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new style of driving. One problem is that a driver 
may neglect one of these important tasks. A driver 
may not respond or the response may be delayed 
in serious situations when the system fails to 
control the vehicle safely. A driver who does not 
perform these two tasks may not become aware of 
serious situations. Since the support system 
relieved the driver from some vehicle operations, 
the driver was apt to assume that he or she could 
omit these two important tasks. This condition is 
called over reliance. 

Another problem was that a driver failed to 
understand system conditions, and had a delayed 
reaction to or became confused in a serious 
situation. System Observing Task demands that a 
driver quickly understand the condition of the 
system, the operation by the system control, and 
the movement of their vehicle in the near future. A 
driver was in danger if he or she did not discover a 
system error or misunderstood the tendency of 
system control. This condition is called an error of 
system recognition. 
 

New Method of Evaluating Driver’s Operation 
 

There are two different causes of driver 
error, over reliance and recognition error. The 
effects of these problems are the same. Drivers do 
not take over control from the system or their 
taking control is delayed in serious situations. We 
cannot find the reason for a driver’s operation and 
evaluate the driving support systems by just 
measuring a driver’s reactions during serious 
circumstances. 

We needed new methods for evaluating a 
driver’s operation of a vehicle and driving support 
systems. Some systems have been developed for 
more than vehicle support. The method of 
Situation Awareness (SA) is used to clarify the 
causes of airplane accidents. The method indicates 
a pilot’s awareness for the systems, copilots, 
controllers, etc. We show why the method is 
suitable for accounting for human recognition in 
the next chapter. We applied SA and found a new 
method that acquires a driver’s thinking process in 
reaching an operation decision. 

In this research, we clarified the basis of a 
driver’s vehicle operation and evaluated the 

driving support system by providing indexes to 
the driver’s thinking process. 
 
SITUATION AWARENESS 
 

Situation Awareness is the perception of the 
elements in the environment within a volume of 
time and space, the comprehension of their 
meaning, and the projection of their status in the 
near future[1]. 
 

SA Levels 
 

Airplane pilots must process a great deal of 
system information and accomplish very complex 
operations. It is believed that many airplane 
accidents are related to lack of recognition[2]. In 
most of those cases, pilots were not able to grasp 
the environmental situation. This is called “Loss 
of Situation Awareness”[3]. The SA method 
breaks down why loss of situation awareness has 
occurred and clarifies and prevents plane 
accidents. 

SA systematizes the process of operators’ 
becoming aware of matters happening around 
them. SA investigates the recognition process in 
detail. The recognition process is divided into 
three levels[1,4]. Each of the three hierarchical 
phases will be described in more detail. 

Level 1 SA: Perception of the Elements in 
the Environment - This is the first step in 
achieving SA. A subject at this level perceives the 
status, attributes, and dynamics of relevant 
elements in the environment. In a pilot’s case, he 
or she would perceive elements such as aircraft, 
mountains, or warning lights along with their 

 

human
vehicle

recognition judgment operation
environment 
observation

traffic

sensing processing

support system

controlling

system observation

 
Figure 1.  Relationship between driver and 
system operation, via two important 
observing tasks. 
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relevant characteristics (e.g., color, size, speed, 
location). Elements for vehicle operation with 
driving support systems correspond to what 
surrounds the vehicle, load condition, warning 
sounds, etc. 

Level 2 SA: Comprehension of the 
Current Situation - Comprehension of the 
situation is based on a synthesis of disjointed 
Level 1 SA elements. Level 2 SA goes beyond 
simply being aware of the elements that are 
present by including an understanding of their 
significance in light of pertinent operator goals. 
Based on knowledge of Level 1 SA elements, the 
decision maker forms a holistic picture of the 
environment, comprehending the significance of 
objects and events. For example, a vehicle driver 
comprehends a vehicle’s emergency brake from 
relative velocity and so on. 

Level 3 SA: Projection of Future Status - 
The ability to project the future actions of the 
elements in the environment, at least in the very 
near term, forms the third and highest level of SA. 
This is achieved through knowing the status and 
dynamics of the elements and comprehending the 
situation (both Level 1 and Level 2 SA). For 
example, knowledge of the system limits and the 
sound of system alarms allow the driver to project 
that deceleration of the system would not be 
enough to avoid collision. 
 
SA Models 
 

Operators recognize their environments 
through this three levels process. These levels are 
organized by elements. Furthermore, it is useful to 
classify the sources of these elements. This 
classification shows the connection between the 
operator and an element. Useful classification 
models have been proposed, including the SHELL 
Model (Hawkins)[5]. The authors have proposed 
the Transformed SHELL Model[6]. We altered the 
models to be suitable for vehicle driving. The 
Transformed SHELL Model interfaces between 
driver and environmental elements (See Figure 2). 
The traffic environment, condition of the driver’s 
car (Vehicle), passengers and ITS instruments 
surround the driver. Using the Transformed 
SHELL Model, we are able to examine the 

problems encountered when thinking of the 
relationship between the operator and the sources 
of elements. 

It is possible to verify the cause of a human 
error by using the three levels and the 
Transformed SHELL Model. It makes it easier to 
think about the most suitable systems for a driver. 
 

EXPERIMENTAL METHOD 
 

We used a motion-based driving 
simulator[7] and arranged the following situation 
on a four-lane straight expressway. A host vehicle 
was equipped with a Low Speed Following 
system (LSF). The system followed another 
vehicle and controlled its own vehicle’s throttle 

Visual

Auditory

Tactile Control

Passenger Vehicle

Driver

Others

Visual

Traffic 
Environment

ITS Instruments

Visual

Auditory

Tactile Control

Passenger Vehicle

Driver

Others

Visual

Traffic 
Environment

ITS Instruments  

 
Figure 2.  Interface model for the analysis of 
situation awareness in driving (Transformed 
SHELL Model). 
 
 

 
Table 1.  

Specifications of LSF in this study 
 

Scope of 
system 
support 

+Stop the vehicle when 
following vehicle stops. 
+Start the vehicle when 
following vehicle starts. 

Maximum 
deceleration 

2.5m/s2 

Time 
headway 

1.6s 

Stopping 
distance 

3.0m 

Turn off 
system 
control 

+Driver applies the brakes 
+Turn off the switch 
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and brakes automatically. Table 1 presents the 
specifications of the LSF in this study. In this 
study, LSF started automatically when the 
following vehicle started. Deceleration by this 
system was limited to 2.5m/s2. This system was 
programmed not to follow safely so that a 
collision would occur if the driver did not apply 
the brakes at system limit condition. 
 
Experimental Event 
 

Figure 3 illustrates the event in which driver 
behavior was evaluated. There were four vehicles 
in front of the driver’s vehicle. Usually, these 
vehicles maintained a low speed and stopped very 
often, as if in a congested area. Vehicle A, Vehicle 
B and the driver’s vehicle were in the same lane. 
Vehicle C and Vehicle D drove in the adjacent 
lane. The driver’s vehicle followed Vehicle B. 

At the beginning of the event, Vehicle C 
turned on the turn signal and started to cut in 

between Vehicle A and Vehicle B. At the same 
time, Vehicle A decelerated to 3.5m/s2. Therefore, 
Vehicle C, just cutting in, decelerated sharply 
(4.0m/s2) and Vehicle B panic stopped (5.5m/s2). 
 

Decision-Making Process for Experiment Event 
 

Figure 4 depicts the decision-making 
process for the driver during the experiment event. 
The driver’s thinking progressed downward or 
sideways on the figure. The necessary SA 
elements in this event were relation to traffic 
environments and ITS instruments. 

Figure 4 Applying indexes to the 
decision-making process. We were able to 
investigate the driver’s operation from his or her 
thinking factors. Therefore, we measured three 
elements related to the driver’s thinking, 
perceiving changes of leading vehicles, compre- 
hending deceleration of following vehicles and 
projecting system limits. Perception was measured 
by eye-point reaction. The eye point would move 
to forward vehicles if the driver perceived change. 
Comprehending and projecting time were 
measured by asking drivers directly with video of 
their driving. 
 
Test Subjects 
 

A total of twenty-six drivers, nineteen males 
and seven females, participated in this study. Their 
ages ranged from 23 to 53 years old, with an 
average age of 32.9 years. We divided subjects 
into three groups. The conditions of each group 
are shown Table 2. Group A subjects did not use 
the LSF system. Subjects belonging to Group B 
and Group C drove with the LSF system, but 

 

Figure 3.  Illustration of the event. 
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Figure 4.  Driver’s thinking process in the
event. 
 

 
Table 2. 

Experiment conditions of groups 
 

 LSF system 
knowledge of 
system limit 

condition 

Group A Without - 

Group B With With 

Group C With Without 
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Group C was not instructed in the system 
limitations. 
 
EXPERIMENT RESULTS 
 

We measured the driver’s thinking elements 
and braking action. The thinking elements were 
perception of forward vehicles’ change, 
comprehension of following vehicle’s deceleration 
and projection of system limit condition, shown in 
the previous chapter. Braking actions were 
separated into covering and applying the foot to 
the pedal. The status of the driver covering the 
break pedal was measured before decision-making, 
while pedal operation was measured after 
decision-making. 

Achievement of Thinking and Operations 
 

Figure 5 shows the ratio of thinking and 
operations in each subject group. Bar graph values 
indicate the percentage of group members 
achieving to get thinking elements or operating 
the brake pedal. 

Perception and Comprehension of 
Leading Vehicles’ Movement - Perception and 
comprehension indexes were SA elements of the 
traffic environment. Those thinking factors were 
100% for all three groups. This meant that all 
subjects achieved SA for the traffic environment. 

Projection for System Limit Condition - 
Projection index measured in this study was SA 
elements for the system. It was projecting system 
limit condition. Percentage of Group B was 100%, 
but Group C, which had not been informed about 
system limits, achieved 55%. This meant that half 
of Group C subjects did not achieve SA for system 
by lack of system knowledge. 

Braking Actions - All Group A and Group 
B subjects performed braking actions (covering 
and putting the foot on the pedal). Only Group C 
had subjects who did not brake. It was clearly 
caused by not achieving SA for the system. 
 
Thinking and Brake Operation Timing 
 

All subjects belonging to Group A and 
Group B got thinking elements (SA for traffic 
environment and system) and operated the brake 
pedal. However, timing varied. Average times and 
standard deviation to achieve indexes are shown 
Figure 6. Horizontal-axis means passage of time 
from the event start (Vehicle C flashed turn signal). 
Incidentally, we permitted the comprehension 
time containing a driver’s estimate for 
decelerating of Vehicle B. Therefore the driver 
comprehended Vehicle B’s movement earlier than 
Vehicle B’s actual decelerating time. 

Attention to Traffic Environment - Driver 
formed SA for traffic environment between event 
start and achieving driver’s comprehension 
forward vehicles movements. Two average times 
(driver perceived and comprehended forward 
vehicles movement) of Group A were shorter than 
those of Group B, but the results were not 

 
 

0

20

40

60

80

100

Whithout System
(GroupA)

With System   
(Group B)

With System   
(Group C)

R
at

io
 to

 a
ch

ie
ve

m
en

t [
%

]

perceiving forward vehicles movements
comprehending vehicle B deceleration
projecting system limit condition
covering brake pedal
braking operation

Figure 5.  Ratio of achieving reaction /
thinking. 
 

 
 

0 1 2 3 4 5 6 7 8 9 10

time [s]   (from the begnning of event)

perceiving forward vehicles movements comprehending vehicle B deceleration

projecting system limit condition braking operation

Without
System

(Group A)

turnning
signal

cut in
(vehicle C)

deceleration
(vehicle B)

stop
(vehicle B)

deceleration
(vehicle A)

deceleration
(vehicle C)

S.D.

NS **

SA for systemSA for traffic environment

NS
With

System
(Group B)

 
Figure 6.  Reaction time of drivers’ thinking
process. 
 



Kikuchi  6

significantly different. This suggested that using 
the LSF diverts a driver’s attention to the traffic 
environment. 

Difference of brake operation time - The 
average brake operation time in Group B was 
longer than that in Group A, and the result was 
significant. 

On average, Group B subjects compre- 
hended deceleration of vehicle B earlier than the 
average brake operation time in Group A. 
Consequently, drivers who were using the system 
paid attention to the traffic environment 
containing forward vehicles when drivers who 
were not using the system operated the brake 
pedal. 

Driver formed SA for the system between 
comprehending deceleration vehicle B and 
projecting system limit condition. At the average 
brake operation time of Group A, Group B drivers 
were forming SA for the system. In other words, 
drivers who were using the system were observing 
the system (System Observing Task), when 
drivers who were not using system operated the 
brake pedal. 

Therefore, braking latency generated by 
using the system under the study conditions was 
caused by the System Observing Task and was 
minimally influenced by lack of attention to the 
traffic environment. 
 
Classifying a Decision-Making Pattern 
 

Group C had subjects who did not brake 
and crashed into the leading vehicle. Most of 
those subjects crashed without covering the brake 
pedal. However, some subjects covered the brake 
pedal, but never depressed the pedal. This 
suggested that a driver’s decision-making process 
could be classified into several patterns. We 
patterned Group C’s combination of achieved 
indexes shown in Table 3. 

In Pattern 1, all indexes were achieved. This 
pattern fulfilled their two tasks (environment and 
system observing). Pattern 4 was opposite from 
Pattern 1. System Observing Task was neglected 
at Pattern 4. Subjects classified in this pattern 
crashed without brake actions. 

At Pattern 2, drivers covered and operated 

the brake, similar to actions in Pattern 1. However, 
they had not formed SA for the system because 
they failed to project system limits. Their brake 
operation occurred reflexively and the process to 
project the system limit condition was skipped. 

In Pattern 3, drivers covered the brake pedal 
but did not depress the pedal. Those subjects said 
that they covered the brake pedal because they felt 
danger, but they did not know what they did at 
that time. Group C subjects did not know the 
system limits. Consequently, this event was an 
unexpected accident, and they were surprised at 
the automatic response (said Automation 
Surprise[8]). 

This chapter shows that a driver’s 
decision-making process may be different even if 
the operations are similar. There may thus be 
latent problems in reactions that looked best. 
Understanding the driver’s decision-making 
process may help disclose those latent problems. 
 

APPLICABILITY OF SA METHOD 
 

In this study, we verified the applicability of 
a new method to evaluate driver behavior and 
support systems. The SA method, which has been 
used for aircraft accidents, was applied for the 
evaluation. A driver’s decision-making process 
was obtained by this method. 

A driver’s thinking timing was investigated 
using this new method. We were able to clarify 
how using a driving support system changed a 
driver’s operation. 

A drivers’ decision-making processes could 
be classified into several patterns. These processes 
were different for each pattern even if their 
operations were similar. Latent problems may  
still be found in reactions that looked best. 

 
Table 3.  

Subjects’ reaction pattern 
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Comprehending drivers’ decision-making pro- 
cesses was useful in uncovering latent problems. 

These results clarified driver behavior and 
decision-making processes. Therefore, we believe 
that this new method is applicable. 
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ABSTRACT 
 
Earlier studies by the authors have proposed 
separating rollover crashes according to belt use, 
ejection status, and single vs. multiple harmful 
events.  These different classifications were 
associated with differences that could substantially 
alter the risk of serious injury.  For each 
classification, metrics to characterize rollover 
severity were presented.    For most single vehicle 
crashes, the number of roof contacts with the ground 
was found to predict injury risk.  For multi-harmful 
event crashes the extent of damage caused by the 
most severe non-rollover harmful event, combined 
with the number of roof impacts was found to predict 
injury risk. 
  
This paper examines NASS/CDS 1995-2003 to 
determine the injury distribution by body region for 
the most frequently occurring rollover classifications 
that result in MAIS 3+ injuries from sources inside 
the vehicle.  The examined classifications of 
rollovers include: belted not-ejected and unbelted 
not-ejected.  For each category the injury patterns by 
body region were presented.   Differences in injuries 
in near-side and far-side rollovers were evaluated. 
 
In general, head injuries were the most frequent 
MAIS 3+ injury for belted occupants.  However, 
trunk injuries were more frequent for belted 
occupants in near-side rollovers.  It was found that a 
higher fraction of severe injuries occurred in far-side 
rollovers compared to near-side rollovers.   This 
tendency held for rollovers with one roof impact or 
less as well as higher severity rollovers.   
 
The frequency of injury and ejection for near and far-
side rollovers was examined.  The MAIS 3+ HARM 
distribution by body region was examined as a 
function of number of roof impacts and direction of 
roll for not ejected front seat occupants.  About 46% 
of the occupants were exposed to far-side rollovers, 
but more than half of the injuries occurred in far-side 
rollovers.  
  

To examine occupant kinematics in injury producing 
rollovers, a MADYMO 6.1 model of a front occupant 
compartment of a mid-size SUV with a belted Hybrid 
III dummy was used.  The model was validated 
against an available staged test with a similar 
configuration. 
 
Computer modeling suggest that a higher tripping 
acceleration results in higher roll rates which, in turn, 
can lead to increased number of roof impacts.  
Associated with the increase in roll rate was an 
increase in the maximum head velocity. 
 
The data analysis and computer modeling suggest the 
need to assess the severity of the vehicle loading that 
causes the vehicle to rollover.  The severity of the 
tripping forces may be related to the risk of injury. 
 
INTRODUCTION 
 
In an earlier study, crash factors that increased the 
risk of MAIS 3+ injuries were examined (Digges 
2003).  That study used NASS/CDS 1995-2001 data. 
These years were selected because more detailed 
information on rollovers was recorded in the case 
files beginning in 1995.  The added data included the 
number of roll quarter-turns up to 16 and a category 
for end-over-end rollovers.  Prior to 1995, the 
number of quarter- turns beyond four was not 
measured or recorded.  The post 1995 NASS/CDS 
also recorded the extent of damage from planar 
crashes that may have occurred prior to or during the 
rollover.  These added variables permitted a more 
robust examination of how planar damage and 
number of quarter-turns may influence the risk of 
injury.  The earlier study found that the number of 
times the vehicle roof faces the ground was a 
statistically significant factor that predicted increased 
injury risk for single vehicle rollovers.  For rollovers 
that were preceded by planar crashes, the 
combination of number of vehicle inversions and the 
extent of planar damage were predictors of injury 
risk.  However, there was insufficient multiple impact 
data to obtain significance for this combination of 
predictors. 
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Many authors have found that ejection and partial 
ejection are outcomes that substantially increase 
injury risk.  Countermeasures to reduce ejection 
casualties generally focus on preventing the ejection 
rather than preventing the injury after ejection occurs.  
Casualty reduction countermeasures for non-ejected 
occupants focus on preventing the injury.  The safety 
features may be different for near-side rollovers than 
for far-side rollovers. Consequently, it is desirable to 
separate and study the injuries that occur to non-
ejected occupants in rollovers and to examine both 
near-side and far-side injury patterns.  The focus of 
this paper is to assess the injuries that occur to non-
ejected occupants. 
 
DATA QUERIES 
 
The data set described in this paper was queried from 
The Crashworthiness Data System (CDS), a database 
of The National Automotive Sampling System 
(NASS), years 1995 through 2003.  Definitions were 
prepared below for:  occupant selection, rollover 
codification, crash configuration, restraint usage, 
rollover crash orientation, ejection status, injured 
body region groupings, injury severity, and occupant 
counts versus injury counts. 
 
Occupant Selection 
 
As described in previous works, occupancy rates of 
the various vehicle platforms dictated the selection of 
drivers.  In order to remove bias and balance 
reporting, the right outboard passenger of the front 
seat, if present, was included. 
 
Occupants were selected based upon seating position 
and age.  The occupants of age 12 years and older 
were retained in this study.  Occupants less than 12 
years old were considered to lack biomechanical 
tolerance owing to their lack of osseous development 
and abundance of evolving soft tissue.  This also 
accompanied the public safety mandate of placing 
children in rear seating positions until these 
occupants reached 12 years of age. 
 
Quarter Turn Codification 
 
Prior to 1995, rollover crashes were coded through 
the third quarter turn.  Upon reaching the fourth 
quarter turn, one complete revolution, and above, 
these were grouped.  Currently, the NASS CDS 
allows for discernment through the fourth complete 
revolution, 16 quarter turns.  Rollover crashes of 
greater than 16 quarter turns have been grouped in 
the database. 
 

In the current study rollover quarter turns have been 
grouped by roof impacts owing to the statistical 
significance of the relationship between the number 
of roof impacts and injury severity for restrained 
occupants, who comprise the majority of rollover 
occupants.  Owing to similarities in the occupant 
outcomes for two roof impacts and three or more roof 
impacts, this category was aggregated into two plus 
roof impacts. 
 
In addition to the classification of quantifiable quarter 
turns, rollover crashes may be defined as end-over-
end rollover crashes or rollover with unknown 
details.  The end-over-end rollover crash was 
excluded from consideration, within this context, 
owing to its severe nature and varying crash 
dynamics, from lateral rollover crashes.  It was 
further reasoned that this type of rollover would merit 
an individual severity metric.  The rollover of 
unknown detail was excluded since the number of 
quarter turns was not quantified and it could not be 
established whether the rollover was lateral or 
longitudinal. 
 
Crash Configuration 
 
Initially, an aggregate number of rollover crashes and 
characteristics were considered.  Upon 
disaggregating this data, single and multiple vehicle 
impact rollover crashes were identified as having 
different injury characteristics, as well as vehicle 
crash dynamics. 
 
Single vehicle crashes were disaggregated by object 
contacts.  Those crashes involving fixed objects were 
identified as a separate severity metric.  Further, the 
non-fixed object cases were identified as pure 
rollover cases. 
 
Multiple vehicle crashes were disaggregated owing to 
their elevated occupant injury severity, 
approximately twice as high as in the single vehicle 
case. 
 
Restraint Usage 
 
Within the context of the rollover crashes, the 
concept of restraint usage was considered and 
modified from the traditional reporting.  All of the 
manual and passive restraint systems, defined in 
NASS CDS, were considered in determining belted, 
ineffectively/inefficiently belted, and unbelted 
drivers. 
 
The belted occupants were those whose restraint 
selection would potentially provide protection against 
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the forces imparted during a rollover crash. Those 
occupants protected by a lap belt, lap and shoulder 
belt combination, or a three point automatic belt were 
considered restrained for purposes of rollover. 
 
The ineffective/inefficient restraint use category 
contemplated those occupants who were protected by 
something other than the previous category. These 
included certain elements of passive restraint use 
also.  Ineffectively and/or inefficiently restrained 
occupants, with regard to rollover, were those using: 
shoulder belt, unknown belt type, other belt type, 
shoulder belt with child safety seat, lap belt used 
child safety seat, lap and shoulder belt with a child 
safety seat, unknown belt type with child safety seat, 
other belt type with child safety seat, unknown usage 
of belt, two point automatic belt, unknown type of 
automatic belt, and unknown availability but 
automatic belt in use. 
 
The unbelted occupants did not benefit from any 
rollover mitigating active or passive restraint. The 
unrestrained group was comprised of any occupant 
not described in the restrained and ineffectively 
and/or inefficiently restrained categories. 
 
Rollover Crash Orientation 
 
Rollover crash orientation was based upon the seating 
position of the driver and rollover crash direction.  
The rollover crashes were categorized as far side or 
near side rollover crashes. 
Rollover crashes with occupants seated on the left 
side of a right side leading rollover crash or 
occupants seated on the right side of a left side 
leading rollover crash were considered far side 
rollover crashes. 
 
Rollover crashes with occupants seated on the right 
side of a right side leading rollover crash or 
occupants seated on the left side of a left side leading 
rollover crash were considered near side rollover 
crashes. 
 
Ejection Status 
 
The ejection status of an occupant was defined using 
the NASS CDS classification.  These were:  
unejected, completely ejected, partially ejected, and 
ejection status unknown.  Unejected occupants were 
those who remained within the vehicle during the 
crash.  Completely ejected occupants were those who 
were expelled through an exit portal of the vehicle 
during the crash.  Partially ejected occupants had 
some portion of their body stay within the vehicle 
while the remaining portion was exposed to the 

exterior of the vehicle.  Ejection degree unknown 
encompassed some form or amount of occupant 
expulsion for which the extent was not ascertainable.  
In this study, ejected occupants have been presented 
as an aggregate of completely and partially ejected or 
individually. 
 
Injured Body Region Groupings 
 
The NASS CDS was ultimately chosen owing to its 
very complete case definition.  Not only were the 
crash, vehicle, and general occupant attributes 
available but also specific injury description by type 
and severity. 
 
Using the AIS 90 classifications of The Association 
for the Advancement of Automotive Medicine 
(AAAM), a complete injury description was possible.  
Further, NASS CDS, when possible, related the 
injury to the crash mechanisms inherent to a specific 
crash.  The body regions were defined as:  head, face, 
neck, thorax, abdomen, spine, upper extremity, lower 
extremity, and unspecified. 
 
In this study, the body regions were collapsed into 
four major regions.  The head was comprised of the 
head and face.  The spine was comprised of the neck 
and spine.  The trunk was comprised of thorax and 
abdomen.  Finally, the extremities were comprised of 
the aggregate of upper and lower extremities.  The 
injuries to unspecified body regions were excluded 
from this analysis. 
 
Injury Severity 
 
An injury severity scale, known as the Abbreviated 
Injury Scale (AIS), accompanied the AAAM injury 
classification.  The AIS, defined as an ascending 
measure of the risk of mortality, associated each 
injury type, by injured body region, injury level, and 
injury aspect, to a severity level.  AIS is defined as:  
zero (no injury), one (minor injury), two (moderate 
injury), three (serious injury), four (severe injury), 
five (critical injury), six (maximum injury), and 
seven (injury severity unknown).  The classification 
of no injury was established to be used as a 
maximum injury definition, since uninjured body 
regions would not be listed. 
 
In this study, serious injuries were of concern and the 
development of a metric that would assess increased 
severity with the increase of the measured quantity 
(roof impacts).  Two groups were studied, those 
occupants sustaining maximum injury severity of 
three and greater and injury counts of AIS three 
injuries and greater.  The first constituted an occupant 
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count, if this group had injuries detailed, these would 
include AIS one and two injuries.  The second group 
constituted an injury count, which excluded AIS one 
and two injuries, if these existed. 
 
A complete accounting of fatally injured occupants 
was absent when grouping the seriously injured 
occupants, sustaining MAIS 3+ injuries.  Although 
AIS six injuries might result in fatality, the occupant 
treatment must be consulted in NASS CDS.  Upon 
this indication of fatality, the occupant may be 
considered deceased as a result of the crash or by 
disease.  Further, not all fatality injured occupants 
receive a maximum injury classification of six.  In 
fact, a fatally injured occupant may have received an 
MAIS level as low as one or two.  This case has been 
linked to a lack of medical records substantiating 
injuries and the NASS researchers and injury coders 
registering only documented injuries.  A second 
method of classification of seriously injured 
occupants arose with MAIS 3+F occupants.  These 
were occupants who sustained MAIS three through 
six injuries or fatally injured occupants with MAIS 
one or two injuries.  For the injuries presented in this 
study the first method, MAIS 3+ injuries, was 
considered since the injuries were considered 
individually, as well as a group of seriously injured. 
 
Occupant Counts versus Injury Counts 
 
In reporting MAIS 3+ or MAIS 3+F occupants, the 
occupants have been reported once, where the 
occupants were specified.  In the study of injury 
mechanisms, specifically, the present disaggregation, 
all injuries were included at any injury level.  This 
was done to describe all injuries present at the 
various injury levels and rollover crash orientations. 
 
For front seat occupants involved in near and far side 
rollover crashes with a quantifiable number of quarter 
turns, 389,423 were estimated to have sustained 
MAIS 3+ injuries.  This was estimated from a raw 
sample of 5,239 occupants.  Annualized estimates 
yielded 43,269 estimated occupants taken from 582 
occupants over the nine years queried.  Occupants 
classified with an other or unknown rollover crash 
orientation, end-over-end or some absent occupant 
parameter, numbered 13,015 (176 raw cases.)  These 
were annualized and accounted for 1,446 (20 raw 
cases.) 
 
INJURIES AND INJURY RATES FOR 
EJECTED AND NON-EJECTED OCCUPANTS 
 
An overview of the NASS/CDS 1995-2003 injury 
data is shown in Tables 1 through 3. 

Table 1 shows the number of belted and unbelted 
front seat occupants 12 years old and older by belt 
use and ejection status.  Table 2 shows the associated 
number on MAIS 3+ injuries in each category.  Table 
3 shows the rate of MAIS 3+ injuries per 100 
occupants exposed to each of the cells in the Table 1 
matrix. 
 

Table 1. 
Rollover Exposed Front Seat Occupants by Belt 

Use and Ejection Status 
 

OCCUPANTS Belted Unbelted 
NO EJECTION  1,958,515 577,096 
COMP. EJECT 4,113 102,357 
PART EJECT 44,688 35,815 
EJECT DEG UNK 545 3,413 
TOTAL 2,007,861 718,681 

 
Table 2. 

MAIS 3+ Injured Front Seat Occupants by Belt 
Use and Ejection Status 

 
MAIS 3+ Belted Unbelted 
NO EJECTION  23,373 23,644 
COMP. EJECT 397 26,450 
PART EJECT 2,121 3,454 
EJECT DEG UNK 0 654 
TOTAL 25,891 54,202 

 
Table 3. 

MAIS 3+ Injured per 100 Front Seat Occupants 
Exposed by Belt Use and Ejection Status 

 
MAIS3+/100 Belted Unbelted 
NO EJECTION 1.2 4.1 
COMP. EJECT 9.6 25.8 
PART EJECT 4.7 9.6 
EJECT DEG UNK 0.0 19.2 
ALL 1.3 7.5 

 
It is of interest to know how the populations in 
Tables 1 and 2 divide between near-side and far-side 
rollover crash exposure.  Table 4 shows the 
percentage of the belted populations that are in far-
side crashes.  In the table complete and partial 
ejections have been combined.  Table 5 shows similar 
data for the unbelted populations. 
 
It may be noted in Tables 1 and 4 that of the 48,801 
occupants that were totally and partially ejected 
belted occupants, 34.9% were in far-side rollovers.  
However, 64.7% of the MAIS3+ injuries among 
belted ejected occupants were in far-side rollovers.  
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Fortunately, this injured population is small.  It 
comprises 10% of MAIS 3+ injuries to belted 
occupants in rollovers, and 3% of combined belted 
and unbelted MAIS 3+ injuries. 
 

Table 4. 
Percent of Belted Occupants In Far-side Rollovers 

and Percent Of Belted MAIS 3+ Injured 
Occupants In Far-side Rollovers by Ejection 

Status 
 

BELTED   
FAR-SIDE Occupants MAIS 3+ 
NO EJECTION 46.3% 50.4% 
ALL EJECTION 34.9% 64.7% 
TOTAL 46.0% 51.8% 

 
Table 5. 

Percent of Unbelted Occupants In Far-side 
Rollovers and Percent Of Unbelted MAIS 3+ 
Injured Occupants In Far-side Rollovers by 

Ejection Status 
 

UNBELTED   
FAR-SIDE Occupants MAIS 3+ 
NO EJECTION 46.5% 65.6% 
ALL EJECTION 50.0% 47.4% 
TOTAL 47.2% 55.2% 

 

INJURIES BY BODY REGION 
 
In examining injuries by body region, we include all 
injuries to an occupant.  The previous data used the 
MAIS scale, which considered only the most severe 
injury.  In rollover crashes, occupants frequently 
sustain multiple injuries.  Sometimes there are 
multiple injuries to the same body region and even to 
the same organ.  Accounting for multiple injuries to 
the same body region presents challenges in how best 
to minimize biases.  A variety of methods have been 
used, but there is no generally accepted procedure.  
The data to follow includes all injuries, including 
multiple injuries to the same body region or organ. 
 
Tables 6 and 7 display the number of injuries by AIS 
and body region for belted and unbelted front seat 
occupants that are not partially or completely ejected. 
 
Table 8 summarizes the AIS 3+ HARM to belted and 
unbelted not ejected occupants and shows the 
percentage distribution by body region.  AIS 3+ 
HARM is calculated by applying the injury cost 
weighting factor to each category of AIS injuries.  
The weighting factors are from NHTSA (NHTSA 
2001).  The units of HARM units are equivalent 
fatalities.  The relevant occupants are front seat not 
ejected occupants age 12 and older. 

  
Table 6. 

Injuries to Belted Not Ejected Relevant Occupants by Body Region and AIS 
 

BELTED         
NOT EJECT AIS 1 AIS 2 AIS 3 AIS 4 AIS 5 AIS 6 AIS Unk Total 
HEAD 843,413 72,741 12,249 7,897 2,347 320 771 939,739 
SPINE 456,396 22,633 8,484 623 860 175 235 489,405 
TRUNK 273,014 29,104 26,570 4,051 853 190 2,727 336,509 
EXTREM 1,479,526 76,502 22,000 0 0 0 152 1,578,178 
UNSPEC 38,409 48 476 119 0 1,104 0 40,155 
TOTAL 3,090,756 201,027 69,778 12,690 4,060 1,790 3,885 3,383,987 

 
Table 7. 

Injuries to Unbelted Not Ejected Relevant Occupants by Body Region and AIS 
 

UNBELTED         
NOT EJECT AIS 1 AIS 2 AIS 3 AIS 4 AIS 5 AIS 6 AIS Unk Total 
HEAD 452,922 80,568 18,767 15,732 5,133 230 2,710 576,062 
SPINE 110,928 24,784 9,137 346 823 184 0 146,201 
TRUNK 123,911 11,617 16,997 5,491 2,009 312 1,341 161,678 
EXTREM 484,041 49,721 20,860 13 0 0 359 554,993 
UNSPEC 43,086 82 102 0 1,106 291 0 44,668 
TOTAL 1,214,889 166,771 65,864 21,582 9,071 1,017 4,409 1,483,601 
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Table 8. 
AIS 3+ HARM and Percentages for Belted and Unbelted Not Ejected Relevant Occupants by Body Region 

 
Belted Belted Unbelted Unbelted

Body Region HARM % HARM HARM % HARM
HEAD 5,898         35% 11,058       49%
SPINE 2,083         12% 2,064         9%
TRUNK 5,172         30% 5,521         25%
EXTREMITY 2,622         15% 2,490         11%
UNSPECIFIED 1,193         7% 1,241         6%
TOTAL 16,968       22,375       

  
NEAR AND FAR SIDE INJURIES BY BODY 
REGION 
 
Earlier research reported a higher risk for occupants 
in far-side rollovers as compared to near-side 
rollovers (Parenteau 2001).  A further investigation 
of roll direction difference is merited. 
 
Table 9 shows the distribution of AIS 3+ HARM for 
not ejected belted front seat occupants by direction of 
rollover.  The percentage of injuries that occur in far-
side rollovers is shown for each body region.  Table 
10 shows similar data for unbelted not ejected front 
seat occupants. 
 

Table 9. 
AIS 3+ HARM for Belted Not Ejected Relevant 

Occupants by Body Region in Near and Far Side 
Rollovers and Percentage of AIS 3+ HARM in 

Far-side Rollovers 

Belted    
Body Region Near Far % Far 
HEAD 2,192 3,706 63% 
SPINE 626 1,458 70% 
TRUNK 2,726 2,446 47% 
EXTREM 1,228 1,394 53% 
UNSPEC 1,193 0 0% 
Total 7,965 9,003 53% 

 
 
INJURIES BY NUMBER OF VEHICLE ROOF 
IMPACTS 
 
Earlier studies by the authors found that a crash 
severity measurement for rollovers is the number of 
times the roof has the opportunity to face the ground 
(Digges 2003).  During the quarter turn that the roof 
faces the ground, no impact may occur or multiple 
impacts may occur.  For accounting convenience, any 
of the above are classified as one roof impact with 
regard to the severity metric. 

 
Table 10. 

AIS 3+ HARM for Unbelted Not Ejected Relevant 
Occupants by Body Region in Near and Far Side 

Rollovers and Percentage of AIS 3+ HARM in 
Far-side Rollovers 

Unbelted    
Body Region Near Far % Far 
HEAD 2,877 8,181 74% 
SPINE 613 1,452 70% 
TRUNK 2,045 3,476 63% 
EXTREM 1,099 1,391 56% 
UNSPEC 235 1,006 81% 
Total 6,869 15,506 69% 

 
Tables 11 and 12 show the distribution of AIS 3+ 
injuries by body region by number of roof impacts 
for belted and unbelted, respectively.  The 2+ roof 
impacts category includes all number of quarter-turns 
greater than 5. The 1 category is for all quarter-turns 
less than 6. One quarter-turn was included in the 1 
category for convenience and because of small 
numbers.    
 

Table 11. 
AIS 3+ HARM for Belted Not Ejected Relevant 
Occupants by Body Region and Number of Roof 

Impacts 
 
Belted Roof Impacts 
Body Region 1 2+ 
HEAD 28.6% 6.1% 
SPINE 10.3% 2.0% 
TRUNK 19.4% 11.1% 
EXTREM 11.7% 3.7% 
UNSPEC 6.8% 0.2% 
TOTAL 76.8% 23.2% 
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Table 12. 
AIS 3+ HARM for Unbelted Not Ejected Relevant 
Occupants by Body Region and Number of Roof 

Impacts 
 
Unbelted Roof Impacts  
Body Region 1 2+  
HEAD 46.0% 3.4%  
SPINE 8.4% 0.9%  
TRUNK 23.1% 1.6%  
EXTREM 10.3% 0.8%  
UNSPEC 5.5% 0.0%  
TOTAL 93.4% 6.6%  

 
INJURIES BY ROLL DIRECTION AND 
NUMBER OF VEHICLE ROOF IMPACTS 
 
Tables 13 and 14 present the percentage of the AIS 
3+ HARM from Tables 11 and 12 that are in far-side 
rollovers. 
 

Table 13. 
Percent of AIS 3+ HARM for Belted Not Ejected 

Relevant Occupants That Occur in Far-side 
Rollovers by Body Region and Number of Roof 

Impacts 

Belted Far-side Roof Impacts 
Body Region 1 2+ 
HEAD 64% 56% 
SPINE 67% 88% 
TRUNK 64% 18% 
EXTREM 49% 68% 
TOTAL 56% 42% 

 
Table 14. 

Percent of AIS 3+ HARM for Unbelted Not 
Ejected Relevant Occupants That Occur in Far-
side Rollovers by Body Region and Number of 

Roof Impacts 
 

Unbelted Far-side        Roof Impacts 
Body Region 1 2+ 
HEAD 74% 71% 
SPINE 69% 80% 
TRUNK 64% 55% 
EXTREM 54% 77% 
TOTAL 69% 69% 

 

SIMULATIONS OF NEAR AND FAR 
ROLLOVERS 

A rollover crash can generally be divided into three 
phases – tripping, airborne, and ground contact.  
Some rollovers may repeat the airborne and ground 
contact phases more than once. Injuries may occur 
during any of these phases.  The occupant kinematics 
will vary depending on belt use and roll direction 
relative to the occupant.  Consequently, the roll 
direction may also influence injury outcome. 
 
To better understand the occupant kinematics in near-
side and far-side rollovers, computer modeling of 
rollovers was conducted (Burel 2003, Dahdah, 2005).  
The baseline acceleration for the model was from an 
actual vehicle rollover test.  The test was of an SUV 
exposed to an 18 mph tripping acceleration pulse.  
The roll was induced by an impact with a curb as the 
vehicle slid sideways.  The lateral acceleration 
reached a maximum of 12 G about 15 ms after 
impact with the curb.  After about 24 ms the 
acceleration reversed signs.  It again reached about 6 
G between 150 and 200 ms.   The initial acceleration 
pulse lasted about 24 ms and was due to the curb 
impact; the subsequent acceleration was both lateral 
and vertical.  It was produced by the release of 
energy from the suspension system. The tripping 
acceleration induced a roll rate of about 270 deg/sec. 
To evaluate variations in the tripping pulse, the 
baseline pulse was scaled using the same time 
duration, but proportionally increasing or decreasing 
the acceleration.  Tripping pulses on 5, 10, 15, 20, 
and 25 mph were simulated for near-side and far-side 
rollovers.  The roll rates that resulted from these 
pulses are shown in Table 15. 
 

Table 15. 
Roll Rates that Resulted from Modeling the 

Tripping Pulse 
 

Trip Velocity Roll Rate 
mph Deg/Sec 

5 70 
10 150 
15 230 
20 310 
25 380 

 
An initial difference noted between the near-side and 
far-side rollovers was that the role of the safety belt 
differs.  For far-side rollovers, the seat rises under the 
occupant and the lap belt is temporarily unloaded.  In 
near-side rollovers, the seat falls away from the 
occupant after the initial launch of the vehicle has 
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ended.  In addition, interaction with the door can 
restrict the lateral motion of the occupant. 
 
The modeling indicated that the occupant’s 
maximum head velocity increased with the severity 
of the tripping pulse and the resulting roll rate that it 
induced.  The results are shown in Table 16. 
 

Table 16. 
Maximum Head Velocities Resulted from 

Modeling Tripping Pulses of Different Severity by 
Roll Direction 

 
Trip 

Velocity Max Head Velocity m/sec 
mph Near-side Far-side 

5 1.65 0.55 
10 3.70 1.38 
15 4.17 3.29 
20 4.20 4.69 
25 4.25 5.73 

 
Maximum belt loads and head excursion were also 
found to increase with increased severity crash pulse.  
These results suggest that the tripping pulse could be 
another indicator of rollover crash severity.  
 
CONCLUSIONS 
 
This study investigated injuries to front seat 
occupants 12 years and older in near-side and far-side 
rollovers.  The study excludes cases in which the belt 
use was unknown or the belt was improper for 
rollover protection.  End-over-end rollovers were also 
excluded. All completely and partially ejected 
occupants were excluded from the analysis of injuries 
by body region. 
 
The examination of ejections and partial ejections in 
the relevant population showed that 55% of the 
unbelted occupants with MAIS 3+ injuries were 
ejected.  This compared with 9.5% for the belted 
population.  Most unbelted injuries are from 
complete ejections, comprising 88% of the combined 
complete and partial ejections.  In contrast 84% of 
belted ejections are partial ejections. 
 
The relevant belted and unbelted populations were 
exposed to near-side rollovers slightly more 
frequently than far-side rollovers. However, the 
number of occupants with MAIS 3+ injuries was 
greater for both belted and unbelted populations in 
far-side rollovers. The relevant population of 
unbelted occupants was ejected about equally in near-
side and far-side rollovers.  Far-side partial ejections 

for belted occupants were much less frequent than 
near-side partial ejections, but when they occurred 
they were more likely to produce serious injuries. 
An examination of the AIS 3+ HARM by body 
region shows that for belted and unbelted not ejected 
occupants, head injuries are the largest fraction at 
35% and 49%, respectively. Trunk injuries comprised 
30% of the belted HARM and 25% of the unbelted 
HARM.   
 
An examination of AIS 3+ HARM by roll direction 
indicates that far-side rollovers consistently produce 
the largest fraction for unbelted not ejected 
occupants.  Over 70% of the head and spine HARM 
for this unbelted population is in far-side rollovers.   
For belted not ejected occupants, the HARM was 
more evenly split between near and far-side rollovers.  
Trunk injuries were more frequent in near-side 
rollovers but all other body regions were at higher 
risk in far-side rollovers.  
 
The distribution of AIS 3+ HARM by the number of 
roof impacts shows a very large difference between 
belted and unbelted.  For the belted, 38% of the AIS 
3 + injuries and 23% of the AIS 3+ HARM occurs in 
rollovers with more than one roof impact.  This 
compares with only 6.6% of the HARM for the 
unbelted.  Previous studies have shown that the 
ejection risk increases with number of roof impacts.  
Consequently, the number of injuries in multiple roof 
impacts is much higher when the complete unbelted 
population is considered. 
 
Countermeasures to reduce rollover injuries to the 
belted population need to consider protection in 
rollovers with more than one roof impact because 
34% of the AIS 3+ injuries and 23% of the AIS 3+ 
HARM to the relevant belted population occur in 
these crashes.  More than half of AIS 3+ HARM to 
relevant belted occupants occurs in far-side rollovers. 
 
Modeling of rollover events indicates that the 
severity of the tripping pulse is an indicator of 
rollover crash severity. There is a need to collect 
crash data on measurements that would allow the 
prediction of the severity of the tripping pulse. 
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ABSTRACT 
 
       The purpose of this paper is to present data from 
dynamic belt loading tests on the thorax of human 
cadavers where the exact timing of all rib fractures is 
known.  In order to generate non-censored rib 
fracture data, a total of 47 strain gages were placed 
throughout the thorax of two human cadavers (1 
male, 1 female).  In order to simulate thoracic loading 
from a severe car crash, a table-top belt loading 
device was developed that utilizes a servo-hydraulic 
test machine to apply a dynamic input.  The belt load 
pulse was configured to result in 40% chest 
compression through a 150 ms load and unload cycle.  
Potentiometers and accelerometers measured the 
chest compression and acceleration at three locations, 
load cells in line with the belt provided belt loads, 
and load cells on the posterior side of the thorax 
measured the reaction loads.  The time histories of 
each strain gage were analyzed to determine the time 
of fracture which could then be compared directly to 
the reaction loads and chest displacements at that 
exact time, thereby creating a non-censored data set.  
In both cadavers, all fractures (20 for female and 12 
for male) occurred within the first 35% compression 
of the thorax.  As a general trend, the first series of 
fractures were on the left side of the thorax where the 
belt passed over the abdomen.  The peak strain at 
failure ranged from 1.1 % to 2.5 %.  By utilizing this 
technique, the exact timing of an injury level can be 
characterized relative to the mechanical parameters.  
For example, using rib fractures as the parameter for 
AIS scores in the female test, it is shown that AIS 1 
injury occurs at a chest compression of 21%, AIS 2 at 
22%, AIS 3 at 24 %, and AIS 4 at 34%.   
 
INTRODUCTION  
 
       The vast majority of thoracic impact research has 
focused on developing global criteria for predicting 
injury.  These include force, acceleration, and 

displacement based criteria, as well as combinations 
of the above [5, 13, & 15].  Recent work has focused 
on the prediction of injury due to different restraint 
systems.  For example, the increase in thoracic injury 
severity with increased age for a given occupant size, 
restraint type, and crash type is well documented [1, 
5, 6, 7, 16 & 20].  The most common injury that 
occurs during sled tests with belted cadavers is rib 
fracture [4, 8 & 20].  Also, it is known that rib 
fracture patterns vary by restraint type [8].    Kent et 
al. [10] evaluated the injury predictive value of hard 
tissue criteria by varying restraint condition and 
found compression is the best indicator of fracture 
risk.  Moreover, the noted that there is a significant 
effect on the fracture patterns due to belt only, airbag 
only, and combined belt and airbag loading.   
 
       Kent [9] also notes one of the problems with 
global methods used to develop thoracic injury 
criteria is that the criteria correlate with injury 
without necessarily being functionally related to 
injury, in contrast to stress and strain.  This is the 
critical limitation of previous studies designed to 
develop global thoracic injury criteria.  In summary, 
all previous studies aimed at determining thoracic 
injury criteria generally rely on the same set of 
cadaver impact tests, which all provide censored 
injury data.  In other words, it is not possible to 
determine the exact loads, accelerations, or 
displacements at the time of fracture.  Rather, one 
only knows that an injury occurred as some point 
during the impact test.  In order to reduce this 
limitation, this study presents a method to generate 
non-censored rib fracture data.  Although previous 
studies have shown the ability to detect selected rib 
fractures, no method has been successful at mapping 
the exact fracture timing of the entire thorax during 
dynamic belt loading.  Therefore, the purpose of this 
study is to develop a method for determining non-
censored rib fracture data and to present results from 



 

Duma 2 

dynamic belt loading tests on the human cadaver 
thorax using this method. 
 
METHODS 
 
       Dynamic belt tests were performed on two 
cadavers (one male, one female) instrumented with 
47 single axis and rosette strain gages on the ribs, 
sternum, and clavicle.  The primary components of 
the belt loading system were a tensile testing machine 
(MTS 810, 22 kN, Eden Prairie, MN) and rigid 
loading table (Figure 1).  The thorax of each cadaver 
was placed over a rigid plate that distributed the 
applied load over four load cells to measure the 
reaction loads of the thorax which where used to 
compensate for inertial effects. The 5 cm wide nylon 

loading belt was situated 40° from the sagittal plane 
of the body. The orientation of the belt simulated a 
passenger side seat belt, going over the right clavicle 
and left side of the abdomen. A series of wire cables 
and pulleys connected the hydraulic piston to a 
Material Testing System (MTS 810, 22 kN, Eden 
Prairie, MN)) used to load the cable/belt system at 
the desired rate. The locations of the pulleys were 
adjustable to accommodate cadavers of various sizes 
as well as to alter the angle of the belt relative to the 
table top. A slack reducer, connecting the primary 
wire rope to two secondary wire ropes, served to 
displace the ends of the loading belt equally, as well 
as remove slack from the system.  
 

 

 
 

Figure 1.  Top and Oblique View of Belt Loading System. 
 
 
       Once all the cables and instrumentation were 
connected, each cadaver was preconditioned prior to 
each test. This was done by placing a large flat 9.07 
kg mass on the thorax five times for 10 seconds at 
one minute intervals. Before each test the MTS was 
used to pretension slightly the belt (75-80 N for the 
male, 58-75 N from the female). In order to model in 
vivo conditions, the test subjects’ pulmonary systems 
were inflated to 14 kPa immediately prior to each 
test, which corresponded to the mean inspiration 
pressure, with a tracheostomy connected to pressure 
regulator. The depth of the inflated chest was then 
measured and recorded. Finally, the MTS machine 

loaded the cable system at a rate of 1.5 m/s in order 
to simulate a severe car crash.  

 
Instrumentation 
 
       Each cadaver was instrumented with a total of 47 
strain gages; 26 single axial strain gages (Vishay 
Measurements Group, CEA-06-062UW-350, 
Malvern, PA) and 7 rectangular rosette strain gages 
(Vishay Measurements Group, CEA-06-062UR-350, 
Malvern, PA).The deflection of the thorax was 
measured using three string potentiometers (Space 
Age Control, 160, Palmdale, CA) that were attached 

String potentiometer

Accelerometer

Belt

Load cell 
plate

Load cell

Loading table

Load cell

Slack reducer MTS

hydraulic
  actuator

Cadaver
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to the belt at the sternum and situated approximately 
90 mm apart along the length of the belt (Figure 1).  
Additionally, an accelerometer (Endevco, 7264B, 
2000 g, San Juan Capistrano, CA) was mounted on 
the belt at the sternum and load cell plate to acquire 
chest acceleration and table vibration.  Belt tension 
was measured with two load cells (Interface, SSM-
AJ, 13kN, Scottsdale, AZ).  Four additional load cells 
(Denton, 5768, 11 kN, Rochester Hills, MI), (Denton, 
1968, 22 kN, Rochester Hills, MI), (Denton, 1716A, 
13 kN, Rochester Hills, MI) located between the 
cadaver and loading table, measured the force 
response of the body.  
 

 
Test Subject Information  
 
       Two fresh frozen human cadavers were used in 
these tests (Table 1). It should be noted that chest 
depth measurements were taken from the middle of 
the sternum to the back of the thorax. Also, the 
percent compression was defined as the ratio of chest 
depth during the test to the chest depth measured 
prior to the test.  For comparison with the standard 
population, Osteograms® were performed. The left 
hand of each cadaver was x-rayed and scanned by 
Compumed Incorporated (Los Angeles, CA).  The 
BMD results are reported with respect to the normal 
population (Table 2).  The t-score is used to compare 
the cadaver’s bone mineral density with that of the 
general population. The z-score is used to compare 
the bone mineral density of the female subjects with 
the average for their age.  The t-score is expected to 
be low for these elderly cadavers with respect to the 
general population.  A t-score of -1 corresponds to 
one standard deviation below the mean for the 
general population (30 year olds), meaning the 
individual is at or above the -63rd percentile for bone 
mineral density, or close to normal.  T-scores of 2 
and 3 correspond to 97th and 99th percentiles, 
respectively.   
 
 

Table 2.  
Subject Osteogram Results. 

 
Cadaver Number SM35 SF33 

BMD Index 75.7 73.7 
T-Score -3.2 -3.4 
Z-score -1.4 -0.7 

 
 
 
 
 

Table 1. 
Subject Anthropometric Data. 

 
Cadaver Number SM35 SF33 

Sex Male Female 
Age 73 73 

Weight 84.36 kg 45.35 kg 
Height 154 cm 154 cm 

Height (head to heal) 1730 mm 1540 mm 

Sternum Length 210 mm 150 mm 
Chest Circumference 

(Largest part) 1140 mm 700 mm 
Chest Circumference 
(Center of Sternum) 1070 mm 740 mm 

Linear Breadth (Center 
of Sternum) 370 mm 280 mm 

Chest Depth (Center of 
Sternum) 230 mm 165 mm 

Chest Circumference      
(Center of Thorax no 
Superficial Tissue) 

840 mm 610 mm 

 
 

Stain Gage Locations 
 
       The strain gages were located on the lateral sides 
of ribs 2-10 as well as the anterior side of ribs 3, 4, 
and 5 (Figures 2). The only difference between the 
two is the orientation of the rosettes on the left 7th and 
9th  ribs. The first “R” in the rib strain gage labels 
stands for “Rib”. Similarly, the first letters on the 
clavicle and sternum strain gage labels “CR”, “SU”, 
and “SL” stand for clavicle, upper sternum, and 
lower sternum respectively. The first number 
represents the number of the rib. The second letter 
“R” or “L” stands for the right side or left side of the 
thorax, respectively. The first letter after the dash, 
“S” or “R”, stands for single axis or rosette strain 
gage. The gages were numbered one to three 
bilaterally for ribs containing multiple gages. The 
number “1” gage corresponded to the gage closest to 
the sternum on each side, and the number “3” gage 
was the most distal gage from the sternum. The last 
letter “A”, “B”, or “C” only concerned the rosette 
strain gages and identifies the gage position within 
the rosette. For example, the strain gage label R3R-
R3A stands for gage A of a rosette on the lateral right 
side of rib 3. 
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Front View Left ViewRight View

Rosette

Single  
Figure 2.  Strain Gage Positioning on the Thorax. 

 
 

 
Strain Gage Attachment 
 
       Once the location of each strain gage was 
determined the surface of the bone was then swabbed 
with either and allowed to dry. Upon drying, 
Conditioner A an acidic solution, was applied to the 
surface with a clean piece of gauze in order to etch 
the surface of the bone. Then Neutralizer 5A a basic 
solution, was applied to the surface in order to 
neutralize the acidic solution. The gage was removed 
from its case and prepared by applying M-Bond 
Catalyst to the underside of the gage. Next, M-Bond 
200 Adhesive was applied to the bone and the gage 
was quickly pushed over the adhesive in a rolling 
manner. The strain gage covered with a small piece 
of latex was held with firm pressure for 3 minutes 
(Figure 2.-7). Special care was taken to align each 
gage so that it was in line with the axis of the rib. 
The strain output from the three gages that composed 
each rosette was used to calculate the first and second 
principle strains and the angle Phi (Φ). Phi was 
defined as the angle from the gage reference axis 
(labeled X-Y) to the first principal axis. 
 
RESULTS 
 
       In order to validate that these tests were 
representative of an actual sever crash, the data was 

compared to data obtained from an actual sled test 
preformed (Figure 3). It can be seen that the 
compression rates produced from these tests closely 
match those seen in an actual sled test. The full travel 
of the MTS (15 cm) was used to fully compress the 
chest, causing 55% compression of the female thorax 
and 37% of the male thorax. This corresponded to 
91.39 mm for the female and 100.36 mm for the 
male. The MTS was actuated at 150 cm/s, which 
compressed the thorax of the female at a rate of 94 
cm/s and the male at 97 cm/s. The difference in the 
rate of the MTS and the rates seen by the cadavers 
was due to inertial effects and friction in the cable 
system.    
 
       The peak strains and strain rates vary from gage 
to gage for both the male and female cadavers (Table 
3, Table 4). The highest absolute value for each gage 
was reported as the peak strain. The majority of the 
gages reported tensile loading. The strain rate was 
determined from the most linear portion of the initial 
strain loading. The majority of the gages reported 
tensile loading. The male cadaver had peak strain 
ranging from 1,533 to 39,812 (µ strain) in tension and 
from 1612 to 15,332 (µ strain) in compression. The 
female cadaver had peak strain ranging from 1,716 to 
33,614 (µ strain) in tension and from 1,223 to17,193 
µ strain in compression. The rib strain rates seen by 
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the male cadaver ranged from -0.376 to 0.880 
(strain/s), while strain rates seen by the female 
cadaver ranged from -0.468 to 0.547 (strain/s). The 
plots of strain vs. time for all the strain gages on both 

the male and female are located in Appendixes A and 
B, respectively. 
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Figure 3.  Chest Compression Rate of Cadavers in a 48 km/hr Sled Test (Kent, 2001) versus Presented Belt Loading 
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Table 3. 
Peak Strains and Strain Rates for all Strain Gages on Male Cadaver. 

 

Strain Gage 
Number 

Thorax 
Location 

Rib 
Number 

Gage 
Type 

Rib 
Location 

Peak Strain   
(µ strain)   

Time 
(ms) 

Strain 
Rate 

(strain/s) 
R2R-S3 Right Side 2 Single 3 13680 79.3 0.243 
R3R-S1 Right Side 3 Single 1 11353 89.5 0.134 
R3R-S2 Right Side 3 Single 2 11595 89.2 0.209 

R3R-R3A Right Side 3 Rosette 3 1941 89.3 0.071 
R3R-R3B Right Side 3 Rosette 3 22111 88.9 0.459 
R3R-R3C Right Side 3 Rosette 3 12574 88.9 0.225 
R4R-S1 Right Side 4 Single 1 5083 95.6 0.143 
R4R-S2 Right Side 4 Single 2 13758 95.2 0.268 
R4R-S3 Right Side 4 Single 3 12561 95.3 0.179 
R5R-S1 Right Side 5 Single 1 4848 82.6 0.243 
R5R-S2 Right Side 5 Single 2 7252 82.6 0.267 

R5R-R3A Right Side 5 Rosette 3 3335 82.9 0.054 
R5R-R3B Right Side 5 Rosette 3 8165 82.6 0.145 
R5R-R3C Right Side 5 Rosette 3 3577 82.6 0.055 
R6R-S3 Right Side 6 Single 3 10480 136.2 0.095 
R7R-S3 Right Side 7 Single 3 7014 132.3 0.080 
R8R-S3 Right Side 8 Single 3 4557 132.7 0.062 
R9R-S3 Right Side 9 Single 3 1286 118.2 0.015 
R10R-S3 Right Side 10 Single 3 2810 121.5 0.079 
CR-S3 Right Clavicle N/A Single N/A -6577 95.5 -0.122 
SU-S Upper Sternum N/A Single N/A -7711 69.1 -0.376 

SL-RA Lower Sternum N/A Rosette N/A 13331 69.4 4.098 
SL-RB Lower Sternum N/A Rosette N/A 39812 77.2 3.256 
SL-RC Lower Sternum N/A Rosette N/A 7960 76.7 0.581 
R2L-S3 Left Side 2 Single 3 11589 53.9 0.535 
R3L-S1 Left Side 3 Single 2 10478 56.1 0.413 
R3L-S2 Left Side 3 Single 3 13328 55.9 0.577 

R3L-R3A Left Side 3 Rosette 3 4624 55.9 0.172 
R3L-R3B Left Side 3 Rosette 3 5936 55.8 0.267 
R3L-R3C Left Side 3 Rosette 3 1839 56.1 0.144 
R4L-S1 Left Side 4 Single 1 9290 51.4 0.449 
R4L-S2 Left Side 4 Single 2 15576 51.4 0.880 
R4L-S3 Left Side 4 Single 3 7948 51.5 0.410 
R5L-S1 Left Side 5 Single 1 11741 47.3 0.603 
R5L-S2 Left Side 5 Single 2 14128 47.3 0.706 

R5L-R3A Left Side 5 Rosette 3 3674 47.6 0.204 
R5L-R3B Left Side 5 Rosette 3 6499 47.6 0.342 
R5L-R3C Left Side 5 Rosette 3 1533 47.7 0.059 
R6L-S3 Left Side 6 Single 3 6961 44.7 0.385 

R7L-R3A Left Side 7 Rosette 3 3772 42.6 0.215 
R7L-R3B Left Side 7 Rosette 3 6618 42.7 0.451 
R7L-R3C Left Side 7 Rosette 3 1822 117.1 0.117 
R8L-S3 Left Side 8 Single 3 5080 136.0 0.318 

R9L-R3A Left Side 9 Rosette 3 2310 35.9 0.183 
R9L-R3B Left Side 9 Rosette 3 3026 35.8 0.251 
R9L-R3C Left Side 9 Rosette 3 -1673 52.7 -0.086 
R10L-S3 Left Side 10 Single 3 -15332 126.1 -0.287 
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Table 4. 
 Peak Strains and Strain Rates for all Strain Gages on Female Cadaver. 

 

Strain Gage 
Number 

Thorax 
Location 

Rib 
Number 

Gage 
Type 

Rib 
Location 

Peak Strain 
(µ strain)   

Time 
(ms) 

Strain 
Rate 

(strain/s) 
R2R-S3 Right Side 2 Single 3 -5504 111.2 0.138 
R3R-S1 Right Side 3 Single 1 5508 85.8 0.300 
R3R-S2 Right Side 3 Single 2 8000 111.1 0.191 

R3R-R3A Right Side 3 Rosette 3 2410 78.3 0.104 
R3R-R3B Right Side 3 Rosette 3 5246 57.2 0.225 
R3R-R3C Right Side 3 Rosette 3 4755 57.2 0.179 
R4R-S1 Right Side 4 Single 1 3338 62.7 0.345 
R4R-S2 Right Side 4 Single 2 7076 62.5 0.202 
R4R-S3 Right Side 4 Single 3 5490 95.1 0.175 
R5R-S1 Right Side 5 Single 1 2709 52.5 0.111 
R5R-S2 Right Side 5 Single 2 4846 58.6 0.137 

R5R-R3A Right Side 5 Rosette 3 -1223 56.8 -0.044 
R5R-R3B Right Side 5 Rosette 3 7391 108.0 0.146 
R5R-R3C Right Side 5 Rosette 3  n/a n/a  n/a 
R6R-S3 Right Side 6 Single 3 10642 105.5 0.153 
R7R-S3 Right Side 7 Single 3 7785 133.1 0.094 
R8R-S3 Right Side 8 Single 3 4633 111.1 0.144 
R9R-S3 Right Side 9 Single 3 2971 118.2 0.062 
R10R-S3 Right Side 10 Single 3 1716 107.3 0.123 
CR-S3 Right Clavicle N/A Single N/A -9020 74.4 -0.248 
SU-S Upper Sternum N/A Single N/A -2947 115.4 -0.195 

SL-RA Lower Sternum N/A Rosette N/A -2109 70.1 -0.058 
SL-RB Lower Sternum N/A Rosette N/A -7683 132.7 -0.316 
SL-RC Lower Sternum N/A Rosette N/A 7729 84.2 0.300 
R2L-S3 Left Side 2 Single 3 20681 72.8 0.531 
R3L-S1 Left Side 3 Single 2 -8174 61.7 0.520 
R3L-S2 Left Side 3 Single 3 33641 92.2 0.682 

R3L-R3A Left Side 3 Rosette 3 2593 119.7 0.034 
R3L-R3B Left Side 3 Rosette 3 3095 111.0 0.058 
R3L-R3C Left Side 3 Rosette 3 -3954 93.7 -0.069 
R4L-S1 Left Side 4 Single 1 -7257 50.2 -0.301 
R4L-S2 Left Side 4 Single 2 9028 49.1 0.385 
R4L-S3 Left Side 4 Single 3 9139 49.2 0.350 
R5L-S1 Left Side 5 Single 1 -17193 50.3 -0.468 
R5L-S2 Left Side 5 Single 2 3008 45.5 0.129 

R5L-R3A Left Side 5 Rosette 3 6326 47.6 0.218 
R5L-R3B Left Side 5 Rosette 3 10109 47.5 0.460 
R5L-R3C Left Side 5 Rosette 3 7025 47.0 0.364 
R6L-S3 Left Side 6 Single 3 12211 46.9 0.547 

R7L-R3A Left Side 7 Rosette 3 -3124 61.4 0.252 
R7L-R3B Left Side 7 Rosette 3 11357 46.1 0.491 
R7L-R3C Left Side 7 Rosette 3 8260 45.4 0.547 
R8L-S3 Left Side 8 Single 3 -5254 51.7 0.275 

R9L-R3A Left Side 9 Rosette 3  n/a n/a  n/a 
R9L-R3B Left Side 9 Rosette 3 -6217 621 0.320 
R9L-R3C Left Side 9 Rosette 3 3523 54.5 0.184 
R10L-S3 Left Side 10 Single 3 9297 73.1 0.316 
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Rib Fracture Identification 
 
       The rib fractures locations were determined by 
performing a post-test injury analysis on each 
cadaver using a detailed necropsy of the thorax. The 
fracture locations were photographed and 
documented for each cadaver. The time of facture 
was determined from the plots of strain gage output 
vs. time (Figure 4).  The male cadaver sustained 12 
fractures on 12 ribs [8 on the left, 4 on the right], as 
well as one fracture on the right clavicle (Figure 5). 
For the female cadaver, 20 rib fractures were detected 
on 12 ribs [14 on the left, 6 on the right] as well as 
one fracture to the sternum (Figure 6).  The strain 
rates seen by the ribs of the male cadaver that 
fractured varied from 0.133 to 0.648 (strain/s), and 
from -0.581 to 0.559 (strain/s) for the female cadaver.   

The male cadaver sustained two fractures directly 
under strain gages, and the female sustained 7. The 
fractures that occurred directly under gages are of 
particular interest because the peak strain at the time 
of fracture could be obtained from these gages.  
 
       In both cadavers, all rib fractures occurred within 
the first 35% compression of the thorax (Figure 7, 
Figure 8).  As a general trend, the first series of 
fractures were on the left side of the thorax where the 
belt passed over the abdominal region.  The ribs in 
the upper thoracic region on the right side fractured 
next.   
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Figure 4.  Determination of Rib Fracture Timing. 
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Figure 5.  Location of Strain Gages and Fractures for Male Cadaver. 
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 Figure 6.  Location of Strain Gages and Fractures for Female Cadaver. 
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Figure 7.  Rib Fracture Progression of Male Cadaver. 

 
        

0

500

1000

1500

2000

2500

3000

3500

0% 5% 10% 15% 20% 25% 30% 35% 40%
Percent Compression (%)

Fo
rc

e 
(N

)

Sum Load Cells
Left Rib Fracture
Right Rib Fracture
Sternum Fracture

 
Figure 8.  Rib Fracture Progression of Female Cadaver. 
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Principle Strain Results 
 
       The first principle strain, second principle strain, 
and the axial strain were plotted along with the angle 
from the axis of the rib to the first principal axis 
(Figure 9, Figure 10). In general, it was found that the 
first principle strain and the axial strain closely 
matched up to the time of the first fracture. In some 
cases the first principle strain and the axial strain 
continued to follow each other after the fracture and 
in other cases they did not. This could be due to 
either broken or damaged gages and or the complex 
loading seen after the fracture. The plots of first 
principle strain, second principle strain, axial strain, 
and theta for the other rosettes on the male and 
female cadavers are located in Appendixes A and B.  
 

       The maximum of the first and second principle 
strain before or at the first fracture were compared to 
the peak axial strain for each cadaver (Table 5, Table 
6). The peak strains before or at the time of the first 
fracture were used because the strain could no longer 
be reported with confidence after the rib fractures due 
the complexity of loading and possibility of damage 
to the gage. If no fracture occurred, then the strains 
reported were those that corresponded to the time at 
which the absolute maximum strain out of the three 
occurred. In some the cases were the rib was too 
small to adequately support all three gages of the 
rosette the data was suspect and thereby not reported 
in this section. Additionally, if one of more of the 
gages that composed each rosette broke during the 
test the data was omitted from this section.  
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Figure 9.: Axial Strain, First and Second Principle Strain, and Theta vs. Time for Rosette R3R on the Male Cadaver. 
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Figure 10.  Axial Strain, First and Second Principle Strain, and Theta vs. Time for Rosette R5L on the Female 

Cadaver. 
 
 
 

Table 5. 
Comparison of Peak Axial Strain from Gage B of Rosette to Peak First Principle Strain for the Male Cadaver. 

 

Rosette Thorax Location Peak Gage B 
Strain  

Peak 
Principle 
Strain 1 

Percent 
Difference 

Peak 
Principle 
Strain 2 

θ 

R3R Rib 3 Right Side 22111 23105 4.4 -8996 10.2 
R5R Rib 5 Right Side 8165 8223 0.7 -2465 3.8 
R3L Rib 3 Left Side 5890 6406 8.4 -636    -15.1 
R5L Rib 5 Left Side 6499 6661 2.5 -1605 -8.1 
R7L Rib 7 Left Side 6618 6773 2.3 -1792 -7.8 
R9L Rib 9  Left Side   3033*     3482*    13.8*   1844*   -17.0* 

* = not measured at a time of fracture 
 
 
 

Table 6. 
Comparison of Peak Axial Strain from Gage B of Rosette to Peak First Principle Strain for the Female Cadaver. 

 

Rosette Thorax Location Peak Gage B 
Strain  

Peak 
Principle 
Strain 1 

Percent 
Difference 

Peak 
Principle 
Strain 2 

θ 

R3R Rib 3 Right Side 5246 6142  15.7 -1581 19.9 
R5R Rib 5 Right Side 4641 4986    7.2 -3386 10.8 
SL Sternum Lower       -4860*       12819*       444.3*     -5864*      76.6* 

R3L Rib 3 Left Side 2046 2325 12.8 -896 -18.1 
R5L Rib 5 Left Side 10109 10109           0.0 2735 0.1 
R7L Rib 7 Left Side 11357 11881   4.5 -674 12.6 

* = not measured at a time of fracture 
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DISCUSSION  
 
       The reaction force data was plotted vs. percent 
chest deflection data for these tests with the fracture 
timing and corresponding Abbreviated Injury Scale 
(AIS) score (Figure 11, Figure 12). This was used to 
compare the definition of an AIS=3 for the human rib 
cage as defined by NHTSA to the injury criteria for 
an AIS=3 for the 50th percentile male and 5th 
percentile female hybrid III dummies. An AIS=3 for 
the rib cage was defined to be greater than 3 rib 
fractures on one side of the ribs and no more than 3 
on the other side. NHTSA has defined the injury 
criteria of the 50th percentile male dummy as a chest 

deflection of 63 mm, which corresponds to a 28%-
30% percent chest deflection. The injury criteria for 
the 5th percentile female hybrid III dummy has been 
defined as a chest deflection of 52 mm which 
corresponds to a 22%-24% percent chest deflection. 
The range of percent chest deflections is due to the 
variations in dummy chest thickness as a result of 
tolerances set by the manufacturer, Denton ATD. As 
seen in Figures 4.2-1, and 4.2-2, an AIS= 3 occurred 
at 13% chest deflection for the male and 23% chest 
deflection for the female.   
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Figure 11.  Rib Fracture Progression of Male Cadaver with AIS Levels. 
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Figure 12.  Rib Fracture Progression of Female Cadaver with AIS Levels. 
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Effective Stiffness 
 
       The thoracic testing conditions presented in this 
paper are similar to that presented by Kent [11] in 
that they present thoracic data due to diagonal belt 
loading at a rate that corresponds to the thoracic 
loading rate seen in a 48 km/h crash. Kent 
determined the effective stiffness of the thorax under 
these conditions by performing a linear regression of 
the force vs. percent deflection plots. These effective 
stiffness values for the male tests varied from 6,459-
9,919 (N/ % deflection) and from 7,102-15,420 (N/ 
% deflection) for the female. The same method was 
performed on the force vs. percent compression data 
presented in his paper before the first fracture 
occurred. The effective stiffnesses for the male and 
female tests presented in the current study at Virginia 
Tech were 19,449 and 6,624 (N/ % deflection). 
However, there were large oscillations in the Kent 
data that were seen in the initial ramp up region of 
the force graphs such that that the force fell below 
zero during these oscillations. This suggests a tension 
force while the thorax was being compressed. 
Therefore, the Kent data is likely lower than actual 
response during the initial loading phase. 

 
CONCLUSIONS 
 
       The novel strain gagging technique presented 
in this report, in which the thorax was instrumented 

with 47 single axis and rosette strain gages, has 
allowed for the precise determination of the time of 
fracture for each rib for the first time in the history of 
thoracic research. In addition, for the first time the 
exact point at which the different thoracic AIS scores 
occurred could be identified with the time of rib 
fracture data.  
 
All rib fractures occurred within the first 35% 
compression of the thorax for both cadavers, and 
were side dependant for both cadavers. The first 
series of fractures were on the left side of the thorax 
where the belt passed over the abdominal region. The 
ribs on the upper right hand side of the thorax 
fractured second.  
 
The effective thorax stiffnesses for the male and 
female cadavers presented in this paper were 19,449 
and 6,624 (N/ % deflection) respectively, which were 
similar to values reported by Kent (2001). However, 
the data presented in this report is linear due to the 
robust design of the Virginia Tech belt tester, it does 
not have the problems of oscillations. 
 
The strain gage data showed that majority of the 
ribs sustained tensile loading until the time of 
fracture. The male and female cadaver had peak 
tensile strains ranging from 1,533 to 39,812 (µ strain) 
and 1,716 to 33,614 (µ strain) respectively. The gages 
that showed predominately compressive loading, 

with the exception of a few gages, were usually the 
rosette element gages not aligned with the axis of the 
rib (i.e. gages A, and C), the clavicle gage, or the 
gages on the sternum.  
 
The strain rates varied from gage to gage and from 
rib to rib for each cadaver. The strain rates sustained 
by the ribs ranged from -0.376 to 0.880 (strain/s) for 
the male cadaver and from -0.468 to 0.547 (strain/s) 
for the female cadaver.  
 
The comparison of principle strain to axial strain 
resulted in four important findings. One, all the ribs 
with strain gage rosettes failed in tension. Second, the 
first principle strain was greater than or equal to the 
axis strain.  However, the difference in values was 
small until the time of the fracture and therefore the 
value of theta (θ) was small. This meant that the 
direction of the first principle strain was not very far 
away from the axis of the rib. Third, the second 
principle strain was less than or equal to the axial 
strain, and in most cases was in negative 
(compression). Fourth, the confidence in the principle 

strain after fracture was low. This was due to the 
complex loading that occurred in the broken rib as 
well as the possibility of the damage that could have 
been sustained by the gage itself.   
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ABSTRACT 
 
 A new dynamic rollover test fixture, the 
Jordan Rollover System or JRS, has been developed.  
This fixture has the ability of testing vehicles or 
bucks in a controlled manner with preset initial 
conditions including roll rate, drop height, roadway 
speed, contact yaw, pitch and roll, etc.  The test 
vehicle is held between drop towers and dropped and 
rolled at a predetermined time to interact with a 
moving roadway.  The vehicle can contact the 
roadway on either one or both sides of the roof.  As 
the vehicle interacts with the roadway, the vehicle is 
supported laterally, in the direction of the moving 
roadway, and longitudinally and is free to rotate and 
move vertically without support.  After contact with 
the roadway, the test specimen rotates to rest without 
any additional contacts.  In order to examine the 
repeatability of the test fixture, a test buck was 
prepared.  The test buck incorporates a replaceable 
roof structure approximating a production vehicle 
roof structure.  The repeatable roof buck was tested 
with set parameters.  During the tests, the crash pulse 
was measured utilizing on board instrumentation and 
load cells in the road way.  After each test, the roof 
was replaced.  Examining the crash pulse between the 
tests and the initial conditions allowed the 
repeatability of the JRS to be determined.  The JRS 
fixture was found to be highly repeatable. 
 
INTRODUCTION 
 
     Previous dynamic rollover test methods have been 
widely criticized as non-repeatable.  All of these 
methods; ramp rollovers, dolly rollovers, etc, result in 
a vehicle moving through an entire roll sequence 
where small differences at the beginning of the 
sequence can result in large differences in the 
outcome of the test.  For instance in dolly rollovers, 
the interaction between the vehicle and the dolly as 
the vehicle is released and interaction with the 
ground at the initial contact can vary which results in 
downstream changes in the dynamics of the vehicle.  
These changes can include different vehicle loadings, 
contact point, dummy injury measures, etc.  This can 
be seen in studies with repeated tests on the same 
vehicle that result in a range of number of rolls, roll 

distance, etc.  In these tests, even though the initial 
parameters are repeatable, the consequential 
parameters that arise in the multiple rollovers result 
in different downstream vehicle dynamics. 
 
     In order to design a repeatable dynamic rollover 
test, these consequential parameters must be removed 
or minimized.  The consequential parameters are any 
test feature that can change the desired impact(s).  
With this in mind, two dynamic rollover test methods 
have been introduced that have the first vehicle/road 
interaction a roof contact, since this is the part of the 
sequence in question.  One method is the Jordan 
Rollover System previously introduced in several 
technical articles [1,2,3].  This system removes the 
consequential parameters present in the earlier test 
methods allowing for repeated dynamic contacts on a 
test specimen at desired test parameters and prevents 
further contacts between the vehicle and roadway, 
isolating the effects of the test impacts. 
 
DESCRIPTION OF FIXTURE 
 
     The Jordan Rollover System is designed to 
evaluate the performance of a vehicle’s roof and 
rollover occupant protection system under highly 
controlled, dynamic conditions.  The test fixture 
combines well-defined vertical, lateral and roll 
impact conditions with vehicle rotation in a single 
impact or sequence of impacts.  The system can be 
used for vehicle and safety systems development, 
consumer information testing and regulatory 
purposes. 
 
     The device, shown in Figure 1, holds the ends of 
either a body-in-white or a complete vehicle between 
two drop towers that permit it to be rotated about its 
longitudinal axis.  The impact surface moves 
horizontally, along tracks, below the suspended 
vehicle.  An energy source similar to that used in an 
impact sled propels the roadway.  In the test 
sequence, the vehicle is positioned at the desired 
pitch and yaw angles.  The vehicle can be rotated at 
up to about 1 revolution per second. 
 
     The rotation is coordinated with the release of the 
vehicle and with the propulsion of the road surface so 
that the vehicle body strikes the road plate at a 
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specified roll angle.  After the vehicle is released, 
only its lateral and longitudinal motion continues to 
be controlled except that the vehicle’s vertical motion 
is halted before it strikes the tracks where the impact 
surface moves. 
 

 
 
Figure 1.  Jordan Rollover System with vehicle 
mounted and ready for testing. 
 
     The test may be designed to permit impacts with 
both sides of the roof in a single test.  The road plate 
moves at a speed of up to about 20 mph (32 km/hr) 
and moves out from under the vehicle after the 
impact or impacts.  The inertial frame of reference 
for this test moves at the speed of the impact surface 
at the time of the initial roof contact.  After the 
vehicle impact(s), the test specimen will be 
suspended as its rotation ceases without further 
vehicle impacts. 
 
     If it is desired, a second test can be staged on the 
same vehicle.  The impact surface is returned to its 
initial position, the vehicle is lifted to the starting 
position and the parameters are adjusted 
appropriately.  The test can then be repeated. 
 
     Instrumentation and cameras can record the results 
of the test in a myriad of configurations depending 
upon the variables to be examined.  For instance, test 
dummies can be used to assess and measure the total 
performance of the rollover occupant protection 
system, or string potentiometers and accelerometers 
can measure the dynamic roof crush and intrusion. 
 
DESCRIPTION OF TEST BUCK 
 
     In order to test the repeatability of the system, a 
test buck was created that mimicked the strength and 
dimensions of a production vehicle roof, but was 
built for ease of roof replacement, see Figure 2 and 3.  
With the test buck, testing was allowed to occur at an 

increased pace by just replacing the roof of the 
vehicle and not the entire vehicle in the fixture. 
 

 
 
Figure 2.  Pictures of the replaceable roof buck. 
 

 
 
Figure 3.  Pictures of the replaceable roof buck. 
 
     The overall dimensions of the buck and geometry 
were based on a small pickup truck.  The roof was 
composed of seven components; two shaped tubes 
forming the A-pillars and side rails, a front and rear 
header, a roof panel and two side stiffeners for the 
roof panel, see Figure 4.  The A-pillar tubes are 1 
inch schedule 40 pipe (1.325 inches in outer 
diameter, .125 inches thick) and made of mild steel.  
The tubes were chosen based on an examination of 
cross sections of two production A-pillars in an 
attempt to have a similar bending stiffness.  This was 
done in order to achieve between 4 to 6 inches of 
deformation in the tests and show the effects of a 
failing roof structure on repeatability.  The headers 
are pieces of angled steel 1 by 1 by .125 inch thick.  
The roof panel was a sheet of 20 gauge (.036 inch) 
cold rolled steel.  The edges of the roof panel were 
notched and formed around the .5 by .125 inch thick 
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side stiffeners.  The roof was held together by a series 
of spot welds 2 inches apart. 
 
     The roof is replaced by cutting the A-pillars at the 
top of the A-post at a set location.  The remainder of 
the assembly can then be removed as one piece.  New 
A-pillar tubes are then placed into the holders and the 
roof panel assembly is placed between the tubes.  The 
panel is then spot welded to the side tubes and 
another test can be conducted.  All the roofs were 
made by the same methods and with the same 
material. 
 

 
 
Figure 4.  Replaceable roof structure. 
 
DESCRIPTION OF TESTS 
 
     Three tests were conducted examining the 
repeatability of the system.  Previous tests indicated 
that the system was very repeatable from test to test 
when examining road speed, angles, impact location, 
etc.  However, multiple tests on the same structure to 
determine the repeatability of the test system and the 
repeatability of the test structure had not been done. 
 
     In all of these tests the initial conditions were kept 
constant and are described in Table 1. 
 

Table 1. 
Initial test parameters 

 
Test Parameter Initial Setting 

Yaw Angle 10 degrees 
Pitch Angle 10 degrees 

Contact Roll Angle 135 degrees 
Contact Roll Rate 188 deg/sec 

Drop Height 4 inches 
Roadway Speed 15 mph 

Buck Weight 1670 lbs 
 
     The test system repeatability is shown by 
consistent speeds, impact locations, angular 
positioning, drop height, etc. 

 
     The vehicle repeatability is shown by the effects 
of the structure on the far side impact with the 
roadway, the vertical load cell results, etc. 
 
     Each test included instrumentation in both the 
roadway and the test buck.  Roadway instrumentation 
included 6 vertical and 2 lateral load cells, see Figure 
5.  The data is recorded at 10,000 data points per 
second and synchronized with the other test 
instrumentation and the high speed cameras. 
 

 
 
Figure 5.  Roadway sled shown without the 
roadbed to show the instrumentation. 
 
     Vehicle instrumentation included tri-axial 
accelerometers near the rotational axis at about the 
CG and at the top of the A-pillar and string 
potentiometers on both the near and far side attached 
4 inches inboard of the top of the A-pillar.  The 
instrumentation was placed at the same position in 
the same manner in each of the tests. 
 
TEST RESULTS 
 
     All of the tests were conducted as planned with a 
near and far side contact on the roof structure.  After 
the contacts, the vehicle rotated to rest without 
additional contacts.  All data and cameras functioned 
properly.  Photographs of the post test condition of 
each test article are shown in Figures 6, 7 and 8. 
 
Test Parameters 
 
     The majority of the test parameters are 
mechanically fixed and identical from test to test.  
The only non-mechanically fixed parameters are 
governed by the air pressure used to power the 
pneumatic drive system which in turn drives the 
mechanically coupled rotation of the vehicle and 
movement of the roadway.  The measured roadway 
velocity in the three tests was 13.5 mph, 13.1 mph 
and 14.3 mph. 
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Figure 6.  Vehicle Post Test 1. 
 

 
 

Figure 7.  Vehicle Post Test 2. 
 

 
 

Figure 8.  Vehicle Post Test 3. 
 
Roadway Contact Locations 
 
     Figure 9 illustrates the roadway impacts for both 
the near and far side contacts.  Figure 10 shows the 
near side contacts after the third test and that the 
contact marks coincide to the same point on the 
roadway and overlap.  The far side contacts are 
dependent upon the structure and there is some small 
variation. 
 
Vertical Load Cells 
 
     The crash pulse is measured by six vertical load 
cells with the data algebraically summed to determine 
the vertical load on the roadway.  Figure 11 
illustrates the results for each of the three tests. 
 

 
 
Figure 9.  Roadway contact marks from the three 
tests.  The near side contacts are on the right and 
far side on the left. 
 

 
 

Figure 10.  Close up of the near side contact 
marks from the three tests. 
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Figure 11.  Vertical load cell results for each of the 
three tests. 
 
     In Figure 11, it can be seen that in every test the 
first contact between the vehicle and the road occurs 
just prior to 1.4 seconds after the triggers are 
actuated.  This contact is the near side of the roof, the 
passenger side in these tests, striking the roadway.  
All three curves are very similar through the entire 
first contact from approximately 1.38 seconds to 1.5 
seconds and until near the end of the far side contact 
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at approximately 1.62 seconds.  At that point, the 
data traces differ due to the interaction between the 
body structure at the base of the A-pillar and the 
roadway.  This structure, shown in Figure 12, is 
strong enough to support the weight of the test buck 
and results in a higher load.  The marks from this 
structure striking the ground are evident on the 
roadway, see Figure 13. 
 

 
 
Figure 12.  Photograph of the body structure at 
the base of the A-pillar. 
 

 
 
Figure 13.  Photograph of the roadway illustrating 
the contacts with the structure at the base of the 
A-pillar. 
 
     The roof impacts during the contacts on the first 
side are very similar for the three tests with 
overlapping contact locations on the roadway and 
similar load levels.  The average maximum load 
during this contact for the three tests is 3800 lbs with 
a maximum percentage variation of 10% and a 
standard deviation of 350 lbs. 
 
     For the second contact, the loads on the roof 
structure are also similar.  The only difference is after 
the roof contact when the body of the vehicle can 

come into contact with the roadway.  For the roof 
portion of the second contact, the loads are very 
consistent from test to test with an average maximum 
load of 4270 with a maximum percentage variation of 
4.5% and a standard deviation of 180 lbs. 
 
Lateral Load Cells 
 
     Lateral load cells were included in the roadway to 
determine the loads on the roadway in the direction 
of the roadway’s motion due to the acceleration 
phases and the vehicle contacts.  It was determined 
after the first test that the cells were improperly 
attached.  This allowed for a limited measurement 
only and was continued in the following two tests as 
a means for comparison between these tests.  These 
traces, see Figure 14, are very similar from test to test 
and illustrate the acceleration pulse as the roadway 
comes to rest against the decelerator.  
 

Lateral Load Cell Results
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Figure 14.  Lateral load cell data from the three 
tests. 
 
String Potentiometers 
 
     The passenger (near) and driver (far) side string 
potentiometers results are graphed below in Figures 
15 and 16.  The deformation is similar in the tests 
with the exception of a greater deformation on the 
third test due to the header beam moving below the 
A-pillar tube as the result of a weld failure. 
 
     In Figure 15, the near side impact is clearly seen 
beginning in all three tests at approximately 1.4 
seconds.  For tests 1 and 2, the peak displacement is 
approximately 1.9 inches.  As the load is removed 
from this side of the roof, the deformation is reduced 
to less than .5 inches at approximately 1.5 seconds.  
Differences in the header deformation due to the 
second impact result in a residual deformation of 1 
inch in test 1 and .6 inches in test 2.  For test 3, the 
peak displacement is 2.6 inches during the near side 
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contact.  The additional displacement is due to spot 
weld failure allowing the header to move below the 
A-pillar tube.  This also causes a second peak in the 
data trace as the far side contact pushes the beam 
down further displacing the near side header/A-pillar.  
The residual deformation for this test is 1.5 inches on 
the near side. 
 

Near Side String Potentiometer Results
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Figure 15.  Passenger’s (Near) side string 
potentiometer data. 
 
     In Figure 16, the near side impact, from 
approximately 1.4 to 1.5 seconds, can be seen by a 
slight outward motion of the roof structure in all three 
data traces.  After this motion, the far side of the roof 
strikes the ground at approximately 1.5 seconds.  As 
described previously, tests 1 and 2 have similar data 
traces with differences only due to the structural  
 

Far Side String Potentiometer Results
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Figure 16.  Driver’s (Far) side string 
potentiometer data. 
 
performance and tenting of the header structure.  For 
test 1, the peak deflection is 4.25 inches with a 
residual deformation of 1.4 inches.  For test 2, the 
peak deflection is 3 inches with a residual 
deformation of .9 inches.  Test 3 has greater 
deformation due to a weld failure connecting the 

header to the roof panel.  For test 3, the peak 
deflection is 6.2 inches with a residual deflection of 5 
inches. 
 
Accelerometers 
 
     In this analysis, we focused on the direct 
measurements of force and deflection.  However, the 
system is capable of taking accelerometer data.  For 
example, the following trace, Figure 17, is the 
resultant acceleration data from the three tests as 
measured near the CG of the vehicle. 
 
DISCUSSION 
 
Repeatability 
 
     The test system is very repeatable.  An 
examination of the roadway loads illustrate that the 
loading environment is almost identical from test to 
test.  The only variation is due to differences in the 
vehicle as shown by the differences in the string 
potentiometer readings and the post test appearance 
of the roofs.  These slight variations would also be 
present in testing of production cars where some 
variation would occur due to differences in spot 
welds, windshield failure points, etc.  However, the 
loading environment would be very similar from test 
to test and it would be hoped that the overall 
performance of a vehicle would not be contingent on 
a spot weld or the windshield failure characteristics. 
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Figure 17.  Resultant CG acceleration. 
 
     With the repeatability seen here, testing can be 
conducted at either the component or compliance 
level to determine the performance of the variable in 
question with assurance that the loading environment 
from test to test was consistent while isolating the 
damage to a particular impact or impacts as desired. 
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Load Cells 
 
     The lateral load cell mounting issue in these tests 
was corrected for future tests.  The data traces in 
Figure 18 are the vertical and lateral load cell results 
for a subsequent test illustrating the performance of 
the system and typical data traces for a production 
vehicle test.  In the test illustrated here, the vehicle 
test weight was approximately 2800 lbs.  Similarly to 
the test bucks, the far side peak load, at 
approximately 1.7 seconds, is due to interaction of 
the top of the A-post and the roadway.  Resolving the 
lateral load cell issue allows the direct measurement 
of forces during a dynamic rollover event. 
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Figure 18.  Comparison of vertical and lateral 
load cell results for a production vehicle. 
 
CONCLUSIONS 
 
     The system has been shown to be repeatable.  The 
majority of the parameters are fixed from test to test 
where the only variable is the air pressure in the 
system prior to testing.  For these tests with identical 
test bucks, the roadway speed was within 5% for the 
three tests.  The other setup parameters are either 
dependent upon this speed or fixed. 
 
     The loading environment on the vehicle was very 
consistent from test to test with only small variations, 
less than 10%, in the peak vertical load values seen 
during the roof contacts. 
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ABSTRACT 
 
     Whiplash injuries resulting from rear impacts 
are one of the most important injury categories with 
regard to long-term consequences. Most rear 
impacts lead to no injury or to symptoms that are 
temporary. Impacts where the duration of 
symptoms differs need to be separated in analyses 
in order to isolate representative rear impact 
conditions in which more long-lasting whiplash 
injuries occur.  
     The aim of this study was to evaluate the 
influence of crash severity on symptoms duration of 
Whiplash Associated Disorders, WAD, separated 
for males and females, and for different grades of 
WAD (1-3) according to Quebec Task Force. 
     Since 1995, approximately 60 000 vehicles on 
the Swedish market have been equipped with crash 
pulse recorders measuring the acceleration time 
history in rear impacts. With the inclusion criteria 
of single rear-end crashes with a recorded crash 
pulse, and front seat occupants with no previous 
long-term AIS1 neck injury, 207 front-seat 
occupants in 150 crashes remained to be analyzed 
in this study, where the change of velocity and the 
crash pulse were measured.   
     A correlation was found between duration of 
symptoms and crash severity measured as mean 
acceleration and change of velocity. The risk of 
WAD symptoms for more than one month was 
found to be 20% at a change of velocity of 
approximately 8 km/h and at a mean acceleration 
approximately 5 g. A correlation was also found 
between grades of WAD and crash severity 
measured as mean acceleration and change of 
velocity.  Out of all crashes with a recorded crash 
pulse only one out of 207 occupants sustained 
WAD symptoms for more than one month at mean 
acceleration below 3.0 g. Given the same crash 
severity, females had a higher risk of initial WAD 
symptoms than males. 
 
 
 

INTRODUCTION 
 
     In the last decade some studies have been 
presented showing influence of duration of 
symptoms on crash severity in rear impacts. 
Regarding initial neck symptoms, the following 
studies describe the impact severity when no injury 
or short-term consequences occur.  Hell and 
Langwieder (1998) found that most occupants 
sustained symptoms in impacts where the change of 
velocity was 10-15 km/h. Mc Connell et al (1995) 
performed low-speed rear impacts with seven male 
volunteers, with velocity changes of up to 10.9 
km/h.  None of the volunteers reported whiplash 
symptoms after a few days. Ono and Kaneoka 
(1997) and Siegmund et al (1997) found similar 
results from volunteer tests. In another study with 
volunteers (Eichberger et al 1996), where the sled 
impact velocities were 8-11 km/h and the mean 
deceleration 2.5g, the volunteers suffered whiplash 
symptoms for approximately 24 hours. 
     The influence of crash severity on more long-
lasting symptoms is rarely studied. Based on a 
follow-up questionnaire with 65% answering 
frequency, Jakobsson (2004) found that 21% 
sustained long-term consequences in rear impacts 
with Volvo cars where the impact severity was 
defined as moderate. The impact severity 
“moderate” represented impacts in which the 
WHIPS recliner would have been activated. When 
the Volvo data was grouped according to whether 
the impact area involved rear members (reflecting a 
probable increase in the crash pulse amplitude) 
there was a tendency of higher initial AIS 1 neck 
injury risk for those with engaged rear members as 
compared to those with impact area outside rear 
members.  Another study that tried to reflect the 
influence of the crash pulse on the injury outcome 
was Krafft (1998). It was found a relationship 
between the crash pulse on the neck injury risk in 
rear impacts, by showing that a longitudinally 
mounted engine (compared with a transversal one) 
in the striking car also increased the risk of long-
term consequences in the struck car. 
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     The influence of the crash characteristics on 
whiplash injury based on crash recording in real life 
rear impacts, has been presented earlier (see for 
example Krafft et al. 2002, and Kullgren et al. 
2003). In these studies it was found that for the vast 
majority occupants that sustained symptoms for 
more than one month, mean acceleration was more 
than 4.5g and change of velocity higher than 10 
km/h. Mean acceleration was found to be the best 
candidate to predict duration of symptoms 
compared to change of velocity and peak 
acceleration. 
     There is a need to further study the influence of 
crash pulse characteristics on AIS1 neck injury 
risks in rear impacts, both regarding kind of 
whiplash symptoms and duration of these 
symptoms. Furthermore, there is a need to separate 
the injury risk for gender. Several studies have 
shown that whiplash injuries occur more frequently 
among females than males (Berglund 2001, Maag 
et al 1993).  However, there is always a problem 
with real-life data to handle the exposure problem 
concerning crash severity. With crash recorder data 
the outcome will be controlled for crash severity. 
     Based on more data from crash recorded rear 
impacts, the aim of this study was to evaluate: 
 

- the influence of crash severity on the duration 
of symptoms of AIS1 neck injury in rear 
impacts.  

- the influence of crash severity on whiplash 
symptoms classified according to Quebec 
Task Force.  

- the influence of crash severity on the neck 
injury risk separated for males and females. 

 
MATERIAL AND METHODS 
 
     Since 1995 crash recorders have been mounted 
under the driver or front passenger seat to document 
rear impacts in 60,000 vehicles in eight different 
car models of the same make. The models do not 
share the same seat type but are not separated in the 
analysis. All rear impacts since 1995 were reported 
to the insurance company Folksam, irrespective of 
repair cost. The inclusion criteria were single rear-
end crashes with a recorded crash pulse, and front 
seat occupants with no previous long-term AIS1 
neck injury. Out of 254 reported crashes, 150 crash 
pulses were recorded, in where 207 front seat 
occupants were involved. Out of these, 90 were 
men, 105 women, and in 12 cases the sex was 
unknown (10 were front seat passengers that were 
uninjured and 2 were drivers with initial symptoms 
but recovering within one month). 

     The remaining 104 rear impacts the trigger level 
of the CPR was not reached. In these crashes no 
acceleration pulse was measured, and they were not 
included in the analysis of this study. 
     Injury details were obtained from medical notes 
and interviews with the occupants. The interviewer 
had no information about the crash severity in each 
individual case. A follow-up of possible medical 
symptoms was carried out at least six months after 
the collision. The questionnaire of symptoms and 
the process of defining injury severity were 
structured in co-operation with a medical doctor. 
The symptoms noted were those associated with 
pain, stiffness and musculoskeletal signs, and with 
neurological symptoms, such as numbness. The 
duration of symptoms was defined as follow: no 
injury, symptoms less than one month, symptoms 
between one and six months, and for more than 6 
months. The symptoms were also defined according 
to the Quebec Task Force on Whiplash associated 
Disorders (Spitzer et al. 1995).  
 
 WAD 0 – No complaints 

WAD 1 – Neck complaints: pain, stiffness, or         
                tenderness only 

 WAD 2 – Neck complaints and musculoskeletal signs 
 WAD 3 – Neck complaint and neurological signs 
 
     The Crash Pulse Recorder measures the 
acceleration time history in the principal direction 
of force during the time of impact. The crash pulses 
were filtered at approximately 100 Hz. The crash 
pulse recorder (CPR) has a trigger level of 
approximately 3g. 
     The development and accuracy of the CPR is 
described by Kullgren et al. (1995). Change of 
velocity and mean and peak accelerations were 
calculated from the crash pulse. 
     To visualize the influence of impact severity on 
risk of WAD, two kinds of plots were used. Injury 
risk versus impact severity was calculated for 
occupants with different duration of symptoms and 
for occupants classified in different grades of 
WAD. Injury risk was calculated as the proportion 
of injured occupants in each interval of impact 
severity. Intervals with less than 3 observations 
were excluded in the plots. In order not to force the 
injury risk curve into a specific shape, no 
mathematical function was used. The risk values for 
all intervals were connected using “smooth” curve 
fit in the software KaleidaGraph (Synergy software 
2000).  
     In the second type, injury status in terms of 
duration of symptoms and grades of WAD, was, for 
all occupants, correlated with both change of 
velocity and mean acceleration in one plot. 
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RESULTS 
 
     Out of 207 front seat occupants in 150 rear 
impacts where the acceleration pulse was measured, 
132 were uninjured, 75 reported initial symptoms 
whereof 51 recovered within a month, 7 sustained 
symptoms between one and six months and 17 had 
symptoms for more than six months after the 
impact. Out of the 207 occupants 49 were classified 
as WAD Grade 1, 20 as Grade 2 and 6 as Grade 3. 
In Table 1 the occupants are also divided according 
to seating position. 
 

Table 1. Numbers of drivers and front seat 
passengers with different duration of symptoms 

and grades of WAD. 
 
 Driver FSP Total 
All 150 57 207 
Uninjured 98 34 132 
Symptoms < 1m 34 17 51 
1m<symptoms<6m 7** 0 7 
Symptoms > 6m 11* 6* 17 
WAD grade 1 31 18 49 
WAD grade 2 17 3 20 
WAD grade 3 4 2 6 
* One lumbar spine injury 
** Two thoracic spine injuries 
 
     The occupants were also separated according to 
gender and seating positions. Table 2, 3 and 4 
presents the number of male and female drivers, 
fronts seat passengers and front seat occupants 
together. It was found that the average impact 
severity was significantly higher for those 
occupants, both males and females, with symptoms 
for more than one month compared to the uninjured 
occupants.  
 

Table 2.  Numbers of male and female drivers 
and front seat passengers and average ∆v and 

mean acceleration for different symptom 
durations. 

 
 Males  Females 

 
 N  ∆v 

 
Mean 
acc. 

N  ∆v 
 

Mean 
acc. 

All 90 10.6 3.7 105 10.4 3.7 
Uninj. 64 9.0 3.4 58 9.0 3.5 
<  1 m 17 12.5 4.2 32 9.6 3.6 
1-6 m 2 13.5 4.6 5 17.3 5.6 
>6 m 7 19.9 5.2 10 17.6 5.1 

 

Table 3. Numbers of male and female drivers 
and average ∆v and mean acceleration for 

different symptom durations. 
 

r 
Males   Females   

 
 N  ∆v Mean 

acc. 
N  ∆v 

 
Mean 
acc. 

All 75 10.3 3.7 73 10.2 3.6 
Uninj. 55 9.2 3.4 43 8.9 3.3 
<  1 m 13 12.3 4.2 19 8.9 3.5 
1-6 m 2 13.5 4.6 5 17.3 5.6 
>6 m 5 15.7 5.0 6 18.3 4.8 

 
Table 4. Numbers of male and female front seat 

passengers and average ∆v and mean 
acceleration for different symptom durations. 

 
 Males   Females   

 
 N  ∆v Mean 

acc. 
N  ∆v 

 
Mean 
acc. 

All 15 12.3 3.8 32 10.9 4.0 
Uninj. 9 7.8 3.2 15 9.4 3.9 
<  1 m 4 13.2 4.2 13 10.8 3.7 
1-6 m 0 - - 0 - - 
>6 m 2 30.4 5.9 4 16.8 5.3 

 
     In the 104 rear impacts where the trigger level of 
the CPR was not reached and no crash pulse was 
recorded, one of the occupants had symptoms for 
more than six months, and one had symptoms 
between one and six months. None of the occupants 
was classified as WAD grade 3, but two as WAD 
grade 2. All other occupants were either uninjured 
or reported initial symptoms, but recovered within a 
month. As the trigger level of the CPR is 
approximately 3 g, the mean acceleration must in 
these crashes be below 3 g. 
     The numbers of occupants with different 
duration of symptoms and those classified in 
different grades of WAD, is presented in intervals 
of impact severity in Figures 1 to 4. The 
information in these figures is used to calculate the 
injury risk in each interval of impact severity, 
presented in Figures 5 to 8. In the interval 5-10 
km/h 7 occupants had symptoms for more than 1 
month. Out of these occupants 6 had a mean 
acceleration above 3.3 g, and all had a mean 
acceleration above 2.8g, see Figure 9. From the 
information in Figures, 1, 2 and 9 it appears like 
mean acceleration to a higher extent than change of 
velocity influences risk of WAD. 
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Figure 1.  Numbers of injured and uninjured 
occupants in intervals of change of velocity. 
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Figure 2.  Numbers of injured and uninjured 
occupants in intervals of mean acceleration. 
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Figure 3.  Numbers of injured and uninjured 
occupants in intervals of change of velocity. 
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Figure 4.  Numbers of injured and uninjured 
occupants in intervals of mean acceleration. 
 
     A correlation between injury risk and change of 
velocity was found for initial and more long lasting 
symptoms, see Figure 5. At a change of velocity 
above 20 km/h the risk of long lasting symptoms 
increase with a high rate. Risk of symptoms for 
more than one month was found to be 20% at 
approximately 18 km/h.  
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Figure 5.  Injury risk in intervals of change of 
velocity for occupants with initial and long-term 
symptoms. 
 
     Injury risk and mean acceleration was also found 
to be correlated, see Figure 6.  The risk of 
symptoms for more than one month was 20% at a 
mean acceleration of 5 g. Above 5 g the risk 
increases with a higher rate than below 5 g. In 
Figure 6 the occupant with initial symptoms at a  
mean acceleration of 9.1 g is not included. 
 



Kullgren  5

0

0,2

0,4

0,6

0,8

1

0 1 2 3 4 5 6 7

Initial symptoms
Symptoms > 1 m
Symptoms > 6 m

R
is

k

Mean acceleration (g)  
Figure 6. Injury risk in intervals of mean 
acceleration for occupants with initial and long-
term symptoms. 
 
     Increased impact severity, both in terms of 
change of velocity and mean acceleration, was 
found to increase the risk of WAD symptoms, see 
figures 7 and 8. Furthermore, the risk of 
neurological symptoms of WAD, grade 3, was 
found to be lower than for grade 1 and 2 for the 
whole range of both change of velocity and mean 
acceleration. The risk of symptoms of grade 2 
appears to increase above 17 km/h or 4.5 g. 
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Figure 7. Injury risk in intervals of change of 
velocity for occupants classified as different 
grades of WAD. 
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Figure 8. Injury risk in intervals of mean 
acceleration for occupants classified as different 
grades of WAD. 
 

     Only one of the 24 occupants with symptoms 
more than one month had a mean acceleration 
below 3 g (2.8 g). All other occupants with 
symptoms for more than one month had a mean 
acceleration above 3.3 g, see Figure 7.   
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Figure 9. Change of velocity versus mean 
acceleration for occupants with different 
duration of symptoms. 
 
     Most occupants defined as WAD grade 3 had a 
mean acceleration above 4 g, see Figure 10. 
Occupants with a WAD defined as grade 2 seem to 
occur in a wide range of both change of velocity 
and mean acceleration. 
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     The risk of initial symptoms was found to be 
higher for females than males, both regarding 
change of velocity and mean acceleration, see 
Figures 11 and 12. Females appear to more often 
sustain initial symptoms at lower impact severity 
than males, especially regarding mean acceleration. 
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Figure 11. Risk of initial symptoms in intervals 
of change of velocity for males and females. 
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Figure 12. Risk of initial symptoms in intervals 
of mean acceleration for males and females. 
 
 
DISCUSSION 
 
     Knowledge about the correlation between crash 
severity and injury risk is essential to more 
effectively prevent injuries in car crashes. The data 
used in this study mean a unique opportunity to 
analyze how acceleration influences the risk of 
whiplash injury. In a previous study (Krafft et al 
2002) the crash pulses from 66 rear impacts have 
been presented, but in this study the data is more 
comprehensive and therefore more reliable 
conclusions can be drawn. The combination of 
valid and reliable impact severity measurements 
and prognostic injury data made it possible to study 
relations that would otherwise be difficult to obtain.  
     It is not possible to objectively determine the 
diagnosis of WAD, therefore the credibility of these 
injuries is often raised.  In this study the injury data 
were mainly obtained by interviews with the 
occupants, which might influence the outcome. 

Better significance could be expected if only 
symptoms verified by a medical doctor were used. 
However, to minimize the risk of biased data, the 
interviewer had no knowledge about the crash 
severity in each case.   
     The results are based on seven different models 
from one car manufacturer. The limits in crash 
severity for different injury levels may therefore be 
different for other vehicles. 
     In all figures, the results were based on the rear 
impacts where fully crash pulses were recorded. 
This fact influences the results where the 
correlation between crash severity and injury 
outcome was analyzed. The results in Figure x-xx 
show no difference in crash severity for the 
occupants that sustained no injury and those with 
symptoms for less than one month. However, the 
impacts where no crash pulse could be recorded 
were not included in the study. A difference in 
crash severity could therefore be expected between 
the uninjured occupants and those with short-term 
consequences.  
     A correlation between crash severity and 
duration of symptoms was found. Other studies 
(Jakobsson 2004, Olsson et al 1990) did not find a 
relationship between impact speed (EBS) and the 
initial spectrum of symptoms or duration of 
symptoms. However, EBS  or change of velocity 
calculated with retrospective methods has too low 
accuracy to predict the crash severity (Kullgren 
1998), especially in low speed impacts (Lenard et 
al. 1998).   
     When designing test methods for evaluating 
vehicle crashworthiness with regard to whiplash, 
the results show that the acceleration pulse differs 
considerably, depending on whether the focus is on 
short- or long-term consequences.  If too low crash 
severity is chosen, there is a risk of sub-
optimization against short-term consequences. To 
create conditions for a robust anti-whiplash system 
it is advisable to have at least two tests at different 
crash severity levels: one test representing the crash 
severity where the risk of long-term consequences 
is high, and another one representing a lower limit 
above which most of the whiplash injuries occur 
(symptoms more than one month).  
     The severity of the initial neck injury was 
classified according to the Quebec Task Force 
injury scale WAD 1-3.  The duration of symptoms 
appears to better correlate with crash severity than 
WAD. This is logical since the WAD-scale is 
supposed to predict long-term injury outcome. 
Using the WAD-scale is a round-about way of 
describing the duration of symptoms, but less 
reliable. At least when the WAD classification was 
based on interviews with the occupants. The quality  
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of the classification would  probably be better if it 
was based on medical examination of the 
occupants.  In this study, the WAD 2 were found at 
all crash severity levels, but WAD 0 and 1 
predominated in the lower severity segment. 
Whiplash injuries with neurological signs, WAD 3, 
occurred mostly at higher mean accelerations 
(above 4.5g), but they represented only six 
occupants. 
     Given the same crash severity level, females 
were found to have a higher risk of initial 
symptoms. If focusing long-lasting symptoms there 
is a need of more data to separate risk curves for 
males and females. Most studies, controlled for 
position, show a higher injury risk (long-term) for 
females (Jakobsson 2004, Krafft 1998) than males 
but there is no control for the exposed crash 
severity in the impacts. However, given the same 
crash severity there is a high probability that 
females still have a higher risk. It is important for 
preventative measures to determine critical crash 
severity levels mainly based on data related to 
females, ant not based on mean values for the total 
population.   
 
CONCLUSIONS 
 

• A correlation was found between duration 
of symptoms and crash severity measured 
as mean acceleration and change of 
velocity. The risk of WAD symptoms for 
more than one month was found to be 20% 
at a change of velocity of approximately 8 
km/h and at a mean acceleration 
approximately 5 g. 

• A correlation was found between grades of 
WAD according to Quebec Task Force 
and crash severity measured as mean 
acceleration and change of velocity.   

• Out of all crashes with a recorded crash 
pulse only one out of 207 occupants 
sustained WAD symptoms for more than 
one month at mean acceleration below 3.0 
g. 

• Given the same crash severity, females had 
a higher risk of initial WAD symptoms 
than males. 
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ABSTRACT   
 
The work of this International Harmonised Research 
Activity (IHRA) group has continued to focus on 
compatibility research with the prime aim of 
improving occupant protection in cars by developing 
internationally agreed test procedures designed to 
improve the compatibility of structures in front to 
front, and front to side, impact. 
 
Compatibility is a complex issue but offers an 
important step towards the better protection of car 
occupants.  To date the group has focussed on frontal 
performance tests although benefits need not be 
confined to frontal impact.  Group members continue 
to work actively in research programmes to enhance 
understanding and develop potential test procedures 
to assess compatibility. 
 
A number of potential test procedures remain open in 
the longer term. But, in recent meetings, effort has 
concentrated on defining key aspects and assessment 
criteria for a potential phase 1 test as a first step to 
improve vehicle compatibility.  There is a significant 
degree of common thinking and purpose and, 
although issues and challenges remain, a phase 1 step 
should be possible.  
 
INTRODUCTION 
 
It has been recognised for many years that the 
protection of vehicle occupants is influenced, not 
only by the characteristics of the vehicle they are 
travelling in, but also by the characteristics of the 
vehicle with which it collides. Historically, the 
emphasis was on mass alone being dominant.  But 
now structural interaction, passenger compartment 
strength and frontal force are seen as key 
compatibility factors.  
 
Up to 2001, there were separate IHRA groups for 
frontal impact and compatibility. In 2001, the IHRA 
Frontal Group suggested a first step towards frontal 
impact harmonisation based on using both existing 
frontal full width and offset impact tests.   Future 
activity in both frontal impact and compatibility areas 
was combined within one IHRA group from ESV 
2001. (The European Union and the European 

Enhanced Vehicle -safety Committee (EEVC) has 
continued to provide the chairman.) 
 
AIMS OF THE GROUP AND BROAD 
APPROACH 
   
The prime aim of the compatibility work is to 
develop internationally agreed test procedures 
designed to improve the compatibility of car 
structures in front to front and front to side impact, 
thus improving the level of occupant protection 
provided in these impacts. A secondary consideration 
for compatibility is to bear in mind any implications 
for protection in impacts with pedestrians, heavy 
goods vehicles and other obstacles.  The prime focus 
up to now has been on front to front impacts (car to 
car including LTV/SUVs).   
 
Research will continue on improved understanding of 
side impact compatibility to define the possibility for 
a side impact test procedure or, at least, to ensure that 
any front test procedure helps or does not 
disadvantage side impact protection. Similarly, 
research will continue to help ensure that steps to 
improve compatibility help or do not disadvantage 
frontal impact self-protection.  
 
Car-to-car and car-to-LTV/SUV crashes have been 
the main area of work, with LTV crashes the 
dominant concern in North America.  Recently the 
group has concentrated on the development of a 
potential Phase 1 test procedure and assessment 
criteria aimed at improving frontal structural 
interaction. Initially this would mainly influence 
LTVs but could also influence car design.  The 
addition of further metrics or test procedures in later 
phases should ideally allow the evaluation of further 
compatibility aspects i.e. frontal force levels and 
compartment strength. Vehicles of interest in the 
different regions represented by members were 
covered in the last ESV report.  
 
Potential users of any test procedures could vary 
widely and range from manufacturers wishing to 
evaluate the compatibility of their products to 
regulators.  The judgements and the administrative 
process in considering the suitability of any proposed 
test(s) as a potential basis for regulation would be 



O’Reilly 2 

individual to each region.   
 
This paper seeks to distil the position of the group 
and, while it draws on the research of members, it 
does not attemp t to summarise the range of data 
which individual members have presented.  The work 
of members and their associated organisations 
appears in individual reports and publications 
including ESV papers.  
 
INTERNATIONAL CO-OPERATION 
 
Membership, Participation And Meetings  
 
Members represent governments in Europe, USA, 
Australia, Canada and Japan and industry members 
are nominated by industry in Japan, Europe and 
USA.  In addition individual experts have sometimes 
attended meetings, particularly when from the host 
country or group. 
 
Opportunities are sought to have common technical 
sessions with EEVC compatibility (WG15) meetings. 
Informal links with the IHRA Side Impact group 
continue through some common membership and a 
joint meeting with this group was held after ESV 
2003. 
 
Recent Meetings 
 
Since the last ESV, there have been 7 meetings.  
19th meeting 27-28 May 2003 (27 May jointly with 
IHRA Side Impact Working Group) Tokyo Japan 
20th meeting 17-18 September 2003 (17 September 
jointly with EEVC WG15) Paris France 
21st meeting  20-22 January 2004 (jointly with EEVC 
WG15) Gothenburg Sweden 
22nd meeting 13-14 May 2004  (open to wider US 
attendance) Washington USA 
23rd meeting 13-15 September 2004  London  
England 
24th meeting 14-16 December  2004 Paris  France 
25th meeting 14-15 February 2005 London  England 
 
There continues to be an open flow of information on 
findings between members with normally at least a 
day spent on presentations of the latest research.  
Three joint meetings have been held, two with EEVC 
WG15 and one with the IHRA Side Impact WG.   
There has been a partial move towards three day 
meetings, as used when joint meetings are held with 
the EEVC.  This gives more time for presentations 
and discussions and also offers the prospect of fewer 
meetings overall. Unusually there were 4 meetings in 
2004, mainly linked to the effort towards a phase 1 
test outline. EEVC/European industry workshops 

were open to members of the group if able to attend.  
This included one on 23/24 February 2005 on VC-
COMPAT results and industry work.  
 
Co-operation Within Regions 
 
Aside from the links through IHRA, there is a 
significant amount of co-operation within and 
between the regional organisations involved in 
IHRA. Some direct links are outlined below. 
 
EEVC and European industry – Links through 
industry representation in working groups and 
industry co-operation with VC -COMPAT 
Individual EEVC members – co-operation with 
Renault, PSA Peugeot Citroen, VW, Ford and others 
NHTSA – co-operation with Ford, Australia, Canada, 
Europe, MIRA, Cellbond, TRL, Japan, Honda and 
VW 
Australia – co-operation with Subaru, Ford, Renault, 
NHTSA 
Japan – co-operation with JAMA, NHTSA, Australia, 
UTAC. 
 
Reviews Of Data 
 
     Structural Survey:  Links continued following 
earlier structural survey work.  Japan had led on this 
work topic and continued to report to the group both 
on results and, in addition, those aspects where it had 
identified differences or inconsistencies between 
different teams, when using the same VC -COMPAT 
protocol.  Large lateral differences were seen for 
engine/gearbox data and Japanese measurements of 
one vehicle were up to 133 mm different to the 
European data. To resolve this issue, the 
measurement protocol was revised by UTAC in co-
operation with Japan. Points made included 
determining a reference plane to remove any effects 
due to suspension ride height differences, 
investigating point differences and listing the high 
priority measurements. Liaison on this was mainly 
direct between the groups involved.  It was felt that 
any issues were worth resolving.  NHTSA which has 
work in this area also wanted to use the most 
consistent protocol so that results in databases could 
be used with high reliability in future analyses.  
 
     Accident Review: Canada presented work on its 
review of research related to published analyses of 
accident data, essentially North American sources, 
including some estimates related to potential casualty 
benefits.  Members were asked to provide accident 
data related to front, side, belted, unbelted and 
vehicle class and, if possible, others eg gender and 
age group to allow further work on its review. 
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Vehicle types now range from minicar, mini truck, 
car, small LTV, one box vehicles, small truck and 
truck and there has been further clarification on 
accident classes. This work should progress further in 
2005.  Some regions have submitted statistics 
although Europe has encountered difficulties in 
obtaining the desired data. Preliminary analysis of 
data provided by Japan shows that, in frontal two 
vehicle crashes, car and minicar fatalities dominate 
the fatality totals, a high proportion being in car to 
truck collisions with car to car featuring less strongly. 
For minicar fatalities, the truck and car are both 
dominant.  For two vehicle side impact, the car and 
minicar fatalities are dominant with truck and car 
followed by one box (MPVs and minivans) being the 
dominant striking vehicles.    
 
Outline Of Members’ Research Programmes  
 
Members are actively involved in compatibility 
research programmes, often with cross-links.  The 
emphasis in programmes tends to reflect regional 
fleets; for example, the focus is on LTV to car 
impacts in the USA and on car to car impacts in 
Europe. 
 
Canada has led on a partially completed review of 
accident data.  In addition, it has reported on some of 
its side impact work.  
 
European industry work has included studies on 
reliably detecting the strength of crossbeams, 
repeatability/reproducibility of test procedures, some 
modelling work and development work on a 
deformation based metric. Industry is also 
contributing resources and some work towards the 
VC-COMPAT programme.  
 
VC-COMPAT, the European programme on 
compatibility, has the objective of developing a suite 
of test procedures to assess and control car structures 
to improve frontal compatibility and is due to report 
in 2006.  EEVC WG15, which has a steering role in 
VC-COMPAT, is to make recommendations on 
frontal impact compatibility test procedures in 
November 2006.  The programme has separate car 
and truck elements.  The car element has four 
packages (leaders in brackets); structural analysis 
(UTAC), cost benefit analysis (BASt), crash testing 
(TRL) both car to barrier and car to car, modelling 
(TNO) including developing an FE model of one of 
the barriers and the continued development of a fleet 
model. The truck element has included several car to 
truck baseline tests with existing European truck 
under-run guards (energy absorbing and rigid).   In 

addition some member states have carried out extra 
research which supports the work of EEVC WG15.   
 
A new one year European project (IMPROVER) 
covers diverse topics, one of which deals with SUVs.  
This element is led by TNO and the aim is to report 
on the potential effect of an increasing SUV 
population on safety.  
 
US industry gave general information on some of the 
US activity aimed at a voluntary approach, including 
frontal impact compatibility subgroups investigating 
full width test procedures, possible LTV to car testing 
(short term) and  the use of an MDB (longer term), 
and a possible supplementary test for secondary 
energy absorbing structure (SEAS).  In addition some 
findings were presented from car to LTV tests.  
 
NHTSA has reported on LTV to car (mid sized) full 
frontal and 50% offset tests  plus side impact tests 
with the car as the target vehicle. The LTVs were 
chosen to reflect different characteristics such as 
AHOF and initial stiffness.   In addition NHTSA 
have explored vehicle compatibility using a full 
width test, both with a rigid wall and a deformable 
element.  Limited repeatability work has included a 
comparison of two car to car tests.  Work continues 
on constructing and validating FE models for the 
study of car and LTV interaction and to support 
MADYMO models intended for fleet optimisation.  
In addition, a load cell wall (LCW) specification has 
been prepared.  
 
The US car to LTV research by NHTSA and industry 
is based on the struck car in a full frontal impact 
experiencing a delta v comparable to that in barrier 
tests i.e. equal to 56 km/h in a full width test.  The 
same LTV speed is used in the  LTV to car overlap 
tests.  In contrast, European  car to car (overlap) tests 
are carried out with each vehicle at a constant speed 
(56 km/h) but, being car based, they are much closer 
in mass than the vehicles examined in the US work.   
 
Japan has carried out a series of tests using a full 
width barrier, both rigid and with a deformable 
element, using different vehicles (mini, small and 
medium cars, MPV and SUV).  Vehicle to vehicle 
full frontal tests were carried out for comparison. In 
addition Japan has carried out analyses related to 
potential metrics.  Other work has included the 
analysis of various approaches to determine 
compartment strength based on the interpretation of 
force levels in an existing offset test.    
 
Australia has reported on an analysis, using the 
results of earlier Australian PDB tests, to explore 
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whether compartment strength could be reliably 
determined from the force level at rebound.  More 
work is planned in this general area.  Further car to 
car and car to PDB tests have also been carried out.  
 
PHASE 1 PROPOSAL – POTENTIAL FIRST 
STEP  
 
In 2004, group effort has been much more sharply 
focussed on a first step (Phase 1) proposal. This does 
not change the group's view on longer-term tests. All 
options remain open for future phases and the longer-
term position is covered in a later section (Phase 2). 
 
Introduction To Short Term Proposal  
 
At the January 2004 meeting, it was agreed that the 
immediate focus of the group should be supporting 
the development of a compatibility test procedure 
that could be implemented in the short term.  This 
step was discussed against a backdrop of the 
continued need to address LTVs which were the 
primary and pressing issue for North American 
members and markets.  This is not the s ituation for all 
members; for example the EEVC prime interest is car 
to car compatibility. 

 
An element in subsequent discussion was a view that 
the vast majority of cars currently generate 
interaction forces in a similar area, given that most 
have a cross beam to meet bumper low speed impact 
standards such as 581.  Therefore there should be 

benefits in taking advantage of this by ensuring the 
presence of LTV structures in this zone. An 
improvement in LTVs would offer the greatest 
chance of increasing structural interaction in impacts 
with both current and earlier car models which would 
be present in the fleet for many years to come. If 
possible, benefits should also be considered for car to 
car impacts. The heights of  lower rails for vehicles 
of various classes (cars, MPV, 4WD, LCV) from the 
European VC-COMPAT structural survey are shown 
in Figure 1. 
 
The work of the group has remained focussed 
towards a phase 1 test procedure and addressing in 
detail associated issues.  There has been agreement 
on defining many of the full width barrier and load 
cell characteristics, partial evaluation of new metrics, 
repeatability plus further work on aspects and 
elements of the proposal.    
 
The structures which a Phase 1 step would encourage 
on  LTVs  or cars were felt by industry members to 
be consistent with possible future vehicle designs if 
additional improvements in compatibility were 
introduced.  
 

 
Summary Of Proposed Test For IHRA Phase 1  
 
In December 2004, the group agreed that, in 
principle, the outline test procedure described below 
offers the best way forward for a phase 1 test with a 
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focus on LTVs. The metrics are recent so they are 
only partially evaluated and not by all members.  
This agreement will be reviewed following further 
investigation of the proposal by group members, 
including the degree to which it affects the fleet. This 
applies to the initial step represented by phase 1a.  
The group hopes  to add additional phase 1 
requirements in 2005 to further improve 
compatibility.  
 
     Aims: The proposal aims    
(a) To improve structural interaction primarily for 

LTV to car compatibility. One aspect would 
address crossbeam strength which could also 
benefit car to car compatibility. 

(b) To minimise the number of tests by adapting the 
existing full width test by adding a LCW and 
deformable element while retaining its original 
function as a self-protection test.   

 
     Scope :  The suggested scope is cars and LTVs 
(less than 10,000 lbs. gross).  
 
     Test Configuration: The proposal is a full width 
test carried out at 56 km/h into a wall equipped with 
an array of high resolution load cells and a 
deformable barrier face. 
 
     Load Cell Wall (LCW) Characteristics : There 
has been agreement on the definition of many of the 
characteristics of the full width LCW.     
  
• Height and Width: The LCW should be flat and 

its height and width sufficient to cover full width 
and height of all vehicles to be tested.   

• Individual Load Cell Size: 125 by 125 mm over 
full wall or subdivisions that can be summed to 
give 125 by 125 mm units.   

• Vertical Position of LCW (on barrier):  The 
group has agreed to use 80 mm ground 
clearance, the intention being to give a load cell 
boundary in the centre of the US 581 bumper 
area.  

• A detailed LCW specification with acceptance 
criteria is being developed. (NHTSA with a few 
inputs from others.) 

 
     Deformable Face : A deformable face should 
cover all of the LCW.  The deformable face proposed 
consists of two layers, each 150 mm deep, front layer 
0.34 MPa crush strength and the rear layer 1.71 MPa 
crush strength, segmented to match the load cells.  
 
     Acceptance Criteria (Metrics) Phase 1a: The 
phase 1a vertical and horizontal metrics are intended 
to encourage sufficiently strong structure in a 

common interaction zone. In the vertical metric, 
target minimum load(s) would be set for (horizontal) 
rows in the common interaction zone and the metric 
would address loads lower than this value.  The 
horizontal metric would involve target cell load(s) for 
cells within a row, based on the total row load. For 
those cells between the longitudinal rails, the metric 
would address load values that have lower values 
than the target cell load(s).  
 
Phase 1a metrics would be based on LCW force 
measurements and are set out below.  
 
• Vertical:  A common interaction zone is defined 

vertically as 330-580 mm high, essentially the 
third and fourth load cell rows.  For each row, a 
minimum row load of [100 kN] is proposed.   

• Horizontal:  The same two rows are examined. A 
target load would be derived related to the 
overall load in each row and, based on this, an 
assessment would be made on the load(s) in the 
inner cells, likely for [80%] of the vehicle width. 
A performance limit is to be proposed for this 
assessment.  

• AHOF:  NHTSA has shown a correlation 
between this metric and casualty risk in the 
existing US fleet. However AHOF alone is not 
felt to be sufficient, in particular for vehicles 
with SEAS. A limit would have to be proposed. 

 
Discussion On Some Test Aspects And Choices 
 
This section discusses some aspects of phase 1a, in 
some cases giving some background or explanation 
on the choices made.    
  
     Vertical Position of LCW on the Barrier: This 
takes advantage of the degree to which structure is 
present in this zone for cars.  Positioning the ground 
clearance of the LCW to split the part 581 zone was 
preferred as this should maximise the sensitivity of a 
force measurement based approach for movement of 
relevant structures within this region.  A ground 
clearance of 80 mm, combined with the 125 mm load 
cell spacing, results in the boundary between rows 3 
and 4 being in the center of the 581 zone. Setting 
metrics for forces in the rows above and below this 
row boundary can then provide the desired influence.  
 
The ground clearance of individual LCWs in service 
has varied; the range typically included 50 , 80, 125 
and 165 mm, excluding those barriers where the first 
(lowest) row starts appreciably higher e.g. 250 mm. 
Some barriers which lend themselves readily to 
adjustment have changed to this ground clearance for 
new testing. 
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     Deformable Face on Barrier: The deformable 
face was originally proposed by the EEVC as an 
improvement over a rigid wall for compatibility 
evaluation e.g.  limiting engine inertial loads so that 
structural behaviour can be “seen” more clearly while 
minimising the effect on compartment deceleration 
pulse; a minimal effect is desirable, given that it is 
based on a self-protection test.  Factors relevant to 
phase 1 include aiding the detection of SEAS and 
crossbeam structure which relate to the vertical and 
horizontal metrics proposed. For example, in recent 
tests, it detected the presence of SEASs 315 mm and 
370 mm rearward of the front rail. There is not a 
precise distance which the barrier will reach into a 
vehicle; this will depend on the barrier and the degree 
and manner of deformation of the main structure  
(PEAS) before the SEAS becomes involved. 
 
Canada, US, Europe and Australia support the 
deformable element  with emphasis on various 
factors.  For Japan the deformable barrier is an open 
question.  Japan recognises that AHOF can be 
measured with a rigid barrier, but for extra 
compatibility information, a deformable element is 
needed. It has noted some examples of differences 
between rigid and deformable barriers in the 
deceleration pulse and structural deformation 
behaviour in its test program.   Different perspectives 
can be held on whether any differences in these areas, 
e.g. in early pulse shape, airbag triggering and how 
structure is loaded, should be regarded as being 
realistic, favouring a particular barrier or being 
acceptable. No single test can replicate the range of 
variations in vehicle accidents for structural 
loading/behaviour and different high deceleration 
scenarios, and  some differences are linked to 
characteristics that can have advantages.   
 
     Metrics : Two relatively new metrics are 
envisaged for  phase 1a.   The principle behind them 
is to encourage all vehicles to have a sufficiently 
strong structure within a common interaction zone. 
They consist of vertical and horizontal components.  
These are complementary but could be applied 
separately. Work to evolve the metrics has 
concentrated on the vertical one first and this will be 
followed by further analysis to propose a 
performance limit for the second.   Both tests may 
evolve based on feedback from evaluations. 
 
Vertical metric: This would particularly influence 
LTVs and is intended to benefit LTV to car structural 
interaction.  The concept was to (a) set a target row 
load and (b) calculate the load below the target row 
for each row in the common interaction zone.  The 
metric addresses areas where the force may be below 

a desired level; set out in mathematical terms it limits 
VNT (vertical (component) negative deviation from 
target row load).  More simply, a minimum row load 
of [100 kN] is proposed.  It is intended to be an 
indicator that an LTV has structure in alignment with 
the relevant rows and should also be achieved by 
cars, without the need to cap or adjust for small cars.  
TRL (EEVC) and Japanese analysis had suggested a 
value of about 100 KN.  The proposal uses peak cell 
load values.  
 
Horizontal Metric: The aim is to assess if 
crossbeam(s) or comparable structure on SEAS,  
have sufficient strength. The metric would encourage 
a crossbeam strength that tended to match the 
stiffness of the front of the longtitudinals.  The 
concept for horizontal is (a) to set target cell load for 
the row based on overall (total) row load level and 
(b) calculate load below target cell load for each cell 
between the rails for each row in the common 
interaction zone.   
 
So far analysis has been exploratory. The HNT 
deviation metric value distinguished stiff and soft 
bumper crossbeams in limited tests.  A question of 
how strong a bumper crossbeam should be on large 
vehicles has been raised.   
 
AHOF:  NHTSA have shown a correlation between 
this metric and casualty risk in the existing US fleet.  
However AHOF alone is not felt to be sufficient to 
monitor some structural changes, in particular SEAS.   
It continues to be recorded in test work and remains a 
candidate phase 1a metric.  A performance level has 
not been suggested.  Japan has suggested that AHOF 
at the beginning of impact may be a more indicative 
measure of vehicle structural interaction potential.   
 
European analysis of AHOF using a deformable face 
suggests a range of AHOF values with cars typically 
in the 400 to near 500 mm range. Two modified cars 
gave lower values than the original car.  LTVs ranged 
from about 490 to 550 mm.  
 
     Repeatability: Two tests with a large family car 
were examined for repeatability and, though the peak 
force was 10% higher on one car, the VNT and HNT 
deviation metrics showed good repeatability e.g. 
vertical row (12%), horizontal (higher but on low 
numbers) for a 16 mm vertical and 14 mm horizontal 
difference in estimated impact alignment. However, 
because of the potential for impact alignment 
sensitivity, and generally, manufacturers have been 
asked to assess their vehicles to ascertain the 
robustness of the phase 1 test procedure.  (In practice, 
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at present this means phase 1a.)  This could involve 
modelling as well as analysis of tests.  
 
A pass level for a compatibility metric could be 
aimed at delivering improvements, while also taking 
some account of practical test factors.  All regarded 
good control on vertical test accuracy as being 
important for repeatability.  Test results from a 
number of laboratories were analysed for impact 
accuracy.   Three labs with the closest results in this 
area currently achieve results inside a +/- 10 mm 
vertical band which would seem a reasonable target 
for a specific impact alignment tolerance on this 
aspect.  
 
Close control of impact alignment in test conditions 
does not mean that safety performance need be 
similarly sensitive in practice if the alignment of a 
vehicle differs on the road.  Phase 1a can help in the 
provision of load bearing structure in an area on 
LTVs where none may exist at present, helping in 
LTV to car impacts.  In addition, the size or coverage 
of structures can be influenced in practice due to 
practical considerations such as crushing a barrier 
face over a wide enough area to generate a desired 
force and possibly catering for variation in ride 
height between model variants.  
 
Issues   
 
The main issues to be addressed are  
 
• The degree to which the metric affects the fleet 

and the benefits of changing to meet phase 1 
• Robustness of the test procedure  (mainly impact 

alignment sensitivity of vehicles). 
 
In addition there are aspects associated with further 
defining more specific or detailed aspects of the 
outline phase 1. 
 
• Confirming the appropriateness of [100 kN], for 

example for small cars  
• Proposing an appropriate value for the horizontal 

metric 
• LCW specification and acceptance criteria 

(including measurement tolerance) 
• Specification of deformable element (acceptance 

criteria e.g. control of segment strength) 
 
Some will involve manufacturers looking at the 
degree to which the fleet would be affected and the 
benefit; this would draw on modelling work/ testing.  
Similarly, experience of the robustness of the 
procedure with real world vehicles is important.   A 

LCW specification being prepared by NHTSA is 
covered later. The deformable element specification 
can draw on other hexcell controls.    
 
The results of this work may lead to change or further 
evolution of the proposal. 
 
Specification/ Acceptance Criteria For Load Cell 
Wall (LCW) 
 
NHTSA are drafting a LCW specification and 
acceptance criteria. This builds on an internal 
procurement specification and offers a wider 
harmonised approach to LCW specification; this 
document was presented to the group. EEVC (UTAC, 
BASt) and industry fed back comments direct to 
NHTSA on issues such as dynamic acceptance 
testing, cell mounting techniques, facing material and 
resonant frequency. This has involved little group 
effort.   Free air resonant frequency will be part of the 
specification.  NHTSA are also investigating the 
effect of light and dense wood faces on the load cells.    

 
Candidate Further Metrics - Phase 1b  
 
A number of approaches could offer candidate 
metrics for further steps within a first phase. All are 
aimed at improving structural interaction.   They 
offer either an alternative or supplementary 
assessments of structural interaction but, if desired, 
individual metrics could be used in any combination.   
 
Potential Phase 1b candidate metrics are outlined 
below. 
 
     Relative Homogeneity: This would control the 
force distribution over a wider area beyond the 
common interaction area in Phase 1a, the aim being 
to encourage the development of structures that 
behave in a more homogeneous manner.  This metric 
has been used in research analysis in VC -COMPAT 
and by IHRA members.  Areas to be addressed for 
use as a metric include whether to use peak force or 
impulse, size of an assessment area and performance 
limits. (A more detailed discussion of relative 
homogeneity is in the Phase 2 section under the 
FWDB.) 
 
     Deformation Based : This would evaluate the 
degree to which a vehicle generates “sufficient 
support” within a common interaction area (same 
height range as in Phase 1a but width might differ).  
The proportion of the surface of the stiffer rear layer 
which is deformed in this area is determined and used 
as a measure of sufficient support being provided. 
Also, if this is suitably distributed between the top 
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and bottom of the common area, then structures 
below it might be credited. An advantage is that it 
should be insensitive to impact alignment. An issue 
could be the accuracy with which the deformation 
imprint can be determined. The approach is being 
explored by European industry. An analysis of 
barriers from earlier tests with weakened, standard 
and reinforced crossbeams gave progressively higher 
proportions of the surface deformed  (ranging from 
23% to 43%).  A series of evaluations of the 
deformation of barriers from earlier tests of standard 
vehicles is planned. 
 
It is being researched as an alternative assessment 
technique to a force based assessment as in Phase 1a. 
However, the overall pattern of barrier deformation 
might also be considered as a means of obtaining 
information on the distribution of loads within the 
interaction area and supplementing a Phase 1a test.  
 
     Alternative Metrics with Assessment Area 
Extended Beyond Rows 3 and 4: In principle, any 
metric which focuses on rows 3 and 4, the common 
interaction area, could be extended to other rows, 
particularly row 2 for cars.  Any approach should 
maintain an appropriate level for structural 
interaction in the common interaction area.  The issue 
is not the concept, simply that the immediate priority 
in Phase 1a has been the common interaction zone.   
The two metrics (Relative Homogeneity and 
Deformation) already cover or can be extended into 
other rows.   The heights of various vehicle structures 
including crossbeams, upper rails, lower rails and 
forward (long) subframes, from the European VC-
COMPAT structural survey, are shown in Figure 2. 
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Figure 2.  Height of various vehicle structures 
including crossbeams, rails, and forward 
subframes 
 

Initial Stiffness  
 
NHTSA obtained a correlation between this metric 
and casualty risk in the existing US fleet.  The 
deformable element, because of its function, has 
different initial impact characteristics to a rigid wall 
and does not give the same initial stiffness value. 
(NHTSA and Japanese data confirm this.)   However 
this does not mean that a comparable metric could 
not be derived on a revised basis for the deformable 
element but initial stiffness is not considered as a 
candidate phase 1b metric.  
 
Potential For LCW Improvements (Increasing 
Resolution)  
 
The (125 by 125 mm) size high resolution load cell 
continues to be appropriate.  However, means of 
increasing resolution are being investigated with the 
aim of providing more information about the 
vehicle’s structural characteristics.  Three potential  
routes are outlined. 
 
• Smaller load cells: If specified, this would be 

likely only in the common interaction zone, 
currently rows 3 and 4.  For example the cell size 
could be based on 62.5 mm square or an oblong 
rectangle of 62.5 mm vertical and 125 mm 
horizontal.   

• Measuring moment:  Moments might be 
measurable across a load cell by using existing 
load sensing sub-elements within an individual 
load cell and one member is exploring this 
possibility.  In addition NHTSA’s simulation 
work aims to explore the use of this concept and 
has developed a technique to simulate moment 
measuring load cells.  

• Supplementary deformation measure:  This 
would use the pattern of deformation of the 
deformable element, in particular the rear layer, 
to give extra information on the forces applied 
e.g. whether the force was applied over specific 
parts or all of an individual load cell.   The use of 
deformation as a supplementary technique was 
explored using modelling but the benefit was not 
as great as expected though the model may have 
been over-pessimistic.   

 
The above deformation measure differs from the 
“sufficient support” deformation metric which makes 
an overall assessment of the zone whereas the 
assessment here was over the area of an individual 
load cell.   However some extra information might 
emerge from work on the overall metric. 
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Finally, in addressing any potential advantages of a 
change to increase resolution, it would be necessary 
to bear in mind that increasing resolution might also 
mean a risk of decreasing the reliability of the test.  
For example, if the number of load cells is increased, 
apart from the cost, there is a corresponding increase 
in the risk that the signal output(s) from one might be 
lost. 
 
POTENTIAL PHASE 2 TESTS (OUTLINE) 
 
Outline Of Current Position 
 
While the group agreed to focus on an IHRA Phase 1, 
it also wanted all options to remain open for Phase 2.  
For example Japan stressed the importance of 
addressing compartment strength. Work in member 
regions has continued to cover a range of potential 
tests outlined in this section, though the level and 
area of activity has varied depending on regional 
priorities and resources.  
 
The potential tests include a continuation or evolution 
of a FWDB phase 1 step, extra information from the 
existing ODB test, a high speed compartment 
strength test, various PDB proposals and the longer 
term possibility, probably phase 2+, of an MDB.  The 
position on these is summarised below. Inclusion 
does not mean that the group view is that a test would 
be included in any phase 2 proposal.  The group 
intends to review longer term research in developing 
or evaluating these areas after ESV 2005.    Some 
tests address individual aspects of compatibility. 
Others are based on an interpretation of an overall 
result which is influenced by several compatibility 
aspects of the vehicle. A full width high deceleration 
test would also feature in phase 2 test scenarios, 
including those of the EEVC, as a self-protection test.  
This section outlines the range of compatibility tests 
and some  self protection tests that can offer relevant 
information or control.   
 
Full Width Frontal Test With A Deformable 
Barrier Face (FWDB) 
 
This 56 km/h test uses a load cell wall to assess and 
control the potential for structural interaction 
between vehicles. (It also offers a high deceleration 
test.) This is also the proposed phase 1 test 
configuration but the test metrics used would be 
developed further and the test could evolve. In the 
family of associated tests, additional information 
could be generated from other tests to control (within 
a range) the peak force generated in a self-protection 
ODB test and a high speed compartment strength test, 

possibly 80 km/h, purely to assess passenger 
compartment strength.   
 
Evaluation work on the full width deformable barrier 
(FWDB) has concentrated on the ability to measure 
the forces generated by the car frontal structure and 
on the use of metrics to measure these.   Currently for 
phase 1a, different metrics have been proposed.  
Work on a homogeneity assessment will continue as 
a possible phase 1b metric or further evolve for phase 
2.   
 
The approach being developed to assess the 
homogeneity of forces in a vehicle footprint, as seen 
by the barrier, is briefly described.  A footprint area, 
provisionally based on the dimensions of the vehicle 
being tested, was chosen for the development and 
evaluation of a possible assessment measure. The 
method used smoothes the forces from each load cell 
within the area to minimise the problem of structural 
members bridging adjacent load cells, and quantifies 
the variation between each smoothed load cell force 
and a derived target load level over the footprint. The 
work to date has shown how the assessment measure 
can be used to calculate the variation between rows 
and columns to give an indication of vertical and 
horizontal homogeneity. 
 
It can be sensitive to impact alignment accuracy for 
vehicles which have single load paths or where these 
dominate and examples have been found. But these 
are not homogeneous vehicles and this sensitivity 
should be less of an issue, if higher levels of 
homogeneity are required.  One of the highest levels 
of homogeneity achieved to date was in a recent SUV 
test.  Also higher LCW resolution could be 
advantageous in reducing any alignment accuracy 
sensitivity.  
 
Other issues include determination of the assessment 
area, whether to use peak force or an impulse based 
approach. Recent work found impulse gave a similar 
distribution to that of peak cell force and the effect of 
localised spikes was reduced.  On a more general 
note, the output lends itself to analysis of a specific 
aspect (structural interaction) directly. Also the 
output is available from the beginning of the impact 
should a particular stage or time factor be relevant.  
 
Offset Deformable Barrier (ODB) Test 
 
This high deformation self-protection test could be 
used to supply extra information for compatibility 
purposes using a LCW.   (In current ODB tests, 
speeds range from 56 km/h  in regulations to 64 km/h 
in several consumer tests.) The car’s frontal stiffness 
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could be controlled by specifying that the peak force 
should lie within a specified range.  
 
Another avenue involves exploring whether data 
from a 64 km/h ODB test can be successfully used to 
give an indication of compartment strength.    
 
High Speed Compartment Strength Test 
 
This avenue is an ODB test at [80] km/h purely to 
assess compartment strength for small cars as there 
are concerns about the effect on heavy cars.  There 
are no dummy requirements.  This has been explored 
by the EEVC in earlier work,  although further work 
is deferred in the current EEVC programme.  Japan 
has recently reported some further overload tests in 
the context of a wider exploration of possible 
approaches.  
 
In terms of the latter, Japan has continued to evaluate 
possible metrics that might be used to derive 
appropriate compartment strength information from a 
64 km/h ODB test. These included maximum 
structural force, end of crash force (EOCF) and 
rebound force, each reflecting barrier force recorded 
at different points in the impact e.g. EOCF was 
defined as the barrier force at the time when the 
engine acceleration is minimum after the engine 
makes contact with a firewall.  At present, there are 
issues with all the metrics and how to measure 
compartment strength remains open. Australia has 
also looked at rebound force in an analysis of some 
of its earlier PDB tests but this did not give a clear 
indication of compartment strength.  
 
Progressive Deformable Barrier (PDB) 
 
    Overall Position:  In the last ESV report, the PDB 
60 km/h (for partner protection) was part of a second  
EEVC grouping of tests including a high deceleration 
56 km/h full width test (self-protection) and a 60/64 
km/h ODB (self-protection, high deformation).  
However, this could change as France is researching 
the use of the PDB as a self protection test to replace 
the current ODB (ECE Reg. 94, 56 km/h) test. This 
continuing research has been reported via the EEVC 
for information to the IHRA group.  The French 
proposal is that a change should be made on self-
protection grounds before any decision is made on 
whether the PDB barrier should be used for 
compatibility.   The compatibility metrics are still 
being researched.   There has been no substantial 
discussion as yet in IHRA, but compatibility and self 
protection aspects are likely to be part of any future 
IHRA phase 2 discussions, either as independent or 
linked PDB options.   

The PDB test involves a 60 km/h ODB test with a 
Progressive Deformable Barrier (PDB) face and 50% 
overlap.  
 
     PDB for Self-protection : The latest French 
research is aimed at modifying the current ODB test 
(Reg. 94). The modifications proposed by France are 
to replace the existing (EEVC) deformable element 
with the PDB deformable element, change the test 
speed to 60 km/h and overlap to 50%.  These are 
exactly the same conditions as in the compatibility 
test but now with dummy criteria and also potentially 
intrusion criteria; there would be no compatibility 
criteria but a compatibility proposal could be made 
later. Testing has been performed to compare three 
cases - regulation 94 (56 km/h), regulation 94 with an 
increased test speed of 60 km/h as recommended by 
EEVC WG16 and the French PDB proposal. France 
saw the main advantage of using the progressive 
barrier as having the test Equivalent Energy Speed 
(52 km/h EES) similar for different mass cars, which 
is not the case for the current EEVC barrier. The 
approach is aimed at improving the compartment 
strength of small cars, which would be subject to a 
more severe impact than at present in regulations, 
without increasing the severity for heavy cars.  
 
Points raised in brief discussion/clarifications on the 
presentation included the likelihood that some control 
on the amount of energy that the barrier absorbs 
would be needed to ensure that all cars have the 
intended similar EES in this test. This control could 
be a mass dependent measure such as limiting the 
allowable average depth of deformation of the PDB 
to prevent light vehicles being engineered to take 
advantage of the large energy absorption capability of 
the barrier.   
 
     PDB for Partner Protection (Fixed Speed): The 
aim of the PDB offset test is to control a car's 
structural interaction and frontal stiffness up to an 
equivalent energy speed (EES) of about 52 km/h 
using measurements of the barrier's final deformation 
profile.    
 
The PDB compatibility approach seeks to control two 
aspects by interpreting the final deformation pattern 
on the PDB face post impact; firstly, depth of 
deformation level associated with a desired control 
on maximum force and secondly structural 
interaction by a variation of depth measurement to 
reflect local force variations which are in turn linked 
to a height criteria.  (More uniform deformation 
would indicate a more compatible structure.)  The 
broad appraisal method is outlined below. 
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The barrier surface is first digitised.  Separate areas 
from different regions of the face, which have the 
same degree of deformation, are grouped to give a 
total area for that deformation. A height is then 
associated with each grouped area.  A good 
compatibility rating would be based on an appraisal 
which makes an overall assessment of performance, 
drawing on both deformation (force) and height 
criteria. The boundary chosen for evaluation excludes 
the edges of the barrier face, especially the outer edge 
which suffers additional deformation as the vehicle 
rotates around the barrier during impact. 
   
Work continues to determine the best way to deal 
with these derived measures in a numerical appraisal 
method.  The current formula for overall assessment, 
although available for research, is not ready to be 
proposed.  UTAC is working on medium term 
measures for three parameters: 
(1) Average Depth of Deformation (Stiffness) 
(2) Average Height of Deformation (Geometry) 
(3) Max deformation of barrier after ADOD line 
(Homogeneity) 
In the medium term a new and different criteria could 
be a function of all three of these.  Current 
indications are that interim steps would be proposed; 
the first proposal would be for a single measure 
which reflects a combination of AHOD and ADOD.  
 
The PDB deformed barrier face (after impact) 
represents an overall total effect in which several 
vehicle compatibility factors have combined over the 
impact.  Separating these factors reliably is the 
subject of the current work.    
 
The PDB generates higher shear in both vertical and 
lateral planes. (Generating high shear may have 
advantages in testing structural interconnections 
between load paths.)  Being an offset test, it involves 
greater structural deformation.   Penetration of the 
barrier outer skin can sometimes occur which can 
give rise to further damage on removal of the barrier.  
This would make a rating more difficult but may not 
occur (or be permitted) if high level(s) of 
compatibility are specified in a test proposal.  
 
PDB Constant Energy  
 
This Australian approach uses the fixed PDB barrier 
in a constant energy test, the aim being to stiffen 
small cars and soften large cars, to control 
compartment strength and improve structural 
interaction.  The test configuration is with 40% 
overlap, dummy criteria and a load cell wall behind 
the barrier.  It would be carried out at constant energy 
with variable speed, equivalent to 48 km/h for 2.5 

tonnes and no limit on speed e.g. 74 km/h at 1060 kg.  
Australia considered that the ODB may still be 
necessary for cars heavier than [1400] kg as these are 
not tested at high speed into the PDB.    
Essentially this takes compatibility to a further stage 
in terms of the emphasis on small car occupant 
protection and compartment strength.     
 
Mobile Deformable Barrier (MDB)  
 
This approach offers the ability to provide for mass 
and carry out angled (oblique) offset tests. The US 
regards a mobile deformable barrier (MDB), in 
conjunction with existing tests, as offering improved 
coverage of US accidents and in a later phase could 
be used to address frontal impact and compatibility.   
The MDB, if considering frontal impact self-
protection, would not ensure that all the energy can 
be absorbed in the vehicle frontal structure unless the 
MDB mass is increased for heavier vehicles.  
 
There are options of one or both moving (MDB and 
vehicle). There are however practical considerations 
such as high test speed (if one moving), test 
laboratory capability and site approach distances (one 
or both moving). It would not equalise frontal force 
but the use of load cells offers information on frontal 
force and interaction which could be controlled. 
 
There is no specific update on MDB testing since the 
last ESV report. Past work in Japan had suggested 
that the current face used could be investigated.  
Possibilities could include the PDB face.  Any 
programme of MDB development would be a longer 
term exercise with greatest interest in the US, 
including a full width MDB; NHTSA pointed out that 
it could be useful to start early given the long 
timescales.  Other members, despite differing 
experiences in the past, would also wish this to be 
included in a review of possible longer term work.  
However ensuring adequate self-protection for larger 
vehicles was a concern expressed by European and 
Japanese industry. 
 
SOME ADDITIONAL ASPECTS/ FACTORS  
  
Specific Test Requirements For Side Impact 
 
The immediate priority for the group lies with tests to 
improve frontal compatibility.  Improving some 
aspects of vehicle fronts may help in side impacts but 
comprehensive requirements aimed at side impact 
would be complex and a separate exercise, if 
possible.  
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Insurance Low Speed Damageability Test  – 
Potential Developments 
 
A presentation was made to the group by a 
representative from an insurance industry research 
centre on  work by the Research Council for 
Automobile Repair (RCAR) to update the current low 
speed damageability test. Although the RCAR group 
have not yet fixed a bumper test height, the IHRA 
group felt that there could be a possible conflict on 
one aspect.  If a consequence of the proposed 
insurance test was  higher front bumper beams or 
associated structure than at present, it was felt that 
this would create an incompatibility with the lower 
front bumper beams found in the current fleet and the 
fact that the IHRA group were building on the use of 
the 581 zone, either directly or indirectly.  If that 
happened, the result would be an increased risk that 
new cars with higher bumper or crossbeams would 
override existing cars with an associated likelihood of 
increased occupant injury.  
 
OUTLINE AREAS FOR RESEARCH PLANS / 
NEXT STEPS 
 
The following sets out a structure under which topics 
can be further discussed after ESV. It is also  
important to stress that further activities would 
naturally require agreement by the Steering 
Committee.    
 
Possible Route Map Summary 
 
The possible route map covers areas of research that 
could allow the definition of test and assessment 
protocols over short, medium and long term 
timescales. 
 
(1)   Within a short term (less than 2 years) timescale: 

Phase 1 test procedure to enhance structural 
interaction. 
 
The following further areas were identified and 
are to be reviewed after ESV. 

 
(2) Within a medium term timescale: 

These are likely to be fixed barrier tests aimed at 
improving compartment strength and frontal 
force matching and further improving structural 
interaction. 
 

(3) Within a long term timescale: 
This is likely to be a mobile deformable barrier 
test. 

  

CONCLUSIONS 
 
Phase 1  
 
The group agreed that, in principle, the outline test 
procedure described offers the best way forward for a 
harmonised phase 1 test proposal. The proposal aims 
to improve structural interaction primarily for LTV to 
car compatibility.  
 
Recent phase 1 discussion has been mainly on a 
vertical metric to improve LTV to car compatibility.  
A later metric could  address cross beam strength 
which could also benefit car to car compatibility but 
so far analysis has been exploratory. 
 
This agreement in principle will be reviewed 
following further investigation of the proposal by 
group members. The main issues to be addressed are: 
• The degree to which the metric affects the fleet 

and the benefits of changing to meet a phase 1. 
• The robustness of the test procedure. (mainly 

impact alignment sensitivity of vehicles) 
 
The use of a deformable element is an open question 
for Japan.  
 
It is important to keep the outline test procedure for 
phase 1 in perspective as a potential first step. It  
must be viewed against a background of  much wider 
longer term research which continues in an effort to 
develop further compatibility test procedures.  
 
Phase 2  
 
While the group agreed to focus on an IHRA Phase 1 
test, it also wanted all options to remain open for 
Phase 2.    
 
A range of phase 2 options are being explored.   For 
example VC -COMPAT is concentrating on a full 
width test with a deformable element and a PDB 
approach; the associated EEVC recommendation is 
expected at the end of  2006.  
 
The MDB is seen as the longest term option. 
 
A special test or requirement for side impact is some 
way off although some aspects of a frontal test should 
help.  
 
Wider Comments 
 
The priorities are structural interaction,  followed by 
compartment strength and control of frontal forces. 
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EEVC, NHTSA and other research programmes have 
different emphases but considerable common 
interest.  The close links with the EEVC group work 
well and industry involvement has been a healthy 
aspect.  
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ABSTRACT 
 
Recent increase in the use of child restraints, 
particularly belt-positioning booster seats, requires 
closer evaluation of their performance.  Previous 
studies by Menon, et al. and Sherwood, et. al. have 
shown that the Hybrid III 6-year-old dummy 
produced unusual head-neck kinematics and neck 
injury measures that exceeded critical values while 
restrained in a high back booster seat. Both studies 
used similar high back booster seats for the tests but 
were done at different speeds and conditions.  This 
study was undertaken to initiate a process to evaluate 
the performance of multiple high back booster seats 
by conducting a series of sled tests.  These 56 kph 
sled tests were done using the Hybrid III 6-year-old 
child dummy in 4 different high back booster seats 
and their injury measures were compared. 
  
Results of these tests have been summarized in this 
paper and provide an evidenence for a differential 
performance among the various designs of high back 
booster seats compounded with the established lack 
of biofidelity of the Hybrid III 6-year-old dummy.  
Injury tolerances exceeded for the 6 year-old dummy 
in two of the high back booster seats for the Head 
Injury Criteria, in three of the seats for chest G’s and 
in all the four seats for the Neck Injury Criteria.  In 
two of the seats with similar design, the kinematics of 
the head was unusual, mainly due to the extreme 
hyper-flexing of the neck.  This high neck injury 
measures obtained from the sled tests are in contrary 
to the field data, which show that children in belt-
positioning booster seats suffered virtually no 
injuries to the abdomen, neck/spine/back.  These test 
results and field data highlights the need for further 
research to be conducted to improve the biofidelity of 
the Hybrid III 6-year-old dummy neck and to 
understand the variation in the high back booster seat 
designs at higher speeds. 
 
 
 

INTRODUCTION 
 
Currently there are about 30 different types of belt 
positioning booster seats available to use for children 
who have outgrown child seats, but are yet not tall 
enough for adult seat belts [1]. The National 
Highway Traffic Safety Administration’s (NHTSA) 
[2] and American Academy of Pediatrics (AAP) [3] 
currently recommend that children over 40 lbs and 
approximately between 4 and 8 years of age unless 
the child is 57 inches tall should be restrained using a 
belt positioning booster seat.  Partners for Child 
Passenger Safety (PCPS) [4], a national data source 
of children in crashes, collected over a period of 5 
years, provides an evidence of the increased uses of 
these belt positioning booster seats [5].  This data 
also shows that the belt-positioning booster seats 
provide added safety benefits over seat belts to 
children through age 7 years, including the reduction 
of injuries classically associated with improper seat 
belt fit in children. [6,7,8] 
 
The study by Menon, et, al. [9] looked at the 
performance of the various child restraint systems by 
conducting sled tests with Hybrid III 3- and 6-year-
old child dummies at a range of speeds.  It was 
observed in the study that the 6-year-old dummy in 
the high back booster (HBB) seat at 56 kph 
experienced a significant neck flexion resulting in the 
chin and face contacting the chest of the dummy.   
Although this phenomenon of the dummy neck 
kinematics has been adequately explained by 
Sherwood et. al. [10] it must be noted that this 
extreme hyper-flexing of the Hybrid III 6-year-old 
dummy neck only occurred in the HBB at speeds 
above the standard test speed of 40 kph and not in 
other restraint types.  Thus leading the authors to 
believe that the influence of the HBB design itself 
should not be ignored.  Since there are many 
different high back booster seat designs that are 
available for use, therefore the primary purpose of 
this study was to conduct a series of sled tests at 56 
kph with a Hybrid III 6-year-old dummy restrained in 
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different belt-positioning HBB designs to assess the 
dummy’s response and to evaluate the performance 
of the different HBB designs.  This paper documents 
the Hybrid III 6-year-old dummy interaction with the 
HBB seats. 
 
METHODS    
  
Four HBB seats, Century Brevera, Evenflo Express, 
Cosco Highback and Britax Roadster, were selected 
for this study.  Two of the seats, Evenflo Express and 
Cosco Highback, had some similarities in design.  A 
total of eight sled tests were conducted for these 4 
HBB seats.  These tests were conducted on a HYGE 
accelerator sled at Calspan Corporation, formerly 
known as Veridian Engineering, Buffalo NY.  Two 
sled tests were performed for each HBB seat.  All the 
tests were performed at an impact speed of 56 kph 
with the sled acceleration pulse as shown in Figure 1.  
The maximum acceleration was above the standard 
value, but the duration of pulses was similar to the 
FMVSS 213[11] acceleration pulse. These tests were 
performed with a 6-year-old dummy positioned on 
one side of a standard FMVSS 213 bench seat.  The 
guidelines provided in the standard were used for 
conducting the tests with the exception being the test 
speed, which was higher than the 49 kph standard 
test speed.  Production seatbelts were attached to the 
bench seat assembly in the correct anchorage 
locations without using the pre-tensioners or the 
force limiting devices.  When the dummies were 
placed in the HBB seats, the manufacturers 
instructions accompanying each HBB seat were 
followed carefully to properly restrain the dummies 
with optimum belt placement.  Two tests were 
conducted for each HBB seat design to check for the 
repeatability of the results.  
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Figure 1. Sled acceleration pulse for 56 kph 
frontal sled tests. 
 
The Hybrid III 6-year-old dummy was equipped with 
standard sensors for taking measurements, which 

included the head tri-axial accelerometers, upper 
neck load cells, chest accelerometer, chest 
potentiometer, pelvis accelerometer and a shoulder 
belt load cell.  Electronic data was sampled at 10, 
000 Hz and were filtered as per the Society of 
Automotive Engineers (SAE) recommended practice 
J211 [12].  Head and pelvis accelerations and upper 
neck loads were filtered at CFC 1000, whereas the 
cheat accelerations were filtered at CFC 180. Chest 
displacement and the upper neck moments were 
filtered at CFC 600.  Finally the shoulder belt loads 
were filtered at CFC 60. 
 
Since the current FMVSS 213 consists of only a test 
bench without any structure to represent the vehicle 
interiors, the injury measures, which may be 
specified as compliance requirement, are non-contact 
in nature.  In order to assess the performance of the 
HBB designs tested, the injury measures obtained 
from these tests were compared to the published 
injury assessment reference values (IARVs) that are 
shown in Table 1.  The injury measures that were 
obtained in these sled tests were Head Injury Criteria 
(HIC), neck forces, neck moments, chest 
acceleration, chest deflection, head excursions and 
the knee excursion.   
 
The Nij value was calculated for the upper neck as a 
predictor of neck injury potential and was based on 
the information provided by Eppinger et al. [13].  
The critical values used for calculating Nij for the 6-
year-old were Fint (tension) = 3096 N, Fint 
(Compression) = -2800 N, Mint (Flexion) = 93 Nm 
and Mint (extension) = -42 Nm. 
 

Table 1. 
Injury Assessment Reference Values 

 

Injury Criteria 
Hybrid III 6-

year-old 
Dummy 

Source 

Head Criterion (HIC36ms) 1000 Title 49 CFR, Part 
571, FMVSS 213 

Neck Criterion (Nij)*  1 Eppinger et al., 
2000 

Chest Acceleration (G) 60 Title 49 CFR, Part 
571, FMVSS 213 

Chest Deflection (mm)*  40 Eppinger et al., 
2000 

Head Excursion Without 
Tether (mm) 

813 Title 49 CFR, Part 
571, FMVSS 213 

Knee Excursion (mm) 915 Title 49 CFR, Part 
571, FMVSS 213 
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Two cameras (Kodak Ektapro high speed video 
cameras) were placed on either side of the bench seat 
to provide sufficient film coverage of the dummy 
motion and to record the tests at 1000 frames/sec.  
The head and knee excursion values reported under 
results were obtained from the test video with the use 
of visualization software.  The visualization software 
takes care of residual parallax error in head excursion 
measurements and also incorporates the necessary 
corrections for measuring the knee excursions. 
 
INITIAL TEST SETUP 
  
The initial test setup of the Hybrid III 6-year-old 
dummy in a Century Brevera HBB is shown in the 
Figures 2a and 2b.  The vehicle belt was placed 
ideally over the pelvis and the chest.  The belt guides 
provided for the shoulder belt in the HBB seat was 
not used because the belt path was ideally placed 
over the sternum without using the belt guide and this 
was in accordance to the manufacturer’s guidelines.  
The seated angle of the lumbar with respect to a 
vertical plane was 180 and the angle of the thigh with 
respect to the horizontal plane was 130.  The dummy 
seating posture is upright. 
 

12.6° 

17.7

 
 

Figure 2a. Pre-test setup of the Hybrid III 6-year-
old dummy in a Century Brevera HBB 
 

 
 

Figure 2b. Shoulder belt routing of Hybrid III 6-
year-old dummy in a Century Brevera HBB 

 
Figures 3a and 3b shows the test setup of the Hybrid 
III 6-year-old dummy in an Evenflo Express HBB 
seat.  The shoulder portion of the vehicle belt was 
routed through the top belt guide provided in the seat 
for proper belt routing over the dummy’s sternum.  
The seated angle of the lumbar with respect to a 
vertical plane was 320 and the angle of the thigh with 
respect to the horizontal plane was 160.  The 
dummy’s initial seating posture has a slouch. 
 
Pre-test setup of the Hybrid III 6-year-old dummy in 
a Cosco HBB seat is shown in the Figures 4a and 4b.  
The manufacturer’s recommendations were used for 
restraining the dummy in the HBB and the vehicle 
shoulder belt was routed through the top portion of 
the belt guide for proper placement over the 
dummy’s sternum.  The seated angle of the lumbar 
with respect to a vertical plane was 310 and the angle 
of the thigh with respect to the horizontal plane was 
160.  It is observed that the Hybrid III 6-year-old 
dummy had similar seating posture in both Evenflo 
Express and the Cosco Highback HBB seats.   
 

 
 

Figure 3a. Pre-test setup of a Hybrid III 6-year-
old dummy in an Evenflo HBB 
 

 
 

Figure 3b. Shoulder belt routing of Hybrid III 6-
year-old dummy in an Evenflo HBB 
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31

15.7

 
 

Figure 4a. Pre-test setup of a Hybrid III 6-year-
old dummy in a Cosco HBB 
 

 
 

Figure 4b. Shoulder belt routing of Hybrid III 6-
year-old dummy in a Cosco HBB 
 
The Britax Roadster HBB seat is unique in design 
and its back can be adjusted in height to suit the 
child’s height.  The pre-test setup of the Hybrid III 6-
year-old dummy in a Britax Roadster HBB seat is 
shown in Figures 5a and 5b.  The vehicle shoulder 
belt routing was done based on the guidelines 
provided by the seat manufacturer.  The height of the 
HBB seat back was adjusted such that the belt guide 
of the seat was at the shoulder level of the dummy.  
From Figure 5a the seated angle of the lumbar with 
respect to a vertical plane was measured to be 160 and 
the angle of the thigh with respect to the horizontal 
plane was measured to be 170 indicating that the 
dummy seating position is upright. 
 
 OBSERVATIONS AND RESULTS 
 
Appendix A summarizes the results obtained from 
the sled tests for the Hybrid III 6-year-old in these 
four different HBB seats.  The time histories of head 
and chest resultant acceleration, chest deflection and 
the shoulder belt loads along with HIC maximum 
head and knee excursion and the Nij obtained from 
the sled tests are provided.   

16.40

16.80

 
 

Figure 5a. Pre-test setup of a Hybrid III 6-year-
old dummy in a Britax Roadster HBB 
 

 
 

Figure 5b. Shoulder belt routing of Hybrid III 6-
year-old dummy in a Britax Roadster HBB 
 
The resultant head accelerations were measured with 
the help of a triaxial accelerometer mounted on the 
center of gravity of the dummy head.  The time 
history of the head acceleration of the Hybrid III 6-
year-old in the different HBB seats is shown in 
Figure 6.  The head acceleration measured from the 
Evenflo Express and the Cosco Highback HBB seats 
were almost identical. 
 

0
20

40
60

80
100
120

0 50 100 150 200 250
Time (msec)

 H
ea

d 
A

cc
el

er
at

io
n 

(G
's

)

Century Brevera Evenflo Express 
Cosco Highback Britax Roadster

Figure 6. Resultant head acceleration with respect 
to time of a Hybrid III 6-year-old dummy 
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Head Injury Criteria (HIC), the predictor of head 
injury is calculated using the resultant head 
acceleration and the threshold limit of 1000 is 
considered as injurious.  The HIC values are shown 
in Figure 7.  The Evenflo Express and Cosco 
Highback HBB seated Hybrid III 6-year-old dummy 
experienced HIC values greater than 1000 whereas 
the Britax Roadster HBB seated dummy had the 
least.  
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Figure 7.  HIC (36ms) for the Hybrid III 6-year-
old dummy 
 
The resultant chest acceleration measured over a 3ms 
clip is shown in Figure 8.  Of all the 4 types of HBB 
seats, the Century Brevera restrained Hybrid III 6-
year-old dummy experienced the lowest chest 
accelerations. 
 
Chest deflections of the Hybrid III 6-year-old dummy 
measured with respect to time is shown in Figure 9.  
The Century Brevera and the Britax Roadster 
restrained dummy experienced the highest chest 
deflections and their values exceeded the threshold 
limit of 40 mm.  The other two HBB seats produced 
lower chest deflection measures.  
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Figure 8. Resultant chest acceleration of a Hybrid 
III 6-year-old dummy 
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Figure 9.  Chest deflections of a Hybrid III 6-year-
old dummy in different HBB designs 
 
The head and knee excursions for the 6-year-old 
dummy in all the different HBB seats were lower 
than their corresponding threshold limit and are 
shown in the Figures 10 and 11 respectively. 
 

0

150

300

450

600

750

900
H

ea
d 

E
xc

ur
si

on
s (

m
m

)

Century
Brevera

Evenflo
Express

Cosco
Highback

Britax
Roadstar

Figure 10. Head excursion of a Hybrid III 6-year-
old dummy in different HBB designs 
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Figure 11. Knee excursion of a Hybrid III 6-year-
old dummy in different HBB designs 
 
The neck injury measure Nij calculated based on the 
reading obtained from the neck load cell is shown in 
Figure 12.  The Nij values exceeded the threshold 
limit of 1 for all the HBB seats.  The failure of the 
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neck can be observed mainly due to the higher 
tension values (both in flexion and extension).  The 
Hybrid III 6-year-old dummy’s neck experienced 
relatively low forces in compression. 
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 Figure 12. Neck injury measures of a Hybrid III 
6-year-old dummy in different HBB designs 
 
The shoulder belt loads experienced by the Hybrid III 
6-year-old dummy during the sled tests is shown in 
Figure 13.  It can be noted from the graph that the 
load distributions were almost identical in all HBB 
seats. 
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Figure 13. Shoulder belt loading of a Hybrid III 6-
year-old dummy in different HBB designs 
 
The HBB seats were examined post-test for damage.  
The Century Brevera was the only HBB seat with no 
visible damage to the seat structure.  The visual 
inspection of the other three HBB seats reveled 
structural damage to all of them especially at the 
point of seat belt loading which varied from stress 
marks to breakage.  The damage to the seats are 
shown in Figures 14a, 14b and 14c.  The Evenflo 
Express had plastic deformation of the fins, the 
Cosco HBB seat broke at the lower belt guide and the 
Britax Roadster split at the seam.   

 
Figure 14a. Post-test structural damage (stress 
marks and bending of material) of the Evenflo 
Express HBB seat 
 

 
Figure 14b. Post-test structural damage of the 
Cosco Highback HBB seat 
 

 
 
Figure 14c. Post-test structural damage of the 
Britax Roadster HBB seat 
 
DISCUSSION 
 
This study was undertaken to evaluate the 
performance of different high back booster seats by 
conducting a series of sled tests.  These 56 kph sled 
tests were done using the Hybrid III 6-year-old child 
dummy in four different HBB seats and their injury 
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measures were compared.  These tests demonstrated 
that there is a difference in performance among the 
different designs of HBB seats compounded with the 
established lack of biofidelity of the Hybrid III 6-
year-old dummy.  Injury tolerances exceeded for the 
Hybrid III 6-year-old dummy in two of the HBB 
seats for the HIC, in three of the HBB seats for chest 
G’s and in all the four HBB seats for the Nij. 
 
In two of the HBB seats, the Evenflo Express and the 
Cosco Highback, which were  similar design, the 
kinematics of the head was unusual, mainly due to 
the extreme hyper-flexing of the neck causing the 
forehead to contact the chest.  This phenomenon may 
be attributed to the stiff spine of the Hybrid III 6-
year-old dummy as demonstrated by Sherwood et. al. 
[10].  A sequence of the sled tests with all the four 
HBB seats is provided in Appendix B, for 
comparison.  Although the hyper-flexion of the 
Hybrid III 6-year-old dummy neck was also observed 
in the other two HBB seats (Century Brevera and 
Britax Roadster), the extent of the flexion was not as 
high and the forehead of the dummy did not make 
contact with its chest.  This calls attention to the 
hypothesis by the authors that the design of HBB seat 
has an effect on the performance of the Hybrid III 6-
year-old dummy.  
 
This high neck injury measures obtained for all the 
HBB seats from the sled tests are in contrary to the 
field data, which show that children in belt-
positioning booster seats suffered no injuries to the 
abdomen, neck/spine/back [8].  These test results and 
field data highlights the need for further research to 
be conducted to improve the biofidelity of the Hybrid 
III 6-year-old dummy neck and to understand the 
variation in the high back booster seat designs at 
higher speeds. 
 
The kinematics of the tests show that the lap belt 
moved up on the pelvis of the Hybrid III 6-year-old 
dummy restrained in the Evenflo Express and the 
Cosco Highback HBB seats.  Due to the lack of the 
abdominal measuring capability in the dummy any 
unwarranted forces on the Hybrid III 6-year-old 
dummy was not captured.  This reiterates the need 
for the development for an abdominal measuring 
capability in the dummy.     
 
Chest loading is directly dependent on the belt 
routing over the sternum.  During these sled tests the 
shoulder belt slipped away from the sternum, when 
the Hybrid III 6-year-old dummy was restrained in 
the Evenflo Express and the Cosco Highback HBB 
seats thus giving lower chest deflection measures in 

these tests.  Whereas the Century Brevera and the 
Britax roadster restrained dummy experienced higher 
chest deflections because of the proper routing of the 
shoulder belt and the correct loading of the sternum 
during the test.  Therefore it is safe to assume that the 
design of the HBB seat induced belt slippage. 
 
CONCLUSIONS  
 
Overall the Hybrid III 6-year-old dummy responded 
differently while being restrained in the Evenflo 
Express and the Cosco Highback HBB seats when 
compared to the Century Brevera and the Britax 
Roadster HBB seats.  The dummy had higher head 
accelerations, chest accelerations, knee excursions 
and higher neck tension loading in the Evenflo 
Express and Cosco Highback HBB seats.  The higher 
head accelerations, chest accelerations and neck 
tension loads highlight the differential performance 
of the HBB seats due to their designs.  
 
These tests confirm: 

a) the differential performance of the HBB 
seats, 

b)  the need for a more biofidelic Hybrid III 6-
year-old dummy, and 

c) highlights the divergence between 
laboratory test performance of the dummy in 
the HBB seats with the data from the field. 
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ABSTRACT 
 
       Automobile crashes are the largest single cause 
of death for pregnant and the leading cause of 
traumatic fetal injury mortality in the United States.  
The purpose of this paper is to present a validated 
model of a 30 week pregnant occupant and to 
examine the risk of fetal injury in frontal crashes.  
The pregnant uterine model was imported into 
MADYMO 6.0 and included in the 5th percentile 
female human body model using membrane elements 
to serve as ligaments and facet surfaces for the 
overlying skin.  A simulation matrix of 17 tests was 
developed to predict fetal outcome and included 
frontal crash impulses from minor (<24 kph), to 
moderate (24-48 kph), and severe (>48 kph) crashes 
for the driver and passenger occupant positions. The 
test matrix also included various restraint 
combinations: no restraint, lap belt, 3-point belt, 3-
point with airbag, and airbag only.  Overall, the 
highest risk for fetal death was seen in higher speed 
frontal accidents in the driver position for all restraint 
conditions.  The peak uterine strain was reduced by 
26 % to 54 % for the passenger position versus the 
driver position.  This difference was due primarily to 
driver interaction with the steering wheel.   For all 
impact directions, the maternal injury indices were 
greatest for the unrestrained occupant.  In addition, 
the possibility of direct fetal brain injury from inertial 
loading alone appears possible and a component that 
should be included in further models. The current 
modeling effort has verified previous experimental 
findings regarding the importance of proper restraint 
use for the pregnant occupant. 
 
 
 

INTRODUCTION 
 
       Automobile crashes are the largest single cause 
of death for pregnant females [1] and the leading 
cause of traumatic fetal injury mortality in the United 
States (US) [22].  Each year, 160 pregnant women 
are killed in motor-vehicle crashes (MVCs) and an 
additional 800 to 3200 fetuses are killed when the 
mother survives [10 & 11] in the US.  Unfortunately, 
fetal injury in motor vehicle crashes is difficult to 
predict due to the fact that real world crash data is 
limited and cadaver studies are not feasible.   
 
       In the non-pregnant female, the uterus is a 
muscular organ the size of a lemon located within the 
abdominal cavity.  As the fetus grows during 
pregnancy, the abdomen stretches to the size of a 
watermelon.  The internal volume increases from 
0.005 L to 5 L and as much as 10 L [20].  The uterine 
wall is uniform prior to delivery, with a thickness of 
about 1 cm.  The uterosacral and round ligaments 
extend from the uterus to the pelvis and act to support 
the uterus.  The interior of the uterus contains the 
fetus, which is surrounded by amniotic fluid and the 
placenta (Figure 1).  The placenta is a vascular organ 
that acts as a permeable membrane that exchanges 
oxygen, nutrients, and waste products between the 
mother and fetus via the umbilical cord.  It is a flat, 
roughly circular structure 2 cm thick in the center.  
Most placentas, as many as 95%, are in the upper half 
of the uterus [6].  Testing by Fried [6] showed that 
31% of the placentas were wholly or partly fundal (at 
the top of the uterus) and by the 3rd trimester, 40% of 
the placentas were fundal.  The cephalic presentation, 
in which the fetus is in a head down position, 
comprises about 75% of pregnancies [6].   
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Figure 1. Anatomy of a 40-week pregnant woman 

(ligaments not shown). 

 
       In an effort to reduce the risk of injury to 
pregnant occupants in car crashes, research was 
performed on pregnant primates that illustrated the 
effectiveness of restraint systems in preventing fetal 
and maternal death [9].  More recently, a pregnant 
anthropometric test dummy (ATD) has been 
developed at the University of Michigan 
Transportation Research Institute [20].  The Maternal 
Anthropomorphic Measurement Apparatus Version 
2B (MAMA-2B) is a second-generation prototype 
ATD that is a retrofit Hybrid III small female 
dummy.  One of the primary limitations of the 
pregnant dummy is the lack of injury criteria for the 
fetus.  The MAMA-2B was designed to measure 
anterior and posterior pressure in the fluid-filled 
abdomen insert as well as the strain on the perimeter 
of the insert.  However, only the anterior pressure 
measurements were repeatable [20].  Therefore, it 
would be beneficial to have an injury criterion for the 
pregnant dummy that utilizes currently established 
ATD measurement methods.  One leading example 
would be to measure overall abdominal compression 
in a similar manner that used to measure chest 
compression.  For example, this could be done by 
using a string potentiometer as is done in the chest. 
 

       The most common cause of fetal death from 
motor vehicle accidents is placental abruption, which 
is the premature separation of the placenta from the 
uterus [11].  Both the pregnant dummy and the 
pregnant model presented in this study utilize this 
injury mechanism to predict fetal outcome [14].  
However, due to the difficulties in measuring this 
mechanism in the pregnant dummy, such as tissue 
strain and pressure, a computational model is desired 
that can accurately predict fetal injury risk.  
Therefore, the purpose of this paper is to present a 
validated model of the pregnant occupant to examine 
the risk of fetal injury in frontal crashes for a range of 
restraint configurations in both driver and passenger 
occupant positions.   
 
METHODOLOGY 
 
       Motor vehicle crashes were simulated using the 
MADYMO (TNO, Netherlands) software package.  
In order to create the pregnant occupant, the finite 
element model of a pregnant uterus was inserted into 
the abdomen of a multibody human model (Figure 2) 
[14, 15, & 17].  The finite element uterine model is 
designed to represent an occupant in her 30th week of 
gestation.  The abdomen consists of the uterus, 
placenta, and amniotic fluid.  A fetus was not 
included because the injury mechanisms that 
predominantly contribute to fetal loss, as described 
by [20], are independent of the fetus.  The uterus is 
27 cm long, 18 cm wide, and 1 cm thick.  The 
placenta is located at the fundus of the uterus and is 2 
cm thick.  The remainder of the interior of the uterus 
is filled with the amniotic fluid.  The human model is 
a 5th percentile female (5 ft tall, 110 lbs) and the 
weight of the pregnant occupant model is 135 lbs.  
The multibody human model provides biofidelic 
response of an occupant in a motor vehicle crash, 
while reducing the computational time compared to a 
full finite element human model.  The anthropometry 
of a pregnant woman was quantified by Klinich  [10].  
The abdominal contour of the pregnant model closely 
matches the Klinich data.   
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Figure 2. Pregnant occupant in the driver-side interior. 

 
       The uterine model is supported to the human 
model by the uterosacral and round ligaments, as well 
as the cervix.  The bottom four nodes of each 
ligament are constrained to move with the pelvis for 
both translation and rotation.  The uterine model is 
also surrounded by fat to represent the boundary 
conditions involving the spine, abdominal organs, 
and the pelvis.  All uterine bodies were modeled as 
linear elastic solids.  Although the uterus and 
placenta are considered visco-elastic and anisotropic 
[2, 13, & 19], sufficient data was not available to 
accurately apply these material types.  The amniotic 
fluid was modeled as a solid because MADYMO 
does not utilize fluid elements at the time of model 
development.   

       Tension tests on human uterus tissue have been 
reported by Pearlman [18], Pearsall [19], and Wood 
[23].  The Young’s modulus ranged from 20.3 kPa to 
1379 kPa, with an average of 566 kPa.  The Poisson’s 
ratio is set to 0.40 since the uterus is a muscular 
organ and the density is 1052 kg/m3.  Pearlman [18] 
reported the results of five tension tests on placental 
specimen.  The average modulus was 33 kPa, with a 
high of 63 kPa.  Testing was not taken to failure.  The 
highest modulus is used in the pregnant model 
because it is expected that the placenta is stiffer than 
the fat.  The Poisson’s ratio is assumed to be 0.45 
because it is muscular tissue (ν=0.40) engorged with 
blood (ν=0.50).  The density of the placenta is 995 
kg/m.  The amniotic fluid, which is 99% water and 
therefore incompressible, was assumed to have a 
negligible Young’s modulus and a Poisson’s ratio of 

0.49.  The Young’s modulus of 20 kPa is used for the 
fluid because moduli of lower values produced 
unstable results. The computational model uses peak 
von Mises strain in the uterus, near the placenta, as 
the measure for predicting risk of injury.  High risk is 
associated with the presumed 60% strain tissue limit 
allowing the prediction of fetal injury based on the 
strain. 
 
       Material properties of the ligaments connecting 
the uterus to the pelvis were not available in the 
literature.  A brief search of general ligament 
properties showed that the elastic modulus of 
ligaments is typically two orders of magnitude 
greater then the uterus [8, 24, & 25].  Therefore, the 
elastic modulus of the uterosacral and round 
ligaments is set to 100 times the modulus of the 
uterus.  The density and Poisson’s ratio were also 
taken from general ligament data [8 & 25].  An 
isotropic representation of fatty tissue has been used 
by Todd and Thacker [21] in modeling of the human 
buttocks.  The Young’s modulus for a seated female 
is 47 kPa with a Poisson’s ratio of 0.49.  This 
Poisson’s ratio represents a nearly incompressible 
material.  Contacts were created such that the fluid 
interior of the uterus was free to move within the 
uterus, with contact friction.  However, the fluid 
could not penetrate the uterus or placenta.  Default 
master/slave contact treatments within MADYMO 
were used for all contacts.   
 
       Four techniques were used to validate the 
pregnant model.  First, a global biofidelity response 
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was evaluated by using a seatbelt to compress 
dynamically the pregnant abdomen [17].  The force 
versus compression results were within the published 
corridors from scaled cadaver tests [7].  Second, a 
similar validation procedure was performed with a 
rigid bar [17] and these results were also consistent 
with previous data [7].  The third technique involved 
validating the model against real-world crashes in 
order to investigate the model’s ability to predict 
injury.  Using fatal crashes from pregnant occupants 
[11], the model showed strong correlation (R2 = 
0.85) between peak strain at the uterine-placental 
interface (UPI) as measured in the model compared 
to risk of fetal demise as reported in the real-world 
crashes over a range of impact velocities and restraint 
conditions [14].  The forth method compared the 
physiological failure strain from placental tissue tests 
to the failure strain measured in the model.  Tissue 
tests by Rupp et al. [20] suggested approximately a 
60% failure strain for UPI tissues which is in 
agreement with the model’s prediction of 75 % risk 
of fetal loss at a 60% strain in the UPI.  In summary, 
the global, injury, and tissue level validation 
techniques all indicate the model is good at 
predicting injurious events for the pregnant occupant.   
 
       The current simulations were chosen to 
determine the effect of restraint use and occupant 
position on the response of the pregnant occupant.  
The test matrix consisted of 17 simulations in two 
groups.  The first group of 15 simulations was 
performed with occupant position and occupant 
restraint variations (Table 1).  The applied sled pulse 
is a half-sine wave imposed for duration of 100 ms. 
Acceleration is defined with respect to time; therefore 
the area under the curve corresponds to the change of 
velocity of the crash.  Two interiors were used in the 
simulations; a standard driver-side interior and a 
passenger-side interior.  The driver interior is a 
typical MADYMO interior made up of rigid planes to 
represent the seat, vehicle floor, and knee bolster.  
Positioning of the pregnant occupant was based on 
the seated anthropometry of a pregnant woman in her 
30th week of pregnancy as defined by Klinich [10].  
Four parameters were chosen to define the position of 
the occupant, using the parameter values that 
correspond to the small female group in the Klinich 
study (average height: 5 ft, average weight: 134 lb).  
The abdominal clearance, defined as the distance 
between the abdomen and the bottom of the steering 
wheel, is 38 mm.  The mean overlap of the uterus to 
the steering wheel is 12%, where the overlap is 
defined as the ratio of the vertical height of the uterus 
above the bottom of the steering wheel to the total 
vertical height of the uterus.  The seatback angle, 
relative to vertical, is 13 degrees, and the steering 

wheel tilt is 29 degrees from vertical.  Standard 
MADYMO finite element belts are used for the 
three-point restraint condition.  For the airbag tests, a 
MADYMO 600 mm driver airbag (volume = 35 L) is 
used, with inflation triggered 15 ms into the 
simulation.   
 
       The second group of two simulations was 
performed to explore the possibility of fetal brain 
injury due to inertial loading alone.  In other words, 
these simulations were performed to investigate the 
possibility of fetal brain injury due to an acceleration 
rather than using the placental separation predictive 
measure as done in the previous 15 simulations.  
Therefore, two severe rear impact tests were 
performed using 100 ms pulse duration and 35 kph 
and 47 kph crash velocities.  This direction was 
selected in order to generate a pure inertial load 
without interference from the belts or steering wheel.  
For these tests, the pelvis acceleration was recorded 
and a HIC value (15 ms) was determined.  It was 
assumed that in the later part of gestation, the head of 
the fetus lies firmly in the cervix and is relatively 
fixed to the pelvis.  Therefore, it is assumed that the 
pelvis acceleration acts as a marker for the fetal head 
acceleration; however, this assumption will estimate 
the upper bound of fetal head acceleration given that 
the coupling to the pelvis is not rigid.  
 
RESULTS 
 
       For the pregnant driver occupant, the 
unrestrained occupant resulted in substantially higher 
risk of abdominal and head trauma compared to the 
fully restrained driver in a similar crash (Figure 3).  
For all simulations both strain in the uterus and 
maternal responses were considered with respect to 
fetal outcome (Table 1).  Simulations in which the 
occupant was positioned in the passenger-side 
interior resulted in lower peak uterine strains 
measured at the uterine placental interface (UPI) 
compared to the driver-side interior for all restraints 
tested.  Substantial reductions were seen for the 
unrestrained and 3-pt belt cases for similar crash 
speeds.    For belted simulations, the peak strain is 
26% to 36% less in passenger-side simulations 
compared to driver-side simulations even though the 
forward motion of the occupant is roughly equal 
between simulations with the same restraint.  The key 
difference in the tests is the presence or absence of 
the steering wheel.  In the driver-side configuration, 
the occupant contacts the steering wheel to some 
degree in all the configurations tested.  A lower peak 
strain is recorded in the unrestrained cases because 
the abdomen does not contact the steering wheel, due 
to the seatbelts in the belted cases and due to the 
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contact between the head and the windshield in the 
unrestrained case.  For the two belted cases, the 
occupant does not approach the dashboard and 
therefore, strain is primarily due to inertial effects.  

The main effect of varying the occupant position, 
therefore, appears to be to alter the abdominal 
loading pattern from one of contact in the driver-side 
cases to one of inertia in the passenger-side cases. 

 
 
 
 

A B 
Figure 3.  Unrestrained pregnant driver in a simulated 35kph crash (A), and full restrained at 35 kph crash (B). 

 
 

 
Table 1.  

Pregnant model test parameters and results. 
 

Occupant Restraint 
Crash 
Speed 
(kph) 

Risk of 
fetal 
death 
(%) 

Maximum 
Strain in the 
Uterine Wall 

(%) 

HIC V*C 
(m/s) 

Chest 
Deflection 

(mm) 

Driver None 13 44 23.3 1 0.12 38.6 
Driver None 20 65 36.6 13 0.31 39.1 
Driver None 25 77 44.6 41 0.47 39.4 
Driver None 35 100 60.8 156 0.72 39.7 
Driver 3-pt Belt 13 32 15.5 4 0.03 43.4 
Driver 3-pt Belt 25 51 27.9 62 0.09 47.1 
Driver 3-pt Belt 35 89 52.6 185 0.12 52.4 
Driver 3-pt Belt 45 99 58.7 211 0.13 54.3 
Driver 3-pt Belt 55 100 61.2 310 0.17 58.2 
Driver 3-pt Belt + 

Airbag 
25 52 28.1 49 0.22 45.1 

Driver 3-pt Belt + 
Airbag 

35 59 33.0 114 0.24 48.2 

Driver 3-pt Belt + 
Airbag 

45 80 46.6 173 0.20 49.0 

Passenger None 35 52 28.2 2820 0.33 32.7 
Passenger 3-pt Belt 35 60 33.7 181 0.30 51.5 
Passenger 3-pt Belt + 

Airbag 
35 46 

 
24.4 140 0.27 47.8 
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       The importance of examining the maternal 
response is highlighted in the unrestrained passenger-
side case.  Although this simulation produced a low 
peak strain, based on the HIC value of 2820, it is 
reasonable to predict maternal death.  This elevated 
value is the result of severe contact between the 
occupant’s head and the dashboard.  HIC scores for 
the remaining simulations were generally low and 
consistent between seating position.  Thorax response 
for the unrestrained occupant shows the same trend 
as for the strain, where the limited contact between 
the thorax and any vehicle surface reduces the 
passenger injury risk as compared to the driver 
response.  For the restrained occupant, a slight 
increase is seen in thorax injury risk with the removal 
of the steering wheel.  This is a result of the contact 
between the steering wheel and the pregnant 
abdomen in driver-side simulations reducing the load 
applied to the shoulder belt as compared to the 
passenger-side. 
 
       In the second group of simulations, the seatback 
fully supported the occupant thereby resulting in the 
anticipated pure acceleration field presented to the 
pregnant abdomen.  In the 35 kph crash simulation, 
the peak fetal head acceleration was estimated as a 
peak of 73.5 g with a 118 HIC.  In the 47 kph crash 
simulation, the peak fetal head acceleration was 83.7 
g with a 215 HIC.   
 
DISCUSSION 
 
       Overall, there is a high probability that placental 
abruption would occur in the driver-side, 
unrestrained, frontal impact simulation.  In the 
passenger–side simulation, there is a near 100% risk 

of life-threatening maternal brain injury in the 
similarly unrestrained condition, and therefore a high 
risk for fetal death.  The use of a 3-pt. belt, as well as 
an airbag, reduces the risk to the pregnant women 
and the fetus.  The difference in abdominal clearance 
between the driver-side and passenger-side 
simulations played an important role in peak strain in 
the uterine wall.  The strain was 26% to 54% less in 
passenger side simulations, primarily due to the 
presence or absence of the steering wheel.  Based on 
the results of this study it is recommended that, when 
practical, the pregnant woman ride in the passenger 
seat with a 3-point seatbelt and airbag with the seat 
positioned as far rearward as possible. 
 
       Placental abruption is believed to occur when the 
strain in the uterine wall exceeds 60%.  The risk for 
placental abruption is largest for high strains that 
occur near the placenta which can be dramatically 
influenced by the lap belt position.  Simulations have 
demonstrated that the vertical position of the lap-belt 
can increase fetal risk by a factor of three (Figure 4) 
[16].  As the lap-belt approaches the height of the 
placenta, which is located at the top of the uterus, the 
observed strain increases for a given crash pulse.  
Simulations with the lap-belt directly loading the 
uterus at the placental location, produced the highest 
recorded strain.  Once the lap-belt height is above the 
placenta, the strain decreases with the strain for the 
top belt position matching that seen for the 
recommended belt location.  However, it is important 
to note that there is increased risk to the mother with 
incorrect lap-belt placement, including elevated head 
and chest injury response.  This is important because 
the best way to protect the fetus is to protect the 
mother.   
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A B 
Figure 4. Simulations at 35 kph showing uterine compression for the correctly position belt (A), and the incorrectly 

positioned belt (B). 
 
 

 
       Predicting fetal injury from abdominal deflection 
is loosely analogous to using chest deflection to 
predict thoracic injury.  As a simple comparison, 
chest deflection for the small female is limited to 52 
mm by federal safety standards [4].  A chest 
deflection of 52 mm is approximately 35% 
compression which corresponds to approximately 
40% risk of an AIS 3 or greater injury [12].  Given 
the obvious anatomical differences between the 
thorax and pregnant uterus, it is interesting that 35% 
compression of the uterus at is also the higher limit of 
injury [3].  The abdominal deflection could be 
measured in the same manner as chest deflection, 
using a string potentiometer, chestband, or through 
processing of digital video.  It is important to note 
that the measurements need to be taken from a 
pregnant dummy with the correct anthropometry and 
abdominal force-deflection response as a pregnant 
woman. 
 
       When examining direct fetal head accelerations, 
the peak accelerations and HIC values are relatively 
high and justify additional concern.  In order to put 
these values, which at first seem very low, into 

perspective, one can compare the 118 and 215 HIC 
values to the 390 HIC tolerance level for the 1 year 
old infant dummy [5].  Moreover, the fetal brain and 
vasculature is substantially less developed than even 
the 1 year old brain, and is much more likely to 
hemorrhage.  Therefore, while the injury HIC values 
for a fetus are unknown, it is clear that they would be 
much less than the 1 year old.   
 
       Like most computer models used in automobile 
safety, this model of the pregnant female allows for 
the exploration of advanced restraint systems.  For 
example, the original experimental research 
performed by King et.al. [9] Illustrated that a mesh 
webbing over the entire abdomen proved to be the 
best protective measure for the fetus.  Therefore, a 
prototype belt was designed to mimic these properties 
and attach readily to the standard three-point seatbelt 
(Figure 5).  The type of mesh and attachments can be 
optimized using this computer model.  Moreover, 
other advanced restraint designs can be readily 
evaluated for potential risk to the fetus or pregnant 
occupant.   
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Figure 5. Advanced restraint for the pregnant 
occupant that can be added to a standard three-point 
belt. 
 
       It is important to note that previous simulations 
indicate that for all frontal impacts it is safest for the 
pregnant occupant to ride in the passenger seat while 
wearing a three-point belt and utilizing the frontal 
airbag when appropriate [16].  As with all 
computational models, this model is limited by the 
accuracy of input and simplifications made.  The 
tissue data, from which the failure strain is derived, is 
sparse and simplifications are made to use that data 
as a material model.  Additionally, the boundary 
conditions and geometry can and should be improved 
in future generations of the model.  Furthermore, the 
model only looks at injury at the UPI.  In cases with 
very large deflections, direct injury to the fetus may 
occur at injury rates different then those for placental 
abruption.  It is recommended that the methods in 
this paper be applied to future generations of the 
pregnant occupant model to provide a continually 
improving understanding of pregnant occupant injury 
risk prediction.   
 
CONCLUSIONS 
 
       A finite element model of the pregnant abdomen 
was created to predict fetal outcome following a 
motor vehicle crash.  The model was incorporated 
into a human body model in a dynamic solver and 
validated with data from previous studies.  The model 
is sensitive to changes in restraint conditions such as 
inertial, steering wheel, seatbelt, airbag, and 

combined loading.  Peak uterine strain was reduced 
by 30% to 50% in passenger-side simulations vs. 
driver-side simulations, primarily due to increased 
distance between the abdomen and the nearest 
vehicle surface, namely the steering wheel for driver-
side tests and the dashboard for passenger-side tests.  
Simulations results illustrated that the fetal brain may 
experience direct accelerations that are high enough 
to cause brain hemorrhaging, and therefore it is 
suggested that future computer models include the 
capability of quantifying fetal brain acceleration. 
Overall, the model has verified previous experimental 
findings regarding the importance of proper restraint 
use for the pregnant occupant.  The model can be 
used to run quickly numerous tests and design 
advanced restraint systems specifically designed for 
pregnant occupants.   
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ABSTRACT
Trends are noticeable that the European car

fleet is changing rapidly towards a higher diversity
of vehicles on the roads. On the high end of the
scale larger and heavier automobiles, such as Multi
Purpose Vehicles (MPV’s) and Sports Utility
Vehicles (SUV’s) take a larger share than before.

This paper shows the results from a study done
on SUV accidents. The crash involvement and
behaviour of Sports Utility Vehicles (SUV) was
analysed. The analyses were based on a review of
Dutch national statistics and in-depth studies of
SUV accidents in The Netherlands and of
passenger cars in Europe (the EACS project). Also
comparisons were made with actual numbers of the
car fleet of the vehicles types, so that exposure
rates can be included. Accidents of vehicles in the
above-described categories will also be compared
with each other.

The national statistics and the in-depth analysis
were compared and it was shown that the studies
point in the same direction. It can be concluded that
SUV’s are significantly more aggressive against
vulnerable road users. In this study no difference is
found between heavy passenger cars and SUVs.
SUVs are about as heavy as the average full-size
passenger car. So the same mass difference occurs
between passenger car classes (e.g. full-size and
small cars). Although the bumper height is about
20% higher compared to passenger cars, this
difference could not directly be related to an
increase in injury severity in this study due to the
lack of data.

INTRODUCTION

The Dutch car fleet is changing rapidly towards
more extreme vehicles on the public roads. Larger
and heavier vehicles, such as Sport Utility Vehicles
(SUVs) are taking a larger share than before. The
SUV sales in The Netherlands show a clear
increase in the last five years. The success of these
vehicles probably results from a public feeling on
good ride and comfort, a safe feeling with respect
to crashworthiness (self-protection) driving these

cars and the fact that it is ‘trendy’ to own such a
car.

At the moment many discussions are going on
about the traffic safety aspect of SUV’s, mainly
about their aggressiveness. Some of their properties
as size (geometry) and mass differ considerably
from normal passenger cars. There is a lack of so
called ‘compatibility’. The worst item concerning
compatibility is the height and especially the
‘bumper height’. Other road-users feel threatened
by SUV’s because of the above mentioned
differences. Accident studies for vehicle
compatibility and traffic fatalities by vehicle type
in the US show ([1], [2], [3], [4], and [5]) that the
chance to get killed in a crash with a SUV, being
an occupant in a passenger car is higher especially
if the SUV is coming from the side. Another safety
aspect is their rollover sensitivity. Research in this
field show that SUVs tend to be more involved in
vehicle rollover ([6], [7]). Normally, a passenger
car never rolls over.

For this study the definition of an SUV is set to:
An SUV is a vehicle with a nose type front-end, a
bigger geometry and an increased mass, front and
rear bumper height, overall ground clearance and
higher centre of gravity, in comparison to normal
passenger cars. Terrain (off-road) vehicles and so
called ‘pickup-trucks’ are also included in this
definition.

Firstly the methods used for the analysis of the
data are described. Next the results are presented,
subdivided into national traffic accident statistics
and TNO in-depth database. Finally the
conclusions and the recommendations are
presented.

METHODS

A database with all SUV and passenger car
accidents is built from the combination of the
Dutch National Traffic Accident Statistics or in the
Dutch ‘Verkeers-Ongevallen-Registratie’ (VOR)
database of 2001 until August, 2002 and the Dutch
licence plate registration system (RDW-data) to
identify the vehicle types in a collision. All
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passenger car accidents and SUV accidents were
extracted from the database. Normally all SUVs
should be coded as passenger cars, however in the
VOR in some cases these vehicles are also coded as
‘Van’ or ‘Truck’; this is taken into account in the
selection. The names of SUV type vehicles were
selected from several internet sources and year
book lists. In total approximately 120 SUV types
were identified. The collision partners of the
selected vehicles were found by coupling the
vehicles in the VOR-database that were involved in
the primary collision.

The filtered database was exported to the
statistical analyses tool ‘SPSS 12’ [8] and further
analysed. For each of the variables a cross-
tabulation was made between that variable and
SUV vs. passenger car. When in these cross-
tabulation a significant correlation between the two
variables was detected by the Pearson Chi-squared
test, the adjusted residuals (a.r.) were inspected for
significant deviation, which are two or more
standard deviations from the expected values. The
expected values are calculated based on the
assumption of independence of two variables.

The VOR database contains accidents with
killed (K), seriously injured/hospitalised (SI),
slightly injured/non-hospitalised (SLI), unknown
injuries and ‘damage only’ (DO). It is known that
around 95% of all accidents related to fatalities are
registered in the VOR database. It is estimated that
85% of all traffic accidents are included in the
database, where a person was injured. For accidents
with slight injured persons involved a value of 40%
is estimated. Due to representation issues, only
accidents in which fatalities and/ or injuries
(K+SI+SLI) occurred are discussed in the
following section.

For an internal TNO Automotive study every
accident was investigated where a SUV was
involved and where the Technical department of
the police (TOD) made a report. The police officers
from the mentioned regions contacted DART when
an accident with a SUV happened. The team started
an investigation when the criteria are met.

Apart from these cases, DART collected data
from old SUV accident cases from 1998 to 2002 in
the region “Rotterdam-Rijnmond”. The team did
not collect any information at the specific accident
location nor inspected the vehicles involved,
because of the time gap between the accident
occurrence and the investigation. It is obvious that
the level of detail of the data will be lower than the
normal in-depth research procedure. In total 32
accidents were investigated.

Due to the fact that only SUV accidents were
collected and investigated for this part of the study,
a comparison between SUVs and cars cannot be
made.

RESULTS

National Traffic Accident Statistics Analyses

General analyses on aggressiveness and lethality
A total of 650 SUV accidents are analysed,

where fatality and or injury has occurred within the
SUV and or the passenger car. With the same
criteria 44559 passenger car accidents are analysed.
This second group is used as a so-called
‘comparison group’ or ‘control group’.

First co-linearity is treated followed by a
general analysis of passenger car and SUV
accidents. This general analysis is done, to identify
to what extent vehicle accidents might ‘differ from’
or ‘be equal to’ SUV accidents. All variables that
were coded in the VOR-database that might
influence accident causation or severity were also
analysed.

Co-linearity
In the research on aggressiveness of SUVs

compared to passenger cars a major problem exists.
The main factors which distinguish SUVs from
passenger cars (mass, bumper height, stiffness) are
highly correlated with these vehicles, except for
mass. The large bumper heights and high body
stiffness are found in SUVs and not in passenger
cars. This high correlation between SUVs and these
other parameters makes it impossible to state
statistically what causes have a relationship with
the aggressiveness. The only statement that can be
given is whether SUVs are more aggressive than
passenger cars, either compensated for the mass
effect or not. It cannot be said that this may be due
to bumper height or vehicle stiffness.

Cross-tabulation analysis
For all variables that are coded in the VOR-

database that might have a relationship with
accident causation or might influence accident
severity, cross-tabulations are executed between
those variables and the vehicle type, being SUV or
passenger car. So a comparison is made between
passenger cars and SUVs. All the frequency counts
that are presented in the cross-tabulations (N) are
the number of SUVs that are involved.

The objective is to find to what extent the SUV
crashes differ from passenger car crashes. If no
differences are found, this can be considered
positive for the analysis, because then both classes
are involved in the same type of accidents. When
differences are found, they might have influence on
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accident severity. So in order to say something
about possible differences in lethality or
aggressiveness, one needs to statistically
compensate for these differences. This can be done
with a method called (logistic) regression analysis.

Table 1 and 2 show a strong relationship
between vehicle mass and gender (gender effect).
Female drivers were driving significantly lighter
vehicles than male drivers in the accidents that are
stored in the database.

Table 1: Gender effect for ‘Not SUVs’.

Table 2: Gender effect for ‘SUVs or Pickups’.

For the following variables that are coded in the
VOR-database, no differences between passenger
car accidents and SUV accidents were found:

• Type of accident;
• The accident cause;
• Impact location, both bullet and target

vehicle;
• Movement of the vehicle(s) after the

accident, both bullet and target vehicle;
• Type of manoeuvre;
• Locations on the road before the accident

(bullet + target);
• Road type;
• Weather;
• Intended manoeuvre (bullet + target);
• Gender of the driver of the target vehicle;
• Collision opponent.

Also no difference in aggressiveness between
SUVs is found based on SUV vehicle mass and
SUV bumper heights. So, heavier SUVs are not
more aggressive than lighter SUVs. Nor are SUVs
with a higher average bumper height more
aggressive than SUVs with a lower bumper height.

Factors that did differ significantly between
passenger car accidents and SUV accidents are:
• Accident types:

- Gender of the driver of the bullet vehicle;
Significant more male drivers of SUVs (76%)
are involved in accidents, for passenger cars
this figure is (68%);
- Speed limit roads; SUVs are more involved in
accidents on 80 km/h roads (a.r.=3.1, N=180,
28%) and less on 50 km/h roads (a.r.= -2.4,
N=362, 56%);
- Areas; There are more SUV related collisions
found in non-urban areas in comparison to
passenger cars, 42% versus 37%, (a.r.=2.6,

N=272). Less SUV related collisions are found
in urban areas in comparison to passenger cars,
58% versus 63%, (a.r.=-2.6, N=378).

• Accident severity:
- SUV occupants are less likely to get killed in
an accident than passenger car occupants, 0.3%
versus 1.3%, (a.r.=-2.3, N=2);
- SUV occupants have significantly less chance
to get killed or seriously injured in case of an
accident than passenger car occupants, 8.5%
versus 13%, (a.r.=-3.1, N=55);
- Opponent vehicle occupants have a
significantly higher chance to get killed being
involved in an accident with a SUV then being
involved in a passenger cars accident, 2.6%
versus 1.1%, (a.r.=-3.8, N=17);
- Occupants in the target vehicle have a
significant higher chance to get killed or being
seriously injured when involved in an accident
with a SUV then when involved in a passenger
cars accident, 25% versus 19%, (a.r.=-4.2,
N=164).

It has to be noted that these differences in
accident severity do not yet indicate that there is a
higher aggressiveness of SUVs compared with
passenger cars. The aggressiveness can only be
estimated when taking into account the differences
in accident types and differences in vehicle
characteristics (mass, geometry and stiffness).

Gender Mean mass N Std. Deviation Median

Male 1083 26305 248 1050

Female 965 12374 219 932

Unknown 1063 287 226 1050

Total 1045 38966 246 1015
A suv_1 = not SUVs

Gender Mean mass N Std. Deviation Median

Male 1690 484 372 1744

Female 1460 152 371 1400

Unknown 1673 5 413 1840

Total 1635 641 384 1660
A suv_1 = SUV or PICKUP
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Regression analysis
Logistic regression analysis is a statistical

predicting method based on one ore more factors or
variables. The method estimates the independent
effects of input parameters on the outcome as for
example aggressiveness.

- Aggressiveness
A logistic regression analysis was performed to

identify to what extent vehicle mass and gender
relate to vehicle aggressiveness, more explicit: the
probability that a collision opponent will get killed
or seriously injured, taking into account vehicle
type, mass and gender of the driver. Table 3 shows
that increasing mass, increases the probability to
get killed or seriously injured (sig< 0.05 and
Exp(B)> 1). A significance level less than 0.05,
indicates a significant difference with a 95%
confidence level. An Exp(B) larger than 1 indicates
an increasing probability.

Females have an injury reducing effect,
possibly due to the fact that they drive lighter cars
(sig<0.05, Exp(B)<1). Whether the actual vehicle is
a SUV, is not relevant (sig>0.05, Exp (B) ~1). The
global effect of aggressiveness can be mainly
related to vehicle mass, according to the VOR
analysed accidents.

- Self-protection (Lethality)
A logistic regression analysis was also

performed to identify to what respect vehicle mass
and gender relate to vehicle lethality, more
explicitly the probability that the driver or
passengers in the SUV will get killed or seriously
injured. It is found that an increasing mass
(sig<0.05, exp(B)< 1) has an injury reducing effect.
Gender plays a role but is not significant at the
95% confidence level. Whether the vehicle is a
SUV or not is not relevant. Therefore the mass is
the most relevant factor for self-protection. A
larger vehicle mass reduces the injury level for the
occupant, according to the VOR analysed
accidents.

Analyses in relation to the collision partner
A total of 650 SUV accidents are analysed,

where fatality and or injury has occurred within the

SUV and / or the passenger car. With the same
criteria 44559 passenger car accidents are analysed.
Accidents with the following collision partners are
analysed in this section:
- Passenger cars;
- Vans (Light Trucks);
- Two-wheeler;
- Pedestrians.

Passenger cars
The number of SUVs involved in a collision

with a passenger car is 192 and the number of
passenger car to passenger car collisions equals
19739.

For both SUVs and passenger cars the head-tail
collisions are most frequent (45%), followed by
side impacts (40%) and thereafter frontal impacts
(12%). The parking accidents occur in 3% of the
cases. The impact location on the mid-front is more

pronounced (45%). With SUVs the impact point is
somewhat more to the right-front, 10% versus 6%
(a.r = 2.6, N=28). More male drivers are involved
in relation to passenger-drivers, 73% versus 67%
(a.r.=2.0, N=212).

Related to the type of road and road side, SUVs
are significantly more often involved in accidents
with passenger cars on the right side of normal two
lane roads, 71% versus 65%, (a.r.=2.1, N=207).
There is a slight indication that SUVs are more
involved on 80 km/h roads, 30% versus 26%
(a.r.=1.5, N=88). Most accidents occur in urban
areas on 50 km/h roads (51%).

The probability to get killed, for both vehicles,
in an accident with SUV involvement is not higher
than in accidents with only passenger car
involvement. There is however a trend that is
confirmed when taking into account severe injuries
in the analysis.

The probability to get killed and/or seriously
injured for:
• SUV passengers is significantly lower than for

the persons in passenger cars, 8.2% versus
15% (a.r.= -3.0, N =24). This effect disappears

95.0% C.I.for EXP(B)

B S.E. Wald Df Sig. Exp(B) Lower Upper

Step Mass .001 .000 98.68 1 .00 1.001 1.000 1.001

1 Gender .092 .097 .91 1 .34 1.097 .907 1.326

SUV -.139 .028 24.85 1 .00 .870 .824 .919

constant -1.690 .093 330.29 1 .00 .184

A Variable(s) entered on step 1: mass, SUV (0= no, 1= yes), gender (male = 0, female = 1)

Table 3: Variables in the equation for the prediction of aggressiveness.
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in a logistic regression analysis with the
vehicle mass taken into account;

• The passengers in the collision opponent is
significantly higher with a SUV collision
related to a passenger car to passenger car
collision, 21% versus 15%, (a.r.=3.0, N=61).

Logistic regression analysis shows that mass is
the main predictor for accident severity. The
vehicle type is not anymore relevant and the
difference found above is caused by the higher
vehicle mass compared to the mean mass of
passenger cars

Vans (Light Trucks)
The number of SUVs involved in an accident

related to Vans is 34 and the number of passenger
car within this type of accident equals 2574. The
numbers are small and the results are therefore
presented as trends and not as real significant
differences.

There is a trend towards more head/tail
accidents with SUVs, in comparison to passenger
car accidents, 65% versus 47%, (a.r.=2.0, N=22)
and towards slightly less side impacts, 21% versus
40%, (a.r.=-2.3, N=7). There is more often a
collision point on multiple locations on the Van in
collisions with SUVs (24%), in comparison with
passenger car – Van accidents (5%) (a.r.= 4.7,
N=8).

More male SUV drivers are involved in
accidents with Vans then male passenger car
drivers, 85% versus 66%, (a.r.=2.4, N=29). A
strange observation is that in Van - SUV accidents,
the driver of the Van is percentage wise more often
a female driver (32%) in comparison with car –
Van accidents (9%) (a.r.= 4.5, N = 11). This
difference cannot easily be explained.

No difference is found in road type, which is in
contradiction to other categories.

There is no difference in aggressiveness
between SUVs and passenger cars against Vans.
There seems to be a light trend towards better self-
protections for SUV occupants (a.r.= -2.1, 6% vs.
20% fatal and/or seriously injured, N= 2 vs.
N=521). But when vehicle mass is taken into
account in a regression analysis, this effect
disappears.

Two-wheelers
The two-wheeler selection covers: motorcycles,

mopeds, mofas and bicycles. The number of SUVs
involved in an accident with a two-wheeler is 224
and the number of passenger cars within this type
of accident equals 15292.

Fatality or injury rate of the two-wheeler rider
related to the SUV accident is significantly higher
than related to a passenger car accident:
• Fatality rate SUV versus passenger car,

respectively 4.5% and 1.6% (a.r.=3.3, N=10);
• Fatality or seriously injured rate SUV versus

passenger car, respectively 36% and 29%
(a.r.=2.2, N=80).

The injury levels of the SUV occupant do not
differ significantly from car occupants in two-
wheeler accidents. Binary logistic regression
analysis shows again that vehicle mass is the main
indicator for injury severity.

Gender of the SUV driver is not a significant
factor in two-wheeler accidents.

Pedestrians
The number of SUVs involved in an accident

with a pedestrian is 32 and the number of passenger
cars within this type of accident equals 1756.

There is no difference in male SUV or
passenger car drivers involved in accidents with
pedestrians.

The probability to get killed or seriously injured
for pedestrians is independent of the vehicle type
(SUV or passenger car). The numbers are too small
to draw a conclusion. There seems to be a trend
towards higher probability for pedestrians to get
killed or seriously injured in an accident with a
SUV (56% versus 42%, a.r.= 1.6, N=18).

However, when a logistic regression analysis is
done, a trend is spotted for higher aggressiveness of
SUVs (sig<0.1, 90% confidence interval), due to
the compensation of gender (sig<0.05, females
reduce accident severity possibly due to lower
vehicle weight). Therefore, for pedestrians the
geometry or stiffness of a SUV may be of
influence.

TNO Automotive In-depth Accident Database
analyses

Damages
For the SUVs 47 damage locations were

identified. In Table 4 the number of deformations
per collision partner type is shown. Most frequent
are damages on cars followed by objects or the
ground and powered two-wheelers.

‘SUV - Car’ deformation locations
Combined deformation locations from CDC-

coding [9] show for ‘SUV - Car’ impacts, that cars
seem to be more frequently damaged on the side
(8+4) than SUVs (4+2) and that SUVs seem to be
more frequently damaged from the back (6 versus
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0). There seems to be no real difference in
frequencies of frontal interactions. Five damages
are caused by side to side interactions. In three
cases no damages are found on the SUV, while the
car is damaged.

When vertical and lateral locations are taken
into account, it can be checked if over-ride
situations occur. There is a weak indication for
some over-ride problems in collisions between cars
and SUVs. (More proof for under-ride will be
given in the section “Case-by-case analysis from
accident photographs”) Most frequently the lower
half of both vehicles is damaged (E). In five cases
the total height of the car is damaged (A); for the
SUV only two damages are coded over the total
height (A).

 ‘SUV - Object’ deformation locations
In four cases an impact occurred but no

deformation on the SUV was found. The front and
left side seem to be most frequently damaged in a
collision with an object.

‘SUV - Powered two-wheeler’ deformation
locations

The deformation locations on the ‘powered
two-wheelers’ seem to concentrate on the front of
the vehicle. In impacts with powered two-wheelers,
there seems to be a tendency that the full height of
the two-wheeler is damaged (A), while on the SUV
only the lower half or bumper area is damaged (E
and L).

Injury levels
For the SUV in-depth research, it was tried to

obtain the injuries from the victims. In 21 accidents
of the 32 investigated accidents, persons were
injured. 40 known injuries were coded and from
eight persons it was known that they were injured
but the injury level was unknown.

‘SUV - Powered two-wheeler’ injury levels
The most injuries caused by the vehicle side are

abdominal injuries and injuries on the extremities
(mostly fractures). Injuries resulting from the
contact with the pavement are various. The injury

levels for the powered two-wheeler rider vary from
AIS 1 to AIS 4. Most frequently AIS 2 injuries
were noticed, which are mainly fractures and some
dislocations. AIS 4 injuries are a lung hemothorax
with hemomediastinum and a gallbladder
laceration.

‘SUV - Car’ injury levels
Unfortunately, for car occupants many injury

causes are unknown. Injuries caused by the car
interior, are mainly injuries on head and face. AIS
levels for the car occupant are at maximum AIS 3.
Here, the AIS3 injury is an unspecified brain
injury. Also some low injury spine and neck
injuries were found.

SUV occupants were hardly injured in the
investigated accidents; only some bruises were
found and some unknown injuries. The injuries
were obviously caused by the SUV interior: one by
the steering wheel and one by the front door. It
seems that injury levels for the SUV occupant
might be lower than that of their collision partners;
SUV occupants are more frequently uninjured,
which might point to a safer environment for the
SUV occupant.

Case-by-case analysis from accident photographs
The photographs of accidents from the TNO

Automotive In-depth database concerning SUVs
and from the European Accident Causation Study
(EACS) project were used for further analysis of
the vehicles’ damage. In total, 37 cases were
analysed from which 10 from the EACS project.
The pictures were taken by the various research
groups (TNO Automotive and/or other European
institutes) or by the Dutch accident police
departments during the on-scene inspections, the
reconstruction of the impact position of the
vehicles, and/or the technical inspection of the
vehicles.

The 37 cases can be divided into five
categories:
- Frontal/rear impact (n=14);
- Side impact (n=9);
- Rollover (n=3);

Collision partner Frequency Percent Valid Percent

Cumulative

Percent

Truck 2 4.3 4.3 4.3

Powered two-wheeler 10 21.3 21.3 25.5

Object or ground 11 23.4 23.4 48.9

Van 2 4.3 4.3 53.2

Car or car-derivative 22 46.8 46.8 100.0

Total 47 100.0 100.0

Table 4: Number of collisions per collision partner type.
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- Impact with two-wheelers (n=8);
- Impact with pedestrians (n=3).

The results of the photographs’ analysis can be
divided into the following categories:
- Bumper height;
- Protruding objects;
- Stiffness of the SUV;
- Rollover of SUVs.

Bumper height
The height of the bumper of the SUV was a

parameter, which influenced the development of
the crash in many accidents. The accident
configurations that have been studied are head-on
collision (SUV versus passenger car), rear-end
collision (SUV versus passenger car and vice
versa) and side impact (SUV versus passenger car
and vice versa).

Figure 1 illustrates the height of the lowest
point of the bumper of a SUV from the ground
compared to the height of the bumper of a
passenger car. This difference exists because the
vehicles are built as terrain vehicles. A terrain
vehicle and now the SUV too is equipped with
large diameter tires and with big stroke shock
absorbers so the ground clearance of the frame and
the components underneath the vehicle needs to be
high enough to avoid contact with the rough
surface during off-road driving.

It is noticed from the analysis of the
photographs that when a passenger car crashes into
the rear of the SUV, the front of the passenger car
dives under the rear of the SUV (Figure 2-left).
This is even more serious when the passenger car
decelerates before the impact. The front suspension
system is compressed, the front of the vehicle
lowers towards the ground and the passenger car
dives under and lifts the rear end of the SUV
during the impact (Figure 2-right). The
disadvantage in both scenarios is that energy is
absorbed by the top of the hood, whereas the hood
is not designed for this purpose and this gives huge
deformations. The easily deformed metal sheet
could cause injuries to the occupants.

Another accident scenario where the SUV runs
into the rear of a Van was also observed. The SUV
hits the rear door because of the high positioned
SUV bumper and the low positioned bumper of the
Van. The Van normally has a low height of the
loading floor from the ground, which makes the
loading of the vehicle easier. A possible danger in
this case is that the rear door can easily collapse
during an impact and the SUV may penetrate the
loading compartment. Some Vans are modified by
the manufacturer into ‘nine-person’ buses. The rear
row of seats (usually three seats) is placed very
close to the rear door and in case of an impact this
may cause injuries.

Bull-bars and other protruding objects
Many objects installed on a SUV are observed

in the pictures, which can increase the severity of
an accident. A frequently seen object is the ‘Bull-
bar’. The shape and the material of the bull-bar are
the two important parameters. The danger of this
construction is that the bar will apply the impact
force and not a broad surface. This will increase the
local penetration depth. In two-wheeler and
pedestrian accident the bull-bar will increase the
chance for a bone fracture of the rider and the
pedestrian.

In many cases the pipes of the bull-bar were not
deformed during the impact. The difference in

stiffness between the bull-bar and the impact
partner was huge. As a result of this, the
deformation of the partner increased. Bull-bars
must be banned from vehicles in normal traffic or
more attention must be paid to the design of the
bull-bars and to the choice of the material.

Another object that could be dangerous is the
outside mounted spare wheel at the rear door of the
SUV. When a passenger car crashes into the rear of
a SUV, the spare wheel will push the hood towards
the rear (Figure 2-right). The deformed or
displaced hood may break the windshield and may
come through the occupant’s compartment. The
spare wheel largely increases the under run effect.

Figure 1.  Difference in the height of the bumpers.
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Figure 2. Under run effect.

When a high-fronted vehicle (such as a truck, a
bus, or van) crashes into the back of a SUV, the
spare wheel will move into the SUV (the wheel is
stiffer than the door), deforming the rear door at the
same time. The wheel is protruding the rear end
approximately 300 to 400 mm and therefore it
increases the deformation extent 300 to 400 mm
locally. The passengers on the rear seat are more
endangered to sustain injuries.

Ornaments on the top of the hood (fastened
with screws) or fog lights attached to the bull-bar
may cause or increase the injuries during an impact
with a two-wheeler rider or a pedestrian. Foldable
ornaments and fog lights are an easy solution, but
this solution is effective only during a frontal
impact or only during a side impact with the
ornament or the lights, depending on the direction
in which they fold.

Two other objects that may be found at the
SUV front are a towing hook and/or a winch.
Because of their shape and stiffness and the fact
that these objects are rigidly attached to the
longitudinal ladder frame, these objects may
become very dangerous during a side impact or
during an impact with a pedestrian.

Stiffness of the SUV
An important factor in compatibility is the crash

stiffness of the SUV. SUVs are much stiffer
compared to passenger cars. This is caused by the
principle of chassis construction. Most SUVs are
built on a ladder chassis with stiff beams, where

passenger cars in general have a uni-body
construction.

The SUV with the ladder chassis construction is
more aggressive, due to the fact that the beams of
the ladder chassis are very stiff. Also from the
pictures of the real accidents (Figure 3) it can be
seen that the damage to the SUVs is rather small,
where the target vehicle has extensive damage, in
frontal accidents.

Rollover of SUVs
SUVs tend to rollover more easily due to a

higher centre of gravity and this type of accident is
of special interest from the fact that a relatively
high percentage of the SUV occupants die. The
problem with rollover is two-fold:
- The deformation of the roof of the vehicle results
to a little survival space at the top. This is due to
the construction of the car, such as lowering the
centre of gravity by reducing the weight at the
upper part (A-, B- and C-pillar). In case of rollover,
the construction is not strong enough to resist the
impact. An example is the left picture in Figure 4;
- Most common is the ejection of the SUV
passengers in a rollover, especially in the case of
not wearing the safety belt. In the left picture in

Figure 4 the windows are broken and ejection may
occur. From the in-depth TNO rollover cases no
fatalities are reported.

CONCLUSIONS

Figure 3. The front of a small passenger car that drove into the back of a SUV.
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SUV’s are significantly more aggressive against
vulnerable road users. Problems with SUV crashes

to other vehicles are related amongst others to
compatibility, except for commercial vehicles.
However in this study no difference is found
between heavy passenger cars and SUVs. SUVs are
about as heavy as the average full-size passenger
car. So the same mass difference occurs between
passenger car classes (e.g. full-size and small cars).

Although the bumper height is about 20%
higher compared to passenger cars, this difference
could not directly be related to an increase in injury
severity in this study due to the lack of data.
Nevertheless, based on accident pictures and other
investigations, it is believed that mass, frontal
stiffness and geometry factors play a role in the
compatibility between SUVs and other road users.

Regarding accidents with injurious outcome,
SUVs are generally involved in the same kind of
crashes as normal passenger cars. Side impacts and
‘head – tail’ impacts are most frequent, followed by
frontal impacts. Collisions between SUVs and
passenger cars are relatively more frequent on 80
km/h roads, for SUV’s against trucks however this
trend could not be observed. The speed of the SUV
(and of a passenger car) has a significant influence
on the prediction for the collision opponent to get
killed or seriously injured.

Mass of the striking vehicle is a factor in the
prediction of accident severity. The accident data
used in this study did not allow to distinguish
whether this 'mass' aspect contains hidden stiffness
and geometrical aspects such as bonnet height and
bumper height, due to high correlation between
mass, stiffness and geometrical aspects.

For aggressiveness it was found that striking
vehicle mass is the main predictor for the accident
severity. A higher vehicle mass as such increases
the accident severity, whatever the type of vehicle
(SUV or passenger car). From the 32 in-depth cases
studied, the resulting injuries of car occupants
observed were mainly to head and face and at
maximum AIS 3 (serious). SUV are significantly

more aggressive towards pedestrians and powered
two-wheeler riders than passenger cars, even when

compensated for the mass differences. The in-depth
data showed that the injury of powered two-
wheeler riders were mainly bone fractures. The
level varied from AIS 1 (light) to AIS 4 (fatal).
With under-run accidents by passenger cars the
difference in the height of structural parts, but also
other external geometric features of the SUV may
play an important role in the damage and injury
sustained.

With respect to fatality there is tendency
towards a slightly better crash protection for the
SUV driver and his passengers, than for the driver
and passengers of a ‘normal’ passenger car. SUV
occupants seem to be more frequently not injured
in a crash. This might indicate a safer environment
for the SUV occupant, but it is most probably due
to the higher vehicle mass, less absorbed energy
and resulting intrusions in a crash.

With respect to the gender of the driver, SUVs
are more frequently driven by males than by
females. In the analysed accidents males are also
found to generally drive heavier vehicles and for
that reason they are found to be a significant factor
in the prediction of fatality and serious injuries for
the occupant(s) in the struck vehicle. In this
respect, female SUV drivers significantly decrease
the probability at fatal or serious injuries for struck
car occupants. This effect might be partly due to
the fact that in general women involved in
accidents drive significantly lighter cars than males
involved in accidents.

RECOMMENDATIONS

Design recommendations
Concerning the aggressiveness, the front and

rear ladder chassis construction could be
redesigned to a less aggressive during an impact
with a passenger car. The height of the bumper and
other load bearing components of SUVs could be
made more compatible to other road vehicles.

Figure 4. Rolled over SUV, left a frontal rollover, right a side rollover.
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Ornaments and fog lights could be integrated in
the front and the spare wheel could be placed
within the vehicle, in a similar way as the spare
wheel of the passenger cars.

The use of a winch needs to be considered for
strictly limited or no admittance on public roads.
An easily demountable version of the winch should
be developed.

Attention should be paid to the bull-bar. A bull-
bar is of no use in road traffic. In principle the bull-
bar is an add-on structure and was not part of the
safety considerations by the manufacturer. A closer
bull-bar construction, allowing less space in
between the bars and not protruding the width of
the vehicle should be designed. A suggestion could
be a more restricted regulation, which would allow
the use of a bull-bar only if it has no negative effect
on the safety of other road-users.

With respect to lethality, a less deformable
SUV roof and upper pillars have to be designed, to
prevent the collapse of the roof during rollover
accidents.

Recommendations to improve the analyses
The effect of mass needs further investigation

with a study in which passenger cars and SUVs in
identical mass-classes should be compared. The
two groups need to be of equal mass-distribution.
Difference between the two categories could then
be explained by geometry (e.g. bumper height,
height of principal force) or stiffness
characteristics.

The effect of gender needs to be further
investigated through a so called ‘control group’.
Video shots at random locations should be able to
give information about the frequency of male and
female drivers in passenger cars and SUVs.
Compared with accident data, this information
could give valuable information about driving
behaviour differences between men and women,
and information about average vehicle mass in
these categories.
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ABSTRACT  
 

This study reviews the design targets that have 
determined the response of the frontal impact dummy 
torso to anterior loading. Test results are presented 
that include response to quasi-static loading of the 
anterior ribcage for NHTSA’s THOR Alpha dummy. 
Sites on the anterior thorax of the THOR Alpha and 
Hybrid III frontal crash dummies were deflected 25.4 
mm by a rigid rectangular indentor at six locations 
while external deflection measurements were taken at 
nine measurement locations. These tests were 
conducted to evaluate chest coupling, the degree to 
which locations away from the loading site are 
deflected for a given amount of loading site 
deflection, and regional stiffness of THOR Alpha 
relative to cadaver subjects tested in a prior study. 
THOR Alpha was found to be less coupled than the 
Hybrid III and generally more cadaver-like. THOR 
Alpha was found to be stiffer than the cadavers and 
the ratio of upper lateral to lower lateral ribcage 
stiffness was nearly twice that of the cadavers, a 
characteristic that may affect response to loading by 
occupant restraint belts. High torso stiffness under 
low rate loading reflects an historical priority for 
biofidelic response in the hub impact loading 
environment and the limited range over which the 
present ribcage construction can produce a biofidelic 
response. However, ribcage stiffness is one of several 
factors that determine the response of the human 
torso. A comprehensive understanding of human 
torso response to loading conditions such as those 
produced by contemporary and anticipated occupant 
restraint systems is required to advance the utility of 
the dummy torso as an injury prediction tool in 
priority crash conditions. 
 
INTRODUCTION 

 
Injuries to the thorax comprise 29 percent of all 

serious to fatal (AIS 3-6) injuries sustained by people 
involved in a crash (Ruan et al. 2003). Strategies to 
reduce thoracic injuries include the development of 
improved restraint systems, an effort that is facilitated 

by a frontal impact dummy that responds in a 
biofidelic manner to loading of the anterior thorax. 

This study reports the results of tests designed to 
assess the THOR Alpha dummy response to quasi-
static loading of the anterior ribcage. THOR (Test 
device for Human Occupant Restraint), NHTSA’s 
advanced frontal impact dummy, has demonstrated 
enhanced biofidelity relative to the Hybrid III, the 
frontal impact dummy currently used for vehicle 
compliance testing (Shaw et al 2000). The results are 
discussed relative to results from similar tests 
conducted on THOR’s predecessor, the Prototype 
50M, the Hybrid III, and cadaver subjects (Schneider 
et al 1992 a). 
 
BACKGROUND 
 

Biofidelic response to thoracic loading has long 
been an important performance criterion for frontal 
impact dummies. The response of current dummies 
has been optimized for a limited range of conditions 
due to technical limitations.  

The thoracic loading response criteria for the 
Hybrid III dummy designed in the mid 1970s 
reflected the need for accurate evaluation of crash 
conditions involving anterior chest impact with the 
steering wheel hub (Foster et al 1977). Such impacts, 
unmitigated by energy absorbing steering columns 
and torso restraints, often caused life-threatening 
injuries (Voigt and Wilfert 1969).   

The basis for the target crash dummy thoracic 
response to dynamic hub loading was provided by an 
extensive General Motors Research (GMR) effort 
that began in the mid 1960s (Kroell 1976). The effort 
included both sled tests and laboratory tests involving 
48 cadavers. The laboratory impactor tests involved 
striking the seated subject’s central sternum with a 
weighted, 152 mm diameter rigid flat disk similar in 
profile to a steering wheel hub. Chest deflection and 
impactor force were recorded (Kroell 1976) (Figure 
1). 
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Figure 1. Kroell thoracic impact test condition and 
Kroell force – deflection response corridor for 4.3 
m/s impacts.

 
The Hybrid III dummy thorax (Figures 2 and 3) 

was developed to match the force-deflection corridor 
based on the Kroell hub tests involving impactor  



  Shaw  2 

   
Hybrid III Prototype 50M THOR Alpha 

Figure 2. Frontal impact dummy torsos. The 50M is shown without the upper abdomen. 
 

 

Figure 3. Hybrid III ribcage construction. Spring steel ribs (A) with 
visco-elastic damping material (B) to simulate the highly rate dependent 
response recorded for cadavers during Kroell hub impacts (Foster et al 
1977). The damping material alone is insufficient to achieve the required 
stiffening under high-rate loading. Thus, increasing the elastic stiffness of 
the ribcage was required, which, however, compromises response at low 
loading rates, such as those generated by shoulder belts.  

velocities of 4.3 and 6.7 m/s (Schneider et al 1989) 
(Foster et al 1977) (Figure 4). Biofidelic response 
under restraint loading was not a priority and the 
Hybrid III chest was found to be “considerably stiffer 
than that of the human” at lower loading rates and 
under quasi-static loading conditions (Schneider et al 
1989).  

 

 
 

  

Figure 4. Kroell test 
responses relative to the 
4.3 and 6.7 m/s Kroell 
force-deflection 
response corridors.  
 
Red: 50M 
Blue: Hybrid III 

 
In the 1980s, increased restraint belt use required 

a reassessment of thoracic loading patterns (Kent et al 
2001). In 1983, NHTSA began development of an 
improved frontal impact dummy, today known as 
THOR. The researchers, recognizing that belt and 
belt and air bag restraint systems could cause injuries 
especially to elderly occupants (Schneider et al 1989) 
(Schneider et al 1992 a), proposed that the new 
thorax be able to assess restraint loading in addition 
to hub loading:  

 
The thorax/abdomen should be designed to 
provide humanlike response (i.e., biofidelity in 
response) and meaningful injury assessment for 
impact loading imposed by the following types 
of restraints and vehicle components: 

1. Steering assembly (by unrestrained driver) 
2. Instrument panel (by unrestrained 
passenger)  
3. Shoulder/lap belt - i.e., three-point belt 
4. Shoulder belt only - i.e., shoulder belt and 
knee bolster  
5. Airbag 
6. Belts plus airbag 
(Schneider et al 1989)  

 
The priority of thoracic performance criteria 

seemed to evolve during the course of the NHTSA 
dummy development project. In a 1985 report, the 
priority loading conditions were listed in order of 
hub, shoulder belt, and air bag (Melvin 1988). In a 
1992 report (Schneider et al 1992 a), the list was air 
bag, belt, and steering wheel loading. The 1992 report 
listed 4.3 m/s, quasi-static, and 6.7 m/s as priority 
loading conditions with 9 m/s as a secondary priority. 
The 4.3 and 6.7 m/s rates reflect Kroell hub impact 
velocities. The 9 m/s rate was considered typical of 
loading experienced by “out-of-position” occupants 
who are very close to the deploying air bag. In a 
report published in 1989, the researchers indicated 
that biofidelic performance under quasi-static loading 
may be the most important due to the increased use of 
restraint belts (Schneider et al 1989): 

 
With the increased use of seat belts that has 
come about since the development of 
Hybrid III through state legislation; and the 
Federal requirement for passive restraint 
systems in all vehicles of the 1990s (i.e., 
FMVSS 208), it can be expected that higher 
loading rates will become less important 
and lower loading rates, resulting from 

4.3 m/s 

6.7 m/s 
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interaction with shoulder belts and airbags, 
will become increasingly important. For 
example, a preliminary analysis of chest 
loading rates to shoulder-belted cadavers 
and test dummies during 48-km/hr (30-
mph) frontal impacts indicates that peak 
rates of chest deflection in the range of 1 to 
4 m/s can be expected under these 
conditions. In the new thorax, designing to 
achieve humanlike biofidelity in response 
to low loading rates, and even quasi-static 
loading conditions, may be of equal or 
greater importance than designing to 
achieve biofidelity at higher loading rates.  
(Schneider et al 1989)  

 
The Prototype 50M thorax (Figure 2), developed 

in the course of the University of Michigan 
Transportation Research Center (UMTRI) / NHTSA 
collaboration, defined the major design elements 
subsequently incorporated in the THOR dummy 
thorax. The response of this thorax was evaluated 
under the priority loading conditions described above. 
Results for the Kroell hub loading tests indicated that 
the 50M performed better than the Hybrid III dummy 
in the 4.3 m/s hub velocity test (Figure 4) (Schneider 
et al 1992 b). In acknowledgment of the increasing 
importance of lower velocity belt loading, a quasi-
static anterior ribcage deflection test was conducted 
with an indentor that simulated a section of shoulder 
belt. The objective of this quasi-static test was to 
more fully characterize regional dummy thoracic 
response relative to the Hybrid III dummy and to 
cadavers, the best available live human surrogate. 
Achieving regional biofidelity was thought necessary 
to produce cadaver-like response to concentrated 
loading such as that from a shoulder belt (Schneider 
et al 1989). These tests, commonly known as the 
“Cavanaugh tests”, were supported by NHTSA, 
coordinated by UMTRI, and were conducted at 
Wayne State University Bioengineering Center and 
UMTRI (Figures 5 and 6) (Schneider et al 1989, 
Schneider et al 1992 a; Cavanaugh et al 1988). The 
tests were designed to measure coupling and regional 
torso stiffness. For these tests, coupling was defined 
as the relative deflection response of sites remote to 
the site that was deflected 25.4 mm downward by a 
gimbaled rectangular indentor.  

The Prototype 50M performance in the 
Cavanaugh tests, while an improvement relative to 
the Hybrid III, was not as cadaver-like as it was in the 
Kroell tests. The Cavanaugh tests suggested that both 
the Prototype 50 M and the Hybrid III were much 
stiffer than the unembalmed cadavers. The 50M 
coupling relative to the cadavers’ was considered 
“generally good” (Schneider et al 1992 a). 

 
 
Figure 5. Cavanaugh test condition used for 
cadavers and Hybrid III dummy. Downward 
movement of a material test machine loading arm 
drives the gimbaled indentor (A) into the subject 
torso. Torso deflection is measured by uniaxial 
displacement sensors (B). Posterior measurements 
are possible when the torso is loaded centrally and 
no bilateral rib support (C) is used.  
 

 
Figure 6. Cavanaugh loading sites (rectangles) and 
deflection measurement sites (red circles). Lateral 
sites were approximately 76 mm off the centerline at 
the level of the second, fifth, and eighth ribs. 
 

 The Prototype 50M, also known as TAD 
(Trauma Assessment Device), was followed by the 
development of the THOR dummy that began in 
1994 (Rangarajan et al 1998). THOR Alpha was 
released by NHTSA in 2001. Although the THOR 
prototypes and THOR Alpha shared the basic thorax 
configuration of the 50M, the cross section of the 
THOR Alpha ribcage is more elliptical resulting in a 
smaller chest volume. In addition, minor changes 
were made to the shoulder to improve shoulder belt 
interaction (Xu et al 2000). In 2003 NHTSA directed 
UVA to conduct Cavanaugh tests on THOR Alpha in 
order to determine its performance relative to 
Cavanaugh cadaver subjects and, of secondary 
interest, its performance relative to the 50M and 
Hybrid III. 
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METHOD  
 

The method for the tests reported in this study 
approximated the Cavanaugh tests of the Hybrid III 
and cadavers conducted at Wayne State University. A 
Tinius Olsen material testing machine was used to 
provide the anterior-posterior compression using the 
same “2 inch by 4 inch” (50.8 mm x 101.6 mm) 
indentor that was used for prior testing. The contact 
area of the indentor was intended to simulate a 
section of a shoulder belt.  

Tests began with the dummy supine under the 
indentor. All tests were performed with the torso 

jacket (skin) removed, consistent with the procedure 
used in the Cavanaugh tests in which the dummy 
jacket was removed and the anterior skin and 
underlying soft tissue were removed from the cadaver 
torso. The subject was positioned so that the center of 
the indentor face coincided with one of the loading 
sites on the anterior ribcage. All six sites were loaded 
when the subject’s spine and ribs were supported 
(baseline condition). The three midline sites were 
loaded when only subject’s spine was supported. 

Figures 7 and 8 illustrate the test conditions for 
the Hybrid III and THOR dummies. 

 
 

 
 

Hybrid III dummy under 
indentor (A) mounted to Tinius 
Olsen materials test machine. B – 
load cell, C – digital height gage 

Posterior view looking from below 
dummy. D – Spine block, E – Pelvic 
block, F – Rib support (removable). 

Loading sites (red rectangles) 
and measurement sites (blue 
dots). 

Figure 7. Hybrid III test conditions, hardware, and loading and measurement sites. 
 

 
 

  

 

THOR dummy under indentor 
(A) mounted to Tinius Olsen 
materials test machine. B – Load 
cell, C – Faro Arm triaxial 
measurement tool. 

Posterior view looking from below 
dummy. D – Spine block, E – Pelvic 
block, F – Upper spine support. Rib 
support not in place. 

Loading sites (red rectangles) and 
measurement sites (blue dots). 
Three posterior sites mirrored the 
anterior lateral sites. 

Figure 8. THOR test conditions, hardware, and loading and measurement sites.  
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Once the subject was positioned under the 
indentor, the indentor was lowered to contact the 
subject until the load cell recorded 25 + 3 N. From 
the point of initial contact to the target preload value, 
the indentor face aligned itself with the local contours 
of the ribcage. This alignment was made possible by 
a ball joint above the indentor face. With the indentor 
in the pre-load position, the Tinius Olsen control 
software began the loading stroke at 102 mm/min and 
stopped at 25.4 mm.  

Peak load was recorded when the indentor 
stopped. The indentor was held in the loaded position 
to allow deflection measurements to be taken at sites 
not obscured by the indentor using either a height 
gage (Hybrid III) (Figure 7) or triaxial displacement 
transducer* (THOR) (*Faro Arm ® Model B08-02 
Rev. 07. Faro 125 Technology Park Lake Mary FL 
32746-6204) (Figure 8). Both instruments were 
capable of accurate x-axis deflection measurement 
and trial tests indicated that x-axis deflection 
measured by the Faro Arm varied less than 0.3 mm 
from those measured by the height gage.  

After measurements were recorded, the site was 
unloaded. A minimum time of thirty minutes was 
allowed between loading cycles to allow for 
sufficient recovery of the visco-elastic ribs. 
 
RESULTS  
 

Replicate tests on the Hybrid III suggested that 
test-to-test variation of deflection measurements was 
less than 1.3 mm (5 percent of the 25.4 mm indentor 
stroke). Variation in indentor force measurement was 
less than 5 percent (65 N).  

Figure 9 shows the deformation of THOR’s 
anterior ribcage in response to the 25.4 mm of 
indentor deflection at the six loading sites. In 
comparison to the Hybrid III, THOR Alpha was more 
cadaver-like in terms of both coupling and peak 
indentor load values. Results for the baseline tests in 
which both the spine and ribs were supported are 
presented in Figures 10 and 11 (coupling) and Figure 
12 (indentor load). 

 

 

  
T1.3A T2.1B T3.1D 

   
T4.1E T5.1G T6.1H 

Figure 9. THOR’s anterior ribcage deformation in response to 25.4 mm of indentor deflection for the six baseline 
tests.  
 
 Figure 10. Presentation of coupling results. In 

this test the indentor loads the upper sternum. 
The red circles indicate loading/measurement 
sites. The colored columns in the plot indicate 
the relative deflection of each site in response 
to indentor loading. In this case, the indentor 
was centered on the upper sternum. Indentor 
displacement, 25.4 mm, is labeled a “0.0”. A 
site that recorded no deflection would be 
labeled “10.0”. 
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Cavanaugh Cadaver UVA THOR Alpha UVA Hybrid III 
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Figure 12. Comparison of cadaver, THOR, and Hybrid III indentor load results. Force in kN.  
 
THOR Coupling  
 

For some loading conditions, THOR was less 
coupled than the cadavers; for others THOR was 
more coupled. Figure 13 summarizes these findings. 
In general, THOR was less coupled than the Hybrid 
III, which, in turn, was more coupled than the 
cadavers for most sites. 

 

 

 
Figure 13. 
THOR coupling. 
The blue regions 
indicate less 
coupling than the 
cadavers; the 
orange region 
indicates more 
coupling. 

 
 In tests that loaded the mid and lower lateral and 

sternal sites, THOR Alpha’s ribcage deflection 
pattern suggests that the lower lateral site moved 
independently and was minimally coupled to the rest 
of the ribcage. For example, when the lower sternum 
was loaded, THOR’s lower lateral site deflected 5 
percent while the average cadaver deflected 40 
percent. When THOR’s lower lateral site was loaded, 
no other sites deflected measurably. The average 
cadaver mid lateral site deflected 50 percent. THOR 
also was somewhat less coupled than the cadavers 
(and the Hybrid III) when the upper sternum was 
loaded.  

 Mid-sternal and mid-lateral loading results 
indicated that THOR’s mid sternum was more 

coupled to the lateral ribcage than were the cadavers’. 
THOR’s upper and lower sternal sites were also more 
coupled than were the cadavers’. In general, the 
Hybrid III exhibited more lateral and longitudinal 
coupling than the cadavers. However, the Hybrid III 
recorded similar coupling between the lateral sites 
and the sternum when the sternum was loaded. 

 
THOR Stiffness 
 

 The peak indentor load at 25.4 mm of deflection 
is an indicator of site quasi-static stiffness. Both the 
Hybrid III and THOR were much stiffer than the 
cadavers at all loading sites (Figure 12). The greatest 
difference for THOR was recorded for the upper 
lateral site where THOR was 5.2 times stiffer than the 
cadavers (0.88/0.17 kN). The elevated stiffness for 
the upper lateral site also produced a regional 
stiffness pattern that deviated from the cadavers. The 
ratio of the upper to lower lateral site stiffness was 
2.9 for THOR, approximately twice that of the 
cadavers (1.5).  
 
The Effect of Removing Posterior Rib Support  
 

For sternal loading tests in which the bilateral 
rib supports were removed (Figure 8), the posterior 
rib deflection was recorded for three lateral sites that 
corresponded to the anterior lateral site locations, 
namely 76 mm from the subject centerline and 
directly below the anterior sites. Both the Hybrid III 
and THOR recorded little posterior rib deflection. 
The Hybrid III recorded deflection values that ranged 
from 2.1 to 2.8 mm. THOR recorded values that 
ranged from 0.4 to 2.1 mm. The highest values 
occurred at the upper lateral site for both dummies. 
These findings are similar to those reported by 
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Cavanaugh (1988) who found that the Hybrid III 
dummy ribs deflected posteriorly 2 to 2.5 mm when 
the sternum was deflected 25.4 mm and that the 
average cadaver deflected only about 1.3 mm. 
Removing the rib support had no meaningful effect 
on coupling for either dummy but did reduce 
stiffness. The Hybrid III and THOR sternal site 
stiffness was reduced by 12-18 percent and 7-16 
percent respectively.  
 
DISCUSSION 
 
Test Limitations 
 

The tests provide information regarding THOR 
Alpha’s thorax response to regional quasi-static 
loading. However, interpretation of the results should 
consider study limitations. Although quasi-static 
loading may better approximate low rate restraint belt 
loading in comparison to hub impacts, belt loading is, 
nevertheless, a dynamic event that may alter both 
stiffness and coupling due to viscous effects. 

The Cavanaugh test condition, in which the 
subject is stationary, does not reflect the dynamic 
interactions between the torso and restraints present 
in a frontal crash. The effect of subject posterior 
support, another departure from the crash 
environment, was not assessed.  

The anterior ribcage was deflected a maximum 
of 25.4 mm in order to be able to compare with prior 
cadaver data (Schneider et al 1992 a). The 25.4 mm 
limit was adopted for the cadaver tests because the 
researchers found that greater deflection fractured 
ribs (Cavanaugh et al 1988). While evaluating 
THOR’s response in the 0 to 25.4 mm range is 
valuable, a more complete characterization of ribcage 
response is necessary. For example, the generally 
linear response evident for 25.4 mm mid-sternal 
loading (Figure 14) may not represent the response 
for higher deflections. Further testing of both 
cadavers and THOR at deflection levels injurious to 
cadavers is required. 
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Figure 14. Mid-sternal deflection results for two 
cadavers tested by Cavanaugh et al (1988) and for 
THOR Alpha. 

 The design of the gimbaled indentor produced 
misalignment of the indentor with the target sites 
(Figure 15). The variation in misalignment and 
resulting deflection values was a function of indentor 
head tilt. In cases in which tilt was minimal such as 
for the mid and upper sternum, misalignment was 
minimal and the deflection at the loading site was 
nearly the same as that recorded for the indentor 
stroke. However, in cases in which the indentor tilted 
significantly, the misalignment could result in 
measured input deflection errors of approximately 2.5 
mm (10 percent of the 25.4 mm indentor stroke).  

 

 
 

Figure 15. Indentor articulation. The ball joint (A) 
allows the indentor face (B) to tilt a maximum of 12 
to 15 degrees (C) to align with the local contours of 
the indentor site. This produced as much as 14 mm of 
translation of the center of the indentor face (D). 
 
THOR Alpha Comparison with Other Subjects 
 

Although the indentor geometry increased the 
error bounds for deflection measurements, the study 
produced clear differences in torso response for the 
THOR Alpha and Hybrid III. Both subjects produced 
different responses relative to the cadavers tested by 
Cavanaugh. The THOR Alpha coupling and regional 
stiffness were more cadaver-like than the Hybrid III, 
a finding similar to that reported by Schneider (1992) 
for the Prototype 50M. The differences between 
THOR and the 50M were relatively minor; THOR 
was somewhat less coupled, less stiff in the lower 
ribcage, and stiffer in the upper ribcage. 

This finding suggests that the THOR Alpha 
thorax response approximates that of the 50M. The 
50M’s developers claimed coupling to be acceptable 
relative to cadavers but found the 50M to be too stiff 
even if the dummy response was assumed to include 
the effects of muscle tensing (Schneider et al 1992 a). 
Likewise, while the THOR Alpha’s coupling was 
generally cadaver-like, its stiffness at the loading 
sites was 2.4 to 5.1 times greater than the cadavers’ 
(Figure 12). 
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Thorax Performance Priorities 
 

Like the 50M, THOR Alpha’s performance in 
the Kroell pendulum impact tests, is better than it is 
for the quasi-static Cavanaugh tests. In the hub 
impacts, both the Prototype 50M and THOR Alpha 
demonstrate force-deflection responses similar to 
those of cadavers (Figures 4 and 16) (Schneider et al 
1992 b). These results suggest that performance in 
simulated steering wheel hub impacts (conducted at 4 
to 7 m/s) was a higher priority than performance 
under quasi-static / low speed (1 to 4 m/s) loading for 
both the 50M and for the THOR Alpha despite the 
recognized need for improved response to restraint 
loading (Schneider et al 1989). 

 

Figure 16. Results for multiple THOR Alpha 
Kroell impacts. (Tariq Shams personal 
communication 2004) 

 
Review of the material documenting the 

development of the 50M suggests that the developers 
of the 50M attempted to create a novel torso that 
promised be able to respond biofidelically under both 
low and high speed loading (Figure 17).  

 

 

 

Figure 17. UMTRI 
torso concept using 
fluid-filled 
bladders (A) in an 
elastic shell (B). 

Despite many attempts to realize the concept 
with physical models, none achieved the desired 
response characteristics and all would have required 
considerable effort to develop into a viable dummy 

component. Constraints of time and money forced the 
50M developers to adopt the traditional damped 
spring steel rib construction and, given the results of 
the Cavanaugh tests, its response limitations also. In 
turn, the results of the UVA Cavanaugh tests suggest 
that THOR Alpha shares the same response 
limitations.  

GESAC, THOR’s developer, modified the 
ribcage in light of the UVA test results. 
Unfortunately, only a modest reduction in upper 
ribcage stiffness produced an unacceptable force-
deflection response in the hub impact tests. In 
addition, the softer ribcage threatened to “bottom 
out” against the spine under severe anterior loading 
creating both an unrealistic response and durability 
concerns (Tariq Shams personal communication 
2004). Given the inability of both UMTRI and 
GESAC to successfully achieve both low and high-
rate loading response targets, we question whether 
this goal is achievable with present ribcage 
construction methods.  
 
Limitations of Poor Response Biofidelity in Low 
Rate Loading 
 

The decision to produce a torso with priority 
biofidelity in Kroell hub impacts may have 
compromised THOR Alpha’s response to low speed 
loading characteristic of belt restraints. In UVA 
frontal sled tests with standard and force-limited 
three-point belt systems, the location of peak chest 
deflection was different for THOR Alpha and 
cadavers for tests in which the subjects were seated in 
the right front passenger position. The location of 
peak chest deflection for THOR Alpha was 
consistently in the lower chest (Kent et al 2003), 
while for the cadavers it occurred in the upper chest. 
This result may be due, in part, to the difference in 
stiffness ratio between upper and lower ribcage 
between the dummy (2.9) and cadavers (1.5) recorded 
in the Cavanaugh tests. Recent studies, 
acknowledging the limitations of current frontal 
impact dummies and injury criteria for assessing 
injury from restraint loading, have advocated a shift 
in focus away from the Kroell corridors and toward a 
lower-rate, non-impact environment (Kent et al. 
2004, Shaw et al. 2005).  

However, further study is required to fully 
understand which factors are critical to biofidelic 
response and to accurately assess dummy 
performance. In the UVA sled tests, the difference in 
location of peak deflection was not observed for the 
driver position and may be characteristic of 
conditions particular to this test series. Moreover, the 
relative importance of peak deflection location, 

4.3  m/s 

6.7  m/s 
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deflection magnitude, and mechanical coupling has 
not been determined. 

Biofidelic dummy response to restraint loading 
is influenced by factors other than regional stiffness. 
THOR Alpha’s coupling response and ribcage 
geometry, both clearly more cadaver-like than the 
Hybrid III, are other parameters that influence 
deflection response. Structures adjacent to the ribcage 
also determine response to anterior loading. These 
include the shoulder/clavicle structure, the spine, and 
the pelvis which have been designed to be more 
cadaver-like for THOR Alpha (Schneider et al 
1992b). However, there is insufficient cadaver 
response information to determine how cadaver-like a 
dummy torso must be in order to respond 

biofidelically. For example, although the THOR 
Alpha shoulder is more human-like than the Hybrid 
III, the shoulder joint and clavicle are more anterior 
than the corresponding structures of the human. 
Whether this difference is enough to significantly 
affect shoulder shielding of the anterior chest (and 
reducing upper chest deflection) is unknown. 
Therefore, while the Cavanaugh tests identify a 
substantial difference in stiffness between THOR 
Alpha and cadavers, and while stiffness may 
contribute significantly to restraint loading response, 
it is only one of several factors influencing response 
(Figure 18).  
 

 
 

 

Figure 18. Factors external to the ribcage that affect ribcage 
deflection in a frontal crash. 
A – Normal shoulder belt loading is determined, in part, by 
shoulder geometry and angle of the belt over the shoulder (B). 
C – Portion of normal belt force born by shoulder. 
D – Distribution of air bag loading. 
E – Torso angle. Torso angle, defined by the relative movement of 
the upper spine with respect to the pelvis, is influenced by pelvic 
restraint by the seat cushion, lap belt, and interaction with the 
instrument panel (F) as well as upper torso movement, a function 
of shoulder belt characteristics and air bag loading. The torso 
angle influences factors A, B, C, and D. 
 

 
 
CONCLUSIONS AND RECOMMENDATIONS 
 

THOR Alpha’s responses in the Cavanaugh tests 
were more cadaver-like than the Hybrid III as were 
the responses of its predecessor, the Prototype 50M. 
Like the 50M, THOR Alpha’s torso was, however, 
stiffer than that of the cadavers, a characteristic that 
could affect response to loading by occupant restraint 
systems. The excessive torso stiffness under low rate 
loading reflects an historical priority for biofidelic 
response in the hub impact loading environment and 
the inability of current mechanical torsos to mimic a 
human equally well over a wide range of loading 
rates and environments.  

Excessive stiffness and non biofidelic relative 
regional stiffness may have contributed to THOR 
Alpha’s lack of cadaver-like response to restraint 
loading in tests conducted by UVA. However, there 
are several other factors that influence response to 
restraint loading, but the significance of their 
contribution, individually or in combination, is poorly 
understood. Therefore the effect of changing a single 
factor, such as torso stiffness, is difficult to predict. 
Reducing torso stiffness to match that of the 
cadavers, either by modifying the present ribcage to 

the detriment of impact response, or designing a new 
ribcage capable of biofidelic response over a wide 
range of loading rates, is but one of several changes 
that may be needed to improve response. 

Prior to modifying or redesigning the dummy 
torso, we recommend a thorough study to define the 
human torso response to loading to injurious levels 
by contemporary and anticipated occupant restraint 
systems. Although further quasi-static tests may be 
valuable, the study should include a dynamic crash 
environment in order to more comprehensively 
identify and quantify critical factors (and their 
interaction) that determine torso deflection. We also 
recommend a comprehensive review of dummy 
thoracic performance criteria and priority of loading 
conditions and anticipate that biofidelic response to 
restraint systems will merit a higher priority than 
steering wheel hub impacts. 

In summary, significant improvement in the 
biofidelity of frontal crash dummy torso response to 
restraint loading can be realized if there is a better 
understanding of the factors that determine the human 
response. Although this information is critical to 
developing an improved torso, the technology does 
not exist to exactly replicate a human occupant and 
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human response for the wide range of loading 
conditions possible in a frontal crash. For the 
foreseeable future, dummies will involve 
compromises regarding the range of loading 
conditions and/or accuracy of response. Therefore, 
the need to prioritize loading conditions, reflected in 
the development and performance of the present 
frontal impact dummies, will be a prerequisite for 
future dummy development.  
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ABSTRACT 
 In Europe approximately 1250 children younger 
than 15 years of age die in traffic each year. The 
number of children severely injured in traffic is 
dramatically higher. Within the ECE-R44 
regulation the safety of children in cars has been 
regulated by means of certification of child 
restraint systems (CRS). Much has been achieved, 
but further reduction of injuries seems possible. 
The ECE-R44 regulation provides a simplified set 
up and test configuration, that may be different 
from the real-world environment in which a child is 
injured. 
 

In this study, a virtual testing approach was 
followed to explore the effect of one particular 
aspect, i.e. the posture of a child in a CRS, on the 
injury potential in a typical car crash. The 
investigation focussed on the vulnerable child 
population seated in ECE-R44 Group I seats. A 
photo-study was performed with 10 children in the 
age group from one to three years. Their positions 
were recorded on short and longer drives. Few 
children remained seated in the standard position. 
Most children slouched, slanted and turned their 
head and rested it on the side-support of the CRS. 
Extreme positions such as leaning forward, 
escaping from the harness or holding feet were 
observed. In the MADYMO simulation 
environment a non-deforming finite element model 
of a CRS was combined with multi-body models of 
Q1.5 and Q3 dummies and of human child models 
representing 1.5 and 3-year-olds. They were set up 
in realistic poses. The dummy models were adapted 
to enable these poses, while the human models 
were used to compare the biofidelity performance. 
From the simulated response between the ECE-R44 
prescribed position and various common and 
extreme positions children were found to be in, it 
was shown that children are at an increased risk in 
relatively common positions. High lateral neck 
loads were observed in slanted positions, while 
correctly restrained children that managed to 
escape from their shoulder harness sustained large 
amounts of head excursion. Virtual testing was 
shown to be a valuable tool to predict trends in 
situations that are more closely related to the actual 
automotive environment than current regulations or 
hardware testing do. 

 
INTRODUCTION 
 

In the 15 countries that comprised the European 
Union until 2005, approximately 1250 traffic 
fatalities were recorded among children up to 15 
years of age in the year 2002 [EU, 2005]. 
Approximately half of these fatalities were from 
child occupants, the rest from pedestrian or 
cyclists. Although the number of fatalities is 
relatively small compared to adult fatalities, the 
number of injuries children sustain is dramatically 
larger.  

 
Serious or fatal injuries in child occupants have 

various causes. The use of an appropriate child 
restraint system (CRS) is a key requirement for 
protecting a child. A CRS prevents the child to 
impact vehicle interior structures and it ensures a 
belt restraint condition that is designed specifically 
for the smaller anthropometry of a child. However, 
the CRS needs to be installed properly, which often 
is difficult to do and hence causes potentially 
dangerous situations [Quintero del Rio, 1997]. In 
addition, child restraint systems are designed for a 
specific range of body weight or length. When a 
child is seated in a CRS that is inappropriate for its 
weight or length, potentially hazardous restraint 
conditions may exist. Parents are often prone to 
prematurely graduate their child to a larger seat, 
which causes an inappropriate belt fit. The latter 
may result in submarining, the lap belt cutting into 
the abdomen while the child's pelvis slides 
underneath.  

 
Even when the proper CRS is installed in the 

vehicle and the child is positioned correctly with no 
slack in any of the belts, a serious injury risk may 
exist. Current CRS designs allow children a certain 
amount of freedom to move around in their seats. 
Meissner et al. showed that children seated in 
booster seats have a large tendency to move with 
respect to their CRS and to move the belt restraint 
around [Meissner, 1994]. Whether any posture 
other than the standard posture a child is in when 
positioned in the CRS has an effect on the injury 
risk is unknown.  
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 The currently existing test method for 
evaluating the performance of child restraint 
systems in the EU is ECE-R44 [ECE, 1998]. 
Within this regulation a frontal impact sled test is 
performed at an impact speed of 50 km/h. A child 
dummy that is appropriate for the tested seat is 
installed properly, while all belt restraints are 
pretensioned. Since no vehicle interior is 
implemented, no information is provided on a 
possible interaction of the child with the vehicle. 
Euro-NCAP installs child restraints on the rear seat 
of vehicles in their full-scale crash tests in order to 
evaluate the child safety performance of the vehicle 
in both frontal as well as side impact. However, the 
vehicle manufacturer is free to choose any CRS 
and will therefore always choose the seat with the 
best performance rating, thus eliminating the gross 
of seats on the market. Various consumer testing 
programs are being developed in order to ensure 
safer CRS designs that are easier to install and will 
reduce injury risk of child occupants.  
 

Currently, within both ECE-R44 and Euro-
NCAP testing child dummies of the TNO P-series 
are used. While these dummy designs have been 
successful in terms of reproducability and 
durability, the biofidelity of their response is 
limited. A new series of child dummies, the Q-
family, was designed in order to overcome the lack 
of biofidelity. Currently, the dummy performance 
is being tested in a research environment [de Jager, 
2005]. 
 

Virtual testing, or numerical simulation, is a 
useful method for extrapolating beyond currently 
existing test methods and dummies. While current 
experimental test methods are limited to hardware 
dummies and a limited amount of test conditions, 
parametric simulation studies are virtually 
unlimited in size and amount of parameters. 
Simulations are only valid within the range they are 
validated for, but extending outside the range of 
validation might be useful in showing possible 
trends.  

 
The objective of this study was to investigate 

the effect of various poses on the injury response of 
children in child restraints. In a virtual testing 
environment first of all the model setup needed to 
be created. Human surrogate models of two 
anthropometries were developed; 1.5 and 3-year-
old. Dummy models of the Q-family were 
developed and validated against component tests. 
Human child models were generated in order to 
compare the biofidelity response of the models. In 
order to find out which poses were common and 
which poses were extreme a photo study was 
performed. Common poses and some extreme 
poses were simulated in a crash environment model 
with dummy and human geometry in order to 

indicate a potential increase of injury risk in poses 
different than the standard one.  

 
METHODS 
 
 In the methods section, first the development 
and validation of the modeling environment needed 
for the posture study will be discussed. Secondly, 
the posture study itself will be discussed, 
subdivided into photo study and simulation study.  
 
Q3 dummy model development 

A multi-body model of the latest version of the 
Q3 hardware dummy [de Jager, 2005] was created 
based on a pre-existing Q3 ellipsoid dummy model 
[MADYMO, 2004]. The model consisted of 32 
rigid bodies that were interconnected by 32 
kinematic joints. Mass and inertia properties were 
attributed to the rigid bodies, while force models 
were implemented in the joints. The outer 
geometry of the model was represented by 40 
ellipsoids and 4 cylinders for which contact 
characteristics were defined. The resulting model is 
shown in figure 1. 

 
In order to compare properties of the developed 

Q3 dummy model with the actual hardware 
dummy, the segment mass distributions between 
various body parts is shown in table 1 for the 
production dummy specifications as well as for the 
dummy model. The total mass of the dummy was 
approximately 14.5 kg.  
 
Table 1:  Segment mass distribution of Q3 dummy 
and dummy model. 
Segment 
mass [g] 

Q3 product 
specs. 

Q3 model 

Head 2784 2784 
 

Neck 382 381 
Torso 
Upper 

1976 2047 

Torso 
Lower 

4032 4245 

Arms 
Upper 

750 760 

Arms 
Lower 

728 740 

Legs 
Upper 

2000 1980 

Legs 
Lower 

1542 1540 

Suit 390 0 
Total 14584 14477 
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Figure 1.  The MADYMO Q3 dummy model. 
 
The Q3 dummy model was developed to represent 
the Q3 hardware dummy, allowing for validation 
against component test data of the current hardware 
dummy. 
 
Q1.5 dummy model development 
 A Q1.5 dummy model was developed to 
represent the Q1.5 hardware dummy. This dummy 
can be applied in both Group 0+ as well as Group I 
child restraint evaluation and is therefore seen as an 
important dummy in the Q-family. Geometrical 
data of the Q1.5 dummy was obtained from a CT 
scan database that was processed with visualization 
package Mimics [Mimics, 2005]. From this 
database external anthropometric dimensions were 
computed as well as internal geometrical 
landmarks such as joint locations. A cross-section 
scan of the Q1.5 dummy in the frontal plane is 
shown in figure 2.  
 
 The Q1.5 dummy model was developed by 
anthropometrical scaling of the Q3 dummy model, 
followed by manual corrections to obtain correct 
segment mass distributions. The MADYMO/Scaler 
module scaled based on a set of 35 anthropometric 
parameters, such as seated height and hip breadth 
[MADYMO, 2004]. This set was defined for the 
Q3 dummy model based on the dimensions of the 
model. For the Q1.5 dummy model, the set of 
parameters was derived from the CT database. 
From these two anthropometric datasets, scaling 
parameters were determined for 14 body regions in 
three directions. The Q1.5 dummy model was 
created by applying scaling rules, with the obtained 
scaling parameters, to dimensions, mass and 
inertia, stiffness and damping parameters. The 
resulting dummy model resembled the Q1.5 model 
in terms of anthropometry and internal joint 
locations. The resulting dummy model is shown in 
figure 2.  
 

In order to make the model comply with the 
segment mass distributions as specified for the 
production dummy, the mass and inertia parameters 
of the rigid bodies were altered. A comparison of 
segment mass distribution between actual dummy 
and developed model is provided in table 2.  

  
Figure 2.  The MADYMO Q1.5 dummy model 
and CT scan of actual dummy. 
 
 The mass of the actual Q1.5 dummy neck did 
not differ from the mass of the Q3 dummy neck. 
An identical neck design was used for both 
dummies. Accordingly, scaling rules in the neck 
assembly of the model were suppressed in order to 
leave the neck of the model unchanged.  
 
Table 2:  Segment mass distribution of Q1.5 
dummy and dummy model. 
Segment 
mass [g] 

Q1.5 product 
specs. 

Q1.5 model 

Head 2400 2400 
Neck 382 381 
Torso 
Upper 

1324 1336 

Torso 
Lower 

3408 3658 

Arms 
Upper 

575 556 

Arms 
Lower 

620 625 

Legs 
Upper 

1140 1152 

Legs 
Lower 

922 899 

Suit 305 0 
Total 11076 11007 
 
 The Q1.5 dummy model, as developed by 
scaling from the Q3 dummy model, resembled the 
actual Q1.5 dummy as far as anthropometry, 
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internal dimensions and mass distributions goes. 
The stiffness values of soft tissue contact models 
and kinematic joint stiffness were scaled from the 
Q3 model. Component validation was needed to 
show validity of the applied scaling technique.  
 
Dummy model component validation 
 
 Validation of the dummy models was 
performed against component tests as specified in 
the dummy design requirements [FTSS, 2003]. No 
full scale sled test data was available, hence no 
validation on the whole body dummy was 
performed.  
 
Q3 dummy model – An overview of validation 
simulations performed for the Q3 dummy model is 
shown in table 3. For all test conditions corridors or 
peak response and timing of peak were available, 
as defined for assessing dummy biofidelity. For 
frontal and lateral head drop tests, for frontal thorax 
impactor tests and for lumbar flexion tests 
hardware dummy test data was available, in 
addition to corridor requirements.  
 
Table 3:  Overview of validation performed on Q3 
dummy model. 
Test description Specifications 
Head 
Frontal drop* Drop height 130 mm 
Frontal drop* Drop height 376 mm 
Lateral drop* Drop height 130 mm 
Lateral drop* Drop height 200 mm 
Neck   
Pendulum 
extension 

Impact velocity 3.9 m/s 

Pendulum flexion Impact velocity 3.9 m/s 
Pendulum lateral Impact velocity 3.5 m/s 
Thorax 
Impactor frontal* Impact velocity 

Impactor mass 
4.3 m/s 
3.8 kg 

Impactor frontal* Impact velocity 
Impactor mass 

6.7 m/s 
3.8 kg 

Impactor lateral Impact velocity 
Impactor mass 

4.3 m/s 
3.8 kg 

Impactor lateral Impact velocity 
Impactor mass 

6.7 m/s 
3.8 kg 

Lumbar 
Pendulum frontal* Impact velocity 4.4 m/s 
* hardware dummy test data available 
 
 The frontal head drop test simulated a facial 
impact and was performed at two heights to 
evaluate the rate-dependency of the foam of the 
dummy head. The lateral head drop test simulated 
an impact of the dummy head under an angle with 
a side structure of a vehicle. The impacted plate 
was rigid. The acceleration of the head center of 

gravity was computed. Simulation setups are 
shown in figure 3.  

  
Figure 3.  Simulation setup of Q3 head drop test 
in frontal (left) and lateral (right) direction. 
 
 The neck pendulum test was designed to 
evaluate the performance of the neck in three 
bending directions: flexion, extension and lateral 
flexion. The neck was disassembled from the 
dummy and mounted to a pendulum on the 
proximal side, while it was mounted to a 
standardized test mass representing a dummy head 
on the distal side, as shown in figure 4. The 
pendulum was stopped by a 3 inch layer of 
honeycomb, which was modeled in a contact 
characteristic with a crush force of 2500 N and 
75% allowable compression. The velocity decrease 
of the pendulum and the total head rotation were 
computed. 

  
Figure 4.  Simulation setup of Q3 dummy neck 
pendulum test just before impact (left) and at 
time of maximum neck bending (right) 
 
 The thorax impactor test was designed to 
evaluate the thoracic response to impact in frontal 
and lateral direction. The free-flying impactor with 
a mass of 3.8 kg struck the sternum in frontal and 
the ribs in lateral impact at speeds of 4.3 m/s and 
7.6 m/s. The thoracic response was characterized 
by a force-deflection plot for frontal impact and a 
force history plot for lateral impact. The simulation 
setups for thorax impactor tests are shown in figure 
5. 

  
Figure 5.  Simulation setup of Q3 dummy thorax 
impactor test in frontal (left) and lateral (right) 
direction 
 
 The lumbar pendulum test setup was similar to 
the neck pendulum test, where the neck assembly 
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was replaced by the lumbar spine assembly. The 
pendulum impact speed was increased from 3.9 m/s 
to 4.4 m/s. For an image of the test setup it is 
referred to the setup for the neck as shown in figure 
4.  
 
Q1.5 dummy model – To evaluate the Q1.5 
dummy model response, simulations similar to 
those performed for the Q3 dummy model 
validation were setup. A smaller amount of tests 
was available for the Q1.5 dummy, as shown in 
table 4. Since the neck of the Q1.5 dummy and 
corresponding dummy model were identical to the 
neck of the Q3 dummy and corresponding model, 
no validation of the Q1.5 neck was performed. The 
mass of the thorax impactor was reduced from 3.8 
kg to 2.6 kg, as prescribed in the dummy 
requirements [FTSS, 2003]. For head frontal drop, 
thorax frontal and lumbar flexion tests, hardware 
dummy test data was available in addition to 
dummy design requirements. For a more detailed 
description of the test setup it is referred to the Q3 
dummy component validation paragraph. 
 
Table 4:  Overview of validation performed on 
Q1.5 dummy model. 
Test description Specifications 
Head 
Frontal drop* Drop height 130 mm 
Thorax 
Impactor frontal* Impact velocity 

Impactor mass 
4.3 m/s 
2.6 kg 

Impactor lateral Impact velocity 
Impactor mass 

4.3 m/s 
2.6 kg 

Impactor lateral Impact velocity 
Impactor mass 

6.7 m/s 
2.6 kg 

Lumbar 
Pendulum frontal* Impact velocity 4.4 m/s 
* hardware dummy test data available 
 
Human child model development 
 
 Human child models of a 1.5 and a 3-year-old 
child were developed in order to be able to 
compare responses between the two human 
surrogate models. The models were developed by a 
scaling technique similar to the technique used for 
the development of the Q1.5 dummy model. The 
model was scaled from the MADYMO human 
occupant model in a 50th percentile male 
configuration [Happee, 2001]. Different from the 
ellipsoid dummy models, these models are 
characterized by a mesh representing the skin, by 
flexible bodies representing a fully deformable 
thorax and abdomen and by additional joint models 
representing all spinal flexibility.  
 
 The 35 anthropometric scaling parameters of 
the 50th percentile adult were derived from 

RAMSIS anthropometric database [Seidl, 1994]. 
The anthropometry datasets for 1.5-year-old and 3-
year-old were based on the design specifications of 
the Q3 and Q1.5 dummies, which were derived 
from the CANDAT child anthropometry database 
[Twisk, 1993]. Less important anthropometric 
parameters that were not available within 
CANDAT were taken from the GEBOD database 
[MADYMO, 2004]. These less important 
parameters were altered to improve the segment 
mass distribution resulting from the scaling routine. 
An overview of CANDAT mass specifications and 
resulting model segment mass distribution is given 
in table 5. The scaling routine optimization target 
included total dummy mass, which was reached. 
The models resulting from the scaling procedure 
are shown in figure 6.  

 
Figure 6.  The MADYMO 1.5-year-old (left) and 
3-year-old human child models. 
 
Table 5:  Segment mass distribution as specified in 
CANDAT database and as resulting from human 
models of 3-year-old and 1.5-year-old children. 
Segment 
mass [g]  

3 yo 
model  

3 yo 
specs. 

1.5 yo 
model 

1.5 yo 
specs. 

Head 3190 3220 2510 2540 
Neck 330 300 300 300 
Torso  6220 6410 5120 5100 
Arm 
upper 

370 370 280 270 

Arm 
lower 

210 210 150 150 

Hand 100 130 080 100 
Thigh 950 980 580 570 
Leg 
lower 

500 500 300 290 

Foot 250 240 170 160 
Total 14500 14500 11020 11020 

 
 The developed human child models represented 
children of approximately 1.5 years and 3 years of 
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age. While the anthropometry was defined from 
anthropometric databases, the stiffness and 
damping parameters were scaled based on 
geometrical scaling on body part level and did not 
take structural changes and differences in material 
properties between children and adults into 
account. 
 
Group I CRS simulation 
 All developed child models, Q1.5 and Q3, as 
well as human 1.5-year-old and 3-year-old, can be 
positioned in a Group I child restraint system 
(CRS). A Group I seat model positioned in a 
typical car seat was developed to evaluate the 
behavior of the developed child models in a typical 
vehicle crash environment.  
 

A mesh of the outer geometry of a production 
CRS was generated and implemented in 
MADYMO. The finite element CRS was 
considered undeformable, while seat compliance 
was modeled by means of a contact characteristic 
between child model and CRS. The CRS was 
positioned in two planes with a contact 
characteristic representing a rear seat of a typical 
passenger car. The seat was mounted to the vehicle 
with the vehicle’s three-point belt system, modeled 
by a multi-body belt. The child model, either 
human or dummy, was positioned on the CRS after 
which FE belts were wrapped around the child that 
represented the internal 5-point harness of the CRS. 
An image of a Q3 dummy model in the modeled 
CRS on the vehicle rear seat is shown in figure 7.  

 
Figure 7.  Generic child restraint model of 
Group I seat, mounted on vehicle rear seat with 
positioned Q3 dummy model and FE internal 
harness. 

 
A frontal crash was simulated by prescribing an 

acceleration field to child model and CRS, while 
the vehicle seat was mounted to reference space. 
The supplied pulse was taken from ECE-R44 
regulations [ECE, 1998]. Since the Q3 dummy is 
the proposed upper limit dummy for Group I CRS 
evaluation, simulations have been performed with 

the Q3 dummy model and with the 3-year-old 
human model.  

No experimental validation data was available 
to validate the CRS model or to evaluate the 
response of child dummy or human model in a full 
scale crash environment.  

 
Injury Reference Values for 3-year-old children 
 Injury Reference Values (IRV) for a 3 year-old 
child are shown in table 6. IRV’s indicate a 
reference value at which injury may occur. Some of 
these values have been defined in regulations 
[ECE, 1998], others are proposed values for 
regulations [Eppinger, 2000], some were scaled by 
body mass ratio from adult cadaveric data [Mertz 
and Patrick 1971, Cavanaugh 2002], while others 
were adapted from advanced scaled data [Ivarsson 
2004, 2005]. The values presented here were meant 
to be mere indications of injury severity. They were 
used for ease of normalizing various responses, not 
to predict the occurrence of injury per se. 
 
 In order to present a normalized injury 
indicator, the relative Injury Reference Value 
(rIRV) was defined as follows: 

IRV

response
rIRV =         (1) 

Table 6:  Injury Reference Values (IRV) of 3-year-
old children with source and subsequent comment. 

Criterion  IRV Source 
Head Injury Crit. 
HIC 

570 Eppinger 
2000  

Head Excursion  0.55 m ECE-R44 
Neck Injury Predict., 
tension-extension 
Nij TE 

1 Eppinger 
2000 

Neck Injury Predict., 
compression-ext. 
Nij CE 

1 Eppinger 
2000 

Neck Lower Force, 
lateral shear 
Fy  

273 N Mertz and 
Patrick 1971, 
mass scaled 

Neck Lower Force, 
axial 
Fz  

-1380 N Eppinger 
2000  

Neck Lower Moment,  
lateral bending 
Mx  

16.5 Nm Ivarsson 
2005, Nij 
intercept 

Sternum 
Displacement  

0.034 m Eppinger 
2000 

Thorax Viscous 
Criterion 
VCmax 

0.74 Cavanaugh 
2002, mass 
scaled 

 
Hence, the model response divided by the in table 6 
defined IRV is a normalized measure for injury 
potential and was used as such in presenting 
results. When rIRV equals 1, the computed 
response is equal to the IRV defined.  



van Rooij 7 

Posture study 
 
 A posture study was performed since it was 
hypothesized that children rarely sit in the same 
posture for a long period. At first, a real-world 
photo study was performed to indicate which 
posture children regularly take on longer drives. 
The resulting most common or most extreme 
postures were then simulated with a Q3 dummy 
model and a 3-year-old human model in a Group I 
seat at ECE-R44 impact level.  
 
Real-world photo study – To investigate what 
postures children seated in Group I seats take on 
long drives, parents of a total number of 10 
children were asked to take pictures of their 
children and to fill in a questionnaire. Three series 
of photos were taken. 
• A: one picture of the child in the CRS every 15 

minutes during drives of at least one hour, 
taken by the co-driver.  

• B: one picture of the child just after it was 
positioned in the CRS and one right after the 
drive, so that the picture could be taken from 
outside the vehicle to obtain a better view.  

• C: pictures of the child when it was observed 
that it took a strange or extreme position. 

 
The resulting photographs were organized into 

two categories. First of all, in order to find common 
postures that often occurred and that many children 
took. Secondly, in order to find some extreme 
postures that children take, which are potentially 
dangerous in case of a crash.  
 
Modeling of poses – To evaluate the effect of 
various poses or postures, some of the observed 
postures were simulated in the CRS on the vehicle 
rear seat model environment that was developed 
within this study. By changing the positions and 
orientations of the kinematic joints of dummy and 
human model the postures observed in the photo 
study could be modeled. With the changed position 
also the belt routing changed, which made 
rewrapping of the FE internal CRS harness 
necessary.  
 
 The Q3 dummy model joint characteristics 
needed to be changed in order to be able to position 
the dummy in many of the postures. Most dummy 
joints provide resistance to any position other than 
the reference position, which in the modeling 
environment with the original dummy model 
resulted in a transient effect at the start of the 
simulations, where the joint relaxed into its 
reference state. In order to eliminate this undesired 
transient effect, the dummy joint characteristics 
were altered so that no force or torque was 
generated at the desired joint orientation. This 
increase of range of motion of dummy joints, 

reduced the quality of validation of the model. 
However, the effect on dummy response was found 
to be small and acceptable for performing trend 
studies.  
 
RESULTS 
 
 The results from this study consist of the 
simulation responses from the dummy component 
tests and the response of the generic CRS model 
simulations, followed by results from the photo 
study and the numerical analysis on the various 
postures. 
 
Dummy model component validation 
 
 The component validation results of both Q3 
and Q1.5 dummy models will be presented in this 
section. Additional figures can be found in 
appendix 1 and 2 for Q3 and Q1.5 respectively.  
 
Q3 head – The validation of the Q3 dummy head 
in frontal drop test at 130 mm was compared with 
three hardware dummy tests, as shown in figure 8. 
The x-acceleration of the head was higher than 
observed in any of the three experiments, which 
indicated that the head contact stiffness was too 
high in the model. However, the maximum 
resultant acceleration was 1254 m/s2, which 
fulfilled the requirement that the acceleration 
should lie in between 981 and 1275 m/s2. At a drop 
height of 376 mm the model response was slightly 
lower than the hardware dummy responses. The 
lateral drop test at 130 mm drop height showed that 
the model fulfilled the requirement of minimum 
1177 m/s2 and maximum 1472 m/s2 at a resultant 
head acceleration of 1257 m/s2. At 200 mm drop 
height, the model response was comparable to the 
test responses.  
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Figure 8.  X-acceleration of Q3 head frontal 
drop test validation at 130 mm height. 
 
Q3 neck – Validation of the neck of the model in 
flexion resulted in a plot of pendulum velocity 
decrease, as shown in figure 9, and in total head 
rotation, as shown in figure 10. The velocity 
decrease plot showed that the pendulum speed 
decreased slightly more rapid than allowed by the 
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corridor. The total head rotation was slightly higher 
than allowed by the dummy requirements and the 
angular rate of the neck was slightly lower, as 
shown by the peak occurring later than allowed by 
the bounding box. 
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Figure 9.  Velocity decrease of Q3 neck flexion 
pendulum test validation at 3.9 m/s impact 
speed. 
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Figure 10.  Total head rotation of Q3 neck 
flexion pendulum test validation at 3.9 m/s 
impact speed. 
 

The results of the neck pendulum tests in the 
other loading directions, extension and lateral 
flexion, showed similar results. The velocity 
decrease was on the high side of the corridor, while 
the maximum allowable head rotation was slightly 
larger and occurred slightly later than the 
maximum set in the requirements.  
 
Q3 thorax – The thoracic response of the Q3 
model was evaluated with the force-deflection 
response resulting from the frontal thoracic 
impactor test, as shown in figure 11. The hardware 
dummy showed a stiffer performance than the 
corridor, on which it is elaborated by de Jager et al. 
[de Jager, 2005]. The model response resulted in an 
even higher impact force and a maximum 
deflection close to 30 mm. A similar trend was 
observed at higher impact speed of 6.7 m/s. The 
odd shaped fluctuation of the model response was 
attributed to a vibration in the impactor force 
history, which indicated a lack of damping in the 
dummy model.  
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Figure 11.  Force-deflection of Q3 thorax frontal 
impactor test at 4.3 m/s with 3.8 kg mass. 
 

The lateral thoracic force response was 
approximately four times higher than defined in the 
corridor, while timing was fairly correct, as figure 
12 indicates.  
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Figure 12.  Force history of Q3 thorax lateral 
impactor test at 4.3 m/s with 3.8 kg mass. 

 
Q3 lumbar – The lumbar pendulum test results are 
plotted in figures 13 and 14. The model response 
was very similar to the three hardware dummy test 
responses, but the bounding boxes for maximum 
total head rotation and timing of maximum total 
head rotation were not completely met.  
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Figure 13.  Velocity decrease of Q3 lumbar 
flexion pendulum test validation at 4.4 m/s 
impact speed. 



van Rooij 9 

-40.0

-30.0

-20.0

-10.0

0.0

10.0

20.0

30.0

40.0

50.0

60.0

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

Time [s]

T
ot

al
 H

ea
d

 R
ot

at
io

n
 [d

eg
]

Q3 Model
430395
430396
430397
corridor
corridor

 
Figure 14.  Total head rotation of Q3 lumbar 
flexion pendulum test validation at 4.4 m/s 
impact speed. 
 
 From the Q3 dummy model component 
validation it was concluded that the model response 
did not always meet the requirements. However, 
most of the responses fell only slightly outside the 
corridor, except for thoracic force response that 
was approximately four times higher than required.  
 
Q1.5 head – The x-acceleration response of the 
head frontal drop test at 130 mm for the Q1.5 
dummy model is shown in figure 15. The model 
response was about 15 % higher than the hardware 
dummy response. Also, the timing of the peak 
acceleration occurred slightly earlier. The resultant 
head acceleration fell inside the requirement of 
1089±284 m/s2 at 1299 m/s2. 
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Figure 15.  X-acceleration of Q1.5 head frontal 
drop test validation at 130 mm height. 
 
Q1.5 thorax – The frontal thoracic impactor 
response of the 4.3 m/s test is plotted in figure 16. 
The hardware dummy performance is slightly 
different from the corridor, on which it is referred 
to de Jager et al. [de Jager, 2005]. The force 
response of the model was about four times higher 
than the corridor, while the maximum deflection 
did not increase up to the range set in the corridor. 
Lateral thoracic tests resulted in a similar trend, 
where the force was approximately four times 
higher for both high and low impact speed tests. 
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Figure 16.  Force-deflection of Q1.5 thorax 
frontal impactor test at 4.3 m/s with 2.6 kg mass. 
 
Q1.5 lumbar – The lumbar pendulum test results 
are shown in figures 17 and 18. While the 
pendulum velocity decrease of the model fell inside 
the corridor during the larger part of the simulation, 
the maximum total head rotation was larger than 
allowed by the requirements. Nevertheless, the 
timing was correct and the model response was 
very similar to the hardware dummy response. 
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Figure 17.  Velocity decrease of Q1.5 lumbar 
flexion pendulum test validation at 4.4 m/s 
impact speed. 
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Figure 18.  Total head rotation of Q1.5 lumbar 
flexion pendulum test validation at 4.4 m/s 
impact speed. 
 

From the Q1.5 dummy component validation 
simulations it was concluded that similar trends 
were observed as in Q3 component validation. The 
model response met the requirements or just did 
not meet the requirements for most all responses, 
except for thoracic impactor force response.  
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Group I CRS simulation 
 Kinematic simulation results of the Q3 dummy 
model and 3-year-old human child model seated in 
a Group I CRS at ECE-R44 impact are shown in 
figure 21. At first, the CRS and child model moved 
forward. After 50 ms the lower neck went into 
flexion, while the upper neck went into extension, 
caused by the unrestrained head moving relative to 
the restrained torso. At 100 ms after impact a 
difference between dummy and human was 
observed. The dummy allowed more forward 
movement of the shoulder than the human model. 
The human model’s shoulder was restrained more. 
Therefore, later in the event, the human torso 
stayed more upright than the dummy torso. Even 
though the belt friction coefficient was identical at 
0.4, differences in the contact algorithms between 
ellipsoid and rigid FE models might have caused 
this. The kinematics of head and neck was fairly 
similar throughout the rest of the event. 
 
 A comparison of model response in terms of 
resultant head acceleration between Q3 dummy 
model and human model, as shown in figure 19, 
indicated that both timing and maximum value of 
head acceleration were fairly similar between 
human and dummy model.  

 
Figure 19.  Head resultant acceleration of Q3 
dummy model and human 3-year-old model in 
Group I seat with ECE-R44 pulse. 
 
 In terms of force response, the axial force 
generated in the lower neck indicated that both 
dummy and human model predict neck tension at 
first and neck compression later in the event, as 
figure 20 shows. The maximum compressive force 
in the lower neck is similar for both at around -
1500 N. 

 
Figure 20.  Lower neck axial force of Q3 dummy 
model and human 3-year-old model in Group I 
seat with ECE-R44 pulse. 

 
0 ms 

 
50 ms 

 
75 ms 

 
100 ms 

 
125 ms 

 
150 ms 
Figure 21.  Simulation of Q3 dummy model 
(left) and human 3-year-old model (right) in 
Group I seat with ECE-R44 pulse. 
 

In order to quickly compare the effect of a 
certain impact configuration on the model 
response, in figure 22 the relative Injury Reference 
Values (rIRV), as defined in table 6, for the 
performed simulations are shown. From the Q3 
model and human 3-year-old model comparable 
rIRV values were computed for HIC and head 
excursion. The values for Nij in the human model 
simulation were far lower than the Q3 model, due 
to almost non-existing extension in the human 
model upper neck. Forces and moments in the 
lower neck were comparable. Large differences 
existed for the sternum displacement and VCmax 
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as well. The lower dummy sternum displacement 
matched with the low sternum displacement 
observed in thoracic impactor simulations, as 
shown in figure 11. 
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Figure 22.  Relative Injury Reference Values 
(rIRV) of simulations with Q3 dummy model 
and human 3-year-old model in Group I seat 
with ECE-R44 pulse. 
 
Real-world photo study on poses 
 

The photo study resulted in a total of 141 
photographs. A division was made between 
children based on age and weight. Four out of ten 
children were best represented by a 3-year-old 
model, while the other six were best represented by 
a 1.5-year-old model. Obviously, a younger child 
has more freedom of movement in its seat. As a 
result, a larger variety of postures was found for 
smaller children.  
 

The standard posture, sitting up straight, was 
found most often. This posture is shown in figure 
23 on the left. An extreme posture is shown in 
figure 23 on the right. The child in the 1.5-year-old 
group was slouched and managed to hold her feet 
in her hands.  

 

Figure 23.  Photo of child sitting straight up 
(left) and of child holding her feet in her hands 
(right).  
 
 Often, children were hanging to either one side 
of their CRS, resting their heads on the wings of 
the CRS. This posture is shown in figure 24 on the 
left. Either the whole body was slanted, or just the 

neck was laterally flexed. The child’s neck was 
often hanging in the shoulder belt. A posture 
typical for older children was to stretch one of their 
legs against the front row seat, as shown in figure 
24 on the right. Often this was combined with the 
other limb pulled up and resting on the knee of the 
stretched limb. In order to reach the front row seat 
with their feet, children were often slouched in 
their CRS.  

 
Figure 24.  Photo of child sleeping slanted (left) 
and of child stretched out, one leg pulled up and 
right foot against front seat (right).  
 

An uncommon position, but observed with two 
children, was to escape from the shoulder harness 
and then lean forward. The parents of these specific 
children stated clearly that they removed all slack 
from the internal harness system during 
installation, but the child still managed to escape. A 
photo of this position is shown in figure 25. 

 

 

Figure 25.  Photo of child escaped from shoulder 
belts.  
 
 Additionally to these five poses, children were 
sometimes leaning forward in their shoulder 
restraint, completely hunched. At other times, 
children managed to escape from their shoulder 
harness and rotate their whole body so that they 
could look backward. Many variations on all poses 
existed as well.  
 
Modeling of poses 
 

The five poses shown in figures 23-25 were 
chosen to be modeled in the Group I CRS 
simulation environment discussed before. 
Simulations were performed with both the Q3 as 
well as the 3-year-old human model.  
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Standard pose – The standard pose, of a child 
sitting straight up, was considered to be identical to 
the standard model setup that was discussed earlier. 
This posture and the accompanying model are 
referred to as the base posture and model in the 
following figures.  
 
Child holding feet in her hands – The pose of a 
child holding her feet in her hands, was modeled by 
changing the orientation of the joints such that all 
extremities were stretched and the hands were in 
the proximity of the feet. The child model was 
positioned somewhat slouched in its seat. The 
initial setup is shown in figure 26. While in reality 
this pose was observed at a child representing the 
1.5-year-old age group, simulations were 
performed with the 3-year-old child models. 

Figure 26.  Simulation setup of Q3 dummy 
model (left) and human 3-year-old model (right) 
holding feet in hands.  
 
 The resulting kinematic response consisted of 
upper and lower limbs flinging in the direction of 
the force vector, e.g. frontal. This behavior was 
observed in the standard posture as well, only with 
a different initial orientation of the limbs. The 
kinematic response is therefore similar to the 
standard posture response.  
 
Child sleeping slanted – The child sleeping 
slanted in the CRS was modeled by rotating the 
body slightly and by adding lateral flexion in the 
neck, as shown in figure 27. The left shoulder belt 
was proximal to the neck, causing an asymmetric 
load condition. 

Figure 27.  Simulation setup of Q3 dummy 
model (left) and human 3-year-old model (right) 
sleeping slanted.  
 
 The kinematic simulation results, shown in 
figure 28 at 95 ms after impact, showed that the 
asymmetric load condition resulted in lateral 
components of head movement.  

 
Figure 28.  Simulation of Q3 dummy model 
(left) and human 3-year-old model (right) 
sleeping slanted, 95 ms after impact. 
  
Child with one leg stretched against front row 
seat – In order to simulate the effect of a front row 
seat on the child’s lower extremity response, a 
plane was added with an assumed contact stiffness 
characteristic for a seat back. Initially, the right 
lower limb of the child was stretched and in contact 
with the plane. The left limb was pulled up with the 
left foot resting on the right knee. This setup is 
shown in figure 29. Additionally, the child was 
slanted causing an asymmetric load condition at the 
shoulder harness.  

 
Figure 29.  Simulation setup of Q3 dummy 
model (left) and human 3-year-old model (right) 
stretched out, one leg pulled up and right foot 
against front seat. 
 
 In figure 30 the simulation results are shown at 
85 ms after impact. The simulation results were 
similar to those of the standard position, except for 
the lower extremities that did not stretch out but 
were compressed against the seat, inducing knee 
flexion. The forces generated in the tibia were at 
400 N well below the fracture threshold defined 
from scaled adult data at 1860 N [Ivarsson, 2005]. 
However, in the current simulation setup knee 
flexion was present, while in reality a fully 
extended knee might induce higher forces in the 
lower extremity. 

 
Figure 30.  Simulation of Q3 dummy model 
(left) and human 3-year-old model (right) 
stretched out, one leg pulled up and right foot 
against front seat, 85 ms after impact. 
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Child that escaped from shoulder belts –  The 
child that escaped from the shoulder harness and 
then leaned forward was modeled as shown in 
figure 31. The FE internal harness was routed 
differently, with the shoulder belt going underneath 
the armpits.   

 
Figure 31.  Simulation setup of Q3 dummy 
model (left) and human 3-year-old model (right) 
escaped from shoulder belts. 
 

Simulation results of the child that escaped 
from the shoulder belts are shown in figure 32. The 
child was correctly restrained by the lap belt of the 
harness and therefore full body excursion relative 
to the CRS did not occur. However, the 
unrestrained upper torso, head and neck moved 
forward causing large lumbar flexion and the 
dummy spine being lined up with the force vector 
from the impact. The head excursion limit was 
exceeded. In a full-scale setup the head would have 
impacted the front row seat, possibly implicating 
severe head injury. However, this was not modeled 
since the Head Injury Criterion (HIC) is very 
sensitive to the contact stiffness of the front row 
seat, for which no validated model was available. 

 
Figure 32.  Simulation of Q3 dummy model 
(left) and human 3-year-old model (right) 
escaped from shoulder belts, 120 ms after 
impact. 
 
Injury criteria of modeled poses – The effect 
of various poses on the response of a child model 
was evaluated in terms of relative injury reference 
values. The Nij value in compression-extension 
mode was higher than in the base or standard case 
for two postures; feet in hand and sleeping slanted. 
At both these postures the body was slouched, 
resulting in a changed neck orientation with respect 
to the impact direction. The changed orientation 
caused a different loading condition at the upper 
neck, where Nij was computed. 
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Figure 33.  Relative Injury Reference Values 
(rIRV) of Nij compression-extension of 
simulations with Q3 dummy model and human 
3-year-old model in Group I seat with ECE-R44 
pulse at different poses. 
  

The head excursion rIRV was similar for all 
simulations except for the simulation where the 
child escaped from the shoulder belts. There, the 
ECE-R44 excursion limit was exceeded for both 
dummy and human model. The human model 
exceeded the head excursion limit more than the 
dummy model, which was caused by the spinal 
elongation that can be observed in figure 32. Due 
to the absence of a front row structure in an ECE-
R44 setup, as well as in the current simulation 
setup, the effect of exceeding the head excursion 
limit was not quantified. However, high head 
accelerations and neck loads are likely to occur.  
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Figure 34.  Relative Injury Reference Values 
(rIRV) of head excursion of simulations with Q3 
dummy model and human 3-year-old model in 
Group I seat with ECE-R44 pulse at different 
poses. 
 
 Due to the asymmetric loading condition, 
lateral motion and computed forces and moments 
were expected to occur. Two postures where the 
body was slanted and the neck was laterally flexed 
initially were the child sleeping slanted and the 
child with one leg stretched against the front row 
seat. For these two simulations a large lateral shear 
force in the lower neck was observed, as shown in 
figure 35. The forces were up to two times higher 
than observed in the base model and were also 
twice as high as the IRV. 
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Figure 35.  Relative Injury Reference Values 
(rIRV) of lower neck lateral shear force of 
simulations with Q3 dummy model and human 
3-year-old model in Group I seat with ECE-R44 
pulse at different poses. 
 

In order to further investigate the occurrence of 
lateral loading, the lateral bending moment in the 
human model neck is plotted for all poses in figure 
36. Lateral neck bending occurs in the base model, 
due to the asymmetric mounting configuration of 
the CRS on the test bench by means of a three-
point belt restraint. However, when additional 
asymmetry was introduced by slanting the human 
child model, the lateral bending moments that 
occurred in the lower neck were up to twice as high 
and exceeded the IRV for lateral neck moment that 
was defined at 16.5 Nm in table 6.  

 
Figure 36.  Lower neck lateral bending moment 
of simulations human 3-year-old model in 
Group I seat with ECE-R44 pulse at different 
poses. 
 
 The results from the different poses indicated 
that loading levels were not dramatically different 
from a properly restrained child. However, the 
simulation of the child that escaped from the 
shoulder belt exceeded the head excursion limit. A 
child that was not symmetric relative to the 
shoulder restraint sustained lateral forces and 
moments in the neck of a level that might 
potentially induce injury.  

 
DISCUSSION 
 
 The development of the Q3 dummy model, 
based on the pre-existing model, resulted in a 
model that showed comparable results with respect 
to hardware dummy tests. Additionally, the design 
requirements for the dummies were met or almost 
met for all tests except for the thoracic impactor 

tests. The thorax of the model was consistently 
stiffer than the corridors. This resulted in forces 
that were approximately 4 times higher than 
required at deflections lower than required. 
Improvements to the dummy model thorax are 
necessary in order to show a similar response to the 
hardware dummy. The need to fit the thorax 
corridors is subject to discussion since these 
corridors were developed based on scaling from 
cadaveric adult data, an approach that involved a 
large number of assumptions.  
 
 Q1.5 dummy development through 
anthropometrical scaling was a useful process in 
scaling the outer dimensions of the dummy. The 
stiffness properties of contact characteristics and 
joint resistance models were scaled accordingly. 
The latter approach was validated by the 
component simulations in which the stiffness 
characteristics were tested. Manual adaptations 
were necessary in order to achieve a correct 
segment mass distribution, since the 
MADYMO/Scaler routine did not scale based on 
those. Component validation showed that the 
developed Q1.5 model response fell inside or was 
just outside the requirements, except for the thorax. 
The lack of thorax validation was a direct 
consequence of the scaling approach used to 
develop the dummy from the Q3 model. It must be 
stated however, that the amount of tests performed 
was limited. 
 

The developed human child models were scaled 
from an adult anthropometry. The resulting models 
met anthropometrical requirements from the 
CANDAT database. However, the procedure 
involved large scaling ratios in which the potential 
for errors in scaling the various stiffness and force 
models was large. Within the current human child 
model development, structural differences between 
humans and children and variation of material 
properties by age were not taken into account. For 
example, the long bones of children have growth 
plates and their bone tissue is generally more 
elastic than that of adults [Ivarsson, 2004]. In an FE 
environment these structural and material 
differences between children and adults can be 
taken into account intrinsically [Okamoto, 2002], 
while in a multi-body environment they can be 
taken into account by using more advanced scaling 
techniques, incorporating additional joints and 
material properties.  
 

Validation of human child models was not 
performed in this study. Since cadaveric child data 
is unavailable due to ethical considerations, 
validation needs to be performed differently. A 
possible approach in validating a human model can 
be to perform crash reconstruction. Correlation data 
between impact severity and resulting injuries is 
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often available in detailed car crash databases, also 
for children. When a large number of crashes are 
simulated and the computed injury criteria from the 
human model match up with the injuries recorded 
in the medical records, confidence in the injury 
predictive capacity of the human models can be 
achieved. In a first attempt to validate the human 
child models, in this paper the response of the 
validated Q3 model was compared with the 3-year-
old child human model. Most responses were 
similar. However, large differences existed in 
upper neck extension moment and in sternum 
displacement.  
 
 In the posture study, the dummy model was 
applied for conditions it was not developed for. The 
extreme joint orientations resulted in transient 
effects at the beginning of the simulation. As a 
result model adaptations were necessary. The 
human model could be positioned in any of the 
postures without these transient effects, due to 
larger ranges of motion in the joints. The model 
response in the full scale CRS environment was 
comparable between human and dummy model, 
which indicated that both dummy and human 
model were valid tools to perform this type of 
investigation. No validation data was available for 
the CRS itself and for the human and dummy 
model in a full scale environment and therefore the 
results from this study should be considered as 
indications of trends that might occur in various 
poses.  
 

In many of the most common poses the body 
was slanted, which caused an asymmetrical loading 
condition at the shoulder belts. This involved 
lateral movement of the head and lateral forces and 
moments in the neck of a level that is potentially 
hazardous. When a child was escaped from its 
shoulder belt restraint, the ECE-R44 criterion for 
head excursion was exceeded. Besides large axial 
forces in the spine, impact with a front seat can 
cause severe head and neck injuries.  
 
CONCLUSIONS 
  
 From this study the following conclusions were 
drawn: 
• The Q3 model update was validated against 

component test data and met the corridors, 
except for the thoracic response, which was 
approximately four times too stiff. 

• The Q1.5 model, developed through 
anthropometrical scaling, largely fulfilled the 
dummy design requirements, again except for 
thoracic response 

• The human child models were developed 
based on anthropometrical scaling, which 
resulted in human models resembling a 1.5 and 
a 3-year-old from CANDAT database.  

• A posture study showed that children tend to 
move around in their CRS on longer drives, 
resulting in slanted and slouched positions. 

• Correctly restrained children in a Group I seat 
were able to escape from their shoulder 
restraint, which increases risk of injury. 

• Simulation of the various poses with the above 
discussed human surrogate models indicated 
that lateral neck loads were twice as high in 
slanting positions. Slouching resulted in higher 
neck loads as well.  

• The simulation of the child that escaped from 
the shoulder belt was shown to be hazardous 
since the head excursion limit was exceeded 
by over 20 cm. 

• Virtual testing was shown to be a useful 
method to investigate the types of crash 
conditions that may occur in the field, but that 
are difficult to test in an experimental 
environment.  
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APPENDIX 1: Q3 component validation 
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Figure 37.  Z-acceleration of Q3 head frontal 
drop test validation at 130 mm height. 

-2500

-2000

-1500

-1000

-500

0

500

1000

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

Time [s]

X
-A

cc
el

er
at

io
n 

[m
/s

^2
]

Q3 Model
430609 376 mm
430610 376 mm
430611 376 mm

 
Figure 38.  X-acceleration of Q3 head frontal 
drop test validation at 376 mm height. 

-600

-400

-200

0

200

400

600

800

1000

1200

1400

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

Time [s]

Z
-A

cc
el

er
at

io
n 

[m
/s

^2
]

Q3 Model
430609 376 mm
430610 376 mm
430611 376 mm

 
Figure 39.  Z-acceleration of Q3 head frontal 
drop test validation at 376 mm height. 
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Figure 40.  Y-acceleration of Q3 head lateral 
drop test validation at 130 mm height. 
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Figure 41.  Z-acceleration of Q3 head lateral 
drop test validation at 130 mm height. 
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Figure 42.  Y-acceleration of Q3 head lateral 
drop test validation at 200 mm height. 
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Figure 43.  Z-acceleration of Q3 head lateral 
drop test validation at 200 mm height. 
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Figure 44.  Velocity decrease of Q3 neck 
extension pendulum test validation at 3.9 m/s 
impact speed. 
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Figure 45.  Total head rotation of Q3 neck 
extension pendulum test validation at 3.9 m/s 
impact speed. 
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Figure 46.  Velocity decrease of Q3 neck lateral 
flexion pendulum test validation at 3.9 m/s 
impact speed. 
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Figure 47.  Total head rotation of Q3 neck 
lateral flexion pendulum test validation at 3.9 
m/s impact speed. 
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Figure 48.  Force-deflection of Q3 thorax frontal 
impactor test at 6.7 m/s with 3.8 kg mass. 
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Figure 49.  Force history of Q3 thorax lateral 
impactor test at 6.7 m/s with 3.8 kg mass. 
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APPENDIX 2: Q1.5 component validation 
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Figure 50.  Z-acceleration of Q1.5 head frontal 
drop test validation at 130 mm height. 
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Figure 51.  Force history of Q1.5 thorax lateral 
impactor test at 4.3 m/s with 2.6 kg mass. 
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Figure 52.  Force history of Q1.5 thorax lateral 
impactor test at 6.7 m/s with 2.6 kg mass. 
 
 



Edwards 1 

IMPROVED SEAT AND HEAD RESTRAINT EVALUATIONS 

Marcy Edwards 
Sarah Smith 
David S. Zuby 
Adrian K. Lund 
Insurance Institute for Highway Safety 
United States 
Paper Number 05-0374 
 
ABSTRACT 

Since 1995 the Insurance Institute for Highway 
Safety (IIHS) has measured and evaluated the static 
geometry of head restraints on vehicle seats. Geome-
try is important because a restraint positioned behind 
and close to the back of an occupant’s head is a nec-
essary first step toward reducing neck injury risk in 
rear crashes. In recent years head restraint geometry 
in new model passenger vehicles has improved stead-
ily. However, a restraint that does not remain close to 
the head during a crash cannot effectively support the 
head and neck, so the effectiveness of a restraint with 
good static geometry may be reduced by poor dy-
namic response of a seatback or restraint cushion. In 
addition, the effectiveness of advanced seat and head 
restraints designed to move during a crash, either to 
improve geometry or reduce torso accelerations, can 
be evaluated only in dynamic tests. Thus, good ge-
ometry is necessary but, by itself, not sufficient for 
optimum protection. Dynamic evaluations using a 
test dummy also are needed to assess protection 
against neck injury in rear crashes. 

Several insurance-sponsored organizations formed 
the International Insurance Whiplash Prevention 
Group to develop a seat/head restraint evaluation 
protocol, including a dynamic test. Tests using this 
protocol produce substantially different results 
among seat/head restraint combinations, even among 
those with active head restraints. IIHS published its 
first set of evaluations using the protocol in fall 2004. 
This paper describes the rationale behind the protocol 
and summarizes the results of IIHS testing so far. 

INTRODUCTION 

The Highway Loss Data Institute (HLDI) estimates 
that every year insurers pay approximately 1.7 mil-
lion injury claims for which a neck sprain/strain (i.e. 
whiplash) is the most serious injury suffered by the 
claimant (HLDI, 2004). With an average cost of 
$4,798 for these claims (Insurance Research Council, 
2003), the total cost for crashes that result in nothing 
more serious than whiplash is $8.2 billion, and this 
accounts for 25 percent of all crash injury claims dol-

lars paid by insurers. This suggests a much larger 
whiplash problem than the federal government esti-
mate of only 800,000 minor neck injuries occurring 
annually in the United States, of which 270,000 occur 
in rear crashes (National Highway Traffic Safety 
Administration (NHTSA), 2004). Bowie and Walz 
(1995) estimate that the total cost of U.S. whiplash 
injuries exceeds $19 billion. These injuries are simi-
larly costly in other countries: CAN$ 409.7 million in 
British Columbia, Canada (Dayton, 1996); €2 billion 
in Germany (Langwieder and Hell, 2001); $43.5 mil-
lion in Sweden (Holm, 1996); and £1.6 billion in the 
United Kingdom (Batchelor, 2001). These substantial 
economic costs are in addition to the emotional and 
social costs of the pain and suffering associated with 
minor neck injury.  

Vehicle seats and head restraints have been recog-
nized for more than 35 years as the primary counter-
measures against whiplash injuries in rear crashes. In 
1969 the U.S. government issued Federal Motor Ve-
hicle Safety Standard (FMVSS) 202 as an initial ef-
fort to reduce the number of whiplash injuries 
(NHTSA, 2001). The standard required that all front 
outboard seating positions in cars be equipped with 
head restraints that could be adjusted to at least 700 
mm above the seat reference point. In 1991 the stan-
dard was extended to cover pickup trucks, sport util-
ity vehicles, and vans. This effort was partly success-
ful, with various evaluations of the regulation esti-
mating a 14-18 percent reduction in neck injuries in 
rear crashes in cars with head restraints compared 
with earlier models without them (Kahane, 1982; 
O’Neill et al., 1972; States et al., 1972). One weak-
ness of the early standard was that it did not set a 
minimum height requirement for adjustable re-
straints. Not surprisingly, Kahane (1982) found that 
fixed restraints, which were no shorter than 700 mm 
above the seating reference point, were more effec-
tive than adjustable ones, which often are left in their 
lowest adjustment positions.  

The current European head restraint standard (UN-
ECE Regulation no. 17), which applies to passenger 
vehicles sold in Europe, addresses the shortcoming of 
the U.S. standard by specifying a minimum height for 
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all head restraints. It also requires head restraints to 
be taller. Restraints must be at least 750 mm above 
the H-point and include at least one adjustment posi-
tion 800 mm above the H-point (United Nations Eco-
nomic Commission for Europe, 2002). Recognizing 
that the current U.S. standard leaves many taller ve-
hicle occupants unprotected, NHTSA proposed to 
upgrade FMVSS 202 in January 2001. The proposal, 
which was issued as a new safety standard in Decem-
ber 2004, adopted the same height requirements as 
ECE regulation 17 and added a backset requirement 
specifying that a restraint could be no farther than 55 
mm behind the head of a dummy representing a 50th 
percentile male seat occupant (NHTSA, 2004). The 
new backset requirement reflects the simple physical 
fact that a restraint must be near the head to help sup-
port it early in a crash and accelerate it along with the 
torso. FMVSS 202a will apply to passenger vehicles 
built after September 1, 2008.  

In an effort to encourage manufacturers to equip their 
vehicles with seats and head restraints better able to 
provide rear crash protection to a wider range of ve-
hicle occupants, the Insurance Institute for Highway 
Safety (IIHS) began rating static head restraint ge-
ometry for public information in 1995. The meas-
urement protocol used the Head Restraint Measuring 
Device (HRMD) developed by the Insurance Corpo-
ration of British Columbia (ICBC) to measure the 
static geometry (height and backset) of vehicle head 
restraints relative to the head of an average-size male 
(Gane and Pedder, 1996). Ratings (good, acceptable, 
marginal, or poor) were based on static geometry 
(Figure 1) and whether the restraints had locking ad-
justments. The rating procedure was modified and 
adopted by the Research Council for Automotive 
Repairs (RCAR) in 2000 and was the basis for head 
restraint ratings in Australia, Canada, the Untied 
States, and the United Kingdom until it was replaced 
in 2004 by a procedure that includes dynamic tests. 
 

 
Figure 1. Head restraint geometry ratings 

Ten years of IIHS static geometry ratings, combined 
with the more recent impending upgrade of the U.S. 
head restraint standard, effectively encouraged auto-
makers to fit the U.S. vehicle fleet with seats and 
head restraints with better static geometry. As shown 
in Figure 2, the proportion of cars offering seats with 
good and acceptable head restraint geometry in-
creased from 7 percent in 1995 to 78 percent in 2004. 
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Figure 2. Evaluations of head restraint geometry,  
passenger cars, 1995-2004 

In addition to improving static head restraint geome-
try, several automakers have developed seats and 
head restraints with other features intended to reduce 
whiplash injury risk in rear crashes. These features 
include yielding seatback cushions with strong pe-
rimeter frames (e.g., General Motors’ Catcher’s Mitt 
and Toyota’s Whiplash Injury Lessening (WIL) sys-
tem), energy-absorbing seats (e.g., Volvo’s Whiplash 
Injury Prevention System (WHIPS)), and active head 
restraints. The yielding seatback cushion and energy-
absorbing designs control the movement of an occu-
pant’s torso to reduce the stresses on the neck until 
the restraint can contact the head. Active head re-
straints include a mechanism to move the restraint 
closer to the head during a crash so it can help sup-
port the head earlier than a restraint that does not 
move. Studies have shown that several of these seat/ 
head restraint designs are effective in reducing neck 
injury rates in rear crashes (Farmer et al, 2003; Ja-
kobsson and Norin, 2004; Viano and Olsen, 2001).  

Head restraints with better static geometry have been 
shown to reduce the risk and severity of neck injuries 
in rear crashes (Chapline et al., 2000; Farmer et al., 
1999; Olsson et al., 1990). However, as the following 
example shows, not all restraints initially close to the 
head provide the same level of support for the head 
and neck in a rear crash. 
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Two seats from modern vehicles, the 2002 Ford Wind-
star and 2003 Pontiac Grand Am, were positioned so 
the static geometry of the restraints relative to a 
BioRID’s head was similar (Figure 3). The seat/head 
restraints then were subjected to the same simulated 
rear crash; two tests were conducted with each design. 

 
 

 
Figure 3. Photos (at T=0 ms) from tests of 2002 Ford 
Windstar (top) and 2003 Pontiac Grand Am (bottom) 

Results indicated that the restraint in the Grand Am 
contacted the dummy’s head earlier in the crash and 
provided better support than the restraint in the 
Windstar (Table 1). Figures 4 and 5 illustrate the two 
main reasons the Windstar seat and head restraint 
failed to provide the same level of support to the 
dummy’s head and neck. First, although the restraints 
initially had the same backset, the head restraint in 
the Grand Am contacted the dummy’s head at 60 ms 
into the crash, whereas the restraint in the Windstar 
did not contact the dummy’s head until 40 ms later; 

rearward deflection of the Windstar’s seatback kept 
the restraint from reaching the dummy’s head sooner. 
Second, when the Windstar’s restraint did contact the 

 
 

 
Figure 4. Photos (at T=60 ms) comparing seat movements 
in tests of 2002 Ford Windstar (top) and 2003 Pontiac 
Grand Am (bottom) 

 
Figure 5. Photo (at T=168 ms) of head restraint contact 
showing compression of restraint from force of head, 
2002 Ford Windstar 

Table 1. 
Comparison of 2002 Ford Windstar and 2003 Pontiac Grand Am 

seats tested with same dummy-to-head-restraint geometry 
 2002 Ford Windstar  2003 Pontiac Grand Am 
 Test 1 Test 2  Test 1 Test 2 
Time to head restraint contact (ms) 107 106  59 57 
Upper neck shear force (N) 359 387  217 230 
Upper neck tension force (N) 1084 1217  719 123 
Neck injury criterion* 31 33  18 16 

*Boström et al. (1996) 
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dummy’s head, it offered little support because it was 
too soft. Thus, even if vehicle seats and restraints are 
required to meet more stringent geometric require-
ments, the level of whiplash protection will vary de-
pending on other factors. The increasing proportion 
of new vehicle seats with good/acceptable static head 
restraint geometry and the advent of other whiplash 
protection features suggested a need for dynamic 
tests of seats to establish which designs are better 
able to provide beneficial support for occupants’ 
heads and necks in rear crashes. 

IIWPG SEAT/HEAD RESTRAINT EVALUATION 

IIHS worked with the International Insurance Whip-
lash Prevention Group (IIWPG), formed in December 
2000, to develop a vehicle seat and head restraint 
evaluation that included dynamic tests. IIWPG is 
comprised of research and testing organizations 
sponsored by automobile insurers, including 
Thatcham in the United Kingdom; Allianz Centre for 
Technology in Germany and the German Insurance 
Institute for Traffic Engineering; Folksam Insurance 
in Sweden; ICBC in Canada; Insurance Australia 
Group; and CESVIMap in Spain. The specific aims 
of the member groups vary, but their common objec-
tive is to use standardized testing of vehicle seats to 
encourage automakers to equip vehicles with seats 
that could help reduce whiplash injuries. The work of 
IIWPG included conducting many tests and consider-
ing all of the available research concerning whiplash 
injuries. The seat evaluation procedure adopted by 
IIHS reflects these efforts. 

The IIWPG/IIHS evaluation procedure begins with 
an assessment of static geometry. The basic geomet-
ric requirements for seat and head restraint design, 
height and backset, are measured to produce a rating 
of good, acceptable, marginal, or poor, based solely 
on the adequacy of the restraint to accommodate 
large segments of the population. This rating proce-
dure is detailed in the RCAR (2001) publication, 
“Procedure for Evaluating Motor Vehicle Head Re-
straints.” Although the RCAR procedure assigns a 
good evaluation to all active head restraints, the 
IIWPG/IIHS static evaluation reflects the same 
measurement criteria as for nonactive restraints. The 
additional benefits of active head restraints, if any, 
are assessed through dynamic testing. Head restraints 
with geometric ratings of good or acceptable are 
tested in a simulated 16 km/h rear impact to deter-
mine a dynamic rating of how well they support the 
torso, neck, and head. The final overall rating of a 
seat is a combination of its geometric and dynamic 
ratings. Seat designs with geometric ratings of mar-
ginal or poor automatically receive an overall rating 

of poor. They are not subjected to dynamic testing 
because their geometry is inadequate to protect any-
one taller than an average-size male. 

The dynamic test consists of a rear impact using a 
crash-simulation sled and a BioRID IIg to represent 
an occupant. A sled test with standard crash pulse 
(Figure 6) is used rather than a full-vehicle test even 
though, in theory, full-vehicle test results could in-
clude the effect that a vehicle’s rear structure might 
have on seat performance. However, in real-world 
rear crashes vehicles experience impacts with a wide 
range of vehicles at a variety of speeds such that seats 
in rear-struck vehicles will actually experience a wide 
range of crash pulses. The IIWPG procedure is de-
signed specifically to assess the performance of seats 
and head restraints, not rear-end structures, the de-
signs of which are driven by many factors other than 
neck injury prevention. 

0

2

4

6

8

10

12

0 20 40 60 80 100
Time (ms)

S
le

d 
ac

ce
le

ra
tio

n 
(g

)

 
Figure 6. IIWPG sled pulse for dynamic tests of seats 
and head restraints 

The performance criteria for the dynamic test are 
divided into two groups: two seat design parameters 
and two test dummy response parameters. The first 
seat design parameter, time to head restraint contact, 
requires that the head restraint or seatback contact the 
occupant’s head early in the crash. This follows from 
the main reason for requiring a small static backset, 
which is to reduce the time during a rear crash until 
the head is supported by the restraint. Thus, the time-
to-head-restraint-contact parameter ensures that ini-
tially good or acceptable static geometry is not made 
irrelevant by poor seat design. The second seat design 
parameter, forward acceleration of the seat occu-
pant’s torso (T1 acceleration), measures the extent to 
which the seat absorbs crash energy so that an occu-
pant experiences lower forward acceleration. In some 
cases, seats designed to absorb crash energy may 
result in later head restraint contact times. Seats with 
features that reduce contact time or have effective 
energy-absorbing characteristics have been shown to 
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reduce neck injury risk in rear crashes compared with 
seats with reasonably similar static geometry fitted to 
the same vehicle models (Farmer et al., 2003). The 
critical values of the seat design parameters have 
been set consistent with the performance of bench-
mark seats. The time-to-head-restraint-contact limit 
of 70 ms reflects head restraint contact times 
achieved by seats with active head restraint designs 
and good or acceptable static geometry. The T1 ac-
celeration limit of 9.5 g is based on the maximum T1 
accelerations recorded in tests of Volvo’s WHIPS 
seats, which include energy-absorbing/force-limiting 
seatback hinges. Thus, these seat design parameters 
should encourage more automakers to adopt design 
principles that have been shown to be effective in the 
real world. 

The two dummy response parameters, upper neck 
shear force and upper neck tension force, ensure that 
earlier head contact or lower torso acceleration actu-
ally results in less stress on the neck. The critical 
values of these neck forces are set according to the 
distribution of neck forces observed in current seats 
with good static geometry. The measured neck forces 
are classified low, moderate, or high depending on 
which region of Figure 7 the data points lie with re-
spect to maximum neck shear and tension forces. The 
regions are bounded by curves representing the 30th 
and 75th percentiles of the joint probability distribu-
tion of neck shear and neck tension forces among 
seats with good geometry tested by IIHS or 
Thatcham in 2004. Thus the limits for low forces are 
achievable with current design knowledge. 
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Figure 7. Rating for the joint distribution,  
maximum neck tension and maximum neck shear 

To receive a good dynamic rating, a head restraint 
must pass at least one of the seat design parameters 
and also produce low neck forces. If neck forces are 
moderate or high, then the dynamic rating is only 
acceptable or marginal. If neck forces are high and 
neither seat design parameter is passed, then the dy-

namic rating falls to poor. Table 2 shows how the 
dynamic rating is determined, and Table 3 illustrates 
how the geometric and dynamic ratings are combined 
for an overall evaluation of seat design. 

Table 2. 
Dynamic rating requirements 

Seat Design Criteria 
Neck Force 

Classification 
Dynamic 
Rating 

Low Good 

Moderate Acceptable 

T1 X-acceleration ≤9.5 g 

  OR 

Time to head restraint 
contact ≤70 ms High Marginal 

Low Acceptable 

Moderate Marginal 

T1 X-acceleration >9.5 g 

  AND 

Time to head restraint 
contact >70 ms High Poor 

Table 3. 
Formulation of overall rating 

Geometric 
Rating 

Dynamic 
Rating 

Overall 
Rating 

Good Good 

Acceptable Acceptable 

Marginal Marginal 

Good 

Poor Poor 

Good Acceptable 

Acceptable Acceptable 

Marginal Marginal 

Acceptable 

Poor Poor 

Marginal No dynamic test Poor 

Poor No dynamic test Poor 

RESULTS OF IIHS FIRST SEAT EVALUATION 
SERIES 

IIHS’s first evaluation series included only seats from 
2004 and 2005 cars with current IIHS crashworthi-
ness ratings for front or side impacts — a total of 97 
seat/head restraint combinations from 79 different 
vehicle models. Forty-five seats had a static geometry 
rating of good, 28 were rated acceptable, 12 were 
marginal, and 12 were poor. Thus, 73 seats qualified 
for dynamic testing, and the remaining 24 seats re-
ceived an overall rating of poor. A complete sum-
mary of the test results can be found in Appendix A. 

Only 15 of the 73 seats tested passed the T1 accelera-
tion criterion of 9.5 g. However, only 5 of these seats 
also had low neck forces, and they had either energy 
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absorbing (WHIPS) or yielding seatback cushion 
(WIL) designs. Another 6 seats with low torso accel-
eration had high neck forces. Four of the seats with 
high neck forces also were among those with the 
largest seatback rotations: Ford Crown Victoria and 
Taurus, Lincoln Town Car, and Mercury Grand Mar-
quis. The other two seats, Acura TL and Lexus GS, 
had relatively soft head restraint cushions that did not 
seem to offer enough support even after they con-
tacted the dummy’s head. Seats with good static head 
restraint geometry had lower T1 maximum accelera-
tions on average than seats with acceptable geometry 
(p<0.05) (Table 4). 

Table 4. 
T1 maximum accelerations 
related to static geometry 

Seat static rating Good Acceptable 
All 

tests 
Minimum T1 (g) 7.0 8.0 7.0 
Maximum T1 (g) 16.2 17.0 17 
Average T1 (g) 10.9 12.0 11.2 

Eleven of the 73 seats tested passed the time-to-head-
restraint-contact criterion of 70 ms. All but 2 of these 
seats were equipped with active head restraints. How-
ever, there also were 6 seats equipped with active 
head restraints that did not pass this criterion. None 
of the seats that passed produced high neck forces. 
Again, seats with good static head restraint geometry 
had significantly lower head restraint contact times 
on average than seats with acceptable geometry 
(p<0.001). The two nonactive seats that passed this 
criterion had good head restraint geometry (Table 5). 

Table 5. 
Head restraint contact times 

related to static geometry 

Seat static rating Good Acceptable 
All 

tests 
Minimum time (ms) 53 64 53 
Maximum time (ms) 126 133 133 
Average time (ms) 84 100 92 

The evaluation protocol takes into account that en-
ergy-absorbing seats are beneficial and that some 
designs may have delayed head restraint contact 
times. Results of this first series of seat evaluations 
indicate that seats meeting the T1 acceleration crite-
rion had later head restraint contact times on average 
(p<0.08). 

Thirteen of the seats tested produced low neck forces, 
24 seats produced moderate neck forces, and the re-
maining 36 seats produced high forces. Of the 13 
seats that produced low neck forces, 9 also passed 
either the T1 acceleration or head restraint contact 

time criteria. Three of the other 4 seats nearly passed 
one of the seat design criteria, with results just over 
the limit. Of the 13 seats with low neck forces, 12 
had good static head restraint geometry. Both neck 
shear force and neck tension force were lower for 
seats with good static head restraint geometry 
(p<0.001) (Table 6). 

Table 6. 
Maximum upper neck forces 

related to static geometry 

Seat static rating Good Acceptable 
All 

tests 
Minimum shear (N) 11 22 11 
Maximum shear (N) 299 427 427 
Average shear (N) 139 238 178 
    
Minimum tension (N) 287 630 287 
Maximum tension (N) 1365 1571 1571 
Average tension (N) 750 1050 867 

Of the 73 seats IIHS tested dynamically, only 8 
earned an overall rating of good. Of the remaining 65 
seats 16 were rated acceptable, 19 were marginal, and 
30 were poor. Of the 8 seats with a good overall rat-
ing, 4 had active head restraints and 4 had energy-
absorbing seats like Volvo’s WHIPS. One seat with 
acceptable static head restraint geometry received a 
good dynamic rating, but its overall rating of accept-
able reflects that it cannot be adjusted to protect the 
tallest seat occupants. 

COMPARISON OF IIWPG/IIHS RATINGS 
WITH OTHER SYSTEMS 

Since 2003, the Swedish Road Administration in con-
junction with Folksam Insurance and Autoliv has 
published vehicle seat ratings based solely on dy-
namic tests. Ratings are derived from three tests at 
different speed/acceleration levels and from the scor-
ing of three BioRID response parameters: NIC, Nkm, 
and head-rebound velocity (Krafft et al., 2004). Each 
of the three tests is assigned 5 points, so the maxi-
mum combined rating can be up to 15 points. Each of 
the three parameters evaluated in the tests is assigned 
points based on the magnitude of the value measured. 
The maximum point value assigned to NIC and Nkm 
for each test is 2, while head-rebound velocity is only 
assigned a maximum value of 1 point. When the 
points are combined from all three tests and all three 
rating parameters, a rating of Green+ (0-2.5 points), 
Green (2.6-5.0 points), Yellow (5.1-10.0 points) or 
Red (10.1-15.0 points) is assigned to the vehicle seat. 
Both the IIWPG/IIHS rating system and the SRA 
rating system have 4 rating categories; therefore, 
IIWPG/IIHS good can be compared with SRA 
Green+ and so on. 
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The mid-severity test that SRA conducts is similar to 
the IIWPG 16 km/h test. In order to compare the rat-
ings systems for these tests, IIHS’s first series of seat 
evaluations were scored according to the Swedish 
system. It was found that seat designs with the lowest 
point totals were those the IIWPG/IIHS system also 
rated good. In general, this partial application of the 
Swedish system to the IIHS test results showed good 
agreement with IIWPG/IIHS ratings. Seven seats had 
IIHS/IIWPG overall ratings that were two rating lev-
els different from those suggested by the Swedish 
system for a single test. For fives models —Saab 9-
2x and 9-3, Subaru Impreza, Nissan Altima, and Lin-
coln LS — the seat rating would have been two rat-
ing levels lower using the Swedish system compared 
with the IIWPG/IIHS procedure. For the other two 
models, Lexus LS 430 and Hyundai Elantra, seat 
ratings would have been two rating levels better us-
ing the Swedish system compared with the 
IIWPG/IIHS procedure. Among the 73 seats dynami-
cally tested by IIHS, 6 also have been tested by SRA. 
All 6 of these seat designs received comparable rat-
ings in both the SRA assessment and the IIWPG/ 
IIHS assessment (Table 7 ). 

Table 7. 
SRA vs. IIHS ratings 

Make and series 
SRA 
rating 

IIHS 
rating 

2003 BMW 3-Series Red Poor 
2003 Saab 9-3 Green + Good 
2003 Saab 9-5 Green Acceptable 
2003-04 Toyota Corolla Green  Acceptable 
2004 Volvo S40 Green + Good 
2004 Volvo V70/S80 Green + Good 

SUMMARY 

Vehicle head restraint geometry has improved in re-
cent years, and forthcoming safety regulations will 
reinforce these improvements. In addition, some 
automakers have equipped their vehicles with seats 
having other features intended to help reduce the risk 
of whiplash injury in rear crashes, some of which 
have proven to be effective. Consequently, ratings of 
vehicle seats for consumer information need to incor-
porate dynamic testing to differentiate among current 
seat designs and encourage the greater adoption of 
designs with additional anti-whiplash benefits. 
IIWPG has developed a rating system that addresses 
this need, and IIHS and other IIWPG members have 
begun publishing vehicle seat ratings using the 
IIWPG system. 

The IIWPG/IIHS system continues to emphasize the 
importance of static head restraint geometry by dy-
namically testing only those seats that meet certain 

geometric requirements. This decision recognizes that 
many current vehicles still are equipped with head 
restraints that are not high enough to help accelerate 
the heads of taller occupants in rear crashes and the 
fact that many head restraints with sufficient adjust-
ment range cannot be locked into position or are too 
far behind the head to provide support early in a crash. 
In addition, government regulation requiring better 
geometry will not be in full effect for another 4 years. 
Adequate head restraint geometry and locks for ad-
justable restraints still are necessary first steps to pro-
vide protection against neck injuries in rear crashes. 

Despite good or acceptable static geometry, two-
thirds of the seats tested by IIHS failed to demon-
strate adequate support for the head and neck in a 
simulated rear crash. These received dynamic ratings 
of marginal or poor. Thus improvement in dynamic 
performance is needed. In that regard, it is encourag-
ing that 23 of the seats with good or acceptable dy-
namic ratings did not have special features such as 
active head restraints or energy-absorbing seatbacks. 
These results indicate that a good overall rating 
probably can be achieved without the addition of the 
more expensive special features if the static geometry 
is sufficiently good. However, the best rated seats in 
IIHS’s initial series of tests were those equipped with 
some variation of the special features, which have 
been shown to be effective in real crashes. 

As interest in minor neck injuries increases, other 
seat evaluation systems have appeared. A comparison 
of the IIWPG/IIHS system with that used in Sweden 
suggested that the two systems reward the same seat 
design strategies. 
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ABSTRACT 
Studies have shown that wireless phone use while 
driving contributes to crashes [1].  To address this 
phenomenon the U.S. Department of Transportation’s 
National Highway Traffic Safety Administration 
(NHTSA) designed research to assess the impact of 
wireless phone use on driving behavior and 
performance. This research focused on the 
examination of the effects of interface type (i.e., 
hand-held versus hands-free) on driving performance.  
Unconstrained, on-road research examined drivers’ 
wireless phone use in a real-world setting.  Research 
using the National Advanced Driving Simulator 
(NADS) examined the effects of wireless phone use 
on driving performance in a controlled environment.   

Research findings highlighted the impact of wireless 
phones on driving performance and behavior.  The 
results of the on-road study indicated that phone use 
alters drivers’ attention, as evidenced by changes in 
patterns of eye glance behavior.  However, the 
variability of driving conditions observed in this 
study hindered the identification of specific patterns 
of degraded driving behavior.  Although hands-free 
interfaces allow drivers to steer using both hands, in 
practice drivers were observed to steer using two 
hands quite infrequently during routine driving as 
well as during hands-free phone use. In the more 
controlled laboratory study, we found that phone use 
degraded driving performance, including measures of 
vehicle control and car following. There were also 
differences between interfaces.  Specifically, hand-
held phone interfaces were shown to interfere with 
steering and lane position variability more than 
hands-free interfaces, however the hand-held 
interface was associated with faster dialing times and 
fewer dialing errors than the hands-free interfaces.   

INTRODUCTION 

Studies have shown that use of wireless phones while 
driving contributes to crashes [1].  The crash-related 

effects of wireless phone use while driving is a 
controversial issue, and has been under public 
scrutiny in recent years.  Across the United States 
and in other countries, numerous efforts are 
underway to pass legislation that allows only hands-
free wireless phone use while driving.  This move is 
based on the assumption that any technology that 
reduces the visual-manual demands of wireless phone 
use must be safer, since the driver can keep both 
hands on the wheel and both eyes on the road when 
using a hands-free system. 

To gain insight as to how phone use might be 
impacting crash rates, the U.S. Department of 
Transportation’s National Highway Traffic Safety 
Administration (NHTSA) performed research to 
assess the extent and nature of the impact of wireless 
phone use on driving performance.  NHTSA’s 
research used instrumented vehicles for on-road 
testing and the National Advanced Driving Simulator 
(NADS).  The on-road research examined drivers’ 
wireless phone use in a more naturalistic setting.  The 
NADS research allowed the study of drivers’ actions 
while using wireless phones in a tightly controlled 
environment.  Through these research programs, the 
effects of interface type and phone task (i.e., dialing 
answering, conversing) on driving performance and 
eye glance behavior were examined.   

This paper describes the types of research performed 
to examine driver distraction due to wireless phone 
use with different interfaces while driving.  This 
paper also discusses drivers’ preferences regarding 
phone interfaces and compares them to objective 
phone use data.   

ON-ROAD WIRELESS PHONE STUDY 

This research examined the effects of wireless phone 
interface type on driving performance and wireless 
phone usage behavior.  Naturalistic (an observational 
method involving no specified route or commanded 
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tasks), on-road data collection with instrumented 
vehicles was conducted to examine patterns of 
drivers’ use of wireless phones as a function of phone 
interface type (i.e., hand-held vs. hands-free) under 
real-world conditions.  Specifically, driver eye glance 
activity, driver-vehicle performance measures, and 
wireless phone use were examined.  This 
comparative analysis examined the response 
measures to better understand how wireless phones 
change the driver's behavior and performance.   

The objectives of this research were:  1) to assess the 
effects of wireless phone use while driving on driving 
performance as a function of wireless phone interface 
type (i.e., hand-held, hands-free headset, and hands-
free with voice dialing), and 2) to observe patterns of 
phone use while driving including the frequency and 
duration of phone use.  Additionally, the study sought 
to examine the types of driving situations associated 
with phone use.  More specifically, this research was 
intended to identify differences in driving 
performance during hand-held wireless phone use 
versus during hands-free phone use. 

Method 

The experimental design for this study was a one 
within, one between mixed factor design.  The 
within-subjects (i.e., repeated) measure in this study 
was type of in-vehicle wireless phone.  The three 
wireless phone interface conditions were:  hand-held 
(manual phone dialing and talking), hands-free 
headset (manual dialing, hands-free conversation), 
and hands-free with voice dialing (AutoPC voice 
controlled dialing, hands-free conversation).  The 
between-subjects factor was frequency of wireless 
phone use (self-reported: moderate or frequent) while 
driving.  Gender was balanced across experimental 
conditions. 

The vehicles were programmed to record vehicle 
control inputs (steering, brake activity) and driving 
performance measures (headway, lane position).  
Dependent variables relating to vehicle motion and 
operation included lane position, number of lane 
exceedences, longitudinal acceleration (g), number of 
steering reversals, degree of throttle application, time 
headway (ft), and vehicle speed (mph).  Video 
cameras were unobtrusively installed in the test 
vehicle to capture driver eye glance behavior during 
each phone conversation as well as during baseline 
episodes.  Video data were reduced to obtain eye 
glance information including glance location, glance 
duration, and glance frequency.  Phone call 
information including number of calls, dialing 
duration, conversation duration, and traffic density 

surrounding the vehicle during phone use were also 
obtained from video data. 

Procedure 

Ten participants drove an instrumented vehicle 
unaccompanied on public roads for a total of six 
weeks.  Since only six test vehicles were available for 
use, the data were collected in two, 6-week phases.  
Participants drove for two weeks with each of three 
types of wireless phones: hand-held, hands-free 
headset, and hands-free with voice dialing.  
Participants were instructed that the study sought to 
assess a state-of-the-art data acquisition system and 
also gather drivers’ opinions about new in-vehicle 
technologies.   At the beginning of their 6-week 
phase, participants were instructed in the use of the 
in-vehicle computer system.  This system provided 
phone, phone book, radio control, and other 
functions.  Every two weeks, the phone interface 
configuration was altered and participants were 
instructed on the use of the wireless phone interface 
that would be present in the vehicle for that period.  
Drivers were instructed that they were free to use the 
wireless phone provided to them (rather than their 
own personal phone) and the test vehicle in their 
normal, daily routine.  Thus, the test vehicles were to 
take the place of participants’ normal vehicles during 
the course of their participation in the study. 

Observation over a period of time during normal, 
unrestricted driving provided the gathering of 
naturalistic driving data with a minimum of 
experimental artifacts.  This method also provided 
insights into frequency of use, duration of use (e.g., 
conversation), and driving situations during use as a 
function of the technology. However, this 
unrestricted driving led to highly variable driving 
conditions that complicated data analysis. 

Results 

The following is only a brief summary of the results 
from this study.  The complete results are 
documented in  [2]. 

Drivers in this study engaged in 2.25 calls per hour  
(7 calls per 100 miles) on average.  The average call 
(conversation) duration was 2.4 minutes (SD =3.5 
min.).  Calls were involved in 5-9 percent of driving 
time observed, depending on the phone interface. 

One important question this research sought to 
answer was whether drivers would make more calls 
and longer calls with a hands-free phone than with a 
hand-held phone due to presumed increased ease of 
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use.  Drivers in this study did not make more calls or 
longer calls with hands-free wireless phones than 
with hand-held wireless phones.  In fact, the hand-
held wireless phone interface used in this study was 
associated with more calls and calls of longer 
duration.    This could be attributable to increased 
familiarity with hand-held phones, as well as poor 
performance of the voice recognition system used for 
the hands-free with voice dialing interface.  
Anecdotal evidence based on video data suggests that 
some drivers had considerable difficulty in voice 
dialing using the hands-free with voice dialing 
wireless phone interface supported by an in-vehicle 
computer (AutoPC).   More than half of calls made in 
the hands-free with voice dialing condition were 
dialed manually.  Drivers ignored instructions to use 
hands-free (voice) dialing, suggesting drivers found 
voice dialing difficult to use. The hand-held wireless 
phone was associated with shorter dialing periods.   

Drivers engaged in fewer wireless phone calls when 
driving in conditions of high traffic density, 
particularly when using the hands-free phone 
interfaces.  Ninety-two percent of calls were made 
when there were less than 10 vehicles present in the 
vicinity of the participant’s vehicle. Seventy-five 
percent of calls were conducted in the presence of 
five or fewer surrounding vehicles.  The mean 
number of surrounding vehicles was highest during 
hand-held calls (4.5 vehicles) and lowest during 
hands-free with voice dialing calls (3.2 vehicles), 
suggesting drivers may have felt more comfortable 
engaging in calls using the hand-held phone 
interface.   

Significant trends that would distinguish the effects 
on driving performance of hands-free wireless phone 
use from hand-held wireless phone use were not 
found.  However, some interesting findings were 
obtained relating to glance behavior during wireless 
phone use: 

--Drivers spent proportionately less time looking 
at the roadway ahead while dialing (40-50%), 
relative to baseline driving (70%).  Hands-free 
dialing was associated with a modest increase in 
the percentage of time spent looking at the 
forward roadway (50%), relative to manual 
dialing (40%).   Hands-free dialing thus allowed 
drivers to recover approximately one-third of the 
30% decrement in time spent looking at the 
forward roadway associated with hand-held 
dialing.   

-- During phone conversation, drivers made fewer 
glances of longer duration relative to baseline 

driving, suggesting a decrease in situational 
awareness while engaged in phone conversation.  
Drivers spent almost 90% of the time during 
phone conversation looking straight ahead when 
using the hand-held interface, versus 
approximately 77% for the hands-free interface 
and 70% during baseline driving.   

-- For conversations of 2 minutes or longer, the 
percentage of time spent looking at the forward 
roadway increased across successive 30-second 
segments.  At the same time, the percentage of 
time looking inside the vehicle decreased, as did 
the percentage of time spent looking left and 
right.  The results suggest that drivers gradually 
became less attentive to the immediate driving 
situation as the phone call continued.   

-- During baseline driving, participants steered 
with both hands for 13.4% of the time.  The 
corresponding percentages for hands-free 
conversation were 13-16% versus less than 1% 
for hand-held conversations.  Thus, while hand-
free phone use allows drivers to keep their hands 
on the wheel, the present results suggest that they 
most often choose to drive with less than two 
hands on the wheel.     

It is unclear whether the difference in time spent 
driving with two hands on the steering wheel 
between hand-held and hands-free of approximately 
12 percent relates to a significant difference in 
drivers’ ability to operate the vehicle safely.  
However, statements arguing that “hands-free lets 
you keep your hands on the wheel” appear less 
significant when considering the finding of this study 
that drivers may only be steering with two hands 13 
percent of the time when not using the phone.   

Conclusions from This Study  

In summary, while some differences were found 
between phone interfaces for dialing duration and 
conversation durations, significant differences in 
driving performance were not found for the specific 
measures examined.  Significant differences in 
driving performance during conversation versus 
driving performance during baseline driving were 
also not distinguishable based on data collected in 
this study.  However, the robustness of eye glance 
data provided useful information regarding drivers’ 
glance behavior during conversations and how this 
glance behavior can change as the conversation 
progresses in time.  While drivers were observed 
steering with two hands on the wheel 12 percent 
more during hands-free conversation than during 
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hand-held conversation, it is unclear whether this 
difference relates to a substantial difference in 
drivers’ ability to safely operate the vehicle.   

Given that the analyses reported here demonstrated 
the large amount of variability in driving conditions 
and based on the fact that many studies have shown 
performance degradation due to conversation 
generally, the absence of such effects in this study 
suggest that the experiment might not have the 
sensitivity necessary to detect differences in driving 
performance due to the interface conditions.  While 
the lack of control of driving conditions is inherent in 
naturalistic studies, this type of research allows for 
observation of behaviors which drivers might be less 
inclined to exhibit in a more controlled setting.  

EXAMINATION OF THE DISTRACTION 
EFFECTS OF WIRELESS PHONE 
INTERFACES USING NADS – FREEWAY 
STUDY 

This research investigated the effects of wireless 
phone use on driving performance and behavior.  The 
study had two primary objectives: (1) to assess the 
distraction potential associated with the use of 
wireless phones while driving, and (2) to determine 
whether distraction potential was related to the 
specific phone interface used.  In particular, the 
experiment addressed the question of whether hands-
free operation substantively affected the distraction 
potential associated with wireless phone use while 
driving. In addition, the experiment investigated 
whether voice-activated dialing affected the 
distraction potential associated with using a phone 
while driving.  The secondary objective was to 
determine whether the distraction potential associated 
with phone use varies with driver age.     

This research was conducted by NHTSA using the 
National Advanced Driving Simulator (NADS) in 
collaboration with NADS staff at the University of 
Iowa.  The experiment was one of the first to use the 
NADS’ capabilities for developing complex driving 
scenarios.   

Method 

Fifty-four subjects drove a freeway route scenario on 
the NADS with each of three different wireless phone 
interface types:  hand-held, hands-free headset, and 
hands-free speaker kit with voice dialing.  Phone 
conversations consisted of a verbal interactive task 
involving judging whether sentences made sense and 
later recalling words from each sentence.   

Each driver completed a single session of 
participation in which the same scenario route was 
driven three times, once per phone interface.  The 
order of presentation of interface conditions was 
varied systematically.  Each traversal of the route 
involved one incoming and one outgoing call, for 
which the presentation order was balanced.      

The route consisted of a four-lane divided freeway 
with a 65-mph speed limit with traffic present.  The 
route generally consisted of four straight segments of 
nearly equal length joined by right-side interchanges 
requiring exiting and merging behavior.  The 
treatment drives were approximately 15 minutes in 
length and required participants to drive three 
segments of the divided freeway route.  The route 
segments corresponded, respectively, to the incoming 
phone call, outgoing phone call, and baseline (no 
call) periods.  Each route segment involved a series 
of interactions between the driver and the scenario 
vehicles (i.e., events).  Events included a sudden 
lead-vehicle cut-in, sudden braking by the lead 
vehicle, a car following event, and a merge.  Each 
traversal of the route was associated with a different 
order of events.  The intention of the scenario design 
was to overlap the events with the 3.5-minute 
conversation task periods.  Each participant also 
experienced a brief final event involving a more 
critical lead vehicle-braking event. 

A more through description of the methodology used 
for this study is contained in [3].  

Results 

The following is only a brief summary of the results 
from this study.  The complete results are 
documented in  [4] and [5]. 

Results showed that the simulated phone 
conversations used in this experiment impaired 
aspects of driving performance.  The car-following 
events provided the strongest demonstration of 
performance impairment effects due to phone 
conversation.  Phone conversation was associated 
with increased delay in responding to lead-vehicle 
speed changes, which indicates significant cognitive 
impairment due to phone conversation.  Steering 
entropy (error) was also found to increase during 
phone conversation in car-following events, 
reflecting an increase in high-frequency steering 
corrections.  Phone use was associated with elevated 
steering reversal rates during car following, which 
reflect the increased workload associated with the 
combination of car following and phone 
conversation.   
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The results provided some support for the hypothesis 
that hand-held phone use would degrade driving 
performance more than the hands-free interface 
conditions during car-following events.  Specifically, 
steering entropy was highest in the hand-held 
condition.  In addition, lane position variability was 
greater in the hand-held condition than in the other 
interface conditions, also presumably reflecting the 
physical conflict.  These two results presumably 
reflect the physical conflict between holding the 
phone and steering, both of which require use of the 
hands.   However, the interpretation of these results 
was complicated by the overall finding that phone 
use generally was associated with decreased lane 
position variability during car-following events, 
which suggests improved lane tracking performance 
while drivers were engaged in phone conversation.   

The results for steering holds, which represent 
periods of steering inactivity and are assumed to 
reflect increasing neglect of steering due to the 
demands of other tasks, were contrary to predictions, 
reflecting better performance during the simulated 
phone conversation.  Specifically, the baseline 
condition was associated with higher steering hold 
rates than the hands-free or hand-held conditions.  
Finally, the observed decrease in modulus (gain) 
during car following indicates more conservative 
responses when drivers were engaged in 
conversation, and may be interpreted as an attempt to 
compensate for the increased demands of car 
following and phone conversation.   

Beyond the car-following events, there was only 
modest evidence consistent with predictions of 
performance impairment due to phone conversation.  
Neither the lead-vehicle braking nor lead-vehicle cut-
in events exhibited the predicted slowing in 
accelerator release and brake response times.  The 
merge event provided one piece of evidence of 
impairment due to phone use.  Specifically, while 
engaged in the phone conversation task, drivers 
devoted less visual attention to planning for an 
upcoming merge event.  They made fewer glances 
toward the traffic stream and spent proportionately 
less total time looking in that direction relative to the 
baseline condition. This suggests that drivers diverted 
attentional resources from merge planning to manage 
the phone conversation task.        

Results suggested that the drivers may have 
compensated for phone conversation by increasing 
their time headways, but at the same time, they were 
likely to have diverted attention away from speed 
monitoring, which led, unintentionally to increased 
average speeds.   

There were modest differences between interface 
conditions during conversation for the other events.  
First, there was some evidence that the hand-held 
interface interfered with steering and lane control, as 
would be expected since both tasks require use of the 
hands.  Second, there was some evidence that the 
hands-free speaker kit interface was associated with 
faster speeds, relative to the other interfaces.  In 
particular, speeds for the hands-free speaker kit 
interface were fastest at the beginning of the cut-in 
events and also at the end of the merge events.  
Hands-free speaker kit calls were associated with 
more slowing at the very beginning of the merge and 
more increase in speed at the end of the merge.  One 
interpretation is that while engaged in hands-free 
speaker kit calls, drivers felt safer and thus paid less 
attention to speed control.   

Differences among interfaces conditions were 
stronger for dialing and answering than those 
associated with conversation.  Specifically, the hand-
held interface was associated with consistently faster 
dialing times and fewer dialing errors (i.e. repeated 
attempts) than the other interface conditions.  Voice 
dialing times exceeded hand-held dialing times by 84 
percent for hands-free speaker kit and by 51 percent 
for hands-free headset.  The hands-free speaker kit 
interface was associated with significantly faster 
answering and hang-up (call termination) times than 
the other interfaces. 

Several differences among age groups were found.  
Young drivers were more aggressive in their car 
following, as reflected by higher modulus scores.  
Older drivers exhibited more steering reversals 
during car following, indicative of higher workload 
for this group.  Drivers in the middle age group were 
faster than younger drivers at the beginning of the LV 
cut-in event.  In the merge event, relative to the other 
age groups, older drivers made proportionately more 
glances leftward before the merge event and spent 
more time looking left to plan the merge.  Older 
drivers also maintained greater following distances 
than younger drivers. 

Analysis of the final event scenario revealed 
significant differences for some dependent measures. 
Hypothesized effects related to phone interface were 
complicated by significant interactions between 
phone interface and age. For first response to the 
final brake event, participants in the hand-held 
condition responded significantly faster than those in 
the hands-free and no-phone conditions, contrary to 
hypothesis.  These results appear to agree with results 
of the previously mentioned on-road study  [2] that 



 

Mazzae 6 

showed that drivers looked forward more with hand-
held than with hands-free. 

Although participants rated the hand-held interface to 
be most difficult to use, this interface was associated 
with the fewest dialing errors (in terms of the number 
of attempts per dialing trial).  Participants’ feelings 
that the hand-held interface was the most difficult to 
use were also not supported by dialing time results, 
which showed that the hand-held interface was 
associated with significantly faster dialing times than 
the other two interfaces for all three age groups.  
Shorter dialing times for the hand-held interface may 
be attributable to participants’ prior experience with 
hand-held wireless phones, which was approximately 
6 years on average.  However, it should be noted that 
the length of time required to perform voice digit 
dialing depends on the interface being used.  This 
study used the Sprint PCS Voice Command system, 
since it was assumed that a system-based voice-
dialing interface would be more likely to have better 
voice recognition capability than phone-based voice 
dialing.  Some newer phone designs feature 
integrated voice digit dialing capability that may 
allow shorter dialing times.  Use of voice “tags” for 
dialing may also afford shorter dialing times; 
however, voice digit dialing was chosen for 
implementation in this study since it provided the 
most direct comparison between manual and voice 
dialing.  

Conversation task performance did not differ as a 
function of phone interface.  Age was the only 
examined variable significantly related to phone task 
performance, with younger individuals performing 
better than older individuals.  

Conclusions from This Study 

Based on the preceding results, it was concluded that: 

1. Phone use while driving degraded driving 
performance particularly during car following. The 
simulated phone conversation was associated with a 
significant delay in responding to lead vehicle speed 
changes. Phone conversation also degraded vehicle 
control, as reflected by increased steering error and 
an increase in one measure of driver workload.  
Drivers spent less time planning for merge events 
while engaged in the phone task.   

2. Overall, there were modest differences among 
interface conditions during the conversation task.  
The hand-held phone interfered with steering and 
lane position more than the hands-free interfaces.     

3. Differences among interface conditions were 
strongest for dialing and answering.  Specifically, the 
hand-held interface was associated with fastest 
dialing times and fewest dialing errors.  Drivers rated 
this interface most difficult to use while driving.  

4. Neither older nor younger drivers exhibited 
consistently worse performance due to simulated 
phone conversation.   

EXAMINATION OF THE DISTRACTION 
EFFECTS OF WIRELESS PHONE 
INTERFACES USING NADS –ARTERIAL 

NHTSA also conducted research to investigate the 
effects of wireless phone use on driving performance 
and behavior in an urban arterial driving 
environment.  The urban arterial environment 
represented required a more active style of driving 
and employed a more dynamic visual scene.   

The main objective of the research was to collect 
information useful in the assessment of 1) the 
distraction potential of wireless phone use while 
driving, and 2) the difference in distraction caused by 
the use of a hands-free phone interface versus that 
associated with use of a hand-held interface. Of 
particular interest was whether using hand-held 
phone interfaces (e.g., dialing, answering, 
conversation) while driving degrades driving 
performance more than does hands-free wireless 
phones.  In addition, the research addressed the 
question of whether younger and/or older drivers 
exhibit worse driving performance during wireless 
phone task components than middle-aged drivers.  
Lastly, the research examined whether drivers glance 
away from the forward roadway more when using a 
hands-free phone interface than they did when using 
a wireless phone in a hand-held configuration. 

Method 

Fifty-four participants drove an urban arterial driving 
scenario on the NADS with each of three difference 
wireless phone interface types.  Like the freeway 
study, phone conversations consisted of performance 
of a verbal interactive task involving judging whether 
sentences made sense and later recalling words from 
each sentence.     

Each participant completed a single session in which 
the same basic route was driven three times, once 
with each phone interface.  The order of presentation 
of phone interface conditions was varied 
systematically.  Each traversal of the route involved 
one incoming call, one outgoing call, and a baseline 
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period, as well as a unique order of scenario events.  
The order of presentation of incoming and outgoing 
calls was balanced.  

The route consisted of four-lane undivided arterial 
roadway with a 45-mph speed limit and other traffic.  
The route was approximately 15 minutes in length 
and generally consisted of three segments of equal 
length.  Each segment corresponded to an incoming 
call, outgoing call, or baseline driving period. 

Each segment contained a “between towns” section 
and an “in town” section.  Between town sections 
were characterized by mild, alternating curves.  A 
visual target detection task was presented during 
between town sections in which participants had to 
press the vehicle’s horn button when they spotted a 
pedestrian wearing a shirt with an “I” on it amongst a 
number of other similarly dressed pedestrians.  In 
town sections consisted of straight portion of 
roadway lined with buildings and some vehicles.  
During in town sections, events were presented 
including incursions, occasional static vehicles 
blocking the participant’s travel lane, and changing 
traffic signals that required drivers to respond to 
avoid a collision or running a red light.    

Dependent measures used to characterize driving 
performance included reaction time in response to 
discrete events (i.e., conflict events and traffic lights), 
as well as reaction time and accuracy of responses for 
the visual target task.  Phone task performance 
measures included dialing time, number for dialing 
errors, answering time, and the number of correct 
judgments and recalled terms for the conversation 
task.  Participants also completed a post-drive 
questionnaire used to report perceived difficulty of 
driving and phone tasks, as well as preferences 
regarding phone interfaces and related features.  

Status 

Data analysis for this study is scheduled for 
completion in Spring 2005.  Analyses are focused on 
assessing the impact of phone use on individual 
measures of driving performance.  Analyses will 
highlight the degree to which phone use affects a 
driver’s ability to respond to conflict events and 
objects in their visual environment.   

SUMMARY 

NHTSA has conducted on-road and NADS studies to 
examine the effects of wireless phone use on driving 
performance and behavior.   

On-road testing showed that using a wireless phone 
while driving altered drivers’ eye glance behavior.  
Although hands-free interfaces allow drivers to steer 
using both hands, in practice drivers were observed to 
steer using two hands quite infrequently. 

NADS testing showed that phone use while driving 
degraded driving performance and vehicle control.  
Differences in phone task performance among 
interface conditions were determined to be strongest 
for dialing and answering.  Specifically, the hand-
held interface was associated with fastest dialing 
times and fewest dialing errors.  Drivers rated this 
interface most difficult to use while driving. While 
hand-held phone interfaces were shown to interfere 
with steering and lane position more than the hands-
free interfaces, the hand-held interface tested was 
associated with fastest dialing times and fewest 
dialing errors.   
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ABSTRACT 
 
 Since its completion, the National Advanced 
Driving Simulator (NADS) has been used for a vari-
ety of NHTSA research projects.  NHTSA-sponsored 
research using the NADS has spanned a variety of 
topics including driver distraction, drivers’ responses 
to vehicle component failures, and the effects of al-
cohol impairment on driving performance. The valid-
ity of the NADS has also been verified empirically.  
The NADS provides the computational capabilities 
and fidelity necessary to create complex driving 
situations with varying task demands with high re-
peatability.  The use of the NADS also allows the 
inclusion of conflict situations that cannot safely be 
created in on-road experiments.  NHTSA research 
utilizes these unique capabilities of NADS to address 
questions that cannot be addressed with on-road or 
test-track experimentation. This paper highlights 
NADS capabilities through descriptions of NHTSA 
research programs.   
 
INTRODUCTION 
 

Historically, a number of methods have been 
available for use in studying driver behavior and per-
formance including:  (1) observation of real world, 
“naturalistic,” driving, (2) testing with instrumented 
vehicles on public roads, (3) testing with instru-
mented vehicles on test tracks, (4) low fidelity driv-
ing simulators, and (5) a variety of in-laboratory 
tests.  However, frequently these methods do not 
have the capability to test drivers in safety critical 
situations with a high degree of realism. Test repeat-
ability is also difficult to achieve with non-simulator 
methods, particularly in complex driving scenarios.   

Thus, to improve NHTSA’s ability to perform 
driver behavior and performance testing, the Agency 
decided in 1992 to build a high fidelity driving simu-
lator in the U. S. – the National Advanced Driving 
Simulator (NADS).  Such a simulator would benefit 
industry and academia as well as NHTSA.  There-
fore, following a site selection competition, the 
NADS was built by a partnership between NHTSA 
and the University of Iowa.  The NADS became op-
erational in January 2002. 

 

OBJECTIVE 
 
The objective of this paper is to outline the ca-

pabilities of the NADS and provide a description of 
the research programs that NHTSA has undertaken to 
date.  The description of each research program will 
highlight the capabilities of NADS that were neces-
sary to perform that particular program.   

 
BASIC DESCRIPTION OF THE NADS 

 
Reference [1] contains a comprehensive de-

scription of the NADS.  The following brief descrip-
tion of NADS was excerpted from Reference [2] with 
minor modifications to accommodate changes since 
Reference [2] was written and improve clarity. 

NADS is physically located on the University 
of Iowa’s Oakdale Research Park in Iowa City, IA.  It 
consists of a large dome in which entire cars and the 
cabs of heavy trucks and buses can be mounted.  The 
dome is mounted on a six degree of freedom hexapod 
that is mounted on the large excursion motion base.  
The large excursion motion base provides 20 meters 
of both lateral and longitudinal travel and ∀330 de-
grees of yaw rotation.  The resulting effect is that 
drivers feels acceleration, braking, and steering cues 
as if they were actually in a real vehicle.  This greatly 
reduces the incidence of simulator sickness compared 
to simulators that have less motion capability. 

The Motion System provides a combination of 
translational and angular motion that uses nine de-
grees of freedom to mimic scaled vehicle motion.  
The Motion System is coordinated with the Control 
Feel System (described below) to provide the driver 
with realistic motion and haptic cuing during normal 
driving and pre-crash scenarios.  A “washout” filter is 
used so that the Motion System can correctly repre-
sent the specific forces and angular rates associated 
with vehicle motions for the full range of driving 
maneuvers. 

Four additional actuators, one at each wheel of 
the vehicle, provide vertical vibrations.  This simu-
lates the feel of a real road.  Without these actuators, 
driving on NADS would feel like driving on ice. 

The Visual System provides the driver with a 
realistic field-of-view in all directions (including 
rearview mirror images).  The driving scene is three-
dimensional, photo-realistic, and correlated with 
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other sensory stimuli.  The Visual System database 
includes highway traffic control devices (signs, sig-
nals, and delineation), three-dimensional objects that 
vehicles encounter (animals, guardrails, pillars, etc.), 
high density, multiple lane traffic interacting with the 
driver’s vehicle, common intersection types (freeway 
interchanges, overpasses, bridge structures, tunnels, 
railroad crossings, etc.), and roadway weather. 

The Cab System holds the driver (participant) 
and the experimenter during testing.  NADS has four 
vehicle “cabs” that can be used for testing: a Chevro-
let Malibu (passenger car), a Ford Taurus (passenger 
car), a Jeep Cherokee (sport utility vehicle), and a 
Freightliner Century (heavy truck-tractor).  For the 
passenger car and sport utility vehicle cabs, the entire 
vehicle is mounted inside the NADS dome.  For the 
heavy truck-tractor, only a portion of the actual vehi-
cle (the actual vehicle’s cab) is present inside the 
dome.  All vehicle cabs are equipped electronically 
and mechanically with the correct steering wheel, 
brake and throttle pedals (the Freightliner also has a 
clutch pedal), transmission lever, ancillary controls, 
entertainment system, air conditioning, gauges, and 
warning lights for their make and model. 

The Control Feel System provides realistic 
steering wheel, brake, throttle, and clutch pedal, and 
transmission lever reactions in response to driver 
inputs, vehicle motions, and road/tire interactions.  
The Control Feel System is capable of power steer-
ing, power brakes, antilock brake systems (ABS), 
cruise control, and automatic and manual transmis-
sions with different numbers of gears.  The control 
feel cuing feedback has high bandwidth and no dis-
cernable delay or distortion associated with driver 
control actions or vehicle dynamics. 

The Auditory System provides motion-
correlated, three-dimensional, realistic sound sources 
coordinated with the driving situation.  The Auditory 
System also generates vibrations to simulate vehi-
cle/roadway interactions.  The auditory database in-
cludes sounds emanating from the subject vehicle 
during operation, from other traffic, and from contact 
with three-dimensional objects that the subject vehi-
cle may contact (traffic cones, orange barrels, etc.)  
This database also contains sounds and vibrations 
generated by driving on various types of roadways in 
a variety of weather conditions and from encounter-
ing joints, potholes, etc. on the road. 

The Vehicle Dynamics System computes vehi-
cle motions in response to driver control inputs, 
tire/road surface interactions, and the aerodynamic 
forces acting on the subject vehicle.  Vehicle re-
sponses are computed for commanding the Motion, 
Visual, Cab, Control feel, and Auditory Systems.  
The NADSdyna vehicle dynamics simulation cur-
rently used by the NADS is a multi-body, high de-

gree of freedom simulation based on the University 
of Iowa’s Real-Time Recursive Dynamics code.  
Subsystem models are included to realistically emu-
late each vehicle’s tires, brakes, ABS, steering, pow-
ertrain, and aerodynamics.  NADSdyna models are 
available for a 1998 Chevrolet Malibu, a 2003 Ford 
Expedition, a 1994 Ford Taurus, a 1997 Jeep Chero-
kee, a 2002 Oldsmobile Intrigue, and a 1992 White-
GMC heavy truck-tractor with a 53 foot long, 1992 
Fruehauf van trailer.  Hardware-in-the-loop modeling 
has been used to realistically emulate electronic sta-
bility control for two vehicles: the 2003 Ford Expedi-
tion and the 2002 Oldsmobile Intrigue. 

NADSdyna has been extensively validated [3 
through 14].  It can accurately predict vehicle mo-
tions during normal driving conditions, non-linear 
maneuvering, and during limit performance maneu-
vering such as might be encountered during extreme 
crash avoidance conditions (including spinout and 
incipient rollover). 

 
PAST AND CURRENT NADS RESEARCH 

 
The National Advanced Driving Simulator 

(NADS) has been used for a variety of NHTSA re-
search projects.  The types of research performed by 
NHTSA using the NADS have spanned a variety of 
topics, such as driver distraction, drivers’ responses 
to vehicle component failures, the effects of alcohol 
impairment on driving performance, and the validity 
of the NADS.  This paper contains summaries of all 
completed or in progress NADS projects that were 
directly run by NHTSA.  Projects are listed in 
chronological order according to when the experi-
mental data collection was performed.  For the pro-
ject mentioned here, the first three projects have been 
completed, the next two have completed data collec-
tion and final reports are currently being prepared, 
while the data are currently being collected for the 
last two projects.   

 
Investigation of Driver Reactions to Tread Sepa-
ration Scenarios Study 
 

The first NHTSA study performed on the 
NADS was an investigation of driver reactions to 
tread separation scenarios.  This study is fully docu-
mented in the NHTSA technical report “Investigation 
of Driver Reactions to Tread Separation Scenarios in 
the National Advanced Driving Simulator (NADS),” 
[2].  The following description of this study and its 
results is excerpted from [2] with minor modifica-
tions to improve clarity. 

This research was performed to assess drivers’ 
responses to simulated tire failures, specifically tread 
separations.  The objective of this research was to 



 
Garrott  3 

evaluate the effects of the following independent 
variables on drivers’ responses and the likelihood of 
control loss following simulated tread separation on 
one of the rear tires of a simulated sport utility vehi-
cle traveling at high speed: 
1. Vehicle understeer gradient 
2. Prior knowledge of an imminent tire failure 
3. Instructions on how to respond to a tire failure 
4. Driver age 
5. Location of tire that failed (left rear or right rear) 

One hundred and eight participants each ex-
perienced two tire failures while driving on a straight, 
divided highway at approximately 75 mph with light 
surrounding traffic.  Drivers were assigned to a single 
simulated vehicle condition having one of three un-
dersteer gradients.  They experienced both simulated 
tire failures in that same vehicle.  Vehicles with dif-
ferent understeer gradients are referred to as Vehicles 
1-3.  Vehicle 1 had an understeer gradient of ap-
proximately 4.7 deg/g with four non-failed tires.  
Vehicles 2 and 3 were modified from Vehicle 1 so 
that the resulting understeer gradients were 3.4 and 
2.4 deg/g, respectively.  Following tread separation 
for the left rear tire, the understeer gradients resulting 
from a right turn of these vehicles changed to 1.10, 
0.09, and –1.17 deg/g, respectively.  

The first tire failure presented was unexpected.  
Drivers were given no information about the possibil-
ity of tire failure; rather, they were told that they were 
evaluating the realism of the simulator.  The second 
tire failure was expected, although drivers were given 
different amounts of information.  Half of the partici-
pants were given specific instructions on how to re-
spond following the second tire failure, while half 
were told only that one or more tire failures would 
likely occur. 

Decreasing vehicle understeer gradient was 
strongly associated with the likelihood of control loss 
following both the unexpected and expected tire fail-
ures.  Overall, the proportion of trials resulting in loss 
of vehicle control increased from 10 percent (Vehicle 
1) to 35 percent (Vehicle 2) to 68 percent (Vehicle 3).  
Knowledge of the imminent tread separation reduced 
the overall probability of control loss from 55 percent 
to 20 percent.  Drivers of Vehicle 3 were still much 
more likely to sustain a loss of vehicle control fol-
lowing the expected tread separation than were driv-
ers of Vehicle 1 (39 percent loss of control versus 3 
percent) and twice as likely to sustain loss of vehicle 
control following the expected tread separation than 
were drivers of Vehicle 2 (39 percent loss of control 
versus 19 percent). 

Differences associated with vehicle understeer 
conditions observed in this study were large and con-
sistent, independent of driver expectations, and var-
ied only slightly across driver age groups.  Thus it is 

fair to conclude that in the event of a complete rear-
tire detread, the increased difficulty in vehicle han-
dling and the associated increased likelihood of loss 
of vehicle control with decreasing vehicle understeer 
gradient generalize to real-world driving.  However, 
it is also important to note that the model used in this 
study for the tire detreading event is a worst-case 
scenario (an extremely rapid, complete loss of tread 
giving the driver only minimal time to react while the 
detreading is actually occurring prior to the degrada-
tion of the tire’s frictional capabilities). 

This study was performed on the NADS for 
several reasons.  Most importantly, NADS allows 
testing of the effects of tire tread separations at high 
speed (75 mph) to be performed without risk of in-
jury to participants.  Test track testing involving ve-
hicle subsystem failures and resulting in limit ma-
neuvers is too dangerous to be performed by mem-
bers of the general public.  In addition, tread separa-
tions could be performed repeatably in the NADS, 
something that is very hard to achieve on the test 
track.  Another reason for using NADS was NADS-
dyna, can accurately predict vehicle motions up to the 
limits of vehicle performance, including loss of con-
trol.  Finally, NADSdyna’s tire parameters could be 
configured with minimal effort to permit accurate 
modeling of the forces and moments generated by a 
tire that had completely lost its tread. 

 
Low Speed Turn NADS Validation Study 

 
Low speed right-angle turns (of the type en-

countered at intersections) have traditionally been a 
problem for lower fidelity driving simulators.  Diffi-
culty in providing adequate motion cues to the driver 
and in low speed tire modeling have made this situa-
tion beyond the capabilities of many driving simula-
tors.  Due to its large excursion motion base (particu-
larly its ∀330 degrees of yaw rotation) and because 
the NADSdyna tire model has been specially formu-
lated to be able to provide accurate tire forces and 
moments at speeds down to 0.0 mph (an even when 
the vehicle is in reverse), the NADS was expected to 
be able to simulate low speed right-angle turns with 
sufficient validity to allow drivers to maintain precise 
control.  However, initial use of the NADS demon-
strated that there were still problems in accurately 
simulating these turns.  Therefore, a small study was 
performed to determine the reasons for the remaining 
low speed turn problems. 

 For this study, a simulated urban street net-
work was developed.  Ten participants drove a desig-
nated route containing a total of six right-angle turns 
at intersections, three to the right and three to the left.  
Two of these turns, one to the right and one to the 
left, were made at intersections with stop signs so 
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that the vehicle came to a complete stop prior to mak-
ing the turn.  For the other four turns, the drivers 
drove through the turns at whatever speed seemed 
natural to them.  This speed was always very low, 
never exceeding 15 mph. 

Comparison data were obtained by having a 
subset of the test participants perform right-angle 
turns at simulated intersections on the Transportation 
Research Center, Inc.’s Vehicle Dynamics Area 
(VDA).  Participants drove the same vehicle that was 
simulated on the NADS.  This research found that the 
handwheel steering angle of drivers on the NADS 
was overshooting the values observed during testing 
on the VDA.  Drivers then had to take corrective 
steering actions to achieve their desired course.  The 
reason for the handwheel steering angle overshoot 
was determined to be the lack of visual delay com-
pensation on the NADS.  (Due to hardware limita-
tions, the NADS Visual System displays a visual 
scene that lags the actual visual scene by approxi-
mately 100 milliseconds.)  A visual delay compensa-
tion subsystem was then added to NADS.  This visual 
delay compensation system is documented in [15]. 

Additional NADS testing was performed fol-
lowing the addition of the visual delay compensation 
system.  Figure 1 shows handwheel steering angle 
versus distance traveled before and after the addition 
of visual delay compensation.  The reduction in steer-
ing overshoot is apparent.  Figure 2 is close up of the 
handwheel steering angle versus distance traveled at 
one right-angle turn.  While the NADS without visual 
delay compensation had no steering overshoot for 
this turn, as Figure 2 shows there was a substantial 
amount of unrealistic steering oscillation.  This test-
ing showed that the driver steering, vehicle yaw rate, 
and vehicle trajectory on NADS during a low-speed, 
right angle turn was now very realistic. 

Figure 1.  Handwheel steering angle versus dis-
tance traveled for a typical low speed turn test.  
 
 

Figure 2.  Close up of handwheel steering angle 
versus distance traveled during one typical right-
angle turn. 
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Examination of the Distraction Effects of Wireless 
Phone Interfaces Using NADS – Freeway Study 
 

In recent years, studies have shown that use of 
wireless phones while driving contributes to crashes.  
Numerous efforts are under way to pass legislation 
that makes it illegal to use hand-held wireless phones 
while driving.  The assumption behind this move is 
that any technology that reduces the visual-manual 
demands of wireless telecommunications must be 
safer, since the driver can keep both hands on the 
wheel and both eyes on the road.  However, research 
has not supported this assumption.   

This study investigated the effects of wireless 
phone use on driving performance and behavior.  The 
study had two primary objectives: (1) to assess the 
distraction potential associated with the use of wire-
less phones while driving, and (2) to determine 
whether distraction potential was related to the spe-
cific phone interface used.  In particular, the experi-
ment addressed the question of whether Hands-Free 
operation substantively affected the distraction poten-
tial associated with wireless phone use while driving. 
In addition, the experiment investigated whether 
voice-activated dialing affected distraction potential 
while driving.  The secondary objective was to de-
termine whether the distraction potential associated 
with phone use varies with driver age. 

This study was performed on the NADS for 
two main reasons.  First, NADS allows drivers to be 
subjected to potentially dangerous driving events 
(vehicles cutting-in close to the subject vehicle, lead 
vehicle braking, merging) while talking on the wire-
less phone.  While these events do occur during real 
world driving, they happen so infrequently that 
studying them during actual (naturalistic) driving is 
almost impossible.  Second, NADS provides the ex-
perimental control to allow a specific driving sce-
nario to be repeatably presented to multiple subjects.  
This repeatability allows more sophisticated analyses 
of data to be performed than is the case for public 
road driving.  Further more, liability issues would 
arise if a researcher directed a participant of an on-
road study to perform a task and a crash resulted. 

The procedure involved 54 participants driving 
a freeway route scenario on the NADS with each of 
three different wireless phone interface types:  Hand-
Held, Hands-Free with headset, and Hands-Free 
speaker kit with voice dialing.  Phone conversations 
consisted of performance of a verbal interactive task 
involving judging whether sentences made sense and 
later recalling words from each sentence.   

Each participant completed a single session 
lasting 3 hours.  The participant drove the same sce-
nario route three times, once for each phone inter-
face.  The order of presentation of phone interface 

conditions was randomized.  Each traversal of the 
route involved one incoming and one outgoing call.  
The order of presentation of incoming and outgoing 
calls was balanced.    

The route consisted of a four-lane divided 
freeway with a 65-mph speed limit with traffic pre-
sent.  The route generally consisted of four straight 
segments of nearly equal length joined by right-side 
interchanges requiring exiting and merging behavior.  
The treatment drives were approximately 15 minutes 
in length and required participants to drive three 
segments of the divided freeway route.  The route 
segments corresponded, respectively, to the incoming 
phone call, outgoing phone call, and baseline (no 
call) periods.  Each route segment involved a series 
of interactions between the driver and the scenario 
vehicles (i.e., events).  Events included a sudden 
lead-vehicle cut-in (LV cut-in), sudden braking by 
the lead vehicle (LV brake), a car following event, 
and a merge.  Each traversal of the route was associ-
ated with a different order of events.  The intention of 
the scenario design was to overlap the events with the 
3.5-minute conversation task periods.  Each partici-
pant also experienced a brief final event driving in-
volving a more critical lead vehicle-braking event.   

Results showed that wireless phone use im-
paired aspects of driving performance.  In particular: 
1. Phone use while driving degraded driving per-

formance, particularly during car following. The 
simulated phone conversation was associated 
with a significant delay in responding to lead ve-
hicle speed changes. Phone conversation also 
degraded vehicle control, as reflected by in-
creased steering error and increased one measure 
of driver workload.  Drivers spent less time 
planning for merge events while engaged in the 
phone task.   

2. Overall, there were modest differences among 
interface conditions during the conversation task.  
The hand-held phone interfered with steering and 
lane position more than the hands-free interfaces.     

4. Neither older nor younger drivers exhibited con-
sistently worse performance due to simulated 
phone conversation. 

5. Analysis of the final event scenario revealed 
significant differences for some dependent 
measures. Hypothesized effects related to phone 
interface were complicated by significant inter-
actions between phone interface and age.  For 
first response to the final brake event, partici-
pants in the hand-held condition responded sig-
nificantly faster than those in the hands-free and 
no-phone conditions, contrary to hypothesis. 
These results appear to agree with results of the 
previously mentioned on-road study  [16] that 
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showed that drivers looked forward more with 
hand-held than with hands-free. 

Results also showed that the wireless phone 
task performance differed as a function of phone in-
terface.  More specifically: 
1. Although participants rated the Hand-Held inter-

face to be most difficult to use, this interface was 
associated with the fewest dialing errors (in 
terms of the number of attempts per dialing trial).   

2. Participants’ feelings that the Hand-Held inter-
face was the most difficult to use were also not 
supported by dialing time results, which showed 
that the Hand-Held interface was associated with 
significantly faster dialing times than the other 
two interfaces for all three age groups.  Shorter 
dialing times for the Hand-Held interface may be 
attributable to participants’ prior experience with 
Hand-Held wireless phones, which was ap-
proximately 6 years on average.  However, it 
should be noted that the length of time required 
to perform voice digit dialing depends on the in-
terface being used.  Voice digit dialing was cho-
sen for implementation in this study since it pro-
vided the most direct comparison between man-
ual and voice dialing.  

3. Conversation task performance did not differ as a 
function of phone interface.   

4. Age was the only examined variable signifi-
cantly related to phone task performance, with 
younger individuals performing better than older 
individuals. 

This study is fully documented in two NHTSA 
technical reports, “Examination of the Distraction 
Effects of Wireless Phone Interfaces Using the Na-
tional Advanced Driving Simulator – Preliminary 
Report on Freeway Pilot Study,” [17] and “Examina-
tion of the Distraction Effects of Wireless Phone In-
terfaces Using the National Advanced Driving Simu-
lator - Final Report on a Freeway Study,” [18] and 
one Human Factors and Ergonomics Society Paper, 
“Hand-Held or Hands-Free?  The Effects of Wireless 
Phone Interface Type on Phone Task Performance 
and Driver Preference” [19].  Most of the preceding 
description of this study and its results was excerpted 
from [18] with minor modifications to provide addi-
tional information and improve clarity. 

 
Examination of the Distraction Effects of Wireless 
Phone Interfaces Using NADS – Arterial Study  
 

NHTSA also conducted research to investigate 
the effects of wireless phone use on driving perform-
ance and behavior in an urban arterial driving envi-
ronment.  The urban arterial environment required a 
more active style of driving and employed a more 
dynamic visual scene. 

The main objective of the research was to col-
lect information useful in the assessment of 1) the 
distraction potential of wireless phone use while driv-
ing, and 2) the difference in distraction caused by the 
use of a hands-free wireless phone interface versus 
that associated with use of a hand-held interface.  Of 
particular interest was whether using hand-held wire-
less phone interfaces (e.g., dialing, answering, con-
versation) while driving degrades driving perform-
ance more than does hands-free wireless phones.  In 
addition, the research addressed the question of 
whether younger and/or older drivers exhibit worse 
driving performance during wireless phone task 
components than middle-aged drivers.  Lastly, the 
research examined whether drivers glance away from 
the forward roadway more when using a hands-free 
wireless phone interface than they did when using a 
wireless phone in a hand-held configuration. 

Fifty-four participants drove an urban arterial 
driving scenario on the NADS with each of three 
different wireless phone interface types.  Like the 
freeway study, phone conversations consisted of per-
formance of a verbal interactive task involving judg-
ing whether sentences made sense and later recalling 
words from each sentence.     

Each participant completed a single session, in 
which the same basic route was driven three times, 
once with each phone interface.  The order of presen-
tation of phone interface conditions was varied sys-
tematically.  Each traversal of the route involved one 
incoming call, one outgoing call, and a baseline pe-
riod, as well as a unique order of scenario events.  
The order of presentation of incoming and outgoing 
calls was balanced.  

The route consisted of four-lane undivided arte-
rial roadway with a 45-mph speed limit and other 
traffic.  The route required approximately 15 minutes 
to drive and consisted of three segments of equal 
length.  Each segment corresponded to an incoming 
call, outgoing call, or baseline driving period. 

Each segment contained a "between towns" 
section and an "in town" section.  Between-town sec-
tions were characterized by mild, alternating curves.  
A visual target detection task was presented during 
between town sections in which participants had to 
press the vehicle's horn button when they spotted a 
pedestrian wearing a shirt with an "I" on it amongst a 
number of other similarly dressed pedestrians.  In-
town sections consisted of straight portion of road-
way lined with buildings and vehicles.  During in 
town sections, events were presented including incur-
sions, occasional static vehicles blocking the partici-
pant's travel lane, and changing traffic signals that 
required drivers to respond to avoid a collision or 
running a red light.    
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Dependent measures used to characterize driv-
ing performance included reaction time in response to 
discrete events (i.e., conflict events and traffic lights), 
as well as reaction time and accuracy of responses for 
the visual target task.  Phone task performance meas-
ures included dialing time, number for dialing errors, 
answering time, and the number of correct judgments 
and recalled terms for the conversation task.  Partici-
pants also completed a post-drive questionnaire used 
to report perceived difficulty of driving and phone 
tasks, as well as preferences regarding phone inter-
faces and related features.  
 Data analysis is currently underway for this 
study.  Analyses are focused on assessing the impact 
of phone use on individual measures of driving per-
formance.  Analyses will highlight the degree to 
which phone use affects a driver's ability to respond 
to conflict events and objects in their visual environ-
ment.  The anticipated time frame for release of a 
final report on this study is mid-2005. 
 The Urban Arterial Wireless Phone Interface 
Study was performed on the NADS for the same two 
main reasons as was the Freeway Wireless Phone 
Interface Study: ability to subject drivers to poten-
tially dangerous driving events while talking on the 
wireless phone, to be able to tell the participant when 
to use the phone without risk of liability issues, and 
to have repeatable driving conditions. 

   
Older Driver NADS Validation Study 
 

 Older drivers are a group of special interest 
and concern for NHTSA.  Due to the aging of Amer-
ica, there is expected to be a substantial increase in 
the number of older drivers.  According to the United 
States Census Bureau, by the year 2020 “about 50 
million Americans will be aged 65 or older – roughly 
one-fifth of the driving-age population.”  [20] 

In preparation for the initiation of an older 
driver research program on the NADS, NHTSA is 
conducting a preliminary investigation comparing 
older driver behavior and performance on the NADS 
with that on similar public roads.  For the planned, 
upcoming, NHTSA older driver research, it is essen-
tial that older driver behavior and performance in the 
NADS be comparable to that which is observable in 
real vehicles on real roads. 

Validation studies comparing driver behavior 
and performance in the NADS to that while driving 
on public roads have, to date, only been conducted 
for a very limited number of driving situations.  The 
assumption made by researchers is that because the 
NADS simulates the vehicle and its visual and kines-
thetic environment with high fidelity, driving per-
formance and behavior on the NADS must be similar 
to that of drivers on similar public roads. 

Because older drivers generally tend to be less 
familiar with and less receptive to technology, re-
searchers are concerned that their behavior and per-
formance in the NADS may not be comparable with 
that seen on public roads. 

The specific objectives for this program are: 
1. To demonstrate that driving performance and 

behavior on the NADS is, in general, compara-
ble to driving performance and behavior on 
public roads for all ages of drivers. 

2. To determine whether there are any older driver 
specific problems in driving on the NADS. 
The fundamental paradigm for this research 

was for test participants to drive an instrumented ve-
hicle over a designated course on public roads and 
through a test track course (the “Actual Road” drive).  
Either immediately before or just after the Actual 
Road drive, participants drove the NADS through a 
simulated version of the same course  (the “NADS” 
drive).  Data collected during the Actual Road and 
the NADS drives were then compared.  The follow-
ing independent variables were examined: 
1. Participant age.  Three age groups were used 

35–55, 60–70, and 75+.  Gender was balanced 
for each age group. 

2. Test vehicle (NADS or instrumented vehicle).  
To permit within-subjects testing, NHTSA’s 
Vehicle Research and Test Center sent a suita-
bly instrumented Chevrolet Malibu to Iowa 
where participants drove it on public roads and 
through a test track course. 

3. Driving situation.  Driving situations included 
freeway driving, straight and curved two-lane 
road driving with a speed limit of 25 and 55 
mph, right-angle turns with and without stop 
signs, approaching/leaving a traffic light, driv-
ing through a simulated construction zone, and 
driving through a handling course delineated by 
traffic cones. 

4. Run repetition.  To check consistency of driver 
behavior and performance, a limited number of 
test participants drove the course, both on the 
NADS and on public roads/test track, once per 
day for five days (not necessarily consecutive). 
The test matrix for the main test was a double 

test matrix.  The first matrix involved twelve partici-
pants in each of the three age categories performing 
all driving situations in both the simulator and on the 
public road/test track.  The second matrix involved a 
subset (four) of the same twelve performing the same 
driving situations another four times for both the 
simulator and public road/test track 
 Data analysis and report writing for this study 
is currently in progress.  The anticipated time frame 
for release of a final report on this study is mid-2005. 
  



 
Garrott  8 

Impairment Due to Various BAC Levels Study 
 
 NHTSA estimates that in 2000, alcohol was 
involved in 40 percent of fatal crashes as well as in 
eight percent of all crashes and that about three of 
every 10 Americans will be involved in an alcohol-
related crash at some time during their lives.  Much 
of the information available about the impact of alco-
hol on safety is from collision statistics where some-
one has been injured or killed.  This data frequently 
does not tell investigators what led to the crash.  
Thus, to investigate the degree of impairment associ-
ated with particular blood alcohol concentrations 
(BAC) NHTSA is conducting a research program 
using the NADS.  This work will examine the effects 
of alcohol in situations that are over-represented for 
alcohol-related crashes.  This data can be used to 
develop countermeasures to reduce the frequency and 
severity of alcohol related crashes.  The key advan-
tage of using the NADS for this research is its high 
fidelity and the ability to examine the effects of alco-
hol on driving performance in a safe setting.   
 Efforts to date for this project have focused on                                        
sensitivity testing.  Sensitivity testing examines 
whether or not a given driving scenario is sensitive to 
the effects of alcohol.  This information is vital for 
the development of efficient driving scenarios that 
will be used for majority of the testing. 
 Following sensitivity testing, testing will be 
conducted to examine impairment associated with 
various levels of BAC, ranging from 0.02 to 0.08 in 
0.02 increments.  The ‘no alcohol use’ case (BAC of 
0.00) will also be tested.  Other independent variables 
will include driver age (younger, middle, older) and 
different drinking practices (heavy drinker, light 
drinker).  Dependent variables will include a full set 
of vehicle control variables along with driver reaction 
times to various events. 
 In future testing, drivers will experience varia-
tions in environmental conditions and roadway situa-
tions such as denser traffic and roadway types and 
will be given realistic in-vehicle tasks such as talking 
on a cell phone, eating, drinking, or changing a CD 
while driving at various BAC levels.  Since NHTSA 
estimates the rate of alcohol involvement in fatal 
crashes is more than three times as high at night as 
during the day, testing will examine how time of day 
influences the degree to which the BAC level de-
grades driving performance.   
 
Electronic Stability Control Effectiveness Study 
 
 In late 2004, NHTSA began a research program 
to investigate the potential benefits of Electronic Sta-
bility Control (ESC) systems from the perspective of 
how drivers utilize such as system.  This research 

seeks to assess how drivers use ESC and how ESC 
affects drivers’ ability to avoid crashes.  In addition, 
this research will allow the examination of drivers’ 
reactions to ESC activation on the NADS. 
 Electronic stability control (ESC) is an elec-
tronic, active-safety system designed to help the 
driver maintain vehicle control under adverse condi-
tions.  ESC uses sensors to detect when the motion of 
the vehicle differs from what the drivers inputs sug-
gest is desired and applies the brakes at individual 
wheels to correct the vehicle’s motion.  Recent crash 
data studies from Germany and Japan have shown 
significant crash reductions with ESC systems.  
NHTSA has an interest in assessing this technology 
to determine whether these benefits might also be 
attainable in the U.S.  NHTSA is currently conduct-
ing a comprehensive program of ESC hardware and 
performance testing.  Using instrumented vehicles, 
maneuvers that may be sensitive to ESC intervention 
are being run with and without ESC on a test track to 
identify differences in stability as a function of ESC 
presence or absence.  While ESC may show benefits 
in hardware testing, NHTSA is interested in examin-
ing the extent to which average drivers can take ad-
vantage of ESC.  Since the largest benefit of ESC is 
achievable on low coefficient of friction surfaces and 
curves, placing average drivers in this type of road-
way environment is of great interest.   
 NHTSA is currently developing plans to use 
NADS to examine how ESC affects average drivers’ 
ability to avoid crashes.  This research will assist 
NHTSA in understanding for which situations (i.e., 
event type and pavement conditions), drivers (age), 
and vehicle types ESC is most helpful. Use of NADS 
will allow drivers to be put into crash-imminent 
situations with no danger of injury.  Research results 
are hoped to provide insight as to what characteristics 
of operation equate to a “good ESC system.”  Lastly, 
this research will allow the examination of drivers’ 
reactions to ESC activation on the NADS.  Experi-
mentation for this research will occur in mid-2005.  
Data analysis and report writing for this study is cur-
rently in progress.  The anticipated time frame for 
release of a final report on this study is early 2006. 
 
SUMMARY 
 
 Since it became operational in January 2002, 
NHTSA researchers have used the NADS to study a 
diverse collection of research topics.  Topics studied 
include driver distraction, drivers’ interactions with 
vehicle subsystems and their responses to subsystem 
failures, the effects of alcohol-related impairment on 
driving performance, and the validity of the NADS. 
  The NADS provides the computational capa-
bilities and fidelity necessary to create complex driv-
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ing situations with varying task demands with high 
repeatability.  The use of the NADS also allows the 
inclusion of conflict situations that cannot safely be 
created in on-road experiments.  NHTSA research 
utilizes these unique capabilities of NADS to address 
questions that cannot be addressed with on-road or 
test-track experimentation. 
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ABSTRACT 
 
 The purpose of this study was to develop the 
analytical methodology to evaluate the dynamic 
versus residual roof deformation characteristics of a 
compact SUV subjected to SAE J2114 dolly rollover 
tests. Two FMVSS 208 dolly rollover tests with 
instrumented, restrained driver side Hybrid III 
dummies were evaluated during the first driver’s side 
roof rail ground strike.  Kinematic targets were 
mounted on the driver dummy head and tracked via 
onboard cameras as a means of visual validation of 
roof rail deformation (assuming rail-to-dummy head 
contact). Test instrumentation included: 
accelerometers at the vehicle center of gravity (CG), 
roof rail, pillars and rocker panel, lap and shoulder 
belt load transducers, triaxial accelerometers at the 
center of gravity of the head, chest and pelvis of the 
dummies and six-axis force (and moment) 
transducers in the neck of the dummy. All data was 
recorded consistent with SAE J211-1 
recommendations 
 
 Vehicle angular velocity and attitude were 
estimated using the data from multiple 
accelerometers, which correlated well with the test 
video.  The accelerometer data indicate that the driver 
roof rail dynamic deformation was significantly 
greater than the residual deformation to which the 
roof rail rebounded following loss of ground contact.  
The dynamic deformation was of such magnitude that 
the rail intruded into the driver’s occupant survival 
space.   A spike in driver dummy head acceleration 
was observed immediately following the acceleration 
pulse that caused the rail intrusion  The presence of 
significant dynamic roof rail deformation is  new and 
important quantitative information that should be 
added to the body of knowledge surrounding 
reconsideration of FMVSS 216 and catastrophic 
injury prevention in rollover crashes.  

 
 

INTRODUCTION 
 
 Rollovers present a high degree of risk to 
occupants as evidenced by the fact that rollovers have 
a higher fatality rate than other kinds of crashes. Of 
the nearly 11 million passenger car, SUV, pickup and 
van crashes in 2002, only 3% involved a rollover.  
However, rollovers accounted for nearly 33 out of 
every 100 deaths from passenger vehicle crashes.  
This is an astonishingly high figure.  In 2002 alone, 
more than 10,000 consumers died in rollover crashes. 
(NHTSA, 2003) An even higher number of 
consumers were critically injured in rollovers, which 
translates into hundreds of millions of dollars of 
unnecessary health care costs on society in general. 

 
 A debate between safety professionals and 
industry representatives over whether roof crush 
causes catastrophic injury or whether it is simply 
associated with the injury has been ongoing for 
almost two decades.  Within the rollover environment, 
the dynamic motion of a vehicle’s roof rail at first 
ground strike, prior to the effects of multiple ground 
strikes and cumulative structural damage, provides an 
opportunity to study its influence on dummy 
kinematics and injury measures. 
  
 During the nine month interval from December 9, 
1998 to August 11, 1999, Ford Motor Company 
sponsored a number of J2114 dolly rollover tests of 
Explorer vehicles at Autoliv ASP (Auburn Hills, MI). 
The structures of the SUVs were instrumented with 
accelerometers at the vehicle’s center of gravity and 
all pillars, roof rails and rocker panels.  Two fully 
instrumented Hybrid III 50th percentile male 
dummies were three-point restrained in the driver and 
right front passenger seating positions.  A total of 
118-127 channels of data as well as external and 
internal video footage were collected for each test.   
 
 In 2003, the full raw data set was made available 
for our review and analysis in litigation involving 
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consumers injured in rollover crashes involving Ford 
SUVs.  An overview of the data was presented to 
NHTSA by representatives of Ford on March 5, 2004, 
and publicly posted in the docket (NHTSA-1999-
5572-61) on April 13, 2004.  Ford’s public 
presentation of the Autoliv data was, to the best of 
our knowledge, Ford’s first public release of the test 
data, which fortunately allowed the scientific 
community public access to information that had 
previously been kept confidential. 

 
 The purpose of this study was to develop the 
analytical methodology to evaluate the dynamic 
versus residual roof deformation characteristics in the 
Autoliv SUV dolly rollover tests using 
accelerometers mounted at the vehicle center of 
gravity (CG), roof rail, pillars and rocker panel.  
Dynamic neck loads of a lap-shoulder restrained 
Hybrid III 50th percentile male driver dummy were 
compared to the driver rail acceleration profile during 
the first driver’s side roof rail ground strike.  
Kinematic targets mounted on the driver dummy 
head and tracked via onboard cameras provided a 
means of visual validation of the mathematical 
estimations of rail displacement.  All sensor data was 
recorded and filtered consistent with SAE J211-1 
recommendations. 
 
 Constitutive equations were derived to properly 
process the accelerometer output data into acceptable 
forms for testing for both mathematical reliability and 
biomechanical engineering validity related to 
occupant protection in rollovers.  The equations used 
in this study describe a deformable body that is 
undergoing general translational and rotation motion 
as well as deformation.  Six degrees of freedom are 
required for general translation and rotation and 
typically utilize a large number of degrees of freedom 
are needed to model deformation.  However, because 
we are concerned, at the present time, with 
processing data from accelerometers fixed to various 
points on the vehicle, we did not, for the purposes of 
this study, need to consider the number of degrees of 
freedom used to model the deformation. We only 
needed to model the part of the acceleration due to 
the deformation appropriately.  Hence, we developed 
kinematic equations for the relative motion of each 
sensor with respect to a common point for which we 
know the acceleration.  Since these equations contain 
angular velocity and angular acceleration of the 
vehicle, we considered the problem of determining its 
rotational motion from the available data. 
 
 
 
 

Kinematics 
 
In Figure 1, the OXEYEZE system is an “Earth-fixed” 
coordinate system which is fixed in location and 
orientation.  The vector  from O to C, the 
original center of mass of the vehicle, and the vector 

CR
r

7r
r

 locates a sensor denoted as “7” in the earth-fixed 
coordinate system.  In the rollover tests, sensor S7 is 
a two-axis accelerometer at the B-pillar on the 
driver’s side.  The acceleration measured by sensor 
S7 is equal to the acceleration of the center of mass, 
C, of the vehicle, plus the acceleration of S7 relative 
to C, i.e., the acceleration due to rotation of the 
vehicle about C and the acceleration due to localized 
rail/pillar deformation.   
 
This may be expressed mathematically as  
 
    S7/CCS7 AAA

rrr
+=  (1) 

 
where S7A

r
, CA
r

, and S7/CA
r

 are the accelerations 
of S7, C, and S7 with respect to C, respectively.  It 
follows from (1) that the acceleration of S7 with 
respect to C is  
 
    CS7S7 AAA

rrr
−=C/   (2) 

 
 Since part of the acceleration of the sensors with 
respect to the center of gravity is due to the rotation 
of the vehicle, the angular velocity and angular 
acceleration of the vehicle-fixed axes must be used. 
Two methods were utilized in this investigation to 
determine the angular velocity, both with and without 
the use of a rollover sensor.  If very good estimates of 
the angular velocity can be obtained then the 
vehicle’s attitude may be obtained by numerical 
integration.  Also, the parts of the accelerations of the 
sensors with respect to the center of gravity that are 
due to the rotation of the vehicle may be removed 
from equations like Eq. (2) and the part of the 
acceleration due only to deformation integrated to get 
deformation rates and displacements.  Because each 
sensor has its own coordinate system, if the 
deformations are extreme (e.g. significant roof crush 
into the occupant survival space), then some method 
must be devised to account for the rotation of 
individual sensors.   
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Figure 1.  Earth-Fixed, Vehicle-Fixed, and Sensor 
Coordinate Systems. 
 
If the components of  in the CXYZ system are 
used to calculate velocity and position, then the 
results should not contain the principal terms due to 
the translation of the center of mass of the vehicle.  
However, the rotation of the vehicle must still be 
properly included.   

S7/CA
r

 
By definition, the acceleration   is the second 
time derivative of

S7/CA
r

7r
r

.  The latter may be written (See, 
for example, Meriam, 1971.) as 
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where ω

r
 is the angular velocity of the CXYZ 

coordinate system and the derivative of a 

vector indicates the time derivative of that vector 
as seen in the rotating (vehicle-fixed) system CXYZ.  
The quantity  is the relative acceleration 
(acceleration as viewed by an occupant of the vehicle 
as he/she rotates with the vehicle-fixed CXYZ 
system) due to the deformation of the vehicle’s 
structure at point P7 to which the sensor S7 is 
attached.   Now, 

t/j δδ r
r

jr
r

2
7

2 t/r δδ
r
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r

may be written as  
 
    7707 rrr

rrr
δ+=    (4) 

 
where  is the 
position vector of  point P7 on the driver’s roof 
rail/B-pillar in the vehicle-fixed CXYZ system when 
there is no deformation

KJIr ˆZˆYˆX 70707070 ++=
r

 of the roof rail and 
 is the displacement 

of  P7 due to local deformation (“crush”) of the roof 
rail/B-pillar.   

KJIr ˆZˆYˆX 7777 δ+δ+δ=δ
r

 
In most structures, under elastic deformation 
conditions, the displacements and ,Y,X 77 δδ

7Zδ are related by the fundamental mode shapes of 
the structure.  In the present case of a compact SUV, 
the deformation is a combination of elastic and 
plastic, dynamic and residual deformation types.   An 
approach in which the displacements 

,Y,X 77 δδ and 7Zδ  are first considered to be 
independent and then the rotation of the sensor is 
estimated on the basis of the translation of the sensor 
appears to be reasonable.  
 
Thus, assuming that there is little rotation of the 
vehicle’s structure at P7 due to deformation, we may 
write  
  

KJIr ˆZˆYˆXt/ 777
2

7
2 &&&&&&r

δ+δ+δ=δδ    (5) 
 
If the angular velocity ωr  and, hence, the angular 
acceleration ω&r , as functions of time are available 
from an angular velocity transducer and, if S7 and 
S11 are triaxial accelerometers, then estimates of δX7, 
δY7, and  δZ7  may be obtained from        
 

S7/CArxω

)rxω(xωrωr
rr&v

rrrrrr

+−

−δδ−=δδ

7

77
2

7
2 t/x2t/

  (6) 

 
Or, in matrix form for sensor Sj,   
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In Eq. (7),  contains the components of the 
acceleration of the center of mass measured in the 
CXYZ system, while  contains the components 
of the acceleration of sensor Sj measured in the 
Sjxjyjzj  system.  If there is relative rotation of these 
coordinate systems, then we must, of course, consider 
that if it is necessary.      

CA

SjA

 
Rotational Motion and Center of Gravity Position  
 
     Rotational Motion Obtained from 
Accelerometer Data  
The data taken during Autoliv’s Test B190042 
include three-dimensional acceleration data from an 
accelerometer at the Visteon Fleet Roll Sensor, 
Autoliv Reference No. S1 [Ref. 1, page 18].  This 
additional data provides the relative acceleration of a 
third point in the vehicle that can be used to estimate 
the angular velocity and attitude of the vehicle.  In 
the “vehicle-fixed” coordinate system, the sensor 
locations are identified by the respective position 
vectors of S1 (Visteon Fleet Roll Sensor, C.G.), S4 
(Driver Rocker Panel Accelerometer at the B-pillar, 
DRPBP), and S9 (Passenger Rocker Panel 
Accelerometer at the B-pillar, PRPBP), which are 
 

mmK̂00.961Ĵ90.59ˆ00.1635 GGG1 +−= IR
r

   (8a) 
 

mmK̂30.762Ĵ10.768ˆ90.2802 GGG4 +−= IR
r

(8b) 
 

mmK̂70.750Ĵ40.716ˆ70.2833 GGG9 +−= IR
r

 (8c) 
 
Similarly, the global position vector of the center of 
gravity is   
 

mmK̂00.975Ĵ50.24ˆ10.2073 GGG.G.C +−= IR
r

 (9) 
 
These points are shown in Figure 2. 
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Figure 2.  Six Sensor Locations for Autoliv Test 
B190042 

 
The positions of the accelerometers with respect to 
the C.G. are 
 
  mmˆ00.14ˆ40.35ˆ10.438r1 KJI +−−=

r    (10a) 
     
 mmˆ70.212ˆ60.743ˆ80.729r4 KJI −−=

r  (10b) 
 
 mmˆ30.224ˆ90.740ˆ60.760r9 KJI −+=

r   (10c) 
         
We can use the matrix form of the relative 
accelerations from the three accelerometers,  
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and assume that the structural deformation is zero at 
each of the accelerometers to get  
 
 Sj/Cjj

~~r~ Arωωω +−=− & , j = 1,4,9 (12) 
 
We have nine equations from which we can find ω , 
but because of the skew-symmetry of the 

&

j
~r , we have 

only six independent ones.  Still these are more than 
we need to find,  so we use a weighted least 
squares approach. We pre-multiply the jth equation 
by 

ω&

jj
~ Wr , where is a constant, diagonal, 3x3 

weighting matrix, and add the results to get   
jW
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In Eq. (13),  
  
 99944411

~~~~~~ rWrrWrrWrI 1 −−−=   (14) 
 
is analogous to the inertia matrix of a rigid body and 
the sensor terms are analogous to torques.      
 
By using the weighting matrices  
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we obtained the time histories for the Test B190042 
angular velocity components and Euler angles of the 
vehicle shown in Figures 3 and 4.   The weights are 
somewhat arbitrary, but the sum should be 1.  The 
Visteon accelerometer output was weighted more 
heavily than that of the other two sensors because 
such weighting gives better results for pitch and yaw.  
 
Note that because the vehicle Z-axis is initially 
directed upward and the X-axis is rearward, a 
positive pitch angle puts the nose of the vehicle 
higher and a positive yaw angle means that the nose 
of the vehicle has rotated towards the left from the 
viewpoint of a driver.  A positive roll angle is 
initially a rotation of the driver’s side of the vehicle 
toward the ground. 
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Figure 3.  Estimated Angular Velocity 
Components – No Roll Rate Sensor Data (Autoliv 
Test B190042)  
 

0 200 400 600 800 1000 1200
-50

0

50

100

150

200

250

300

Time (msec)

Eu
le

r A
ng

le
s 

(d
eg

)

Phi
Theta
Psi

 
Figure 4.  Estimated Euler Angles - No Roll Rate 
Sensor Data  (Autoliv Test B190042) 
 
     Rotational Motion Obtained by Including the 
Systron Roll Rate Sensor Data 

The data collected during Test B190042 included 
the output from the Systron Donner Roll Rate Sensor.  
Assuming that the “roll rate data” is actually the 
angular velocity about the X-axis of the vehicle, it 
may be used as the X-component of angular velocity 
in our estimate of angular velocity and the other two 
components may be obtained as indicated above.  
Figures 5 and 6 show the resulting time histories of 
the angular velocity components and the Euler angles.  
Note that the agreement between the time histories of 
the X-components of the angular velocity shown in 
Figure 3 and Figure 5 is very good except for the 
oscillatory content in xω in Figure 5.  Because the 
rate data was used directly to obtain Figure 5, the 

xω time history shown there still has considerable 
oscillatory content.  On the other hand, the xω  plot 
in Figure 3, which was obtained by integrating the 
accelerometer outputs after they have been filtered 
(60 Hz), does not have the high frequency content. 
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Figure 5.  Angular Velocity Components 
Including Systron Roll Rate Sensor Data 
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The results for the Euler angles that were obtained 
using the four accelerometers (CG, DRPBP, PRPBP, 
and VISTEON) and the Systron Donner Roll Rate 
Sensor are presented in Figure 6.  Note that the 
assumption was made that the Systron Donner sensor 
measures the angular velocity about the X-axis, not 
the time rate of change of the Euler angle φ (Phi).   
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Figure 6.  Estimated Euler Angles Including 
Systron Roll Rate Sensor Data. 
 
 Analysis of Data from B190043 
 
Although it is SAE recommended procedure, it 
appears that in at least one Autoliv test (B190043) no 
angular velocity data was collected.  Also, the 
accelerometer S7 provided only Y- and Z-
accelerations in both Autoliv tests.  The angular 
velocity, however, may be estimated in a test not 
providing angular velocity sensor data, by using the 
vehicle CG accelerometer (S11) and any two triaxial 
accelerometers that are positioned such that the three 
are not collinear (as described infra).  Figure 7 
presents such an estimate obtained using sensors S4 
and S9.  These two are not collinear with C.   The 
estimates of angular velocity components are similar 
to those in the Controlled Rollover Impact System 
(CRIS) study. (Carter, 2002)   However, shortly after 
500 ms some large changes in acceleration occur and 
when used in the equation for B-pillar deformations, 
the values for angular velocity components seem to 
be too large.  Fortunately, there is another way to 
estimate the dynamic crush using Eq. (7). 
 
The terms due to angular velocity in Eq. (6) are fairly 
constant just before the acceleration in the B-pillar 
becomes very large.  Thus, if the value of the right-
hand side of Eq. (6) at time tstart before the large 
acceleration pulse is used as the part of 2

7
2 t/δδ r
r

 

not due to the crushing, then the part of 
2

7
2 t/δδ r
r

due to deformation is  
 

])t()t([

)t()t(t/

startCstart7S

C7Sndeformatio
2

7
2

AA

AAr
rr

rrr

−−

−≅δδ
 (16) 

 
Equation (16) may be integrated component by 
component if both sides are written in terms of unit 
vectors fixed in CXYZ.  Figure 8 shows the results 
for the roof rail/B-pillar deflection/crush using this 
method.  Thus, the direct integration of acceleration 
data provides meaningful results, if the data is chosen 
properly. 
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Figure 7.  Angular Velocity Estimated from 
Accelerometer Data (Autoliv Test B190043) 
 
The methodology described here can be used to 
obtain estimates of the dynamic motion when good 
estimates of the angular velocity of the vehicle are 
known from angular velocity transducers.  Even 
without angular velocity data, dynamic crush can be 
estimated through judicious use of the accelerometer 
data by subtracting the more constant terms due to 
angular velocity.  The estimates of 9 inches in Y-
dynamic deformation and -3.5 inches in Z-dynamic 
deformation shown in Figure 8 are based on 
integrating the differential accelerations of the B-
pillar over 200 ms.  As shown in Figure 9, the 
integration of the differential accelerations starting at 
500 ms actually produces a larger Y-dynamic 
deformation result of 10.5 inches  and a slightly 
smaller magnitude negative Z-value of about -2 
inches.  These estimates compared well to the 
photogrammetric measurement of lateral roof 
deformation from the test video. Using the shorter 
period of time when the B-pillar was experiencing 
very high acceleration probably yields the better 
estimate.   Since the Z-deformation is small, it 
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appears that the sensor rotated very little with respect 
to the vehicle-fixed coordinate system.   
Of course, the data obtained in this manner provides 
a snapshot of the change in the deformation at a 
given time, and not the total crush time history.  
Since we are concerned with the relative motion of 
the parts of the vehicle, particularly with respect to 
restrained occupants, such results are very important. 
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Figure 8.  B-pillar Dynamic Deformations  
Integration Start at 400 ms. (Autoliv Test 
B190043) 
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Figure 9.  Y- and Z-deformations of the B-pillar  
Integration Start at 500 ms (Autoliv Test 
B190043) 
 
CONCLUSIONS 
 
A method has been developed for properly 
processing the SUV roof rail accelerometer output 
data into acceptable forms for testing for both 
mathematical reliability and biomechanical 
engineering validity related to occupant protection in 

rollovers.  The method has been implemented in the 
analysis of catastrophic injuries predicted by 
restrained driver and passenger dummies in FMVSS 
208 dolly rollover tests (refer to the authors’ 
submission to Docket No. NHTSA-1999-5572).   
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ABSTRACT 
 

In most countries pedestrians and other 
vulnerable road users form a significant proportion 
of all road user casualties.  Research has shown 
that measures to improve car design, to mitigate 
pedestrian injuries in collisions, can be very 
effective in reducing the number of fatalities and 
serious injuries.  Therefore EEVC Pedestrian 
Working Groups (WGs 7, 10 and 17) have worked 
since the 1980’s to produce test methods and 
criteria.  Recently the European Parliament and 
Council approved a Directive, which reflects the 
EEVC WG17 test methods (in two stages), to 
require new cars to provide pedestrian protection.   

Most test tools and procedures can be 
improved, as can be seen for example by the 
ongoing process of developing new and improved 
vehicle occupant dummies and their associated test 
procedures.  The IHRA Pedestrian Safety Working 
Group (with input from EEVC WG17) and others 
are all contributing to this process by building on, 
and expanding the current test methods.   

This paper discusses the way forward for the 
next generation of pedestrian test methods.  It 
includes discussion of the options to increase the 
number of vehicle types and protected areas and to 
protect at higher speeds.  Possible improvements to 
the test methods and tools, such as adding an upper 
body mass and flexible bones to the legform 
impactor, refining the impact conditions, and 
testing with a combination of dummy and 
subsystem tests, are also discussed. 
 
INTRODUCTION 
 

Pedestrians and pedal cyclists form a significant 
proportion of all road user casualties in most 
countries.  There are two complementary ways of 
improving this situation: by preventing or reducing 
the severity of the collision and by making vehicles 
less injurious to pedestrians in accidents; ideally 
both of these should be used together.  The EEVC 
Pedestrian Working Groups WGs 7, 10 and 17 
have been working since the 1980’s on the second 
of these two measures and have produced test 
methods and criteria suitable for developing and 
testing safer vehicles.  Recently the European 
Parliament and Council approved a Directive (with 
two stages), which reflects the EEVC WG17 test 

methods, to require new cars to provide protection 
for pedestrians (vulnerable road users).   

Most test tools and procedures can be 
improved, as can be seen by the ongoing process of 
developing new and improved vehicle occupant 
dummies and their associated test procedures, for 
example the THOR and World SID dummies.  For 
pedestrian protection the IHRA Pedestrian Safety 
Working Group (IHRA PSWG) and others are all 
contributing to this process by building on and 
expanding the current test methods.   

Following completion of their primary task of 
developing pedestrian test methods, EEVC 
WG17’s new mandate includes providing a 
contribution to the work of the IHRA PSWG.  
Although WG17’s mandate does not include a 
comprehensive programme of improving and 
expanding their test methods they are well placed 
to provide some guidance on the options and best 
ways that this could be achieved.  

This paper discusses the way forward for the 
next generation of pedestrian test tools and 
methods. 
 
OPTIONS FOR ASSESSING OR REQUIRING 
PROTECTION 
 

The pedestrian protection provided by a vehicle 
can be assessed by using suitable test methods and 
appropriate injury risk curves for the injury 
parameters recorded by the test tools.  If these are 
combined with suitable protection performance 
criteria, then it can be used in a regulation to 
require minimum standards of pedestrian protection 
as is the case with the EU Directive.  It should be 
noted that the tests methods developed by WG10 
and later refined by WG17 were, at the request of 
the European Commission, developed to be 
suitable for use in a regulation to require 
manufacturers to make vehicles with pedestrian 
protection.  
 
Types of Test  
 

Physical dummies. Test methods making use 
of physical pedestrian dummies might initially 
appear to be the most obvious test tool for 
assessing a car’s pedestrian protection.  Provided 
that the pedestrian dummy or dummies used have 
appropriate properties such as joints, etc. and 
instrumentation then every contact likely to cause 
serious or fatal injuries can be assessed from 
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bumper contact through to head impact.  Stature is 
the most important variable for head impact 
location in real life.  Therefore, if the test method is 
intended to assess the whole area of a car that could 
be involved in a head impact, then a family of 
pedestrian dummies of different statures would be 
required.  For the head impact area, as well as 
having to test each vehicle with this family of 
dummies, a number of tests would be required with 
each dummy at increments across the width of the 
car.  In addition a pedestrian’s stance and direction 
of motion will influence the nature and severity of 
each stage of the accident.  For example in one case 
the shoulder might make first contact reducing the 
severity of the head impact but in a second case the 
kinematics might be such that shoulder contact is 
minimal giving a more severe head impact.  
However, some form of worst case setting of the 
dummies stance might overcome the need to 
reproduce this range in full. Nevertheless, even if it 
was decided that only one stance was necessary a 
dummy based test method require that a suitable 
family of dummies be developed and it would need 
a very large and expensive test matrix to be carried 
out for each car model to assess the protection 
provided. 

Sub-system tests. As discussed above, test 
methods using impacts between the physical car 
and a pedestrian dummy have a number of 
disadvantages for use in a regulatory type test.  
Sub-systems tests have the following advantages 
over testing with dummy tests: 

• They can easily be used to test the whole 
area likely to strike pedestrians. 

• They can be aimed accurately at selected 
danger points. 

• They give good repeatability. 
• The tests cost less to perform. 
• The test requirements are simpler to 

design and to model mathematically. 
• They can be more easily used in 

component development. 
• The test severity can be adjusted (e.g. by 

energy cap) to take account of practical 
design limitations. 

On the other hand, although sub-system tests 
solve many of the problems of a regulatory test 
based on physical dummies, they also introduce 
their own problems:   

• They are a simplification of the real 
situation. 

• Appropriate test conditions and test areas 
must be provided for each sub-system test. 

• The test conditions, test areas and any 
associated mark-up rules, look-up graphs 
or tables may become inappropriate with 
time, if vehicle styling goes outside the 
range considered or anticipated by their 
authors. 

Mathematical modelling of pedestrian (or 
impactors) and car. There are at least six 
potential or already established uses for 
mathematical modelling for pedestrian protection: 

1. To determine generic sub-system tests’ 
impact conditions; these can be expressed 
with in a test method in look-up graphs or 
tables.   

2. Interactively within a test method to 
determine impact conditions appropriate for 
the specific vehicle under test; this should 
be for both the shape and stiffness of the 
vehicle under test (not just shape as both 
will influence subsequent contacts).  

3. As a completely virtual vehicle and 
pedestrian test approval tool. 

4. To serve as a vehicle design and 
development tool for new models for: 

a. pre-development and concept studies  
b. definition of design guidelines and styling 

fix points 
c. determining and refining the energy 

absorption performance of the vehicle 
body parts in the pedestrian impact area. 

5. To examine the effects of measures to meet 
the test requirements under a wider range of 
accident situations to identify and rectify 
any inadvertent negative effects. 

6. To determine whether deployable protection 
devices work as intended, e.g. for a pop-up 
bonnet system the kinematics and timings 
for a range of vehicle impact speeds, 
pedestrian statures and motion.  

For point one above, this has the advantage that 
the experts developing the test method would be 
best placed to determine whether the simulation 
results are appropriate.  It is important to reflect in 
the vehicle model the level of pedestrian protection 
likely to be found in the real vehicles that the 
method is intended for.  For example the EEVC 
test methods were developed for approving 
vehicles with pedestrian protection and therefore 
the simulated car used to determine the bonnet 
leading edge test energies used a family of generic 
cars that had a pedestrian friendly bumper and 
bonnet leading edge.  If instead the sub-system test 
results were intended for comparing with the real 
life bonnet leading edge injuries found with current 
cars, then the car model would need to represent a 
car with current levels of pedestrian protection.  
This is because, for example, a more violent 
bumper impact might reduce the severity of the 
bonnet leading edge impact.   

Point two, above, might be achieved with a 
relatively simple pedestrian and car model as it will 
only have to produce realistic kinematics.  Point 3 
would require sophisticated finite element models 
of the pedestrian (or the pedestrian sub-system 
impactor) and of the car being assessed.  Both the 
software and a protocol for these two uses would 
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need to be included in the test method to give 
consistent results.  Alternatively, a series of 
validation corridors for both the pedestrian and car 
model could be provided against which the 
performance of any proposed or improved model 
could be judged.  Provided that these validation 
corridors were appropriate a score system could be 
used to accept or reject proposed models.   

For point four both the models and the levels of 
validation of them would be the chosen by the 
manufacturer and they could balance their 
confidence in the simulation results with an 
appropriate level of physical testing of materials, 
components and prototype vehicles.   

Point five might again be at the manufacturers’ 
discretion to cover their ‘due care’ responsibilities 
to identify and rectify solutions that pass the test 
but might be dangerous in real life (unsatisfactory 
solutions that the test methods or test tools are 
insensitive to).   

For point six, both the validation of the 
pedestrian and vehicle models and the range of 
impact situations (vehicle speed, pedestrian stature, 
etc.) simulated would have to be sufficient to 
satisfy the approval authorities that the system will 
work as intended.   

Combination of test methods. Features of the 
three main types of test listed above can be used in 
combination to find a ‘best’ test method solution.  
One example is the EEVC upper legform to bonnet 
leading edge sub-systems test.  The upper legform 
to bonnet leading edge sub-system test is designed 
to assess the aggressiveness of the bonnet leading 
edge in car to pedestrian impacts, which is highly 
dependent on the vehicle shape.  This is because 
the impact velocity and effective mass of the parts 
of the pedestrian (typically thigh and / or pelvis) 
impacted by the bonnet leading edge vary with 
vehicle shape.  Therefore, for this test the impact 
conditions were derived from a combination of 
tests between physical pedestrian dummies and 
instrumented car(s) and results of mathematical 
simulations of pedestrian and car.  These results, in 
the form of look-up graphs, are included in the test 
method and are used to select the impact conditions 
appropriate for the shape of the car under test.  This 
method has the advantage that the experts 
developing the test make an informed judgment on 
the best data to use; avoiding the need to use 
mathematical modelling or testing with a physical 
pedestrian dummy interactively within the test 
method.  A proposal to update the energy look-up-
graph was recently made, based on the results of 
simulations using a more biofidelic pedestrian 
model and an improved pedestrian friendly family 
of car shapes (Lawrence et al., 2004).  The 
pedestrian and car models can be seen in Figure 1 
and Figure 2 respectively and the updated energy 
look-up graph can be seen in Figure 3. 

Figure 1.  The finite element biofidelic 
pedestrian model. 

Figure 2.  The adjustable-shape pedestrian 
friendly car and pedestrian models. 

 
Recently the IHRA Pedestrian Safety Working 

Group have adopted a similar method for their head 
test procedure where the results of mathematical 
modelling of impacts between pedestrian and a 
range of car shapes have been used to produce 
look-up tables for the headform test conditions 
(velocity and angle) depending on the shape of the 
car under test.  
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Key: 
A & A’ = 50 mm bumper lead 
B & B’ = 100 mm bumper lead
C & C’ = 150 mm bumper lead
D & D’ = 250 mm bumper lead
E & E’ = 350 mm bumper lead
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Figure 3.  Upper legform impact energy curves 
for use with a straight edge at 40° to the vertical 
(proposed for use in phase two of the EU 
Directive). 

However, other combinations might be 
considered.  One option might be to use a physical 
pedestrian dummy to test the bumper and bonnet 
leading edge and a sub-system headform test 
method for the bonnet top, windscreen and 
windscreen frame.  Alternatively, a more complex 
sub-systems impactor might be developed to test 
both the bumper and bonnet leading edge in one 
test.  This might consist of a leg or legs and a 
simplified hip and upper body mass.  With suitable 
instrumentation on the leg (tibia and femur), knee 
and hip this might be used to assess all vehicles 
except those with very high bonnet leading edges. 
However, one advantage of a sub-systems test 
approach is that the impactor can be repeatably 
propelled into the car.  Any increase in the weight, 
number of impactor components and number of 
joints would make the task of impactor propulsion 
increasingly difficult.  Nevertheless, such a 
combination impactor should have the advantage of 
responding to the actual shape and stiffness of the 
vehicle under test.   

 
Scope of Tests 
 

The potential for regulatory pedestrian 
protection measures to reduce the number of 
pedestrian and vulnerable road user casualties will 
be dependent on the proportion of accident 
situations (vehicle types, protected areas and 
speeds) where effective protection is provided.  
This in turn is dependent, amongst others things, on 
the: 

• Number of vehicle types required to 
provide protection 

• Number of accident scenarios covered 
• Level of protection required 

• Speed range in which the protection is 
effective 

 
Obviously as the above are increased the larger the 
proportion of casualties that can be saved.  
However, to be both feasible and cost effective 
some limitations are likely to be required.   
Vehicle types most frequently involved in 
pedestrian accidents can be found from accident 
data. Figure 4 shows the distribution of pedestrian 
casualties in Great Britain by type of vehicle.  

Cars 71%

Other vehicle types 
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Vans & goods 
vehicles 16%

Buses & coaches 8%

Cycles 4%

Fatalities
Cars 71%

Other vehicle types 
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vehicles 16%
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Cycles 4%

Fatalities
 

Seriously injured casualties

Cycles 5%
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1%
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Seriously injured casualties

Cycles 5%

Buses & coaches 5%

Vans & goods 
vehicles 7%

Other vehicle types 
1%

Cars 83%

 
Figure 4.  Proportions of vehicles involved in 
fatal and serious pedestrian accidents in Great 
Britain (1997-2001) 

An analysis such as this can be used to help 
focus protection efforts on the vehicle types with 
the most potential to reduce the number of 
casualties; however, the number of vehicles within 
each sub-division of the fleet would influence the 
costs.  For highly motorised countries the 
distribution shown in Figure 4 may be appropriate, 
but for less highly motorised countries the 
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distribution might be very different so that the 
vehicles types covered by a test method should 
ideally be tailored to the countries for which it is 
intended.  From the Figure 4 it can be seen from 
GB accident data that the car should have the first 
priority in terms of reducing casualties, however, 
including other vehicle types would further 
increase the potential savings.  Ideally a detailed 
break-down of accident data for each country 
covered by the test methods, should be used to 
identify which vehicle categories it would be most 
effective to target. 

The accident scenarios covered. Test 
methods, tools and protection criteria can be 
developed for a number of accident scenarios to 
require protection on the vehicle including: 

• restricted front - with some restrictions or 
exemptions based on feasibility or cost 
concerns.  Note that the mandate for the 
EEVC test methods deliberately excluded 
the ‘A’ pillars due to feasibility concerns, 
however, new technology such as air bags 
may soon make protection in this area 
practical 

• whole front – including the windscreen, 
dashboard top (can be hit by going 
through the windscreen) and the 
windscreen frame, including the ‘A’ 
pillars 

• side-swipe, which often results in direct 
contact between the head and the ‘A’ 
pillar 

• rear – reversing, running over, crushing 
against walls or pedestrian or cyclist 
running into the rear of the vehicle 

 
A detailed break-down of accident data could 

be used to identify which vehicle types and 
accident scenarios it would be most effective to 
target for improved test methods.  Fortunately the 
EU pedestrian protection Directive is expected to 
have significant benefits and these should be taken 
into account when trying to decide future priorities.  
As previously noted, ideally, the accident data used 
should be for the countries covered by the test 
methods.  Nevertheless an indication of the vehicle 
types and accident scenarios to be targeted can be 
obtained from the analysis of accident data from 
Great Britain illustrated in Figure 5.  Also included 
are the estimated savings that will ultimately result 
from the protection provided by Phase Two of the 
EU Directive.    
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be prevented if all cars meet the EEVC WG17 2002 
requirements 

Figure 5.  Proportions of vehicles involved and 
impact directions in fatal and serious pedestrian 
accidents in Great Britain (1997-2001). 

Protection criteria along with appropriate test 
methods and tools can be applied to each test area 
to: 

• save a specific proportion of the 
population taking into account the normal 
variation in strength found in the 
population.  The EEVC protection criteria 
are intended to save about 80 percent of 
the population at the test speed (note that 
different criteria may be used in phase two 
of the Directive).  Reducing the injury risk 
would increase savings but would make 
protection more difficult and expensive, 
increasing it would have the reverse effect, 
for example see in Figure 6 the injury risk 
curve used by EEVC WG17 to select their 
head injury protection criterion.  

• save the more frail or elderly population 
• save specific life threatening injuries 
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• save disabling injury or those that reduce 
quality of life 

• require protection for different pedestrian 
body regions contacting the same area due 
to a combination of variation in pedestrian 
stature and / or vehicle size.  For example: 
child femur to normal bumper, adult femur 
to high bumper and child pelvis, abdomen, 
chest or head to bonnet leading edge 
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Figure 6.  Example of injury risk curve for life-
threatening brain injury, derived from Mertz, 
1993. 

Protection speed can be selected to save the 
desired proportion of accident casualties using data 
found in detailed accident studies.  It should be 
noted that this protection or vehicle speed is not 
necessarily the same as the sub-system test speed, 
as pedestrian kinematics can cause body parts to 
impact at higher or lower speeds than the initial 
vehicle speed.  The cumulative impact speed 
distributions found from the IHRA pedestrian 
accident dataset can be seen in Figure 7.  The 
number of casualties that could potentially be saved 
by a selected protection speed is dependent on a 
number of factors including the proportion of 
injuries caused by the tested areas, the injury risk 
chosen for the protection criteria and the degree of 
bottoming out of vehicle deformation at speeds in 
excess of that used in the test.  Nevertheless, it is 
likely that the simplified assumption that all current 
injuries caused by parts of the car that will be 
protected in future will be saved in accidents up to 
or slightly in excess of the protection speed will 
produce a reasonable estimate of the potential 
savings in casualties.  Using this assumption the 
potential injury reduction can be estimated from the 
IHRA pedestrian accident dataset or similar 
accident data for cars without pedestrian protection.  
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Figure 7.  Cumulative impact speed distribution, 
from the IHRA pedestrian accident dataset, by 
casualty severity, with values for specific vehicle 
speeds 

 
IMPROVEMENTS TO TEST METHODS AND 
TOOLS. 
 

For regulatory use it is important that the test 
methods and tools are simple, accurate, repeatable 
and robust.  To achieve this normally requires some 
simplification and compromise in reproducing the 
accident conditions in both the test method(s) and 
tool(s).  Ideally when these test methods and the 
chosen protection criteria are applied to vehicles 
this simplification and compromise will result in 
the overall improvement in safety intended. 
However, if inappropriate, they will fail to provide 
the protection intended.  A further problem for test 
methods is that the design, technology and styling 
of vehicles are constantly changing.  Therefore it is 
important that the test methods are insensitive to 
such changes or that they are regularly reviewed.   

Considerable effort has been expended by the 
EEVC experts in developing the current test 
methods and tools.  Therefore in future it may be 
better to capitalise on this existing knowledge by 
refining and improving these test methods and tools 
rather than developing alternatives.  

In real life each pedestrian accident is unique in 
some way so that there are an almost infinite 
number of real accident situations.  Therefore for a 
regulatory test some simplifications and reduction 
in scope are necessary.  To provide the best cost to 
benefit ratio care must be taken to make sure that 
these simplifications and reduction in scope are 
reasonable, whilst providing the best savings; this 
optimum compromise is referred to as a 
‘reasonable worst case’ in this paper.  These 
simplifications can take a number of forms, from 
limiting the protection speed, selecting protection 
criteria to protect all but the weakest and focusing 
on vehicle types and vehicle parts most frequently 
involved. 
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Sub-Systems Tests 
 

Sub-systems tests are intended to produce a 
simplified representation of each phase of a 
pedestrian accident.  Not only does this method of 
an individual test for each contact produce a simple 
and repeatable procedure, but it also has the 
advantage that they can be used to represent a 
whole range of accident situations, with a limited 
number of tests and tools.  For example, two 
headform procedures can be used to test the whole 
bonnet top area.  Provided that the test method 
represents an appropriate ‘reasonable worst case’ 
then measures to meet the test requirements will 
provide effective protection in a large number of 
real life accident scenarios, including a range of 
pedestrian statures, pedestrian crossing speeds and 
directions, vehicle speeds, directions of travel and 
vehicle types that would require an unfeasibly large 
programme of tests were the vehicle to be tested 
with a family of pedestrian dummies.  

Improvements to sub-systems test may well 
come from: 

• Improved understanding of accident 
scenario and injury mechanisms, to select 
more appropriate ‘reasonable worst case’ 
test conditions and worst case injury 
types, for representation in the test 
methods.  For example for the bumper, 
there are a number of potential injury 
mechanisms depending on the pedestrian’s 
stature and the shape and stiffness of the 
vehicle.  The injuries caused by the 
bumper are typically to the tibia and knee 
for the adult, and for the child they can 
also include the femur and pelvis.  An 
improved understanding could confirm or 
adjust the current EEVC conclusion that 
the adult leg is more vulnerable to injury 
than the child leg, from the bumper, which 
was their rationale to simplify the test by 
just having an adult test tool. 

• Improved understanding of the impact 
conditions at each main point of contact 
which might be found from accident data, 
Post Mortem Human Surrogate (PMHS) 
tests and computer simulations.  

• Taking into account the effect of saving 
initial injuries on subsequent impacts.  For 
example protection measures that save 
tibia fractures and knee joint injuries could 
influence the nature and severity of 
subsequent injuries such as the head 
impact.  (As this cannot be found from 
analysing accidents for current cars, 
computer simulation would probably be 
the most suitable method.  It was for this 
reason that a pedestrian friendly bumper 
was included in the simulated car shapes 

used to derive the EEVC upper legform 
test energies.) 

• Taking advantage of areas where higher 
protection is considered feasible by 
specifying lower injury risk protection 
criteria to protect more of the population, 
and / or by protecting at a higher speed.  
These can revert to lower levels where 
protection is more difficult. 

• New and improved biomechanical data for 
both injury risk and impactor properties 
(including those derived from 
mathematically models or from accident 
reconstructions for properties difficult to 
measure directly or where live 
characteristics such muscle tension, blood 
pressure, etc. are deemed important). 

• Sensitivity analysis - to find limitations of 
current tools and identify what type of 
improvements are needed.  For example, 
would the legform impactor be improved 
by the addition of an upper body mass for 
high bumpers and would it encourage 
more appropriate protection measures if it 
had flexible bones? 

• Expanded test area and / or vehicle types 
and protection of more pedestrian body 
parts.  These might include child femur 
and pelvis and adult and child abdomen 
and chest. 

• Work by others – IHRA, ISO, JARI, etc.  
• Feedback from the performance of new 

cars that meet the requirements of phase 
one or phase two of the EU Directive in 
real life pedestrian accidents to identify 
any remaining problem areas.  The results 
of good and poor monitoring test results 
could be used for example to see if they 
result in different injury patterns.   

 
Combined ‘Dummy’ and Sub-Systems Tests 
 

One of the advantages of using a pedestrian 
dummy or dummies in a test method is that they 
can take account of both the shape and stiffness of 
the car under test, within their biomechanical and 
instrumentation limits, as the impact progresses.  
Therefore, they are more likely to be insensitive to 
changes likely to occur over time in vehicle styling, 
engineering and body construction.  However, as 
discussed previously, for the head contact a dummy 
based test method would require an unfeasibly 
large programme of tests where the vehicle was 
tested with a family of pedestrian dummies.  A 
further disadvantage of testing with dummies is 
that, unlike sub-system impactors, it is probably not 
feasible to propel them into the car in a realistic 
and repeatable fashion.  Nevertheless, it is possible 
that some combination of dummy and sub-system 
testing could be devised to take advantage of the 
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benefits of these two methods whilst avoiding their 
disadvantages.  This might involve testing the 
bumper and bonnet leading edge with an adult 
dummy and possibly with a second smaller dummy 
to represent the most at risk smaller stature, 
combined with a child and adult headform sub-
system test.  A further simplification of this idea 
might be to use an impactor that represents a cut-
down dummy, with a simple mass representing the 
torso of the pedestrian with instrumented pelvis and 
with a single instrumented leg attached.  It might 
be feasible to propel a cut-down dummy into a 
stationary car, thus overcoming a further 
disadvantage of testing with dummies. 

 
DISCUSSION AND RECOMMENDATIONS 
 

Physical pedestrian dummies might initially 
appear to be the most obvious test tool for 
assessing a car’s pedestrian protection.  However, 
real life pedestrian accidents have a large number 
of variables which can make dummies less 
appropriate.  In addition pedestrian dummies are 
likely to give poor repeatability and reproducibility 
because they are subjected to far more violent 
impact situations with larger motions than occupant 
dummies.  Therefore they will be more sensitive to 
differences in the interactions of the many 
components that make up a complete dummy.  Any 
inadvertent variations in setting the initial 
conditions, such as the dummy’s stance, will as the 
impact progresses have an increasing influence on 
the impact severity and position on the car of 
dummy body parts. 

It can be concluded that it would be very 
difficult to produce a suitable family of dummies to 
test the whole area of a vehicle that could be 
involved in a head impact in real life.  Amongst 
other problems each stature would have to meet 
different biomechanical requirements to reproduce 
real life.  For example, for good head impact 
kinematics, the correct flexibility of the torso and 
neck will be more important for a child hit high on 
the body by the front of the vehicle whereas for an 
adult, the legs and hips might be more important.  
In addition, using a family of dummies to test the 
whole area of a vehicle that could be involved in 
real life accidents would require a test programme 
of unacceptable size.  Therefore it is reasonable to 
conclude that a test method to test all the areas of a 
vehicle likely to injure pedestrians in real life, 
based on physical dummies, would not be feasible.  
However, dummies will continue to be very useful 
for research and for testing the performance of 
deployable protection measures such as pop-up 
bonnets. 

Dummies have the advantage that they can 
respond to both the shape and stiffness of the 
vehicle under test as the impact progresses.  In this 
way, provided that they are sufficiently biofidelic, 

impacts with the bumper will correctly affect the 
nature of the subsequent impacts with the bonnet 
leading edge and following that with the bonnet top 
or windscreen.  However, if it is required to test in 
a realistic way a vehicle that would cause injuries 
in the initial stage of the contact, then the 
biofidelity requirements for the dummy would have 
to include frangible bones and joints, etc.  This is 
because it is very likely that injuries such as a 
broken tibia or femur would influence the 
kinematics and impact conditions of subsequent 
contacts.  Obviously this would not be necessary if 
used to test vehicles with adequate pedestrian 
protection.    

For pedestrian protection, sub-systems test 
methods offer many advantages over dummies.  
However, by their nature, the impactors are a 
simplification of real life and their impact 
conditions must be specified, unlike in a pedestrian 
accident where the nature and severity of the 
individual contacts are a function of the accident 
circumstances and the shape and stiffness of the car 
involved.  Therefore great care should be taken to 
ensure that the simplifications and impact 
conditions are appropriate when developing sub-
system test methods.  To provide protection to the 
selected proportion of the pedestrian population 
requires appropriate protection criteria to achieve 
the intended injury risk and impact conditions for 
the selected ‘reasonable worst case’.  The IHRA 
Pedestrian Safety Group have, for example, carried 
out a programme of mathematical simulations to 
find the head impact velocity for a range of vehicle 
shapes.  However, the IHRA study produced a 
wide range of results for the same nominal impact 
situation, because they used three different models 
which introduced different types of variation.  If it 
is assumed that these variations reflect real life, 
then taking an average of these values would 
provide protection in only about 50 percent of real 
accidents at the intended protection accident speed.  
This demonstrates the need to select a ‘reasonable 
worst case’ and carry this through every aspect of 
developing sub-systems tests (it is for this reason 
that IHRA also give the standard deviation of their 
results).   

Care should be taken when using injury trends 
from current cars to set priorities for reducing 
specific injury types, because such targeted 
protection could just result in transferring injuries 
to another part of the body.  For example, early 
work on pedestrian bumpers, where only the 
stiffness and not the shape was modified, were 
found to save lower leg fractures at the expense of 
increasing knee joint injuries. Knee joint injuries 
are more likely to result in disablement.  It is for 
this reason that the EEVC legform impactor and 
protection criteria are intended to protect against 
both lower leg fractures and knee joint injuries, 
despite the fact that injury trends for current cars 
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would give first priority to preventing lower leg 
fractures. 

Another disadvantage of sub-system test 
methods is that they do not automatically take 
account of the shape and stiffness of the car under 
test.  Instead the impact conditions for each 
impactor have to be specified in the sub-system test 
method.  These impact conditions can be found 
from the results of real or simulated pedestrian 
impacts using a range of car shapes.  If the test 
methods are intended to be used to approve 
pedestrian safe cars, then the cars used to derive the 
sub-system test impact conditions must also be 
pedestrian friendly, as with the EEVC test methods.  
If this is done then the impact conditions will only 
become inappropriate if significant changes are 
made to vehicle shape, styling, engineering and 
body construction methods in the future. 

The possibility of using a cut-down pedestrian 
dummy or a legform impactor combined with an 
upper body mass has been mentioned previously.  
Currently the IHRA Pedestrian Safety Working 
Group are carrying out research to see if and when 
a legform impactor needs an upper body mass for 
testing high bumpers.  They are also producing a 
specification for a legform impactor with flexible 
leg bones.  JARI has already developed a prototype 
flexible legform which is likely to meet or be able 
to be made to meet this specification.  If this or a 
similar impactor were to be combined with a 
suitable upper body mass and instrumentation then 
it might be suitable for testing both the bumper and 
bonnet leading edge.  Such an arrangement would 
have the advantage of automatically adjusting to 
the shape and stiffness of the car under test.  
However, adding a suitable upper body mass with 
appropriate instrumentation will be a complex task 
requiring further research and development effort. 

Clearly the flexible ‘bones’ in the JARI legform 
have the potential to significantly improve the 
biofidelity, however, they increase the complexity 
of the tool and may well have negative implications 
for robustness or accuracy.  The suitability of the 
JARI prototype legform for use as a regulatory tool 
in terms of repeatability, robustness and 
instrumentation accuracy has yet to be assessed.   

Many of the options to improve the current sub-
system test methods have been discussed; of these 
it is thought best to concentrate on improving the 
current test tools and methods to make them more 
biofidelic and realistic, and on developing new test 
methods and test tools for other parts of the vehicle 
or other parts of the pedestrian’s body.  However, if 
they are intended to be ultimately used in a 
regulation then these improvements should not be 
at the expense of repeatability, accuracy of 
measuring injury risk and robustness of the method 
and test tools.  

Mathematical simulation of the human and the 
car have a lot to offer in developing pedestrian test 

methods and cars to meet them.  In the EEVC 
pedestrian test methods, mathematical simulation 
has been used by appropriate experts to derive 
impact conditions for the sub-system tests in the 
form of test conditions and look-up graphs.  In the 
future, a more direct inclusion of mathematical 
models in regulations is thought to be valuable.  In 
a first instance this could be to derive vehicle 
specific test conditions.  However, WG 17 has 
concerns about the feasibility of specifying the 
necessary expertise needed for this kind of 
modelling within a robust procedure.   

It is the view of WG17 that the current 
standards of simulation and data for validating the 
models are not yet suitable for virtual approval 
methods to replace physical testing.   

The potential for pedestrian protection 
measures to reduce the number of pedestrian and 
vulnerable road user casualties can be improved by 
widening the scope or increasing the level of 
protection required.  It can be seen from the data in 
Figure 5 that casualties not saved by the EU 
Directive, in impacts involving the front of cars, 
form the largest remaining group of vulnerable 
road user casualties in GB.   

It is important that improved test methods be 
targeted not only at the largest group of casualties 
but also take into account the costs and feasibility 
of providing protection.  It might be argued that 
because the EU Directive has already made the 
‘easy savings’ for the car front it would be more 
effective to target a new vehicle type.  Although 
there is some truth in this argument there is some 
scope to further improve the car front by providing 
protection on the windscreen frame and, for 
vehicles with very short bonnets, on the roof.  It 
can also be seen from this Figure that accidents 
where the first contact is to the side or the rear are 
relatively small in number compared with those 
where the first contact is to the front.  Because of 
this, including these accident scenarios should 
probably be given a lower priority.  Nevertheless, 
many of the pedestrians struck first by the side of 
the vehicle are likely to receive serious injuries 
from the ‘A’ pillars or upper windscreen frame, in 
a frontal direction, as they fall or bend over the 
vehicle.  Therefore frontal protection to the 
windscreen frame may also provide protection for 
many of these cases.  Although it is currently 
thought not to be feasible to provide significant 
protection on the ‘A’ pillars, protection on the 
upper windscreen frame and adjacent glass and on 
the roof of short bonneted vehicles is likely to be 
feasible and this might provide further worthwhile 
savings in casualties.  Protection measures for ‘A’ 
pillars are under development (air-bags), although 
reliable pedestrian pre-impact sensor trigger 
systems for such devices are thought to be some 
years away.  However, the availability of a suitable 
method for testing ‘A’ pillars would help the 
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development of ‘A’ pillar airbags and possibly the 
provision of low speed protection through ‘A’ 
pillars having some local deformation capability.  
The data in Figure 5 also suggest that it would be 
worthwhile to develop test methods for the fronts 
of buses, coaches and goods vehicles, and it is 
suggested that this should be the next priority.  

Increasing the standard of protection required to 
protect a larger proportion of the population would 
obviously increase the potential savings.  The 
current injury risks in the EEVC protection criteria 
are already low, so the benefits would be 
comparatively low.  A typical injury risk curve is 
given in Figure 6, and it can be seen that it flattens 
out at low injury risks; therefore the protection 
required would have to be increased significantly 
with associated feasibility and cost issues.  
Therefore it is recommended that protection 
measures be kept at an injury risk of about 20 
percent, because reducing them further would give 
little benefit at high cost.  Preventing life 
threatening injuries is obviously the first priority 
when selecting protection criteria, but quality of 
life is also important.  Therefore, priority should 
also be given to preventing injuries that are 
detrimental to quality of life, such as injuries to 
joints likely to result in diminished mobility, or 
injuries likely to result in mental impairment. 

It can be seen from Figure 7 that the potential 
savings from pedestrian protection measures 
increase disproportionately with increased vehicle 
impact speed; therefore ideally a high test speed 
would appear attractive.  However, the crush depth 
in the vehicle required to provide protection also 
increases disproportionately with speed.  There will 
be practical limits on the depth of crush that it is 
feasible to provide in a vehicle.  Although the rules 
of physics can be used to estimate the crush depths 
required to meet the protection criteria at any 
selected test speed, it is very difficult if not 
impossible to obtain consensus on what is the 
highest speed at which it is feasible to provide 
protection.  This is because the judgment depends 
on the perceived practical limits of the materials 
and construction methods used to make vehicles 
and what costs and functional and aesthetic 
compromises are deemed acceptable, by vehicle 
manufacturers and ultimately by society.  However, 
new technologies such as airbags and pop-up 
bonnets, which provide extra crush depth by 
deploying during or just before pedestrian impact, 
may increase the ‘feasible’ speed.  Ultimately, the 
speed selected for protection measures is a choice 
for society or their political representatives, 
however, it must remain within what is practical to 
provide in terms of vehicle crush depth.  It is 
recommended that the approach of the IHRA group 
is adopted for this, where impact conditions for a 
range of speeds up to 50 km/h are being provided, 

so that the final decision can be made by the 
appropriate authorities.  
 
CONCLUSIONS 
 
1. Testing with physical pedestrian dummies 

might initially appear to be the most obvious 
test tool for assessing a car’s pedestrian 
protection, but there are a number of good 
reasons why this would be an impractical 
method when the wide range of variables that 
occur in real life accidents are taken into 
account.  However, dummies will continue to 
be very useful for research and for testing the 
performance of deployable protection measures 
such as pop-up bonnets. 
 

2. For pedestrian protection, sub-systems test 
methods offer many advantages over dummies.  
However, great care should be taken to ensure 
that the simplifications in the test methods and 
tools are appropriate. 
 

3. The possibility of using a cut-down pedestrian 
dummy or a legform impactor combined with 
an upper body mass for assessing the bumper 
and bonnet leading edge in one test or for 
testing vehicles with high bumpers has been 
discussed.  It is thought that this method offers 
some advantages, provided that it is found to be 
feasible to propel such a large impactor.  
 

4. One of the disadvantages of sub-system test 
methods is that the impact conditions for each 
impactor have to be specified in the test 
method.  These impact conditions can be 
obtained from the results of real or simulated 
pedestrian impacts using appropriate vehicles.  
Therefore if the test methods are intended to be 
used to approve pedestrian safe cars, then the 
cars used to derive the sub-system test impact 
conditions must also be pedestrian friendly, as 
with the EEVC test methods. 
 

5. It is recommended that future research be 
concentrated on improving the current test tools 
and methods to make them more biofidelic and 
realistic, and on developing new test methods 
and test tools for other parts of the vehicle and 
other areas of the pedestrian’s body.   
 

6. To provide protection to the selected proportion 
of pedestrian accidents requires impact 
conditions that represent the selected range of 
accident scenarios or the worst case within that 
range as well as appropriate protection criteria. 

 
7. Considerable effort has been expended by the 

EEVC experts in developing the current test 
methods and tools.  Therefore in future it may 
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be better to capitalise on this existing 
knowledge by refining and improving these 
methods and tools rather than developing 
alternatives. 

 
8. Care should be taken when using injury trends 

from current cars to set priorities for protection 
to reduce specific injury types, because such 
targeted protection could result in transferring 
injuries to another part of the body.   
 

9. Mathematical simulation of the human and the 
car have a lot to offer in developing pedestrian 
test methods and cars.   

 
10. Mathematical simulations have been used by 

experts to specify impact conditions for the 
EEVC sub-system tests.  In the future, a more 
direct inclusion of mathematical models in 
regulations is thought to be valuable.  However, 
WG 17 has concerns about the feasibility of 
specifying the necessary expertise needed for 
this kind of modelling within a robust 
procedure.  

 
11. It is the view of WG17 that the current 

standards of simulation and data for validating 
the models are not yet suitable for virtual 
approval methods to replace physical testing.   

 
12. There is some scope to further improve the car 

front by providing protection on the windscreen 
frame and, for vehicles with very short bonnets, 
on the roof.   

 
13. The availability of a suitable method for testing 

‘A’ pillars would help the development of ‘A’ 
pillar airbags and possibly the provision of low 
speed protection through ‘A’ pillars having 
local deformation capability.   

 
14. It would be worthwhile to develop test methods 

for the fronts of buses, coaches and goods 
vehicles, and it is suggested that this should be 
the next priority.  

 
15. The potential savings from pedestrian 

protection measures increase disproportionately 
with test speeds in excess of those currently 
being considered; however, the crush depth 
required to provide protection also increases 
disproportionately with speed.  It is 
recommended that impact conditions for a 
range of speeds are provided in any new test 
methods, so that the final decision can be made 
by the appropriate authorities.  However, the 
speed ultimately selected must remain within 
what is feasible to provide in terms of vehicle 
crush depth. 

 

16. It is recommended that protection measures be 
kept at an injury risk of about 20 percent, 
because reducing them further would give little 
benefit at high cost.  Preventing life threatening 
injuries is the first priority but priority should 
also be given to preventing injuries that are 
detrimental to quality of life, such as injuries 
likely to result in diminished mobility or mental 
impairment. 
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ABSRACT 
 

A structural and kinematic evaluation of 
a representative mid-size sedan subjected to 
lateral impacts with various crash partners is 
described.  A detailed evaluation of the exterior 
crush, interior intrusion, and vehicle motion is 
provided using measurements and data from 
computational simulation.  The mid-size sedan is 
struck by partner vehicles that cover a range of 
vehicle sizes common in the US fleet.  These 
include a side impact with a small car, a mid-size 
car, a LTV, and a MDB.  Specific focus on the 
rear seating row is included to develop impact 
data that will help to describe the crash 
environment for rear seated child occupants. 

This portion of the project builds upon 
previous work that has examined mid-size 
sedans involved in real world side impacts and 
those tested in lateral impacts with regulatory 
and consumer metric test conditions.  The long 
term goal of this project series is to create a 
detailed understanding of children involved in 
side impacts.  This report provides insight into 
the range of possible intrusion patterns for 
various impact partners that may contact a rear 
seated child occupant.  Future evaluations will 
then utilize this data to understand the sensitivity 
of injury for restrained children exposed to these 
crash conditions. 
 
INTRODUCTION 
 

A cooperative effort by multiple 
research organizations is being conducted in 
order to examine child occupants involved in 
vehicle side impacts.  The overall goal of this 
study is to develop an understanding of how 
children are being injured in side impacts and 
what can be done to reduce the risk.  This 
process involves an examination of three 
fundamental factors of side impacts.  These 
include the behavior of vehicles involved in side 
impact, the risk and mechanism of injury to 
children, and the role of countermeasures. A 
comprehensive understanding of these three 

factors is needed prior to proposing and testing 
improvements that might reduce injury. 

As described by previous research of 
child involved accidents (Arbogast, 2004), child 
injury in side impact is sensitive to compartment 
intrusion.  Case reviews of accidents with injured 
children often cite intruding door panels, trim, or 
other interior components as the injury source.  
The most common injuries for the children in the 
age group of 1-3 years old for these crashes are 
injuries to the head and lower extremities.  
Farside or middle seated occupants are also 
subject to intrusion injury, but may be more 
susceptible to vehicle motion as is seen with 
farside adult occupants. 

In the interest of producing data to 
support the development of a laboratory test 
condition that can assess child injuries from side 
impacts, it was decided that the early stages of 
the overall research project would focus on rear 
row crash conditions in side impacts.  Children 
within the United States in the target age group, 
1-3 years old, are shown to have high occupancy 
rates for rear seating rows.  These can include 
nearside, farside, or middle seated children.  
They are also most commonly transported in 
sedans.  Details are being sought to describe rear 
row interior intrusion and external crush patterns, 
and overall vehicle kinematics for various 
severities of side impacts for sedans.  As stated 
in previous documentation surrounding this 
project (Tamborra, 2005), the assessment will 
broaden to other vehicle types at a later point. 
 
SIDE IMPACT STUDIES 
 

A previous report on the topic of child 
side impacts illustrated the exterior crush 
patterns for mid-size sedans involved in field 
accidents and compared these with results of 
similar vehicles subjected to current side impact 
test methods (Tamborra, 2005).  Additional 
summaries of similar studies conducted by many 
researchers were also considered as supporting 
data for the overall project.  Similarities and 
differences between real world sedans involved 
in side impacts and those tested against various 
MDBs were described.  The purpose of this 
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comparison was to start looking for crash 
conditions for rear seated restrained child 
occupants involved in side impacts. 

In order to complement the data that 
was obtained from crash investigations and 
vehicle tests, computer simulation of side 
impacts is employed in this report. The use of 
simulation for this stage of the project offers 
insight into the specific interaction of structural 
members between the struck car and the striking 
vehicles.  The simulation output can be 
examined in detail over the entire impact event 
by using the computational data output and 
graphics. 

With conventional testing it is difficult 
to illustrate the exact manner in which vehicle 
structures interact with each other during the 
impact event.  Transient crash data is available 
through the use of sensors and film analysis, and 
improvements in miniaturized cameras have 
expanded visual coverage.  Engineers can use 
accelerometer timing, sensor contacts, and pre-
crash geometric measures to understand how the 
vehicles may interact, but only in limited cases 
with external fascia removed, can one see 
exactly which parts are contacting.  It remains a 
challenge in physical crash testing to be fully 
aware of component interaction and the effect 
this has on either the structural response of the 
vehicle or the injury measures captured by the 
ATDs. 

Computer crash simulation has the 
benefit of being fully illustrated with component 
interaction clearly shown.  In addition, data 
output for specific areas of interest is neither 
limited by physical constraints of 
instrumentation, nor is it influenced by the 
dynamic event itself, i.e. damaged sensors, 
rotating axis, channel noise.  Researchers are 
able to view the exact deformation and 
interaction of any part that has been included in 
the model. 

Simulation is however limited by how 
well the models are able to predict actual crash 
outcomes.  Complex simulations involving 
occupants and vehicle interiors, as well as those 
with complex material models or contacts can be 
difficult to rely on.  Simulation has been in use 
for several decades though and common 
practices employed by analysts can help to 
improve the simulation output.  

The most appropriate way to employ 
simulation is to use it in tandem with physical 
testing and to draw out whatever information 
adds value to the research.  For the purpose of 
this study the simulation will be used to examine 

the potential structural response of a mid-size 
sedan impacted by several vehicles using a 
controlled setup and velocity.  The models are 
able to help understand the potential crash 
environment that the rear seated child may be 
subjected to under these conditions.  The cause 
and effect relationship between the crash partner 
and the crash outcome is illustrated by the 
simulation output. 
 
INJURY AND SIDE IMPACT 
 

ATD injury response is often sensitive 
to minute variations in the exterior loading of a 
vehicle and the resulting impact between dummy 
and the interior.  This is especially true in side 
impacts where the dummy is in close proximity 
to the impacting partner.  Crash engineers can 
optimize ATD injury measures by balancing the 
localized loads that are exerted on the dummy.  
This often includes shoulder leads, pelvic blocks, 
arm rest positioning, and more recently airbag 
interaction.  The interior trim that interacts with 
the ATD in side impact is mounted onto stiffer 
underlying structural components such as the b-
pillar and door.  Impacts that might put the 
dummy and countermeasures out of balance or 
alignment may subject the dummy to unintended 
load paths.  Although considerable margins of 
safety can be built intro the side impact load 
paths, deviations can occur due to the influence 
of the impacting partner. 

When considering children restrained in 
the rear seating row of vehicles, the range of 
body position is diverse and depends on the type 
of restraint.  Children in child seats may be 
perched higher and more forward than those 
seated on bolsters in seatbelts.  Differences in 
head or chest locations can vary for children just 
a few years of age apart and all of these may 
differ from adults.  It is therefore important to 
determine the structural response of a vehicle for 
a range of impacting partners in order to 
determine an expected boundary of structural 
deformation.  Vehicle reinforcements optimized 
for specific crash inputs can then be exercised in 
a variety of impacts and an overall crush and 
kinematics profile can then be considered for an 
eventual subsystem test.  By looking beyond 
singular crash events there should be opportunity 
to develop a robust test methodology that will 
help to assess injury for a broad range of impacts. 
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METHODS 
 

This report covers the side impact of a 
mid-size sedan by multiple partner vehicles.  
These include a small sedan, a mid-size sedan, a 
LTV, and a MDB.  The baseline crash condition 
is the US side NCAP test methodology using the 
NHTSA FMVSS-214 moving deformable barrier.  
The alignment of the barrier to the sedan and the 
input speeds are controlled for each impact.  This 
process was selected in order to keep several 
variables common to help facilitate comparison. 

The selection of impacting partners 
gives a satisfactory representation of current fleet 
vehicles for the United States.  The spread in 
mass and the variation in build provide insight 
into the effects these have on the structural 
response of the struck car.  Descriptions of the 
variation in front end construction for the four 
impacting partners is provided and insight into 
the cause and effect relationship is shown for 
how front end construction influences struck 
vehicle deformation. 

The mid-size sedan was modeled with 
two forward facing child restraints installed in 
the rear outboard seating positions of the second 
row.  These are models that are currently under 
development and will be used in future 
assessments with child ATD models.  They were 
attached to the vehicle model using belt and 
tethers and are placed in outboard seating 
positions.  The models were not included in the 
contact of the struck vehicle since the definition 
of the materials is incomplete.  They are instead 
included to illustrate the kinematics of the child 
restraints in side impact to help to begin 
understanding the different challenges that a near 
and farside seated child may face.  The child 
restraints were weighted to include the mass of a 
child seated on the restraint and should give an 
approximate description of how the seat moves 
during a side impact. 
 
SIDE IMPACT TEST AND OUTPUT 
 
 The test mode used in this study is 
based on the US Side NCAP test procedure.  The 
Taurus struck car will be impacted in the side by 
the four impacting vehicles using positioning and 
velocity values prescribed by the side NCAP 
procedure.  The three bullet vehicles align 
themselves relative to the MDB by placing the 
vehicle longitudinal centerline at the MDB 
longitudinal centerline. 
 The following output is recorded for 
each simulation. 

• Exterior maximum and residual crush along 
the length of the vehicle at four vertical 
heights 

• Interior maximum and residual intrusion 
along the length of the vehicle at four heights 

• Vehicle kinematics measured at various 
locations 

• Interior trim shape and profile for rear seating 
rows 

  
MODEL DESCRIPTIONS 
 
 Four different classes of vehicles are 
represented with finite element models.  A brief 
description of each model is included for 
reference.  Each model has been in existence for 
several years except for the Taurus model which 
is a pre-release version.  All models were 
developed by the FHWA/NHTSA National 
Crash Analysis Center at The George 
Washington University under funding from the 
Department of Transportation.  Many of the 
models are publicly available for use in safety 
research.  Figure 1 provides an illustration of the 
four vehicles used as striking models and Table 1 
provides a brief summary on model mass and 
size. 
 

 
Figure 1.  Striking vehicle finite element models. 
 

Table 1. 
 Finite Element Model Summary 

Models # Elms Mass 
Taurus (Struck) 876k 1462kg 

Taurus (Striking) 505k 1476kg 
Neon (Reduced) 200k 1242kg 

C2500 18.6k 2015kg 
214 Barrier 57k 1368kg 

Vanguard CRS  19k 19kg 
 
Small Car 
 The small car vehicle class is 
represented by a 1997 Dodge Neon four door 
sedan.  A finite element model of this vehicle 
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was created by the NCAC Vehicle Modeling Lab 
and is publicly available for use in safety 
research.  The vehicle model contains a complete 
representation of the Neon’s body-in-white, 
mechanical drivetrain, and chassis.  Rudimentary 
interior parts are available, but were not 
considered for use in the vehicle as a striking 
partner. 
 

 
Figure 2.  Dodge Neon Small Car FEA Model (Reduced 
Striker Version). 
 
 A reduced model was created from the 
detailed model in order to save simulation 
resources.  Unnecessary components from the 
model were removed if they were deemed to be 
insignificant for the frontal impact of the Neon 
into the side of the Taurus. Adjustments to the 
vehicle mass were made in order to preserve the 
Neon’s inertial properties. 
 
Mid-Size Car 
 The mid-size vehicle class for this 
project is represented by a 2001 Ford Taurus 
four-door sedan.  This vehicle served as both the 
baseline struck vehicle and as a striking vehicle.  
The Taurus model is an early version of the latest 
NCAC Vehicle Modeling Lab reverse 
engineering project.  This model is a highly 
detailed recreation of a production Taurus sedan 
that features fully detailed structural BIW, 
interior components, drivetrain components, and 
suspension systems. 
 

 
Figure 3.  Ford Taurus Mid-Size Sedan FEA Model (Full 
Version). 
 

 
Figure 4.  Ford Taurus Mid-Size Sedan FEA Model 
(Reduced Striker Version). 
 
 The striking model for the Taurus 
underwent a similar reduction process as the 
Neon in order to help reduce simulation time.  
Removal of rear components and rigidizing 
certain parts helped to reduce the runtime while 
having a minimal effect on the frontal 
performance of the Taurus as a bullet vehicle. 
 The baseline struck vehicle of the 
Taurus had several parts removed that were 
considered insignificant to a side impact vehicle.  
These included certain engine bay components 
and front passenger compartment interior 
components.  This effort again helped to reduce 
the computational time while minimizing the 
affect on simulation output. 
 
LTV 
 The LTV category is represented by a 
Chevrolet C2500 pickup truck developed at the 
NCAC Vehicle Modeling Lab.  This vehicle 
model has been in use for nearly 10 years by 
researchers studying roadside hardware safety.  
The truck model features a detailed front end and 
suspension with a reduced representation of the 
rear pickup bed and passenger cabin. 
 

 
Figure 5.  Chevrolet C2500 Full-Size Pickup FEA Model. 
 
Moving Deformable Barrier (MDB) 
 The NCAC MDB barrier model was 
used for the program to represent the NHTSA 
specified FMVSS-214 impact barrier.  The finite 
element model of the 214 barrier is fully 
compliant with the design specifications outlined 
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in the federal register although current efforts are 
underway to improve the material modeling for 
the deformable honeycomb elements. 
 

 
Figure 6.  NCAC 214-Barrier MIDB FEA Model. 
 
Child Restraint 
 The struck vehicle Taurus is modeled 
with two forward facing Evenflo Vanguard child 
restraints installed in the outboard rear seating 
positions.  The Vanguard CRS was reverse 
engineered in the NCAC Vehicle Modeling Lab 
and is starting to be used in several child safety 
research projects.  This child seat is a 
representative example of convertible child seats 
and features most of the common features 
including LATCH straps, side wings, top-tether, 
movable feet, and a one-piece molded shell.  
 

 
Figure 7.  Evenflo Vanguard CRS FEA Model installed 
forward facing. 
 
 The CRS is installed in the two 
outboard rear seating positions for the Taurus 
rear bench seat.  The child seats were installed 
assuming a vehicle belt installation.  Actual child 
restraints were installed into a Taurus with 
measurements taken to approximate the location 
of the CRS.  This location is different in the 
Taurus than a LATCH installed CRS since the 
Taurus lower LATCH anchors are shifted 
slightly inboard.  The child seats were attached 
to the Taurus model using a lap belt routed 
through the forward facing belt guides and a top-
tether strap attached to the upper anchor on the 
Taurus rear shelf.  This is not an exact simulation 

of a real installation since the Taurus features 
three-point belts in the outboard locations.  
Future simulations will improve the modeling of 
the belt system to include the upper shoulder belt 
as sled testing with three point belts has revealed 
that the movement of the CRS is affected by the 
shoulder belt depending on load direction. 
 

 
Figure 8.  Twin Vanguard CRS models in Taurus second 
row. 
 
DIMENSIONAL COMPARISON 
 
 The following series of figures illustrate 
the dimensions of the struck Taurus and the 
striking vehicles.  Emphasis is placed on 
underlying structural components that affect 
performance in the side impact simulations.  
Illustrations of external sheet metal or fascia 
show the difference that can exist between 
components that are often included in external 
vehicle measurements, but have been shown to 
have minimal affect on the actual impact. 
 
Struck Taurus Dimensions 
 Structural dimensions of the Taurus and 
Vanguard child restraint are provided in Figures 
9 and 10.  An illustration of the relative position 
of side impact countermeasures relative to the 
location of the child restraint is provided in 
Figure 11. 
 

 
Figure 9.  Taurus structural dimensions. 
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Figure 10.  Vanguard/Taurus internal dimensions. 
 

 
Figure 11.  Vanguard/Taurus side impact occupant 
countermeasure overlap. 
 
 The reference system used for 
measuring external crush and internal intrusion is 
illustrated in Figure 12 and 13.  This system is 
based on the US side NCAP protocol for pre and 
post crash test measurements.  The system 
measures crush and intrusion at five levels, 
rocker, SID H-Point, mid-door, windowsill, and 
roof.  The spacing along the longitudinal axis is 
150mm with the origin located approximately 
440mm rearward of the front axle centerline. 
 

 
Figure 12.  NCAP IRD Coordinate System for measuring 
external crush. 
 

 
Figure 13.  NCAP IRD Coordinate System for measuring 
internal intrusion. 
 
Striking Vehicle Dimensions 
 Figures 14-27 illustrate the dimensions 
for the striking vehicles used to impact the 
Taurus.  Dimensions of external fascia and 
underlying structural components are provided.  
An illustration that compares the relative size of 
the actual vehicles to the MDB is also given in 
order to facilitate later discussions of the impact 
results. 
 Differences between the structural 
designs of the four vehicle types are illustrated in 
the images.  The front structural bumper of the 
Neon and Taurus are narrower in width and 
height than their outer fascia.  This is different 
from the C2500 whose structural bumper is the 
outer surface.  The differences between the 
design of the MDB and the structural 
components of the vehicles are also illustrated.  
Previous research by many organizations has 
highlighted this, but these illustrations should 
provide useful detail on several specific 
examples. 
 

 
Figure 14.  NHTSA 214-MDB dimensions. 
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Figure 15.  NHTSA 214-MDB dimensions. 
 

 
Figure 16.  Neon structural dimensions. 
 

 
Figure 17.  Neon structural dimensions. 
 

 
Figure 18.  Neon-MDB dimension comparison. 
 

 
Figure 19.  Neon-MDB dimension comparison. 
 

 
Figure 20.  Taurus structural dimensions. 
 

 
Figure 21.  Taurus structural dimensions. 
 

 
Figure 22.  Taurus-MDB dimension comparison. 
 

 
Figure 23.  Taurus-MDB dimension comparison. 
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Figure 24.  C2500 structural dimensions. 
 

 
Figure 25.  C2500 structural dimensions. 
 

 
Figure 26.  C2500-MDB dimension comparison. 
 

 
Figure 27.  C2500-MDB dimension comparison. 
 
Vehicle Structural Component Overlap 
 Figures 28-31 provide an illustration of 
the overlap of the striking vehicle structural 
components and the struck Taurus.  These 
images help to show which components of the 
struck car that are impacted by the striking 
vehicle.  The red areas indicate the underlying 
components and not the outer fascia. 

 

 
Figure 9.  214-MDB structural overlap with Taurus. 
 

 
Figure 10.  Neon structural overlap w/ Taurus. 
 

 
Figure 11.  Taurus structural overlap w/ Taurus. 
 

 
Figure 12.  C2500 structural overlap w/ Taurus. 
 
RESULTS 
 
Individual Vehicle Crush/Intrusion Profiles 
 The plots shown in Figure 32-39 
represent the residual post-crash position of the 
exterior sheet metal and interior trim surfaces 
relative to an exterior X-Z plane located just 
outboard of the widest part of the Taurus.  The 
actual crush and intrusion values can be obtained 
by subtracting the ordinate value of the deformed 
curve from the corresponding original position of 
either the interior trim or exterior surface.  
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Tables with the values calculated are included 
for reference.  Level-3 and 4 are only included 
due to space constraints, but all four levels are 
tabulated in Table 2. 

Table 2 lists both the maximum 
dynamic values and the post-crush residual 
values for the crush and intrusion.  Differences 
between the two values can range from 5-15% 
based on the springback of the Taurus structure. 
Timing for the peak values can be determined 
from the simulation results. 
 Included on each graph is an outline of 
a seated Q3 child dummy in the Vanguard child 
restraint.  Head, pelvis, and lower extremities are 
marked with graphics and approximate actual 
dimensions.  The outer edge of the child restraint 
shell is also depicted.  This outline will illustrate 
the extent that the intrusion may interact with a 
rear child occupant.  Note that the landmarks are 
in static pre-crash position. 
 
MDB-Taurus 
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Figure 13.  MDB-Taurus Level-3 (Mid-Door). 
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Figure 14.  MDB-Taurus Level-4 (Windowsill). 
 
Neon-Taurus Impact 
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Figure 15.  Neon-Taurus Level-3 (Mid-Door). 
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Figure 16.  Neon-Taurus Level-4 (Windowsill). 
 
Taurus-Taurus Impact 
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Figure 17.  Taurus-Taurus Level-3 (Mid-Door). 
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Figure 18.  Taurus-Taurus Level-4 (Windowsill). 
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C2500-Taurus 
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Figure 19.  C2500-Taurus Level-3 (Mid-Door). 
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Figure 20.  C2500-Taurus Level-4 (Windowsill). 
 
Total Vehicle Crush/Intrusion Comparison 
 The following plots shown in Figure 
40-47 are presented to show the relative 
differences in the struck car performance for 
each impacting vehicle.  These graphs help 
illustrate the different levels of expected exterior 
crush or interior intrusion for each of the four 
crash partners. 
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Figure 21.  Taurus Level-1 (Rocker) residual exterior 
crush. 
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Figure 22.  Taurus Level-2 (SID H-Point) residual 
exterior crush. 
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Figure 23.  Taurus Level-3 (Mid-Door) residual exterior 
crush. 
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Figure 24.  Taurus Level-4 (Windowsill) residual exterior 
crush. 
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Figure 25.  Taurus Level-1 (Rocker) residual interior 
intrusion. 
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Residual Interior Intrusion
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Figure 26.  Taurus Level-2 (SID H-Point) residual 
interior intrusion. 
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Figure 27.  Taurus Level-3 (Mid-door) residual interior 
intrusion. 
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Figure 28.  Taurus Level-4 (Windowsill) residual interior 
intrusion. 

 
Table 2. 

 Level 1-4 maximum and residual exterior crush and 
interior intrusions 

Level-1 Rocker Max (mm) Residual 
(mm) 

MDB Crush 457 346 
 Intrusion 350 231 

Neon Crush 538 454 
 Intrusion 433 343 

Taurus Crush 499 426 
 Intrusion 386 308 

C2500 Crush 380 298 
 Intrusion 253 167 

 
Level-2 SID H-Point Max (mm) Residual 

(mm) 
MDB Crush 612 523 

 Intrusion 504 414 
Neon Crush 704 644 

 Intrusion 577 520 
Taurus Crush 717 661 

 Intrusion 571 571 
C2500 Crush 615 550 

 Intrusion 521 455 
 

Level-3 Mid-Door Max (mm) Residual 
(mm) 

MDB Crush 569 493 
 Intrusion 506 424 

Neon Crush 667 611 
 Intrusion 576 530 

Taurus Crush 695 640 
 Intrusion 587 534 

C2500 Crush 657 594 
 Intrusion 554 488 

 
Level-4 Windowsill Max (mm) Residual 

(mm) 
MDB Crush 509 448 

 Intrusion 510 447 
Neon Crush 519 488 

 Intrusion 498 481 
Taurus Crush 546 505 

 Intrusion 546 546 
C2500 Crush 595 544 

 Intrusion 601 544 
 
 
KINEMATICS 
 
 Transient kinematic behavior of three 
struck side accelerometer locations and two non-
struck locations are plotted in Figures 49-53.  
The location of the two rear door mounted 
accelerometers is shown in Figure 48 for 
reference. 
 Dynamic information for several 
locations is presented.  These include the upper 
rear door beltline, rear door middle, lower struck 
side b-pillar, rear occupant compartment, and 
rear non-struck side rocker. 
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Figure 29.  Rear door accelerometer locations. 
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Figure 30.  Rear occupant compartment Y-Velocity. 
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Figure 31.  Right rear rocker (non-struck side) Y-Velocity. 
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Figure 32.  Lower struck side b-pillar Y-Velocity. 
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Figure 33.  Mid-rear door Y-Velocity. 
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Figure 34.  Rear door beltline Y-Velocity. 
 
STRUCTURAL INTERACTIONS 
 
 A brief description of structural 
interactions is included in the following four 
sections.  The purpose is to describe how the 
various structural interactions between the struck 
Taurus and the impacting crash partner produce 
the varying degrees of external crush, interior 
intrusion, and vehicle kinematics. 
 
MDB-Taurus Side Impact 
 The MDB contacts the side of the 
Taurus with the broad, flat bumper surface and 
manages to contact the rocker and lower floor 
cross-members.  The bumper of the MDB lines 
up exactly with the door reinforcements.  The 
MDB does contact the front hinge pillar early in 
the event.  The prominent structural interaction 
between the MDB and the Taurus produces high 
struck vehicle accelerations and results in a 
broad flat peak and residual intrusion profile.  
The rear door trim panel is minimally deformed 
and moves into the cabin in an upright manner. 
 An interesting result from the two door 
mounted accelerometers is the early and high 
reading as compared with the three actual 
vehicles.  The main block of the MDB contacts 
the upper and mid-door outer sheet metal 
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approximately 20-30ms earlier than any of the 
vehicles.  This is a result of the upright design of 
the MDB main honeycomb block versus the 
sloped hoods of the sedans and to a lesser extent 
the pick-up truck.  In addition the upper beltline 
accelerometer is almost cantilevered since the 
upper edge of the MDB contacts outer sheet 
metal several centimeters rearward of the 
accelerometer mounting point.  This creates a 
velocity that exceeds the impacting MDB 
velocity. 
 

 
Figure 35.  MDB-Taurus structural overlap. 
 

 
Figure 36.  MDB-Taurus post-impact deformations. 
 

 
Figure 37.  MDB-Taurus post-impact interior intrusion. 
 
Neon-Taurus Side Impact 
 The Neon front end is narrower than the 
other bullet vehicles.  During the contact with the 
Taurus, the front structural bumper misses the 
rocker and both the front hinge pillar and rear 
wheel-well, although it does contact the door 
reinforcements.  Later in the event, the lower 
front sub-frame of the Neon impacts the rocker 
and cross-members of the Taurus resulting in the 
delayed acceleration to the overall struck vehicle. 

 The narrow front end protrudes deeply 
into the body of the Taurus and results in a 
noticeable arcing of the inner door panels and b-
pillar. The lower sections of the door panels tip 
inward, but the upper windowsill does remain 
straight and relatively undeformed.  It is 
interesting to note that at the lower vertical 
measurement heights, the Neon produces 
significantly more intrusion than the Taurus, 
MDB, or C2500 
 

 
Figure 38.  Neon-Taurus structural overlap. 
 

 
Figure 39.  Neon-Taurus post-impact deformations. 
 

 
Figure 40.  Neon-Taurus structural interaction. 
 

 
Figure 41.  Neon-Taurus post-impact interior intrusion. 
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Taurus-Taurus Side Impact 
 The Taurus impacting vehicle behaves 
similarly to the Neon except that the front end 
bumper is wider and the intrusion height seen in 
the door panels is higher.  The intrusion of the 
rear door is greatest at the mid-height of the door 
with the upper windowsill remaining straight and 
undeformed. 
 The bumper of the Taurus overrides the 
rocker, but later in the event the lower structure 
engages the floor and cross-members.  The 
resulting velocity change in the struck Taurus is 
delayed compared to that of the Neon or MDB, 
mainly due to the later engagement of lower 
floor cross-members. 
 

 
Figure 42.  Taurus-Taurus structural overlap. 
 

 
Figure 43.  Taurus-Taurus post-impact deformation. 
 

 
Figure 44.  Taurus-Taurus structural interaction. 
 

 
Figure 45.  Taurus-Taurus post-impact interior intrusion. 
 
 
C2500-Taurus Side Impact 
 The C2500 features a wide structural 
front bumper that is rigidly mounted onto the 
main frame rails and support members.  The 
bumper overrides both the rocker and door 
reinforcements of the Taurus and causes a 
tipping of the upper interior door trim and b-
pillar.  The bumper does however engage the 
front hinge-pillar and rear wheel-well.  This 
contact with stiff BIW components and the 
overall width of the bumper helps broaden the 
shape of the intruding surface and minimize the 
local punching effect that both sedans exhibit. 
 The overall acceleration to the struck 
car is somewhat lower that the MDB and Neon 
since the lower floor and cross-car members are 
not engaged as is evident from the low crush at 
Level-1.  The C2500 does produce the greatest 
amount of intrusion at the windowsill vertical 
measurement height. 
 

 
Figure 46.  C2500-Taurus structural overlap. 
 

 
Figure 47.  C2500-Taurus post-impact deformations. 
 



  Tamborra 15 

 
Figure 48.  C2500-Taurus structural interaction. 
 

 
Figure 49.  C2500-Taurus post-impact interior intrusion. 
 
DISCUSSION 
 
 There are two outcomes from this data 
that is of interest depending upon the seating 
location of a restrained child involved in a side 
impact.  For those seated nearside, the rear 
occupant compartment intrusion and intrusion 
rate will most likely be the most influential 
factors in producing injury.  Farside occupants 
and middle row occupants may most likely be 
sensitive to the struck vehicle overall kinematics. 
 The results of the simulations help 
illustrate the effect of the impacting partner on 
the four parameters of interest.  Given that real 
world side impacts can occur with any type of 
object or vehicle, having data on crash outcomes 
for a broad mix of impacting partners will help 
frame the crash conditions that can be considered 
for a laboratory assessment. 
 The benefit of the simulation is a clear 
illustration of the structural interaction between 
the two vehicles involved in the impact.  
Localized damage to specific vehicle parts and 
the way that these contact a rear child occupant 
can be examined in detail.  Used appropriately in 
conjunction with data from actual tested vehicles, 
the simulation serves as a valuable tool for 
examining alternative crash modes.  The vehicle 
models clearly illustrate the breadth of damage 
potential and vehicle motion and can be used to 
further determine the range of damage that a rear 
seated occupant may be subjected to. 
 

CONCLUSSION 
 

The data briefly described in this report 
is only a small illustration of the resulting 
structural deformation of a mid-size sedan 
subjected to specific side impacts.  A child 
seated in a rear row of a mid-size sedan can find 
themselves in collisions similar to these.  
Understanding the potential range of intrusions 
that the child may contend with can be partially 
fulfilled with this data.  As field investigations 
have indicated, intrusion is a significant factor 
leading to injury, being able to describe the range 
and type of intrusion for a broad spread of 
striking vehicles is necessary in order to 
determine injury mechanism and create effective 
countermeasures. 

Additional assessments using non-
vehicle striking objects should be added to 
broaden the data set for single-vehicle side 
impacts.  Once a satisfactory amount of data has 
been developed to describe the rear seat 
environment, the project can move from full 
vehicle assessments into sub-system testing and 
evaluation.  At this point detailed analysis of 
child restraints and child occupant dummies can 
be used to help determine injury mechanism. 
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ABSTRACT 

A detailed analysis of rear impacts was carried out 
using data from the German In-Depth Accident 
Study ("GIDAS") including accidents from 1996 to 
2004. The frequency of rear impacts compared to 
other modes was investigated, followed by an in-
depth review of single rear impacts and rear 
impacts in multiple impact crash sequences. Crash 
characteristics such as the distributions of crash 
severity, overlap and masses of striking and struck 
cars were examined. The effect of crash severity on 
injury severity was investigated for cases including 
soft tissue neck injuries and / or other injuries. The 
types of injuries sustained and the effects of 
occupant gender, age and height, seating position 
and restraint use were analysed. 
 
This analysis has provided a valuable summary of 
the characteristics of rear impacts in Europe. In 
general, it was found that rear impacts did not 
result in high levels of severe (AIS3+) injuries but 
many occupants were reported as suffering AIS1 
level soft tissue neck injuries, often in the absence 
of other injuries. Many of these injuries occurred at 
low crash severities and with high levels of 
overlap. Where they did occur, most of the more 
severe (AIS3+) injuries were to the head and thorax 
and included concussion and rib cage fractures. 
Moderately severe injuries to the upper and lower 
extremities also occurred, albeit with low 
frequency. This analysis has provided a useful new 
perspective on rear impacts and a better 
understanding of their characteristics. 
 

BACKGROUND 

In recent years, much attention has been given to 
the protection of car occupants in front, side and 
rollover crashes. Rear impact is regarded by many 
people as the next area for attention. However, 
apart from the large amount of analysis (e.g. 
[1][2][3][4]) carried out on soft tissue neck injuries 
("whiplash"), very little published analysis of 
characteristics of rear impact has been published. 
This may due to the overall low accident severity 
of rear impact accidents.  

 
This paper presents a detailed analysis of rear 
impacts carried out using data from the German In-
Depth Accident Study ("GIDAS") including 
accidents from 1996 to 2004.  

FREQUENCY OF REAR IMPACTS IN 
EUROPEAN TRAFFIC ACCIDENTS 

To identify the characteristics of rear impacts in 
real world accidents, the impact configuration of 
each individual passenger car involved in a traffic 
accident is important. Three quarters of all 
passenger cars involved in accidents have only one 
impact, one quarter of the passenger cars have two 
or more impacts so called multiple impacts. The 
most frequently occurring impact type is the single 
frontal impact with 44 %. Single side impacts have 
a share of 20 % and only 10 % of the cars have a 
single rear impact. Multiple impacts can be further 
divided into multiple impacts without rear impact 
and multiple impacts with at least one rear impact. 
The latter have a share of 9 %, 16 % of the cars 
have multiple impacts but no rear impact (Figure 
1). Finally 19 % of all passenger cars involved in 
an accident have at least one rear impact, regardless 
if single or multiple. 
 

single side
20%

single front
44%

single rear
10%

single rollover
1%multiple impacts

16%

multiple with rear
9%

 
Figure 1. Distribution of impact types in 
passenger car accidents (n=12,968). 
 
The overall injury level of rear impacts (as 
characterised by MAIS) is compared with other 
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impact modes in Figure 2. This analysis only 
covers occupants with MAIS2 to MAIS6 injuries. 
 
Single rear impacts have the lowest proportion of 
MAIS3+ injuries. Only 11 % of the occupants with 
MAIS2+ injuries received MAIS3+ injuries 
compared with 32 % in single frontal impacts and 
40 % in single side impacts. In multiple impacts the 
presence of the rear impact has no significant 
influence on injury severity. The share of occupants 
with MAIS3+ injuries (34 %) is as high as for 
occupants in cars involved in multiple impacts with 
no rear impact. 
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Figure 2. Injury severity (occupants with 
MAIS2+) of different accident types (n=1,917). 

 

IN-DEPTH ANALYSIS OF SINGLE REAR 
IMPACTS 

Impact configuration and impact severity 

A deeper look into the individual data shows that 
more than 70 % of the passenger cars involved in a 
single rear impact have an impact to another 
passenger car (Figure 3). For 11.5 % of the 
passenger cars the collision partner is a commercial 
vehicle and 18.4 % collided with 2 wheelers, 
pedestrians or objects on or near the street. 
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Figure 3. Collision partnerss of passenger cars 
in single rear impacts (n=1274). 
 

In general, the impact severity in single rear 
impacts is relatively low. One indicator of the 
impact severity is velocity change (delta v). In 
single rear impacts 90 % of the cars received a 
delta v lower than 22 km/h, 50 % received a delta v 
lower than 10 km/h (Figure 4). In car-to-car 
collisions the share of delta v between 0 and 
10 km/h is slightly lower. 
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Figure 4. Delta v of the struck cars in single rear 
impacts. 
 
70 % of the car-to-car single rear impacts occur in 
urban areas so that 90 % of the striking cars in 
single rear impacts have an impact speed lower 
than 55 km/h (Figure 5).  
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Figure 5. Delta v of the struck car and impact 
speed of the striking car in single rear, car-to-
car impacts. 
 
90 % of the cars have a kerb weight of 1500 kg or 
less (Figure 6). The average kerb weight for the 
struck cars (with rear impact) is 1143 kg, the 
striking cars are slightly lighter than the struck cars 
with 1096 kg on an average.  
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Figure 6. Kerb weight of the struck and the 
striking car in single rear, car-to-car impacts. 
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Typically most of the car-to-car impacts in single 
rear impacts occur between cars in the same lane. 
Well over half of the cars had an overlap >80 %, 
irrespective of whether they were the struck or 
striking car (Figure 7). 
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Figure 7. Overlap of the struck car and of the 
striking car in single rear, car-to-car impacts. 

Injury severity of the front seat occupants in 
single rear impacts 

To have an adequate number of occupants with 
comparable seat environment, the analysis of injury 
severity and description focuses on the front seat 
occupants. Due to the fact that the impact severity 
in single rear impacts is relatively low compared to 
the other impacts, almost 59 % of the front seat 
occupants in cars involved in a single rear impact 
were uninjured. 39.3 % of the front seat occupants 
had MAIS1 injuries and only 1,6 %/ 0.2 % of the 
front seat occupants received MAIS2/MAIS3+ 
injuries (Figure 8). 
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Figure 8. MAIS distribution of front seat 
occupants in single rear impacts (n=1724). 
 
Because soft tissue neck injury plays an important 
role in rear impacts, the injured front seat 
occupants have been differentiated into 3 groups 
(Figure 9): occupants with soft tissue neck injury as 
their unique injury (only STNI); occupants with 

soft tissue neck injury and other injuries (STNI+), 
and occupants with no soft tissue neck injury but 
with other injuries (no STNI).  Seventy-eight 
percent of the injured front seat occupants received 
a soft tissue neck injury, (65 % as unique injury), 
13 % received a STNI and additional other injuries 
(STNI+), and only 22 % received no STNI but 
other injuries.  
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Figure 9. STNI distribution of injured front seat 
occupants in single rear, car-to-car impacts 
(n=718). 
 
These three groups also differ regarding the impact 
severity of the rear impact. The group of front seat 
occupants who only received an STNI as a unique 
injury is the group with the lowest delta v level 
(Figure 10). For the group of occupants with no 
STNI but with other injuries, it can be stated that 
these occupants experienced the highest delta v 
level in this comparison.  
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Figure 10. Delta v in single rear impacts and 
STNI specification of the front seat occupants. 

Effects of occupant parameters on STNI 

Seat belt use 

The overall belt-wearing rate for front seat 
occupants in Germany has maintained a steady 
high level (between 90 % and 96 %) for many 
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years [5]. This explains the very low share of 
unbelted front seat occupants (1.3 % of the 
sample). However, for unbelted front seat 
occupants the risk of receiving a soft tissue neck 
injury is lower than for belted front seat occupants 
(Figure 11). 
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Figure 11. STNI risk of front seat occupants in 
single rear impacts by belt use. 

Age 

In the most frequent age groups between 18 and 45 
years (66 % of the sample) the risk of receiving a 
soft tissue neck injury is at its highest level, 
between 35 % and 37 %, with no significant change 
with increasing age. For occupants older than 45 
years the risk of receiving a soft tissue neck injury 
decreases with increasing age. This is particularly 
noticeable for occupants older than 65 years, who 
have a STNI risk of 16 % well below the average 
of 34 % (Figure 12). 
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Figure 12. STNI risk of front seat occupants in 
single rear impacts by age. 
 

Gender and seating position 

Overall, female front seat occupants are at higher 
risk of receiving an STNI. It seems that the STNI 
risk for front seat passengers tends to be slightly 

higher than for the driver (Figure 13), regardless of 
the gender. 
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Figure 13. STNI risk of front seat occupants in 
single rear impacts by gender and seating 
position. 

Body height 

Regarding body height, no significant influence for 
male front seat occupants is detectable but for 
female front seat occupants the STNI risk seems to 
increase with body height (Figure 14). The taller 
the women are, the higher is their risk of receiving 
a soft tissue neck injury.  
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Figure 14. STNI risk of front seat occupants in 
single rear impacts by gender and body height. 

Other injuries than STNI, severity and 
description 

Soft tissue neck injuries are the most frequent 
injury type in single rear impacts. Other injuries 
especially those with higher severity (MAIS3+)  
occur rarely. The group of occupants with STNI 
and other injuries (STNI+) generally only have 
injuries of minor or moderate severity (AIS1 or 
AIS2). Head, thorax and upper and lower 
extremities are the most frequently affected body 
regions (Figure 14).  
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Figure 14. Injured body regions in single rear 
impacts, belted and unbelted occupants with 
STNI and other injuries (n=91 occupants). 
 
The majority of the AIS1 injuries are skin 
contusions and abrasions (105 individual injuries). 
Concussions are the most frequent AIS2 injuries, 
other injuries are listed in table 1.  
 
 AIS2/3 AIS1 

(without skin contusions and 
abrasions) 

Head/Neck/Face • 10 concussions (AIS2) 
• 1 major laceration 

• 2 minor lacerations 
• 1 broken tooth 
• 1 vagus nerve injury 
• 1 nasal bone fracture 
• 1 laceration of the ear 

Thorax - • 1 rib contusion 
• 2 sternum contusions 
• 1 single rib fracture 

Spine • 1 spinal cord contusion (AIS3) - 

Upper Extremities - • 1 acromioclavicular joint 
contusion 

• 1 shoulder contusion 

Table 1. Description of the injuries for belted 
and unbelted front seat occupants with STNI 
and other injuries (n=91). 
 
Occupants with no STNI more frequently receive 
MAIS3+ injuries, possibly due to the fact that this 
group of occupants receive relatively higher 
velocity changes. The most frequently affected 
body parts are again head and thorax but, in 
addition, spine injuries have a higher frequency 
(Figure 15) 
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Figure 15. Injured body regions in single rear 
impacts, belted and unbelted front seat 
occupants with no STNI but with other injuries 
(n=157). 
 
Apart from skin contusions and abrasions, minor 
lacerations and skeletal contusions are the most 
frequent type of injury. The main type of AIS2 
injury is again concussion, but fractures of the 

upper extremities and spine also occur (Table 2). 
The three AIS3+ injuries are a contusion of the 
small cerebrum, a subarachnoidal bleeding and a 
multiple rib fracture. 
 
 AIS3+ AIS2 AIS1 

(without skin contusions 
and abrasions) 

Head/Neck/Face • 1 subarachnoidal 
bleeding (AIS4) 

• 1 small cerebrum 
contusion (AIS3)  

• 14 concussions 
• 1 major scalp laceration 

• 15 minor lacerations 
• 1 vagus nerve injury 
• 1 nasal bone fracture 
• 1 mandible joint injury 

NFS 

Thorax • 1 multiple fracture 
4th to 8th rib (AIS3) 

• 1 sternum fracture • 7 rib contusions 
• 1 single rib fracture 

Abdomen - - • 2 uterus injuries NFS 

Spine - • 1 minor compression 
fracture at thoracic 
vertebra 

• 9 contusions  
• 3 strain injuries 

Upper 
Extremities 

- • 2 clavicula fractures 
• 1 dislocation of 

acromioclavicular joint 

• 1 tendon laceration 

Lower 
Extremities 

- - • 1 laceration 
• 1 knee contusion 

Table 2. Description of the injuries for belted 
and unbelted occupants without STNI but with 
other injuries (n=157). 

 

IN-DEPTH ANALYSIS OF REAR IMPACTS 
IN MULTIPLE IMPACTS 

Impact configuration 

In the total accident population, multiple impacts 
play an important role [6]. In the database used, we 
have similar numbers of passenger cars with single 
rear impacts (n=1274) and passenger cars with 
multiple impacts with at least one rear impact 
(n=1119). To consider the nature of the multiple 
impacts, the number of impacts in total is relevant. 
Approximately three quarters of the passenger cars 
with multiple impacts had only 2 impacts, 18 % 
had 3 impacts and only 10 % had more than 3 
impacts (Figure 16). 
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Figure 16. Number of impacts for cars with 
multiple impacts with at least one rear impact 
(n=1119).  
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The position of the rear impact in the multiple 
impact sequence is another important factor in 
characterising the impact situation. For more than 
half of the cars, the rear impact is the first impact. 
In 30 % of the cases the rear impact is the second 
impact and in 16 % the rear impacts follows two or 
more other impacts (Figure 17). 
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Figure 17. Sequence of the rear impact for cars 
with multiple impacts with at least one rear 
impact (n=1119).  
 
The importance of the sequence is apparent in the 
delta v distributions for these impacts. When the 
rear impact is the first impact, the level of delta v is 
significantly higher than in single rear impacts. 
When the rear impact is not the first impact, the 
share of low speed impacts (up to 15 km/h) follows 
the curve for single impacts, but a higher 
proportion at the impacts occurred at higher delta v 
levels (Figure 18). 
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Figure 18. Delta v of the rear impact in multiple 
impacts with at least one rear impact  
 
Considering only car-to-car rear impacts with 
multiple impacts where the rear impact occurred 
first, the cumulative delta v curves of the struck car 
and the cumulative impact speed of the striking car 
of cars are parallel to the cumulative values for 
single rear impacts, but on a much higher delta v 

(Figure 19). Multiple impacts with rear impact first 
occur with a share (52 %) on rural roads. 
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Figure 19. Delta v of the struck car and impact 
speed of the striking car in car-to-car rear 
impacts. 
 
In terms of impact severity there is a significant 
difference between single rear impacts and rear 
impacts in multiple impacts with rear impact first. 
However there is only slight difference in the 
overlap distribution. More than the half of the cars, 
regardless if they are the struck car or striking car, 
had an overlap of more than 80 % (Figure 20). 
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Figure 20. Overlap of the struck car and of the 
striking car in multiple impacts with at least one 
rear (rear was first impact). 
 

Injury severity and injury description  

The impact characteristics have also an effect on 
the injury severity. If the rear impact is the first 
impact, the injury severity of the front seat 
occupants is, on average, lower than for occupants 
in multiple impacts where the rear impact is the 
second or later impact (Figure 21). 
 
Almost 42 % of the front seat occupants are 
uninjured if the rear is the first impact, but only 
31.3 % are uninjured if the rear impact is not first. 
More significant is the difference in the share of 
occupants with MAIS2+ injury severity. Only 
6 %/1.6 % of the occupants had MAIS2/MAIS3+ 
injuries if the rear impact is first, otherwise 
11.4 %/7.2 % of the occupants have 
MAIS2/MAIS3+ injuries. The percentage of 
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occupants with MAIS2+ is more than doubled if 
the rear impact is not the first impact. 
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Figure 21. MAIS distribution of front seat 
occupants in multiple impacts with at least one 
rear.  
 
Although there is no significant difference between 
the shares of occupants with MAIS1 in both 
groups, the shares of occupants with soft tissue 
neck injury are distributed differently. 
 
When the rear impact is the first impact, two thirds 
of the injured front seat occupants received a soft 
tissue neck injury, 46.5 % as a unique injury. When 
the rear impact is not the first impact, only one 
third received this type of injury, 10.4 % as a 
unique injury. The other two thirds of the injured 
front seat occupants received no soft tissue neck 
injury but had other injuries (Figure 22). 
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Figure 22. STNI distribution of injured front 
seat occupants in multiple impacts with at least 
one rear impact. 

Effects of occupant parameters on STNI  

Front seat occupants in cars with multiple impacts 
with at least one rear impact have only a slightly 
lower soft tissue neck injury risk (32 %) than 
occupants in cars with single rear impacts (34 %). 
As in the single rear impacts, the occupant 
parameters have a very similar influence on the 
STNI risk.  

Seat belt use 

The percentage of unbelted front seat occupants in 
multiple impacts with at least one rear impact is 
with 3 % higher than in single front impacts 

(1.4 %). However for unbelted front seat occupants 
the risk of receiving a soft tissue neck injury is 
lower than for belted front seat occupants (Figure 
23). 
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Figure 23. Belt use and STNI risk for front seat 
occupants in multiple impacts with at least one 
rear impact. 

Age 

The effect of age on STNI risk is not as significant 
as for occupants in single rear impacts. The STNI 
risk varies from 37 % to 21 % (Figure 24) 
compared with 38 % to 16 % in single rear impacts. 
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Figure 24. STNI risk of front seat occupants in 
multiple impacts with at least one rear impact 
by age. 

Gender and seating position 

In single rear impacts, the risk of receiving a soft 
tissue neck injury for female front seat occupants is 
significantly higher than for males. However there 
is no suggestion that front seat passengers seem to 
have a higher STNI risk than drivers in multiple 
impacts with at least one rear impact. The risk for 
female front seat occupants was significantly lower 
than for female drivers, but there is only a very 
slight difference for males (Figure 25). 
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Figure 25. STNI risk of front seat occupants in 
multiple impacts with at least one rear impact 
by seating position and gender. 

Body height 

The results for multiple impacts with at least one 
rear impact show the same general trends for STNI 
risk by body height and gender as single rear 
impacts. The difference between male and female 
occupants is however not as high as for the 
occupants in single rear impacts (Figure 26). 
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Figure 26. STNI risk of front seat occupants in 
multiple impacts with at least one rear impact 
by size and gender 

Other injuries than STNI 

In multiple impacts it is difficult to accurately 
determine which impact caused any individual 
injury. As the number of impacts increases, it 
becomes increasingly difficult. The final part of the 
analysis therefore looks only at which body regions 
are injured, without attempting to attribute the 
injuries to the rear impact itself. 
 
Due to the higher impact severity of multiple 
impacts with at least one rear impact, compared to 
single rear impacts, the number of AIS2 and AIS3 
injuries increases. 
 
The most frequently affected body parts are the 
head, thorax and the extremities. Injuries to the face 
are more frequent than in single rear impacts and 
injuries to the abdomen are less frequent (Figure 
27). 
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Figure 27. Injured body regions of front seat 
occupants with STNI and other injuries in 
multiple impacts with at least one rear. 
 
For front seat occupants receiving no soft tissue 
neck injury, the most frequently affected body 
regions are the upper extremities, with a high share 
of fractures, and the head and thorax regions. In 
these body regions AIS4+ injuries also occur 
(Figure 28). 
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Figure 28. Injured body regions of front seat 
occupants with no STNI but other injuries in 
multiple impacts with at least one rear impact 
 

CONCLUSIONS 

This analysis included a wide range of information 
on the rear impacts of passenger cars in Europe.  
 
Single rear impacts are the least frequent impact 
type for passenger cars and have the lowest impact 
and injury severity levels. 
 

• Only 10 % of the passenger cars involved in 
accidents had a single rear impact 

• 90 % of the passenger cars had a 
delta v < 22 km/h 

• Only 0.2 % of the occupants received 
MAIS3+ injuries 

 
Car-to-car impacts are the main group of single rear 
impacts (more than 70 % of total). Most of these 
impacts occur on urban roads, 90 % of the striking 
cars have an impact speed lower than 55 km/h. 
More than the half of the car-to-car impacts had an 
overlap level of more than 80 %. 
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Soft tissue neck injuries play an important role in 
single rear impacts. 
 

• 78 % of the injured front seat occupants 
received a soft tissue neck injury, 65 % in 
absence of other injuries 

 
With increasing age, especially from 65 years of 
age on, the risk of receiving a soft tissue neck 
injury decreases. Female front seat occupants are at 
significantly higher risk of receiving a whiplash 
than males, with an increasing risk as their height 
increases. 
 
The most frequent AIS2 injury types in 
combination with whiplash are concussions. In the 
absence of soft tissue neck injuries the overall 
injury severity is higher, due to the relative higher 
delta v levels of the impacts. Concussions are the 
most frequent AIS2 injury type and the small 
number of AIS3+ injuries was found in the head 
and thorax. 
 
With a quarter of all impact types of passenger cars 
multiple impacts are the second largest group. 
Multiple impacts have the highest injury severity 
level of all impact types. The present study focuses 
on multiple impacts with at least one rear impact, 
which are 9 % of all impact types, and therefore as 
big as the percentage of single rear impacts. 
 
The injury severity of the front seat passengers in 
multiple impacts with at least one rear impact 
depends on the sequence of the rear impact. If the 
rear impact is the first impact, 55 % of the sample, 
the injury severity is significantly lower than in 
cars with multiple impacts where the rear was not 
the first impact. 
 
The sequence of the rear impact also has an 
influence on the risk of receiving a soft tissue neck 
injury. Two thirds of the injured front seat 
occupants receive a soft tissue neck injury if the 
rear impact is the first impact, in contrast to only 
one third of the injured front seat occupants who 
had a rear impact as one of the following impacts. 
 
The most injured body regions after soft tissue neck 
injury are head, thorax and the extremities. In the 
group of occupants without soft tissue neck injury 
the high percentage of injuries in the upper 
extremities is conspicuous. In head and thorax also 
MAIS4+ injuries occur. 
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ABSTRACT 
 
The performance of occupant protection systems, 
especially air bags, is of high interest to the National 
Highway Traffic Safety Administration (NHTSA).  
Since 1972, the NHTSA has operated a Special Crash 
Investigations (SCI) program, which provides the 
agency with the flexibility to acquire detailed 
engineering information quickly on high-visibility 
traffic crashes of special interest.  The SCI program 
collects in-depth crash data on new and rapidly 
changing technologies in real world crashes.  
NHTSA uses the data collected in this program and 
others to evaluate rulemaking actions. The data are 
also used by the automotive industry and other 
organizations to evaluate the performance of motor 
vehicle occupant protection systems such as air bags.  
 
In May of 2000, the NHTSA issued a Final Rule 
upgrading Federal Motor Vehicle Safety Standard 
Number 208.  In this advanced air bag rule, 
significant changes were specified in the frontal 
occupant protection requirements for light passenger 
vehicles.  These changes were to be phased in over 
several years.  These changes included adding 
requirements for protecting small adult female 
occupants, adding requirements to minimize the risk 
of deploying air bags to out-of-position (OOP) 
children and small adult occupants, increasing the 
requirements for belted occupants, and reducing the 
test speed for the unbelted 50th percentile male 
occupants. 
 
For the past two years, NHTSA’s Special Crash 
Investigations office has been researching crashes 
involving of vehicles equipped with advanced air bag 
systems.  The purpose of this effort was to keep the 
Agency and manufacturers informed of the real world 
performance of these advanced systems.  This paper 
will discuss the protection afforded the occupants in 
vehicles equipped with these systems; also known as 
Certified Advanced 208 Compliant (CAC) systems.  
Since data collection is ongoing, this paper will be 
limited to those crashes that were researched in the 
SCI program. 
 

 
Topics covered in this paper will include: case 
selection criteria; make and model applicability; age / 
sex of front seat occupants; airbag deployment stage; 
safety belt usage; event data recorder (EDR) 
download applicability; damage severity; injury 
outcomes in the selected cases; and sample case data.  
Completed SCI case studies are available via the 
World Wide Web at www.nhtsa.dot.gov.  See the 
“SCI DATA AVAILABILITY” section at the end 
of this paper for further details. 
 
BACKGROUND 
 
NHTSA performs research and develops safety 
programs and standards in an effort to reduce the toll 
of deaths, injuries, and property damage from traffic 
crashes.  In-depth field investigations on crashes with 
an air bag deployment are conducted in the SCI 
program under the auspices of the National Center 
for Statistics and Analysis (NCSA).  SCI cases are an 
anecdotal data set used to examine and evaluate the 
latest safety systems. Unlike NHTSA’s National 
Automotive Sampling System (NASS) the SCI 
program is not intended to be a statistically 
representative database.  Therefore, national trends 
cannot, and should not be inferred from the data.  
These SCI investigations play a vital role by 
providing data relative to real world events.  Added 
details on SCI investigations can be found in 17th 
ESV, Chidester and Roston (2001)1. 
 
Starting in the 2000 model year, some manufacturers 
started to incorporate advanced air bag “features” 
into certain products.  These advanced features 
included things such as seat track sensors to disable 
air bags from deploying when the seat track was in 
the forward most position; dual stage air bag inflators 
to tailor air bag deployments to the crash severity; 
safety belt sensors to determine the relative risk to the 
occupant(s); safety belt pretensioners to remove 
excess slack in the early moments in the crash phase; 
and safety belt load limiters to spool out part of the 
safety belt during the crash phase for the occupants to 
“ride down” the crash forces. 
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As indicated in the May of 2000 Final Rule, 
manufacturers have until August 31, 2006 to phase- 
in compliance with advanced air bag requirements 
specified in Federal Motor Vehicle Safety Standard  
(FMVSS) 208.  This new advanced air bag standard 
details the test parameters and conditions that must 
be met to be in compliance with this advanced 
requirement.   
 
Starting in the 2003 model year Honda and General 
Motors introduced a total of 11 models that were 
certified advanced 208 compliant (CAC).  In the 
2004 model year that number grew to 13 
manufacturers and 40 models.  The SCI program 
utilized its network of resources to identify crashes 
where there was an above referenced CAC vehicle 
involved in the crash, and the vehicle damage was 
still available for inspection. 
 
SCI performs roughly 200 case investigations a year 
for the NHTSA.  These case investigations 
encompass all types of cases relative to NHTSA 
priorities and therefore the CAC cases are only a part 
of the annual cases SCI investigates. 
 
CASE SELECTION 
 
A total of seventy-one (71) cases were evaluated for 
the information contained in this paper.  As indicated, 
SCI has a network of resources across the country to 
provide notification of cases of particular interest.  
This network includes: three SCI field offices; 27 
National Automotive Sampling System (NASS) field 
offices located in 17 States; 10 field offices for 
NHTSA’s Crash Injury Research and Engineering 
Network (CIREN); various law enforcement 
agencies; insurance companies; and emergency 
medical service providers; along with the general 
public.  
 
In an effort to gain more exposure to these types of 
vehicles, Nationwide Mutual Insurance Company 
agreed to work with SCI on this effort.  Nationwide 
was able to supply electronic listings of vehicles 
meeting our CAC criteria, and in turn we were able to 
identify a greater population of crashes in which to 
assign SCI cases for research.  
 
To make notification as simple as possible, SCI 
provided the various organizations a listing of the 
vehicles that were certified to the new rule.  The 
organizations were then requested to inform us when 
a crash occurred that involved one of these vehicles.  
No other specific parameters were indicated.  The 

purpose of this effort was to collect information on a 
wide variety of crashes ranging from minor to severe. 
 
Once the crash was identified to NHTSA, SCI 
screened the crash report and ascertained CAC 
vehicle involvement.  SCI was specifically looking to 
target “near frontal” crashes in this data collection 
effort.  Therefore rear plane impacts along with side 
impacts outside the 10 o’clock to 2 o’clock principle 
direction of force were generally excluded.  As the 
breakdown will show, a wide spectrum of cases were 
identified and investigated ranging from minor 
frontal crashes to more severe multiple event crashes 
and various crash configurations.  The purpose of this 
approach was to not limit the data collection efforts 
to only those cases where the air bag deployed.  
Crashes where the air bag system was not 
commanded to deploy provide valuable information 
as to any possible risks associated with not deploying 
the air bag in less severe crashes. 
 
Additionally, strong emphasis was given to the 
availability of event data recorder (EDR) 
information.  With these advanced systems, the only 
way the field crash investigators can determine the 
deployment level of the air bag (e.g., stage 1 or stage 
2 deployment) was through retrieving the EDR data.  
The General Motors products had a commercially 
available tool to download the data from the air bag 
control module.  These data were included in the case 
reports indicating certain precrash, and crash 
information.  Other manufacturers do not have a 
commercially available tool to download stored air 
bag control module information. For these 
manufacturers, when owner permission was obtained, 
and the manufacturer indicated the potential 
availability of the data, the module was harvested 
from the vehicle and forwarded to the manufacturer 
for data retrieval, thus slowing down the case 
completion process.  
 
Although manufacturers have different names for 
their air bag control modules, NHTSA refers to them 
generically as event data recorders (EDR).  
Throughout this paper the term “EDR” is used even 
though a specific manufacturer may use another 
name to identify their module.     
 
VEHICLE MANUFACTURERS 
 
Since the implementation of the CAC compliant 
vehicles in 2003, SCI has commenced investigations 
on over 100 cases.  Due to the various stages of 
completion of active investigations, this paper utilizes 
the data from seventy-one (71) of the SCI cases. 
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These cases were either complete or nearing 
completion, thus would soon be available to the 
public via the NHTSA website.  The breakdown of 
the manufacturers is indicated in Figure 1. 
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Figure 1:  CAC cases by manufacturer 
investigated in the SCI Program as of December 31, 
2004. 
 
As Figure 1 indicates, 44 of the 71 cases (62%) were 
General Motor’s products.  Out of the eleven models 
that were introduced this first year, nine models were 
from General Motors, thus the high proportion of 
their products in our data.  Additionally, a 
commercially available product that permits 
downloading of the air bag control module for 
General Motors and certain Ford products was 
available to all our field investigation teams.   
 
Figure 2 indicates the types of vehicles involved in 
the 71 CAC cases investigated thus far in SCI cases. 
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Figure 2:  CAC cases by vehicle type investigated 
in the SCI Program as of December 31, 2004. 
 
Manufacturers generally deployed this advanced 
technology in their pickup and sport utility line.  
These two vehicle types accounted for 51 of the 71 
(72%) cases investigated by the SCI program.  A key 
reason SCI sought out pickup trucks in these crashes 
was their propensity to not have a rear seat for a child 
occupant. SCI attempted to obtain as many cases as 

possible where a child was present in the right front 
seat.  However, only two occupants age twelve and 
under were seated in the right front seat in the 
selected cases.  In addition, one child aged twelve 
and under was seated in the center front seat in the 
selected cases.  Even though certified advanced air 
bags must pass numerous performance standards, 
NHTSA continues to advise that children 12 and 
under to ride in the back seat of an air bag equipped 
vehicle.  Minivans accounted for only four of the 71 
cases.  As the vehicle fleet nears 100 percent 
compliance to the new FMVSS certified advanced 
208 standard, we expect to see a more even 
distribution of vehicle types investigated in the SCI 
cases.   
   
 CRASH SEVERITY AND CONFIGURATION 
  
Figure 3 shows the impact configuration of the 71 
CAC cases investigated. 
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Figure 3: Impact configuration by impact plane   
in CAC cases investigated in the SCI Program as 
of December 31, 2004.  
  
As mentioned earlier, SCI was specifically looking 
for “near frontal” crashes for this study.  Single and 
multiple event crashes were included in this data 
collection effort. The impact plane detailed here is 
based on the most severe event in the crash. 
Therefore the large majority of investigated cases 
were classified as Front (60 cases / 84%).  Right and 
left side impacts totaled nine cases (13%) combined.  
Two rollover (Top) cases were also included in the 
study making up 3% of the cases.   Rear impacts 
were specifically excluded from the CAC program. 
 
Figure 4 indicates the crash severity level of the case 
vehicles based on total delta V.  Only cases where a 
Delta V was calculated are included in this 
breakdown.  SCI attempted to investigate cases that 
had the propensity for a high-speed delta V; however, 
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minimal cases were identified through our network of 
resources.     
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Figure 4: Crash severity distribution as measured 
by Delta V in CAC cases investigated in the SCI 
program as of December 31, 2004. 
 
Almost three-quarters (73%) of the case vehicles 
inspected fell into the low to moderate range of 5-
14.9 mph.  One-quarter (25%) fell in the moderate to 
severe range of 15-29.9mph. 
 
Total Delta V was calculated using the WinSmash 
algorithm; the standard reconstruction program used 
in NHTSA field crash data collection efforts.     
 
CASE OCCUPANTS 
 
Figure 5 gives the demographics of all of the front 
seat occupants included in the CAC program. 
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Figure 5: Front seat occupants demographics in 
CAC cases investigated in the SCI program as of 
December 31, 2004. 
 
A total of 97 occupants were present in the front seats 
of the CAC case vehicles.  Ages ranged from six to 

84 with a median age of 34 and a mean age of 37.5.  
Males made up 58% of the study population; females 
42%.  Children aged 12 and under and adults aged 65 
and over accounted for 4% each of the case 
occupants. 
 
Figure 6 shows the seating positions of all front row 
occupants in the 71 case vehicles. 
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Figure 6: Front row seating positions of case 
vehicle occupants in CAC cases investigated in the 
SCI Program as of December 31, 2004. 
 
In 45 of the 71 vehicles (63%) of the CAC cases 
investigated, there was a driver only (no other 
occupants) in the case vehicle.  In 25 of the 71 case 
vehicles a front right passenger (35%) was present.  
In one case vehicle a front center passenger (1%) was 
present.  Since the CAC vehicles are designed 
specifically to protect front seat occupants, rear seat 
occupants were not included in this breakdown. 
 
Figure 7 indicates the belt usage for front seat 
occupants of the case vehicles. 
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 Figure 7: Safety belt usage of front seat occupants 
in CAC cases investigated in the SCI program as 
of December 31, 2004. 
 
Of the 71 case vehicle drivers investigated in the 
CAC program, 79% (56) were using their available 
manual restraint while 21% (15) were unrestrained.  
Of the 26 front seat passengers, 58% (15) were using 
the available manual restraint; 34% (9) were 
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unrestrained, and the safety belt usage could not be 
determined for 8% (2) of the occupants.  There were 
no occupants restrained in child safety seats in the 
study. 
 
Safety belt usage is of particular interest in CAC 
systems because certain manufacturers configure the 
air bag deployment levels (stage 1 or stage 2) to the 
belt usage status of the front seat occupants. 
Therefore, the belted occupants would generally 
require a higher severity crash for the air bag 
deployment threshold to be met.  Typically the air 
bags deploy at a lower Delta V threshold for 
unrestrained occupants.  This can create instances of 
asymmetrical deployments where one front air bag 
may deploy while of other front bag may not. 
 
OCCUPANT INJURY LEVEL 
 
Figure 8 shows the injury distribution among all front 
seat case occupants. 
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Figure 8:  Most severe injury sustained by front 
seat CAC case occupants investigated in the SCI 
program as of December 31, 2004. 
 
Of the known injury severities (Not Injured to AIS 6) 
the vast majority 95% (70 out of 74) of front seat 
occupants in the CAC vehicles sustained minor or no 
injuries.  Only four front seat occupants (5%) 
sustained a moderate or higher severity injury.  
 
In the first of these four cases a 2003 GMC Yukon 
was involved in a “moderate” severity rollover.  The 
23-year-old female driver was not using the manual 
lap and shoulder restraint.  During the rollover 
sequence the driver was fully ejected from the 
vehicle.  Her most severe injury was an AIS-4 
(severe) concussive head injury which was due to her 
head contacting the ground. 
 

The second case was a high severity frontal impact 
involving a 2003 Chevrolet Tahoe.  The Delta V was 
calculated to be approximately 25 mph.  The 32-year-
old female driver was restrained by the lap and 
shoulder restraint.  She sustained an AIS-2 
(moderate) right fibula fracture attributed to loading 
of her foot with the floor pan. 
 
The third case involves a front impact and a series of 
rollover events in a 2003 Chevrolet Tahoe.  The 
vehicle struck a guardrail with the front plane, then 
rolled over, end-over-end, and struck a concrete 
bridge abutment with the back plane.  The driver was 
a 37-year-old restrained female.  Her most severe 
injury sustained was an AIS-2 (moderate) cerebral 
concussion.  This was attributed to contact with the 
left roof side rail during the rollover sequence. 
 
The final case involves a 2004 Cadillac Escalade 
striking two trees with the front plane.  The first 
impact produced a longitudinal Delta V (-6.4 mph 
EDR recorded) high enough to deploy the driver’s air 
bag.  The tree fractured and the vehicle went on to 
strike another tree producing a much higher 
longitudinal Delta V (-33.3 mph EDR recorded).  The 
67-year-old male driver was restrained, however he 
reported that he used two plastic clips on the shoulder 
belt to induce approximately 2-3” of slack into the 
belt system for reasons of comfort.  This slack may 
have allowed for further forward movement of his 
torso than would normally be expected.  This along 
with the air bag deploying during the lower severity 
impact contributed to his injury.  The most severe 
injury sustained was an AIS-2 (moderate) rib 
fracture. 
 
Out of the 97 total case occupants, the injury level 
has yet to be determined for fifteen occupants, and 
eight occupants had either injuries of an unknown 
level or it was not be determined if they were injured. 
 
EVENT DATA RECORDERS 
 
Case selection was at least partially biased towards 
vehicles with Event Data Recorders (EDR’s) that 
were downloadable by our field investigators.  As 
mentioned above, this created an over representation 
of General Motors vehicles.  With the help of other 
manufacturers SCI was able to also harvest EDR’s 
from some non-GM vehicles and ship them to the 
manufacturer to be read.  The information from the 
manufacturer was included in the case data with 
respect to the information that was recorded. 
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Figure 9 shows the number of EDR’s successfully 
downloaded. 
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Figure 9: EDR's downloaded in CAC cases 
investigated in the SCI Program as of December 
31, 2004. 
 
EDR’s were downloaded successfully, by either field 
staff or by the manufacturer, 70% of the time (50 out 
of 71).  The information provided by the EDR (or the 
manufacturer) was included and coded into the SCI 
case data. 
 
The 30% (21 out of 50) that were not downloaded 
were due to manufacturers indicating that there was 
no recorded information stored in their EDR, the 
manufacturer was not able to download the 
information, or in some cases, because of damage to 
the unit itself.  
 
An important piece of data retrieved from the EDR’s 
is the deployment level of the air bags.  This 
deployment level indicates which stage of the dual-
stage air bags deployed.  A breakdown of air bag 
deployments is indicated in Figure 10 below. 
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Figure 10: Driver’s front air bag deployment stage 
in CAC cases investigated in the SCI Program as 
of December 31, 2004. 
 

As indicated in Figure 10, there were a total of 71 
CAC vehicle cases investigated for this paper.  Of 
those 71 vehicles, 55 vehicles had a deployed air bag 
in the crash.  By interrogating the EDR module, it 
was determined that 27 of the 55 (49%) had an air 
bag deployed at “Stage 1”.  Eight of the 55 air bags 
(15%) deployed at “Stage 2”.  The remainder, 20 out 
of the 55 deployments (36%) were not known as to 
which stage the air bag deployed because no 
interrogation or downloading of the air bag control, 
module or EDR was able to be performed. 
 
SUMMARY 
 
The ability to download the event data recorder is the 
most effective method to observe and/or measure and 
confirm the performance of CAC Safety System 
Features.  In addition, EDR information is the only 
way our field investigators can determine what stage 
the air bag was commanded to deploy.  Engineers 
and researchers are finding this piece of information 
extremely useful in crash analyses. 
 
Certified advanced 208 compliant air bags appear to 
offer adequate occupant protection in the cases 
investigated thus far in NHTSA’s SCI program.   
 
In the 71 cases investigated in SCI for this paper, 
there were no serious or fatal injuries related to the 
deployment of a certified advanced compliant air 
bag.   
 
As indicated in Figure 7, the safety belt usage rate for 
drivers in these anecdotal SCI cases is 79%.  This 
percentage is consistent with recent safety belt 
information gathered in NHTSA’s National Occupant 
Protection Use Survey (NOPUS) for 2004. 
 
NHTSA’s SCI program will continue to monitor 
certified advanced 208 compliant vehicles to assure 
adequate real world crash performance. 
 
SCI DATA AVAILABILITY 
 
Since 2001, SCI summary tables have been published 
quarterly on the NHTSA’s Internet web site at the 
following web address: 
http://www-nrd.nhtsa.dot.gov/departments/nrd-
30/ncsa/SCI.html 
 
The SCI online data access page is located at: 
http://www-
nass.nhtsa.dot.gov/BIN/logon.exe/airmislogon  
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Within the NCSA website 
http://www-nrd.nhtsa.dot.gov/departments/nrd-
30/ncsa/.  
 
The interface (Figure 11) is a data filter that offers 
users a wide array of choices when querying the SCI 
 

 
Figure 11:  NHTSA World Wide Web Query Interface 
for SCI cases. 
 
database.  For specific case access, the most efficient 
method of retrieval is to use the SINGLE CASE 
SELECTION by entering the Case Number (upper-
case may be required) and clicking “Get Case”.  For a 
wider selection of cases, the user can use the pull 
down filters under the MULTIPLE CASE 
SELECTION BASED ON FILTER CRITERIA 
section.  Users can choose to see cases by entering 
parameters from one or more selection criteria areas:  
 
CASE TYPE – This selection is based on the type of 
case such as: Child Safety Seat, School Bus, Side Air 
Bag, etc. Using this selection criteria and no other 
will return the most cases for the selected type. 
 
VEHICLE - Provides a selection method for limiting 
the output case list based on vehicle model and year 
make. Year make can either be a range or a single 
year. The parameters in the section can be used 
independently of the other selection criteria areas. 
 
CRASH – A multi-filter selection area that allows 
the output case list to be more specific based on year, 
state, month and/or mortality. The parameters in the 
section can be used independently of the other 
selection criteria areas. 
 
OCCUPANT - A multi-filter selection area that 
allows the output case list to be more specific based 
on where the occupant was located in the vehicle 

(role) and some physical characteristics (sex, age, and 
height). These parameters can be used independently 
of the other selection criteria areas. 
 
As a general rule for using data filters, the fewer 
parameters used will mean a greater return of 
qualifying data, in this instance more cases. 
Additionally, the use of more than a few parameters 
can mean that the query becomes too granular and the 
results could be less data (cases) than expected.  The 
best practice is to perform several practice retrievals 
using a variety of parameters until the right blend of 
parameters provides the desired results. 
 
Complete reports can also be obtained at the address 
below.  The reports contain images and accordingly 
there is a cost associated with reproduction of the 
crash report. 
  

Marjorie Saccoccio, DTS-44 
DOT/Volpe National Trans. Systems Center 
Kendall Square 
Cambridge, MA 02142  
USA 
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ABSTRACT

Existing test procedures assessing vehicle
interactions with a pedestrian have generally been
limited to subsystem impactors. The complex
kinematics of vehicle-pedestrian impacts necessitates
test surrogates that possess whole-body response
capabilities. This paper reports on the activities of an
international task group working to develop a
recommended practice for pedestrian dummy
performance. The objective of the task group was to
develop a performance standard for a research
dummy based on existing technology. Potential
applications include the study of pedestrian
kinematics, injury prediction, and the evaluation of
countermeasures including active systems.
Specifications focus on the 50th percentile male for
primarily lateral impacts in the range of 30 km/h to
50 km/h. Development of the specifications included
a detailed review of the literature and evaluation of
existing dummies including the Hybrid III and the
POLAR II. Based on these studies, biofidelity
priority was given to whole body kinematics, as well
as head, knee, leg, and thoracic impact response.
Biofidelity requirements for whole-body kinematics
were developed from cadaveric impacts with a late
model vehicle. The specification also includes
component response corridors for the head, leg, knee,
and chest. In addition to the biofidelity evaluation,
testing at facilities around the world was performed
to evaluate durability, usability, and repeatability of
existing dummy technology.

INTRODUCTION

Worldwide, pedestrian crashes constitute the
most frequent cause of traffic-related fatalities.
Improving vehicle design to make automobiles less
aggressive to pedestrians during impact is an
essential component of reducing the frequency and
the severity of pedestrian injuries. Assessing the level
of protection offered by existing and future vehicles
will likely be accomplished by a multi-dimensional
evaluation including full-scale tests, subsystem tests,
and computer modeling.

Currently, the primary evaluation tool for
assessing potential pedestrian protection is subsystem
test procedures. Through an evolution of procedures
within the European Enhanced Vehicle-Safety
Committee (EEVC) Working Groups 10 and 17,
experimental test devices have been developed that
represent the head, thigh-pelvis, and lower extremity
(EEVC 2002). Pedestrian protection test procedures
have also been discussed or developed in ISO and
IHRA activities with the resulting procedures similar
to those of the EEVC. In Europe and Japan,
pedestrian protection regulations will be introduced
based on the EEVC procedures and IHRA activities.
Given the complexity of pedestrian kinematics during
vehicle impact, subsystem test procedures alone,
however, are likely insufficient to evaluate the
comprehensive level of protection potentially
afforded by vehicle countermeasures. The
interrelationship of response between successive
contacts of body regions is strongly determined by
the pedestrian and vehicular geometry, the impact
speed, the orientation of the pedestrian, and the
response of previously contacted structures. In
addition, subsystem tests are not effective for
evaluating active safety systems such as pedestrian
airbags or pop-up hood systems. These
countermeasures usually include sensors that detect
pedestrian contact with the vehicle that cannot be
evaluated by subsystem testing. To study and assess
the vast array of vehicle-pedestrian interactions, test
surrogates that possess whole-body response
capabilities, such as a pedestrian dummy, are
necessary. Historically, testing with full-scale
dummies has been hindered by both biofidelity and
durability of the anthropometric test devices. Some of
the problems encountered include propensity to
damage dummy components, difficulty in assessing
phases of impact, and uncertainty of repeatability
(Harris, 1989). Recently, attempts have been made to
develop improved pedestrian dummies including
modifications to the H-III (Hattori et. al, 2000), a
modified side impact dummy (Frederikson 2001),
and the Polar II (Huang et al., 1999; Akiyama et al.,
2001). However, these dummies were independently
designed and used primarily by the developing
organizations without independent assessment or
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review by a broader international community
working on pedestrian safety.

OBJECTIVES

The SAE Pedestrian Dummy Task Group (SAE
PDTG) was established to develop performance, as
opposed to design, specifications for pedestrian
research dummies based on existing dummy
technology. While the objective of the group was
not to develop or specify a physical device, the task
group realized it was necessary to have a physical
representation of such a dummy in order to assess the
feasibility of meeting the dummy performance
specifications using existing technologies.

Terms of Reference

The performance specification was developed
based on several expected uses including the design
of countermeasures, the evaluation of active systems
(e.g., pop-up hoods and airbags), the validation of
computer simulations, the study of pedestrian
kinematics, the reconstruction of impacts including
crash reconstruction of pedestrian kinematics, the
refinement of component test parameters and
procedures, and the prediction of injury probabilities
for given vehicle, crash, and countermeasure
combinations. In terms of requisite biofidelity for the
dummy, whole-body kinematics were considered the
foremost priority for the anticipated dummy
applications.

While it is recognized that collisions involve
pedestrians of all sizes, it was proposed that
performance specifications for a 50th percentile adult
male dummy be developed as a first step. This
approach stems from the greater knowledge of
biomechanics and existing dummy technologies for
the mid-size male relative to other adult sizes and
children. While not the initial objective, it was
envisioned that additional performance specifications
for other sizes of pedestrian dummies would be
developed in the future based on accepted scaling
procedures. The resulting pedestrian research dummy
performance specifications for existing technology
were based on studies of the following items:

1. An understanding of the frequency and
severity of pedestrian injuries in order to
properly prioritize instrumentation
requirements

2. Anthropometry requirements including
requirements for size, joint locations, mass,
and mass distribution

3. Biomechanical response requirements for
essential body regions such as the head,
thorax, and lower extremities

4. Instrumentation compatibility to facilitate
the measurement of engineering parameters
known to relate causally to injury

5. Requirements for dummy durability,
repeatability, and reproducibility

6. Functionality requirements including ease of
use in a crash laboratory environment

7. A survey and evaluation of existing dummy
and sensor technologies with particular
emphasis on dummies currently used in
pedestrian research programs

8. Whole-body kinematics observed in full
scale test vehicle with post-mortem human
surrogates

A brief overview of the studies conducted by the
SAE PDTG is included in this paper.

Body Region Priorities

While numerous researchers have evaluated the
frequency and severity of pedestrian injuries, there
exists little consistency among the studies in terms of
the inclusion criteria. Variations exist for the vehicle
types, impact velocity ranges, body region
breakdowns, injury coding schemes, and pedestrian
demographics (e.g., age, gender, size). In order to
determine body region priorities for a variety of
performance specifications including instrumentation
compatibility, component biofidelity, and whole body
kinematics, a detailed review of available field injury
studies was undertaken by the task group. The study
simultaneous evaluated injury frequency, injury
severity, injury cost, injury disability probabilities,
and changing trends in the vehicle fleet. Given the
lack of uniformity among studies, no quantitative
assessment of the archival literature could be
conducted. Therefore, a group of experts reviewed
the available studies and somewhat subjectively
prioritized the body regions (1 = most important, 10
= least important) based on such factors as the
frequency of injury to the body region, the societal
cost associated with the injury, and the probability of
disability. The results of the rankings are shown in
Figure 1. For the most part, the review confirmed
well-known pedestrian injury trends (e.g., head
injuries were the most frequent severe injuries) but
perhaps lesser known observations (e.g., chest
injuries moderately frequent and are associate with
high injury cost) played essential roles in determining
the body region priorities and instrumentation.
While numerous studies were used to characterize the
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lower limb as the most frequently injured body
region, an examination of the injuries within regions
of the lower limb identified the leg as the most
frequently injured area and the knee as the most
frequently injured lower limb joint. While
historically the thigh was a prominent region of
injury, recent investigations have shown diminished
frequency (Snedeker et al., 2003) with late model
cars.

Figure 1. Body region rankings based on injury
frequency, severity, cost, and disability.

METHODOLOGY AND RESULTS

Previous studies and publications were reviewed
to identify response and physical parameters
considered necessary for developing performance
specifications for a pedestrian dummy.

Anthropometry

A target set of anthropometric specifications was
determined to ensure that dummies complying with
the document are, in general, representative of the
50th percentile adult male. The geometric, mass, and
mass distribution specifications were defined with the
goal of differentiating between parameters considered
to be critical for pedestrian injury studies (e.g.,
overall standing height and knee height) and those
considered to be non-critical parameters (e.g., elbow
height). The critical parameters require mandatory
compliance while the non-critical factors are
recommended for consideration in the design of
dummies. This approach should result in dummies
that are anthropometrically similar to one another,
thereby facilitating the comparison of data collected
with different dummies, while still not being overly
design restrictive.

Defining the human anthropometry targets was
complicated by the results of human studies being
dependent upon the sample size and the specific
subjects measured and by the fact that not all human

studies contained all of the parameters needed to
define a dummy (e.g., some studies with detailed
dimensional data contained very limited mass
distribution data). In addition, human studies with
body segment data tended to use different body
partition definitions making it difficult to make direct
comparisons. Finally, human anthropometry data are
dependent on the era and geographic location in
which the data are collected. Thus, newer databases
and those that included inherent geographic diversity
were considered the most representative.

For the performance requirements, four primary
references were used as the basis for the dummy
specifications. The U.S. CAESAR data base is a
recent study based on a large sample size and because
of the diverse ethnicity of the U.S. was considered
representative of the world population (Harrison and
Robinette, 2002). The CAESAR data base provided
a variety of joint locations, and three body region
shape information such as circumferences etc. Other
than overall mass, the CAESAR data set does not
contain any body segment mass or c.g. data. The
AMVO data base was used as a second source for
body segment mass information.

The ManneQuin Pro V8.0 software, which is
based on the 1988 Natick US Army anthropometric
data base provided a complete set of parameters
including overall height, joint locations, body
segment masses, and body segment c.g. locations. In
addition, because the software generates CAD
models of the skeleton, the model could be used to
identify the location of specific joints such as the
C7/T1 interface. This data set could have been used
as the sole source of information for this document,
however the data is nearly 20 years old, and is based
on a survey of U.S. Army personnel which may not
be as representative of the population as a whole.

The PMHS study by Dempster (1955) provided
body segment c.g. locations as a percentage of body
segment length. The Dempster c.g. percentiles were
combined with body segment lengths from CAESAR
(or the Army data when the length was not available
from CAESAR) to provide a second source for body
segment c.g. locations.

A summary of the Army and AMVO mass data
is found in Table 1. A summary of body region
dimenstion data from CAESAR and the Army study
are shown in Table 2. and target values for joint
locations from CAESAR are shown in Table 3.
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Table 1
Summary of body segment mass specifications

Database
Army data

from
ManneQuin

Pro V8.0

AMVO

Body Segment

Mass per
dummy

(kg)
Mass per

dummy (kg)
Head 4.4 4.1
Neck 1.1 1.0
Upper Torso 21.5 23.7
Lower Torso 13.5 13.4
Upper arms (2) 4.0 3.5
Lower arms (2) 2.9
Lower
arms/hands (2) 4.0
Hands (2) 1.1
Thighs (2) 19.6 17.2
Legs (2) 7.9 7.2
Feet (2) 2.0 2.0

Total 78.0 76.1

Table 2
Summary of body segment dimensions

Body Segment Dimensions Target Value (mm)
Head Height 240

Head Breadth 154
Head Circumference 576

Head Length 200
Circumference at interscye 1008

Interscye distance 394
Hip circumference 1018

Bi-trochanteric breadth 361
Thigh Circumference 591

Table 3
Summary of joint locations

Dummy Whole Body Heights Target Value (mm)
Top of Head 1757

T1 1519
H-Point 940
Knee 492
Ankle 73

Shoulder 1428
Elbow 1110
Wrist 851

Kinematic Response

Given the priority of whole-body kinematic
biofidelity, it was considered essential to evaluate
dummies under vehicle impact conditions.
Kinematic response corridors based on cadaver tests
were considered the most appropriate performance
evaluation tool for pedestrian dummies evaluated
under the same impact conditions. Since most
published cadaver studies did not include the
requisite combination of a late model vehicle, an
identifiable vehicle model to reproduce the tests at
other institutions, and multiple tests to facilitate
kinematic corridors, the decision was made to focus
on recent cadaver tests conducted by Kerrigan et al.
(2005) with a small four-door sedan produced for
sale in the US or Canadian market. While the
suspension and wheels were removed to facilitate
attachment to a sled system, the remainder of the
vehicle fore of the b-pillar was maintained as was the
total vehicle weight of 1175 kg ± 25 kg. The test
impact velocity was 40 ± 2 km/h with no vehicle
braking occurring until the pedestrian had ceased to
be in contact with the vehicle. The pedestrian was
oriented laterally with respect to the vehicle in a
relatively upright mid-gait posture. The details and
rationale behind the initial pedestrian orientation and
impact conditions for these tests is described in Kam
et al. (2005).

For assessment of pedestrian kinematics, high
speed video was taken from an off board camera on
the driver’s side of the vehicle during the tests
(Kerrigan et al., 2005). Photo targets were mounted
to the cadaver head, 1st thoracic vertebra, and sacrum
center. The motion of each body segment was
measured by recording the location of each photo
target at 4 ms intervals. The point of head strike,
determined by visual examination of the video data
and confirmed by head mounted accelerometers, was
designated as the end of the interval of interest for
computing kinematic trajectory data. Body segment
velocities were calculated by differentiating the
trajectory data. Since length of individual cadaveric
body segments could vary, it was determined that an
individual scale factor for each body segment of each
cadaver was optimal for developing normalized
trajectories. Corridors were developed using either
the standard deviation of the recorded cadaver time-
histories (e.g., head velocity) or the percentage of the
pathlength traversed by the specific body region
(Kerrigan et al., 2005). For pathlength corridors, it
was felt that the responses shall fall within 10% and
should fall within 5% corridors.
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Component Response Characeristics

While the performance standard has been
developed primarily for lateral pedestrian impact
scenarios, it was decided that more proximal body
structures (i.e., the chest and head) should have
certain level of multidirectional response biofidelity.
Multidirectional response is necessary to account for
rotation of the pedestrian during the impact event.
This rotational phenomenon is dependent upon initial
orientation of the pedestrian and is described in detail
by Meissner et.al. (2004). Lateral and frontal
component response corridors were selected to
ensure the biofidelic response characteristic of the
head and thorax.
Head

Given that most existing pedestrian dummies use
heads from existing frontal or side impact dummies,
the decision was made to use well-established head
response corridors already existing in certification,
calibration, or biofidelity assessment procedures.

Frontal
The head drop test requirement for the Hybrid III

(HIII) frontal dummy (FMVSS Part 572-F) was used
as the biofidelity requirement for forehead impacts
(Figure 2a). This requirement is based on cadaver
drop tests by Hodgson and Thomas (1971). The mean
peak resultant acceleration value of six forehead drop
test was 250 g at 2.71 m/s, which corresponds to a
free fall height of 376 mm. The requirement sets an
allowable variation from the mean value of 10%
(25g) (NHTSA, 2004).

Figure 2a. Frontal head drop test.

Lateral
The head drop test requirement for the

SID/HIII(FMVSS Part 572-M) was used as the
biofidelity requirement for lateral head impacts
(Figure 2b). This requirement was originally
developed for the BioSID dummy and was also based
on cadaver drop tests by Hodgson and Thomas
(1975). The requirement requires the peak resultant

acceleration measured at the head c.g. to lie between
100 g to 150 g when dropped from a height of
200mm onto a rigid surface (NHTSA, 2004).

Figure 2b. Lateral head drop test.

Chest
Given that most existing pedestrian dummies

used torsos from existing frontal or side impact
dummies, the decision was made to use well-
established chest response corridors already existing
in certification, calibration, or biofidelity assessment
procedures.

Frontal
For frontal response, it was decided the thoracic

requirement should match the frontal pendulum
requirement prescribed by Kroell (1976) for a 4.3 m/s
frontal pendulum impact to the sternum.

Lateral
For lateral response, the thorax of the dummy

should meet the lateral response requirements defined
by ISO-9790 (ISO, 1999). This is a 4.3 m/s
pendulum impact to the lateral aspect of the chest.

Lower Extremity
Unlike the more proximal body regions which

experience significant rotations during the impact
event, the lower limbs do not experience a significant
non-lateral bending component when a pedestrian is
initially struck by a laterally impacting vehicle. An
assessment of pedestrian knee injury patterns
(Teresinski, 2003; Bhalla et al., 2003) suggested that
valgus bending was the most common failure loading
mode for the knee. Pedestrian leg fractures due to
bumper contact were attributed primarily to bending
with shear loading of secondary importance
(Teresinski, 2003). Thus, biofidelity curves were
limited to valgus bending of the knee and latero-
medial three-point bending of the leg.
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Figure 3. Schematic of the test set-up used by Bose et al. (2004) in symmetric valgus 4-point bending testing
of intact human knee specimens.

Knee
The methodology and results of Bose et al.

(2004) were chosen for symmetric valgus four-point
bending of the knee (Figure 3). The angular velocity
of the leg relative to thigh was approximately 1000º/s,
determined to be a reasonable knee valgus
bending rate for vehicle impacts in the range of 30
km/h to 50 km/h. Actuator and support load cells
recorded the forces and moments applied to the knee
specimen. Shear loads and valgus bending moments
were also recorded adjacent to the knee structure
using a multi-axis load cell. These forces were
transferred to the knee joint using rigid body
assumptions, recorded angular and linear
accelerations of the segment between the load cell
and knee, and inertial attributes of the segment.
Ivarsson et al. (2004) scaled the inertially
compensated moment-deflection responses provided
by Bose et al. (2004) to the size of a 50th percentile
male knee based on anthropometric femur, tibia, and
patella data. A corridor was then developed around
the characteristic average response using standard
deviation calculations for both the independent
variable (angle) and dependent variable (moment) as
shown in (Figure 4).
Leg

Biofidelity requirements for leg response focused
on three-point bending tests that would generate tibial
bending strain rates characteristic of bumper impacts
at 40 km/h. Kerrigan et al. (2003, 2004) subjected
intact cadaver leg specimens to latero-medial three-
point bending to failure at an approximate deflection
rate of 1.5 m/s. The specimens were simply
supported at a given specified distance from the
proximal and distal ends such that the leg was loaded
at mid-span (symmetric 3-point bending). The
contact force between the impactor and specimen was

determined as the sum of the normal forces measured
by the three-axis load cells at the right and left
supports, respectively. The maximum bending
moment acting on the specimen (right under the
impactor) was determined at each instant in time
during loading as the average of what was calculated
from the right and left side support load cell signals.
Specimen deflection was determined from the
impactor displacement with zero deflection defined
as initial contact between the impactor and specimen.
The force-deflection and moment-deflection curves
from each test were geometrically scaled to the size
of a 50th percentile adult male thigh and leg. Ivarsson
et al. (2004) developed response corridors of
dynamic latero-medial loading for the 50th percentile
male leg (Figure 5).
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Figure 4. Moment-angle response corridor for the
50th percentile male knee subjected to dynamic 4-
point valgus bending.
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Figure 5. Moment-deflection corridor for
dynamic latero-medial loading of the leg at mid-
span.

While moment-angle responses were originally
envisioned, inertial effects introduced complex
bending modes with localized changes in deflection.
Therefore, the decision was made to report a
moment-deformation corridor for the mid-span
position.

EVALUATION OF EXISTING TECHNOLOGY

Early in development of the pedestrian dummy
recommended practice it was decided that there
should be a focus on creating a practice that could be
achieved using existing technology. To this end an
extensive evaluation program was conducted to
understand the capabilities and limitation of existing
pedestrian dummy technology. These results were
then used to help determine which requirements
would be critical (must or shall) and which would be
non-critical (recommended or should).

Test Programs

The PDTG sought involvement and participation
by interested parties in the test and evaluation
program for existing technology. It was requested
that anyone wishing to evaluate an existing
pedestrian dummy technology bring that device to the
PDTG. The PDTG also solicited third party
evaluations of the dummies under consideration.
Two devices were submitted for evaluation, the
modified Hybrid III and the Honda Polar-II, although
only the latter was extensively evaluated based on
interest level of the participating parties.

Five organizations participated in testing and
evaluating the existing technology; DaimlerChrysler
(Germany), PSA-Citroen Peugeot (France), Autoliv

(Sweden), Nissan (Japan) and University of Virginia
(USA). A summary of their test programs and brief
synopsis of their finding is included here. Detailed
summaries for each test series can be found in the
documentation of the PDTG Test and Evaluation
subgroup. Several organizations also contributed
reports and data from pedestrian dummy testing that
was not directly part of the PDTG activity.
DaimlerChrysler

The first program to test existing pedestrian
dummy technology within the PDTG was conducted
by DaimlerChrysler in Germany. Originally 13 tests
with the Honda Polar-II were planned, but due to
dummy damage and schedule delays, the test series
was reduced to 8 tests (Table 4), two of which were
discounted due to severe damage at 40 km/h. All
tests were conducted between 30 km/h and 40 km/h
in a lateral impact stance using a Mercedes E-Class
vehicle. These tests showed the importance of initial
positioning for achieving consistent results as well as
demonstrating the influence of arm position on
pedestrian kinematics.

Table 4
DaimlerChrysler Test Matrix

Arm Configuration Speed Comments
taped to torso 30 km/h
bound in front 30 km/h
bound to sides 30 km/h

bound in front 40 km/h Not analyzed –
Severe damage

bound in front 40 km/h Not analyzed –
Severe damage

bound in front 35 km/h
bound in front 35 km/h
bound in front 35 km/h

PSA Peugeot Citroen
Originally seven tests with the Polar-II were

planned with five vehicles at PSA in France, but
upon arrival the dummy was in poor condition and
required substantive repair before testing could being.
As a result of the delayed schedule only four tests
were conducted as shown in Table 5. Each of these
tests was conducted at 40 km/h in a lateral stance
with a different vehicle type for each test. These
vehicles ranged from a small car to an MPV or van.
This series helps to demonstrate the usefulness of
pedestrian dummies in understanding kinematic
impact differences between different vehicle types
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Table 5
PSA Test Matrix

Vehicle
Category

Vehicle Model Speed

Small Car Citroen C3 40 km/h

Small Family
Car

Peugeot 307 40 km/h

Large Family
Car

Peugeot 407 40 km/h

Van/MPV Peugeot 807
(Citroen C8)

40 km/h

Autoliv
Six tests were conducted with the Polar-II

dummy at Autoliv in Sweden to assess the usefulness
of pedestrian dummies in the development of active
pedestrian protection systems such as pop-up hood
and pedestrian windshield airbags (Table 6). These
tests include one reference test, three active hood
tests, and two airbag tests. All tests were conducted
at 40 km/h in a right side lateral impact configuration
with the hand tied in front and the impact leg
rearward. The vehicle tested was modeled after the
Saab 9-5 large sedan.

It was determined that due to the wrap around
distance of the 50th percentile dummy, not all desired
impact locations could be contacted without
modification of the test setup. In order to impact the
desired head impact locations the ground level of the
dummy was adjusted relative to the vehicle. For
impacts to the hood structures the vehicle was raised
and for contacts to the windshield area the dummy
was raised.

Table 6
Autoliv Test Matrix

Purpose Impact
Location

Vertical
Position

Reference Test Hood
Centerline

-95 mm

Active Hood Hood
Centerline

-95 mm

Active Hood Above Lifter -180 mm
Active Hood –Late
Trigger

Above Lifter -180 mm

Scuttle Bag + Active
Hood

Low
Windscreen
Centerline

+45 mm

A-Pillar Bag +
Active Hood

A-Pillar +45 mm

Nissan
A series of 16 tests were performed by

Nissan Motor Company in Japan to evaluate the
Polar-II and standing Hybrid-III dummies in
pedestrian and bicyclist impact scenarios. These tests
looked at repeatability, variation in impact speed,
variation in hand position and variation in leg
position for the standing pedestrian in a lateral impact.
In addition to a typical pedestrian test configuration,
bicyclist tests were conducted with each dummy in
front and lateral impact scenarios.
UVa

In addition to the full-scale cadaveric
pedestrian tests used to create the biofidelity
corridors for whole-body trajectory, the University of
Virginia conducted a series of tests with the Polar II
at 40 km/h. These tests were intended to replicate the
cadaver test configuration and help to assess the
ability of existing technology to satisfy the proposed
corridors. This testing is explained in further in the
section detailing whole body kinematics.
Non-PDTG Activities: VRTC, U of Adelaide

Several organizations which performed
pedestrian dummy testing outside of the PDTG
activity choose to participate in the task group by
providing feedback, reports, and data from their
testing. These organizations include the NHTSA
Vehicle Research and Test Center (VRTC) in the
United States and the University of Adelaide in
Australia. Both of these organizations did testing to
reconstruct real world crashes using the Polar-II.
These two series help to demonstrate the usefulness
of pedestrian dummy technology in the investigation
and reconstruction of real world pedestrian crashes.
They also help provide insight into the usability and
durability of existing pedestrian dummies.

Durability

Given the potentially severe interaction
between a pedestrian and the exterior of the vehicle
or ground, it is important that a pedestrian dummy
have a reasonable level of durability. For the purpose
of the PDTG, it was decided that a pedestrian dummy
should be able to demonstrate durability at a speed of
50 km/h, 10 km/h greater than the target impact
velocity for biofidelity assessment. Testing
conducted by several organizations looked at the
durability performance of the Polar-II as an example
of existing technology. Damage was noted in several
test series dependent upon vehicle model and impact
configuration.

In the first test series, conducted at
DaimlerChrysler, their test engineers concluded 40
km/h impacts were too severe for the Polar-II and
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evaluation was limited to 35 km/h for the remainder
of their test series. In these 40 km/h tests the dummy
sustained broken tibia components as well as damage
to some sensors and data acquisition unit components
from both vehicle and ground contact. PSA found
the dummy to be in poor condition upon initial
inspection and made extensive repairs before
beginning their test series. In their four tests at 40
km/h they found that overall durability of the dummy
was good, but some improvements were need for the
wiring layout to avoid sensor cable damage. Nissan
also found some concern for the routing of sensor
wires and encountered shoulder damage when the
dummy’s hands were tied behind its back. Tests at 
Autoliv and the University of Virginia found little
concern for durability of the dummy in 40 km/h
impacts. Tests conducted by other organizations also
identified some minor durability concerns at 40 km/h,
but generally found the damage was acceptable for
the severity of impact that was experienced. In
addition to the test series described, Honda R&D
conducted a test at 50 km/h to confirm the whole
body durability requirement prescribed in the
standard. In this test there was minimal damage to
the dummy and therefore it was concluded that a 50
km/h impact with a small passenger car is an
achievable requirement for a pedestrian dummy.

Usability

In terms of usability, or ease of use, there was a
general consensus that existing pedestrian dummies
such as the Polar-II are generally easy to use with a
few key exceptions. Most significant is dummy
positioning. Since the Polar-II dummy cannot
support its own weight in a standing position, the
dummy needs to be suspended which can make it
difficult to achieve a consistent initial position.
Considering the importance of initial position for
dummy kinematics, it was determined that the
standard should include extensive positioning
guidelines for the whole body kinematic test
requirements. Other usability items that came up
were related to the data acquisition system damage
and repair of damaged dummy components. Most of
the data acquisition concerns were related to
integration for use in individual test labs and
damaged cabling during testing. Regarding the repair
of dummy components the most significant issue was
the availability of replacement parts. Since the Polar-
II is still a prototype device, spare parts are not
always available and lead times can be long.

TEST RESULTS/REPEATABILITY

Repeatability performance of the Polar-II was
evaluated in test series conducted by both the
University of Virginia and DaimlerChrysler. In each
of these series, one vehicle model was used for
multiple tests.

During the course of the biofidelity evaluation at
UVA, a series of three dummy tests was conducted
with the Polar-II positioned in same initial orientation
to assess the kinematic response biofidelity. Film
analysis of the three tests showed that very consistent
results were obtained for the head, T1, and pelvis
trajectories. The head trajectory response graph is
shown in Figure 6 as an example. Figure 7 and 8
demonstrate repeatability of sensor responses during
repeated tests at the same impact conditions.
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Figure 6. Polar-II head trajectory response
repeatability from UVA testing

For the three tests with varied arm positions, the
results of these two test series indicate that achieving
a repeatable whole body trajectory is a reasonable
response target for existing pedestrian dummy
technology. The response, however, is dependent
upon initial positioning of the dummy and can be
greatly varied by changes in arm position, leg
position, and orientation. Figure 9 depicts the tests
conducted with variation only in the position of the
upper extremities. The results indicate the sensitivity
of proximal responses (e.g., the head) to more distal
contacts, in this case the upper extremities. While
interaction of this type would likely occur in actual
pedestrian contacts with the same impact conditions,
repeatability of results will require standardized
procedures. Therefore, the pedestrian dummy
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standard will include detailed test procedures and positioning data.

Figure 7. Polar-II head acceleration response repeatability testing at 35 km/h. (Courtesy of DaimlerChrysler).

Figure 8. Polar-II head acceleration response variation with arm position changes at 30 km/h. (Courtesy of
DaimlerChrysler).

Figure 9. Polar-II whole body kinematic response variation with arm position changes at 30 km/h. (Courtesy
of DaimlerChrysler).
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Anthropometry

The ability of existing pedestrian dummy
technologies to comply with the proposed
anthropometry targets was evaluated by comparing
Polar II measurements with the proposed targets.
Tables 7 and 8 show the proposed target values, the
Polar II measurements, and the percentage deviations.

Table 7
Comparison of body segment dimensional targets

and the Polar II

Table 8
Comparison of dummy height targets and the

Polar II

Kinematic Response

In an effort to assess whole-body response of existing
dummy designs, the Polar-II dummy was evaluated
in impact conditions comparable to those used to
develop the cadaver kinematic corridors (Kerrigan et
al., 2005). Specifically, the pedestrian dummy was
oriented to approximate the pre-impact body
orientation of the cadavers. All vehicle conditions
including impact speed were maintained. To
facilitate body region specific response comparisons
with the cadaver corridors, photo targets were affixed
to the head c.g., upper spine, chest c.g., and pelvis c.g.
Identical film analysis procedures were employed for
the cadavers and dummies. The resulting Polar-II
responses were compared with the cadaver corridors
and the resulting responses are shown in Figures 10-
13. Using 10% path length definitions of corridor
width, all Polar-II responses with the exception of
head velocity-time histories were contained in the
PMHS corridor bounds. Using the standard deviation

corridor for head velocity, however, the head
velocity-time history did not fall within the corridor.
This suggests that existing technology does comply
with the majority of standard requirements although
additional refinements may be necessary to satisfy all
corridors.
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Figure 10. Polar II head response relative to
cadaver corridors.
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Figure 11. Polar II head velocity response relative
to one standard deviation cadaver corridor.

Body Segment Dimensions Target Value (mm) Polar II (mm) % Deviation
Head Height 240 237 1.3%

Head Breadth 154 157 -1.9%
Head Circumference 576 586 -1.7%

Head Length 200 200 0.0%
Circumference at interscye 1008 1005 0.3%

Interscye distance 394 356 10.7%
Hip circumference 1018 1038 -1.9%

Bi-trochanteric breadth 361 378 -4.5%
Thigh Circumference 591 548 7.8%

Dummy Whole Body Heights Target Value (mm) Polar II (mm) % Deviation

Top of Head 1757 1750 0.4%
T1 1519 1439 5.6%

H-Point 940 906 3.8%
Knee 492 489 0.6%
Ankle 73 65 12.3%

Shoulder 1428 1426 0.1%
Elbow 1110 1130 -1.8%
Wrist 851 864 -1.5%
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Figure 12. Polar II T1 response relative to PMHS
corridors.
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Figure 13. Polar II pelvis response relative to
PMHS corridors.

The 5% corridors have also been included in the
recommended practice to provide future design
targets for refinement of the dummy components. In
terms of satisfying the pathlength requirements, the
PDTG envisions requiring (i.e., shall) compliance at
the 10% corridor level while recommending (i.e.,
should) compliance at the 5% level.

Component Response

Head
The Hybrid III head is used for both the Hybrid

III and Polar II pedestrian designs. Therefore, five
frontal drop tests of the Hybrid III head were
conducted in accordance with the required test
procedure. Little variability was observed with
minimum and maximum values of resultant head
acceleration of 267 g and 270 g respectively. In
addition, all resultant accelerations were within the
required corridor of 225 to 275 g.
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Figure 14. Frontal drop tests acceleration results
and corridors.
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Figure 15. Lateral drop tests acceleration results
and corridors.

Chest
Five 4.3 m/s pendulum tests were conducted

to evaluate the Polar-II for the proposed lateral
thoracic biofidelity requirement. A very repeatable
response was observed in the five tests and it was
demonstrated that the corridor can be achieved using
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current technology (Figure 16). This dummy is not
configured to measure lateral spine acceleration at T1,
so the ISO-9790 lateral spine acceleration-time
corridor was not evaluated.

Frontal pendulum tests were not conducted using
the Polar-II because this dummy is not currently
instrumented to measure anterior-posterior chest
deflection. However, as the Polar-II’s rib structure is
a modified version of the Thor dummy it is
postulated that their will be some acceptable level of
biofidelity in this mode.
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Figure 16. Lateral thoracic response biofidelity of
Polar-II.

Lower Extremity
The Polar II lower extremity was evaluated

using procedures identical to those of the PMHS tests
used to develop the biofidelity corridors. A more
detailed discussion of these tests can be found in
Takahashi et al. (2005).

Knee
Three dynamic four-point bending tests of the

Polar-II knee were conducted. Test results show that
the moment-angle characteristics of the Polar knee
are within the corridor established from PMHS test
results.

Leg
Three replicate dynamic three-point bending

tests were conducted with the Polar-II tibia. Moment-
deflection and moment-angle characteristics were
compared with corridors made from PMHS test
results. Both characteristics almost fall within the
corridors. These results show that the Polar tibia
satisfies the biofidelity requirements for the leg.

Figure 17. Moment-angle characteristics of Polar-
II knee and corridors for corresponding cadaver
tests.

Figure 18. Moment-deflection characteristics of
Polar-II leg and corridors for corresponding
cadaver tests.

CONCLUSIONS

The SAE PDTG has developed a performance
standard for specification of minimum
anthropometric, kinematic, and response
requirements of a pedestrian dummy. Existing
hardware has been shown to be capable of achieving
the majority of requirements at both a global (i.e.,
whole body kinematics) and component level (i.e.,
specific body region biofidelity). The goal of the
SAE PDTG is to have the standard completed by
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June 2005. Therefore, while the intent of the PDTG
in specifying performance targets will remain
unchanged, many of the precise tolerances on these
requirements should be considered preliminary.

DEFINITIONS

PMHS–post-mortem human subject
PDTG–Pedestrian Dummy Task Group
SAE–Society of Automotive Engineers
NHTSA – National Highway Traffic Safety
Administration
VRTC–Vehicle Research and Test Center
UVA–University of Virginia
PSA–Citroen Peugeot
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ABSTRACT 
Traumatic rupture of the aorta (TRA) is a leading 

cause of fatality in motor vehicle crashes.  However, 
its injury mechanisms are still unknown since it is 
difficult to replicate and evaluate such ruptures 
experimentally.  In this study, the mechanisms of 
aortic rupture in dynamic pressure loading were 
investigated using Finite Element (FE) Analysis. 

A hyperelastic material model with linear 
viscoelasticity was used to characterize the 
mechanical behavior of aorta based on oscillatory 
biaxial tests and literature data.  It was shown that the 
previous data led to contradictory uniaxial and biaxial 
responses.  A set of new material properties were 
identified which closely described all the available 
experimental data. 

Furthermore, a Finite Element model of aortic 
arch was studied under pressure impulse as seen in 
cadaveric sled tests.  Four approaches were used to 
model the fluid namely, Lagrangian, Eulerian, 
Arbitrary Lagrangian-Eulerian (ALE), and Smoothed 
Particle Hydrodynamics (SPH).  The Eulerian 
approach, in which the mesh is fixed in space through 
which the material flows, was the most complete one 
in terms of modeling the flow and interaction with 
the wall, though it required relatively large 
computational time.  In the ALE approach, a 
Lagrangian material deformation was considered 
followed by an advection cycle for smoothing the 
mesh.  The result of the ALE approach compared to 
the Eulerian approach showed less flow and localized 
deformation.  In the SPH formulation, the fluid was 
represented by particles which interact with one 
another and the surroundings through specific 
potential energy functions.  The SPH approach 
exhibited rather idealized behavior of the fluid flow 
with less computational time.  The TRA models were 
validated against in vitro tests and predicted the most 
probable location of rupture at the isthmus as 
indicated in the experiments. 

INTRODUCTION 
Traumatic rupture of the aorta (TRA) is a major 

cause of fatality in automobile accidents.  According 
to the previous studies, aortic injuries continue to be 
present in about 20 percent of motor vehicle crash 
fatalities [1, 2].  The injury mechanism of TRA is 
still unknown and it is difficult to replicate and 
evaluate such ruptures experimentally, though 
different hypotheses have been proposed.  The TRA 
due to pressure was the focus of this study.  Other 
proposed mechanisms of TRA include relative 
motions and osseous pinching [3, 4].  The primary 
site of the TRA is reported at the isthmus region with 
the probability of 75-85%, which is the transition 
between a relatively mobile heart and a relatively 
fixed descending aorta [1, 5]. 

Before failure aorta undergo large deformations 
due to the internal pressure, the inertial forces, and 
the contact forces acting upon aorta from the 
surrounding tissues.  Simulation of aorta in impact 
loading using finite element (FE) analysis was 
conducted to improve the understanding of the 
mechanisms of aortic injury.  The biofidelity of the 
results of the FE model is in part dependent on the 
choice of material constitutive model.  The uniaxial 
and biaxial experimental data of Mohan and Melvin 
(MM) showed that the mechanical behavior of aorta 
is rate dependent and failure occurs at stretch ratios 
more than 60% [6, 7].  Previous FE studies simplified 
aortic blood with linear elastic fluid model which is 
incapable of sustaining large deformations [8, 9].  
Complicated and more realistic flow interaction with 
the aortic wall can be accomplished by applying such 
techniques as Arbitrary Lagrangian Eulerian method 
(ALE) or Smoothed Particle Hydrodynamics (SPH). 

METHODS 
Material Model 

A representative rectangular piece (20.5 mm x 
18.4 mm x 1.36 mm) of human aorta, sample HA41, 
was subjected to biaxial oscillatory stretch at 20 Hz 
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superimposed on a constant stretch, using the test 
setup described in [10] (Figure 1).  The sample was 
excised from the arch of aorta of a 27 year-old 
subject and was connected to two shakers and two 
load cells using 12 silk sutures.  The oscillatory 
deformation was determined based on the measured 
accelerations of the two shakers moving in the 
circumferential and longitudinal directions.  The 
biaxial forces were measured using two load cells 
mounted opposite to the shakers.  The displacement 
offsets and the time history of the state of strain in the 
central quadrilateral region, PQRS, were determined 
based on motion analysis of high speed (1000 
frames/sec) video photography of the sample 
deformation.     

 
Figure 1.  HA41 aorta sample and its FE model 
for biaxial testing at 20Hz 

A second-order Mooney-Rivlin (MR) 
constitutive model of the following form, for an 
isotropic material, was assumed for aorta: 

10 1 01 2

2 2
11 1 2 20 1 02 2

( 3) ( 3)

( 3)( 3) ( 3) ( 3)

W C I C I

C I I C I C I

= − + −

+ − − + − + −
     (1) 

in which, W is the strain energy function, Cij are the 
material properties and Ii are the invariants of the left 
Cauchy-Green strain tensor.  The above equation is 
compatible with material 77 in LS-DYNA [11].  
Viscoelasticity of the material was approximated by 
adding a one-term Prony series, G(t)=2µ0exp(−βt), to 
the hyperelastic shear modulus, where µ0=2(C10+C01) 
is the linear shear modulus and β is the decay rate.  
The factor 2 in G(t) was chosen based on the ratio 
between the dynamic and quasi-static result given in 
[6].  The hyperelastic material properties were 

determined by least-squares optimization of an 
analytical solution for the biaxial forces subject to a 
general biaxial deformation.  The viscoelastic decay 
rate was determined based on the phase shifts 
between the oscillatory displacements and forces.  
For the quasi-static and dynamic uniaxial test data 
(MM Static and MM Dynamic) given for a 25 year-
old subject, MR models were characterized.  
Analytical solutions for uniform biaxial deformation 
were compared with the experimental biaxial data 
given in [7] to validate the quasi-static MR models.  
Finally, the MR material models for HA41 and MM 
Static were implemented in LS-DYNA (ver.970) and 
the model results were compared with the 
experimental oscillatory biaxial data. 

 
Fluid-Structure Interaction 

A simplified FE model of aorta (Figure 2a) was 
developed based on the geometry and dimension 
from a human aorta used in the biaxial tests [10].  
The aortic wall was modeled with one-layer solid 
elements.  Four approaches were used to model the 
fluid namely, Lagrangian, Eulerian, Arbitrary 
Lagrangian-Eulerian (ALE), and Smoothed Particle 
Hydrodynamics (SPH).  In the Lagrangian method, 
the mesh is attached to the body and it transforms 
according to the deformation of the material.  The 
Eulerian approach is solving the problem with a fixed 
mesh in space through which the material flows.  
Therefore, some initially void elements, representing 
the environment, are needed.  In the ALE approach, 
in each time step, a Lagrangian material deformation 
is considered followed by an advection for fluid 
calculations.  In the SPH formulation, the fluid is 
represented by particles which interact with one 
another and the surroundings through specific 
potential energy functions.  Computations were 
performed using LS-DYNA (ver. 970) for the 
Lagrangian, Eulerian and ALE models, and PAM-
CRASH (ver. 2002) for the SPH model. 

To perform the pressurization simulation, 
particularly for the ALE and SPH models, a reservoir 
tube and a piston were used to create the fluid inflow 
boundary condition at the inlet of the tube. A linear 
ramp representative of cadaveric sled tests was taken 
as the pressure input (Figure 2b).  The model was 
symmetric with respect to the X-Y plane and fixed 
boundary conditions (no flow) were defined at the 
other end.  For fluid-structure interaction (FSI) in LS-
DYNA, coupling of the Lagrangian mesh of aorta 
with the Eulerian mesh of the fluid was used.  For 
this purpose in PAM-CRASH, the node to segment 
contact was implemented.  A friction coefficient of 
0.08 was assumed in the ALE and the SPH model 
between fluid and structure, which created flow 
characteristics consistent with the Eulerian model. 
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Figure 2.  Simplified FE aorta model and pressure 
history 

RESULTS AND DISCUSSION 
The material parameters determined for the MM 

Static, MM Dynamic, and HA41 models are 
summarized in Table 1.  For HA41, the experimental 
strains were all below 40%.  Therefore, any result of 
this model for higher strains is merely speculative. 
The MR material model was able to closely match 
the uniaxial MM Static and MM Dynamic data 
(Figure 3). The behavior of the model for HA41, 
which was characterized based on the biaxial 
oscillatory results, in uniaxial deformation, was close 
to the MM Static data particularly at strains below 
40%.  In uniform biaxial deformation (Figure 4), the 
response of the MM Static model was significantly 
stiffer than the reported biaxial data.  However, the 
response of the HA41 model, at strains below 40% 
was closer to the experimental biaxial data.   

 

Table 1. 
Material properties (in kPa) of the MR models for 
the quasi-static and dynamic results of Mohan and 

Melvin and the hyperelastic response of the 
biaxial test of HA41 

Test MM Static MM 
Dynamic HA41 

C10 1.16E+01 1.67E+02 1.96E+01 

C01 7.17E-01 -4.83E+01 9.25E+00 

C11 -2.64E+03 -3.82E+03 -5.73E+01 

C20 1.06E+03 1.81E+03 5.46E+01 

C02 1.71E+03 2.00E+03 1.41E+01 
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Figure 3.  Responses to uniaxial loading. 
Experimental and MR model results for the quasi-
static and dynamic tests of MM, and FE model 
results for the HA41 sample 
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Figure 4.  Responses to uniform biaxial loading. 
Experimental and MR model results for the quasi-
static test of MM and MR model results for the 
HA41 sample 

 
FE simulation of the oscillatory biaxial 

deformation with HA41 model showed that forces 
and strains were closely following the experimental 
data (Figure 5 and Figure 6 respectively).  The 
stiffness hourglass coefficient (type 4) for this 
simulation was HG=0.1 and the ratio of hourglass 
energy to internal energy was less than 5%. The fact 
that E22 in the experiment was larger than the model 
showed that the tissue was anisotropic.  For the FE 
simulation with MM Static material model, with 
HG=0.1 the ratio of hourglass energy was 40% and 
the forces were significantly higher than the 
experimental data.  With HG=0.001, the forces were 
close to the experimental data, but the strains were 
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low and excessive deformation occurred in the 
boundary (Figure 6).  Therefore, the MM Static and 
biaxial data led to contradictory uniaxial and biaxial 
responses.  The HA41 material properties closely 
described the experimental data for strains below 
40%. 
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Figure 5.  Comparison of forces in the 
circumferential and longitudinal directions 
between biaxial test data and FE results with 
HA41 MR material model 
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Figure 6.  Comparison of strains between biaxial 
test data and FE results with MM static and HA41 
MR material models 

Based on the material parameters of HA41, the 
FSI models were used to simulate the in vitro 
pressure tests described in [10].  The velocity profile 
and pressure distribution in the fluid were considered 
as the main factors representing the flow 
characteristics which were measured at the isthmus 
region.  Although all approaches predicted a 
parabolic velocity profile which is expected for 
Poiseuille-like flows, the Lagrangian method showed 
excessive mesh distortion which caused rapid drop of 
the time-step during simulation (Figure 7).  All three 
FSI models predicted generation of vortices at the 
isthmus only when the loading rate was increased to 
20 kPa/ms.  For the test loading condition (0.5 
kPa/ms) no vortices occurred.  The maximum 

velocity was in the range of 2.5 to 3.0 mm/ms at 
120ms.  The pressure distribution was uniformly 
decreasing along the tube with about 60% of the 
input pressure at the isthmus. 

 
Figure 7.  Comparison of velocity profiles of FSI 
models (at 100ms) 

(c) ALE fluid 

(d) SPH fluid 

(a) Lagrangian fluid 

 

(b) Eulerian fluid 
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The trend of stretch ratios and stresses measured 
in the circumferential and longitudinal directions 
were consistent in the three FSI models.  However, 
the results of the SPH model were higher than the 
two other models (Figure 9).  In the SPH model, the 
identical material model was not used as only the 
first-order Mooney-Rivlin was available in the PAM-
CRASH solver and it resulted in slightly different 
behavior.  In the ALE model, the flow could not 
propagate as much as in the Eulerian and SPH 
models and the deformation of aorta was more 
concentrated in the ascending region.  The maximum 
principal stress was predicted at the inner arch of the 
wall, close to the isthmus, in the range of 250 to 
275kPa in the circumferential direction (Figure 8). 
The results were compared with the uniaxial failure 
tests [6] and the pressurization tests [10] (Figure 10).  
The material models used in this study were 
characterized based on sub-failure deformations 
(maximum strain about 15%).  As a result, the stress-
stretch ratio curves predicted from the models were 
almost linear and did not show the nonlinear trend 
observed in the experiments in large stretch ratios.  
However, the maximum values of stress and strain 
were located within the experimental data range.  
Neither in LS-DYNA nor in PAM-CRASH there is a 
material model that can handle both the nonlinearity 
and anisotropy that is observed in the aorta tissue.  In 
the Eulerian method, because of the void elements, 
the total number of elements was higher than the 
others and also required the largest CPU calculation 
time (Table 2).  For the SPH approach, the initial 
time step was the largest and the CPU time was the 
smallest in this simulation.  However, as the number 
of elements grows, calculation time may increase 
dramatically. 

 
Figure 8.  Maximum principle stress distribution 

 
Figure 9.  Aorta wall stress-stretch ratio at 
isthmus 

 

 
Figure 10.  Stress vs. stretch ratio at isthmus and 
comparison with experiments 
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Table 2. 
Computational aspects of the models 

Element  
formulation Eulerian ALE SPH 

Elements 6544 1904 2016 

∆ti (µsec) 0.97 0.97 1.75 

CPU time (sec) 11238 5626 3940 

Solver LS-DYNA LS-DYNA PAM-CRASH 

CPU Clock Intel® Pentium®4 2.8GHz 

CONCLUSIONS 
Three TRA models with material properties 

determined from dynamic biaxial tests were validated 
against in vitro tests and predicted the most probable 
location of rupture at the isthmus as indicated in the 
experiments.  The Eulerian approach was the most 
complete one in terms of including the flow and 
interaction with the wall, though it required relatively 
large computational time.  The ALE approach 
resulted in less flow and more localized deformation 
in the aorta.  The SPH approach exhibited rather 
idealized behavior of the fluid flow but the results in 
the aorta wall were close to the Eulerian approach 
with less computational time. 
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ABSTRACT 

The benefits and risks of potential motorcycle 
protective devices (such as airbags) may depend on 
the pre-crash position of the rider on the motorcycle. 
Therefore an understanding of the range of riding 
positions is needed for research into the risks and 
benefits of these devices. A statistical model was 
developed that describes the range motorcycle riding 
positions, in terms of mean, variance, and correlation 
parameters; as a function of rider stature, motorcycle-
rider interface geometry (seat, hand grips, footrest), 
and geographic region, based on data collected from 
Japan, Europe (the Netherlands), and the United 
States. The rider position and motorcycle-rider 
interface geometry data was digitized from images of 
1390 riders as they were riding on public roadways. 
A graphical user interface was developed to enable a 
user to select from and view the range of riding 
positions described by the model. 
 
INTRODUCTION 

Background 

The benefits and risks of potential motorcycle 
protective devices (such as airbags) may depend on 
the pre-crash position of the rider on the motorcycle 
(See Rogers and Zellner [1]). Therefore an 
understanding of the range of riding positions is 
needed for research into the risks and benefits of 
these devices. 
 
In addition, motorcycle seating and control layout 
may affect other, various vehicle attributes, such as 
comfort, aerodynamics, visibility, stability and so on, 
and therefore the interaction with ride size and 
position are of general interest. For example, Reed et 
al. [2] have developed a similar model for automobile 
driving posture. 

 
Objectives 

The objectives of this study were to determine the 
range of motorcycle riding positions, as a function of 
rider stature, motorcycle-rider interface geometry 
(seat, hand grips, footrest), and possibly geographic 
region. 
 
Approach 

The distribution of motorcycle riding positions was 
quantified in terms of a mean and variation of the 
rider back angle and hip position in terms of the rider 
the hand grip location and seat height relative to the 
footrests, and rider statue. The mean location was 
determined by a regression analysis, assuming a 
constant (homogeneous) variation in riding position 
about the mean. The homogeneity of the variation 
were then assessed by subdividing the data into 
quartiles. 
 
RIDER POSITION DATABASE 

A rider position database was prepared comprising 
1390 observations of riders operating motorcycles on 
public roads in Japan, the Netherlands, and the 
United States (Ohio) as indicated in Table 1. There 
were 56 variables for each observation, comprising 
coordinates of points on the rider and motorcycle that 
were digitized from video still images, and derived 
measures such as rider stature.  Of the 1390 cases, 
139 cases were not used in the analysis because they 
were outliers (> 5 standard deviations) or had missing 
data (e.g., a point was not visible on the still image 
and therefore could not be digitized). 
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Data Sources 

The video and digitized data were provided by 
Honda, Kawasaki, Suzuki, and Yamaha of Japan, 
Harley-Davidson (USA), and Yamaha (Europe). The 
sources and regions are summarized in Table 1. 
 

Table 1. 
Rider Position Database Sources and Regions 

 
Source Region Number of 

Observations 
Harley-Davidson US (Ohio)  218 
Honda Japan  150 
Kawasaki Japan  150 
Suzuki Japan  159 
Yamaha (Japan) Japan  154 
Yamaha Motor 
Europe 

Europe 
(Netherlands) 

 559 

Total   1390 
 
Rider Position Variables 

The variables of interest for this analysis are as 
follows: 
• Independent variables:  

backθ  is the rider back angle in degrees relative to 
the vertical. A positive value indicates that 
the rider is leaning forward. 

hipx  is the rider longitudinal hip position relative 

to the footrest. 
• Dependent variables: 

seatz  is the seat height (m), 

gripx  is the rider longitudinal hand grip position 

(m), 

gripz  is the rider vertical hand grip position (m), 

S’ is the estimated rider stature (m).  
 
The X and Z coordinates are expressed in meters 
relative to the location of the motorcycle footrest. 
The Z-axis is perpendicular to the ground plane and 
the positive direction is pointed towards the ground. 
The X-axis is in the plane of symmetry of the 
motorcycle and perpendicular to the Z-axis; the 
positive direction is pointed towards the front of the 
motorcycle. 
 
The rider stature was estimated from the distances 
between the head center, shoulder point, hip point, 
knee, and ankle, with corrections for the head height 
and ankle height. 
 

Distribution of Rider Position Variables 

The distributions of the position variables are 
illustrated in Figures 1 to 4. Figures 1 and 2 are 
histograms illustrating the univariate distributions for 
each of the dependent and independent variables. 
Figures 3 and 4 are scatter plots illustrating the 
distribution of the rider hip position and back angle 
vs the independent variables. These figures indicate a 
wide range of rider positions for which more detailed 
model is sought. 
 

 

Figure 1. Distribution of rider longitudinal hip 
position and back angle. 
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Figure 2. Distribution motorcycle seat height, 
hand grip location, and rider stature. 

 

 

Figure 3. Distribution of rider hip position vs 
motorcycle seat height, hand grip location, and 
rider stature. 

 

Figure 4. Distribution of rider back angle vs 
motorcycle seat height, hand grip location, and 
rider stature. 

 
METHODOLOGY 

Assumed Rider Position Distribution 

It was assumed that the rider position can be 
characterized in terms of the longitudinal hip position 
( hipx ) and back angle ( backθ ) that depend on the 

motorcycle seat height ( seatz ) and hand grip position 

( gripx , gripz ), rider stature ( S ′ ), region (R), plus 

some amount of random variation. More specifically, 
it is assumed that hipx  and backθ  are normally 

distributed with mean and variance as follows: 
 
Mean: 

  
( ) ( )

( ) ( )RSzzxE

RSzzxxE

seatgripgripback

seatgripgripxxhip

back
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,,,,F
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′==
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θθµθ

µ
(1). 

 
Variation: 
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θθ
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=−−

=−

=−

22
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(2). 

where 
( )xF  is a function of x, 

( )xE  is the expected value of x, 
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and where 
hipxσ , 

backθσ , and ρ  are constant values 

to be estimated. 
 
It is furthermore assumed that 

hipxµ  and 
backθµ  in 

equation (1) are linear combinations of p
gripx , p

gripz , 

p
seatz , and ( )pS ′ , for p=1 and 2, for each region R 

separately and for all regions as a group. This can be 
expressed as follows: 
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where the values for Rk ,α  and Rk,β  can be 

estimated by multivariable linear regression (Draper 
and Smith [1]). 

Table 2. 
Estimated rider distribution model coefficients 

 
Distribution Model Parameter Japan Europe US All Regions 

a0 -0.42 (0.24) -0.15 (0.15) 0.26 (0.32) -0.089 (0.057) 

a1 1.104 (0.053) 0.931 (0.056) 0.873 (0.071) 1.055 (0.038) 

a2 -0.667 (0.097) -0.279 (0.082) -0.38 (0.13) -0.599 (0.059) 

a3 -0.62 (0.66) 0.60 (0.37) 1.08 (0.79) 0 

a4 -0.41 (0.49) 0.41 (0.28) 0.73 (0.59) -0.032 (0.041) 

a5 0 0 0 0 

a6 0 0 0 -0.103 (0.075) 

a7 -0.161 (0.053) -0.116 (0.049) -0.22 (0.10) -0.212 (0.037) 

Mean hip position 

( )2
87

2
65

2
43

2
210

SaSa

zaza

zaza

xaxaax

seatseat

gripgrip

gripgriphip

′+′+

++

++

++=

 

a8 0 0 0 0 

Regression model RPRED statistic 0.87 0.92 0.93 0.88 

b0 105 (26) 13.4 (5.5) 27 (15) 51 (15) 

b1 -10.2 (6.3) 15.2 (8.4) 17 (11) 6.9 (4.5) 

b2 57 (11) 9 (11) 17 (18) 30.0 (6.7) 

b3 282 (76) 0 64 (18) 117 (43) 

b4 169 (56) -48.5 (6.0) 0 47 (32) 

b5 -31 (15) -41 (12) -34 (26) -26.8 (8.7) 

b6 0 0 0 0 

b7 0 0 0 0 

Mean back angle 

( )2
87

2
65

2
43

2
210

SbSb

zbzb

zbzb

xbxbb

seatseat

gripgrip

gripgripback

′+′+

++

++

++=θ

 

b8 0 0 0 0 

Regression model RPRED statistic 0.63 0.72 0.75 0.68 

Hip position standard deviation 
hipxs  0.0686 0.0512 0.0585 0.0688 

Back angle standard deviation 
back

sθ  7.93 7.03 8.42 8.28 

Correlation r -0.554 -0.434 -0.390 -0.432 

Number of observations  563 501 185 1251 
Note 95% confidence intervals are in parenthesis (). 
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Mean Rider Position Model 

Given Rka ,  and Rkb ,  are unbiased linear regression 

estimates of Rk ,α  and Rk,β , it follows that 
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are unbiased estimates of 
hipxµ  and 

backθµ  . 

 
The form of equation (4), with linear and quadratic 
terms, was chosen in order to model possible 
nonlinear trends in the data. However, not all of these 
trends may be present in the data and therefore it is 
appropriate to remove terms that do not contribute to 
the “fit and predictive capability” of the model. This 
was accomplished by evaluating the RPRED statistic 
for all 255 possible models with different 
combinations of the input terms. The RPRED statistic 
is described in Appendix D. The model with the 
maximum RPRED was then chosen and the 
coefficients for the terms that were removed were set 
to 0. 
 
Rider Position Variation Model 

The difference between the observed and the mean 
rider position values can be expressed as 
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are unbiased estimates of 2
hipxσ , 2

backθσ , and ρ  

respectively, where n is the number of observations 
that were used in the linear regression. 
 
RESULTS FOR ALL GEOGRAPHIC REGIONS 
COMBINED 

The distribution of rider position for all 1251 
observations from Japan, Europe, and the US was 
assessed and the resulting distribution model 
coefficients are listed in the last column of Table 2. 
The actual distribution of the data was then compared 
to the distribution model to verify the assumptions.  
 
Verification of the Assumed Equation for the 
Mean Rider Position  

Scatter plots illustrating the distribution of rider 
longitudinal hip position ( hipx ) and back angle 

( backθ ) vs the seat height, hand grip location, and 
stature, while controlling for the other independent 
variables, are illustrated in Figure 5 and Figure 6. 
These plots help to verify the assumed quadratic 
relationship between the dependent and independent 
variables that was assumed by equation (3). 
However, there are some small but statistically 
significant higher order mean deviations that are 
observable in Figures 7 and 8. 
 
Verification of the Homogeneous Normal 
Distribution Assumption 

The variations in the dependent rider position 
variables versus the mean values are illustrated in 
Figures 7 and 8. The colors of the points in the scatter 
plot at the bottom of each figure illustrate how the 
data were divided into four equally sized subsets or 
quartiles. Histograms of each quartile and the entire 
data set are illustrated at the top of each figure. 
 
These results in Figure 7 suggest that may be some 
lack of homogeneity in the hipx∆  variation, which is 

larger in the first quartile and smaller in the fourth 
quartile. 
 
The back angle variation in Figure 8 appears to be 
consistent with the assumptions. 
 
Verification of the Homogeneous Correlation 
Assumption 

The correlation between hipx∆  and backθ∆  is 

illustrated in Figure 9. The size of the ellipse 



Van Auken 6 
 

represents the 95% confidence interval. The ellipsoid 
appears to be representative of the distribution. 
 
Figure 10 illustrates the same correlation by quartile, 
in order to observe the homogeneity of the 
correlation. The quartiles were determined by hipx  

and backθ  as illustrated by the scatter plot at the 
bottom of Figure 10. The correlation appears to be 
relatively homogeneous, except for the non-
homogeneous variation in hipx∆  previously noted for 

Figure 7. 
 
Comparison of the Modeled and Observed Rider 
Position Distributions 

Figure 11 illustrates the agreement between the 
modeled and observed rider position distributions. 
The modeled distribution was calculated from 
• the values for a, s, and r, listed in Table 2 that 

describe the mean, variance, and correlation of 
the dependent rider position variables as a 
function of the independent variables; 

• the observed distribution of the independent 
variables (e.g., Figure 2); and 

• the assumption that the distribution is normally 
distributed.  

 
 The results in Figure 11 indicate that the 
modeled distribution is in good agreement with the 
overall distribution. The results also indicate that 
there are some higher order variations in the 
distribution that are not modeled, and this may be 
attributed to the non-homogenous hipx∆  previously 

indicated, and differences due to geographic region 
(which are not included in this model). 
 

 

Figure 5. Rider longitudinal hip position vs 
motorcycle seat height, hand grip location, and 
rider stature, while controlling for the other 
independent variables. 

 

Figure 6. Rider back angle vs motorcycle seat 
height, hand grip location, and rider stature, while 
controlling for the other independent variables. 
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Figure 7. Distribution of the rider longitudinal hip 
position relative to the mean hip position. 

 

 

Figure 8. Distribution of the rider back angle 
relative to the mean back angle. 

 

Figure 9. Variation in rider back angle vs 
longitudinal hip position. 
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Figure 10. Variation in rider back angle vs 
longitudinal hip position by quartile. 

 

 

Figure 11. Modeled and observed distributions of 
rider longitudinal hip position and back angle. 

 
RESULTS FOR EACH GEOGRAPHIC REGION 
SEPARATELY  

The distribution of rider position for Japan, Europe, 
and the US were also assessed separately, and the 
resulting distribution model coefficients are also 
listed in Table 2. Plots illustrating the agreement 

between the data and the distribution models are 
illustrated in Appendices A, B, and C. 
 
SOFTWARE TOOL 

The descriptive models for rider position (equations 
(7) and (3)) and Table 2) were incorporated into a 
user-friendly Microsoft Excel based computer 
program. As illustrated in Figure 12, the MS Excel 
program computes rider position based on the 
geographic region, motorcycle seat height and hand 
grip position, and rider stature, and displays the 
results. 

 

Figure 12. Rider position software tool. 

 
CONCLUSIONS AND RECOMMENDATIONS 

Descriptive statistical models for Europe, Japan, the 
US, and all regions were determined that describe the 
distribution of rider position as a function of the 
motorcycle-rider interface, rider stature, and 
geographic region. The dependent rider position 
variables are the longitudinal location of rider hip 
relative to the motorcycle footrest ( hipx ) and rider 

back angle ( backθ ). It was assumed that hipx  and 

backθ  are randomly distributed with normal 
distributions relative to mean values which are a 
function of the independent variables. The 
independent variables are the motorcycle seat height 
( seatz ) and hand grip position ( gripx , gripz ), relative 

to the motorcycle footrest, and the rider stature ( S ′ ). 
It was furthermore assumed that the standard 
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deviations and correlation of hipx  and backθ , relative 

to the mean values, are constants. The coefficients 
that describe the mean, standard deviation, and 
correlation for each geographic region and for all 
geographic regions combined are listed in Table 2. 
 
Given the motorcycle-rider interface geometry, rider 
stature, and geographic region, the distribution of 
motorcycle riding position can be estimated 
according to the model as follows: 
1. Determine the appropriate set of coefficients 

listed in Table 2 to use based on the desired 
geographic region. 

2. Calculate the mean rider position accord to the 
following equations: 
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3. Calculate the approximate 95% confidence 
intervals for hipx  and backθ  according to the 

equations: 

  
backback
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ss
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backbackback
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θθ θθθ 96.196.1
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+≤≤−
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 (8). 

These calculations have been integrated into a 
Microsoft Excel computer program. 
 
The overall agreements between the modeled and 
observed distributions of rider position are illustrated 
in Figures 11, A-11, B-11, and C-11. 
 
It may be possible to further improve the agreement 
between the modeled and observed hipx∆  

distributions by scaling or weighting the longitudinal 
rider position in order to model the differences in the 

hipx∆  variation that were observed in Figure 7.  

 
It is notable that, with regard to rider back angle, the 
Europe and Japan models are uni-modal (with means 
at 24 and 13 degrees of forward lean, respectively), 
whereas the US model is bi-modal with peaks at 1 
and 28 degrees, reflecting the different seating 
preferences and layouts in the data from the regions. 
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APPENDIX A – DISTRIBUTION OF RIDING 
POSITION IN JAPAN 

The distribution of rider position in Japan, based on 
observations of 563 riders, is illustrated in Figures A-
1 to A-5. Figure A-1 illustrates modeled and 
observed distribution of rider back angle and hip 
position. The modeled distributions of these 
dependent variables are based on the distribution of 
the four independent variables in Figure A.2. Figure 
A-3 illustrates the relationship between the rider hip 
position and back angle vs. the independent variables. 
Figure A-4 is similar to Figure A-3, but controlling 
for the variation in the other independent variables 
and illustrating the distribution model. 
 

 

Figure A-1.  Modeled and observed distribution of 
rider longitudinal hip position and back angle for 
563 riders in Japan. 



Van Auken 10 
 

 

Figure A-2.  Distribution of observed motorcycle 
seat height, hand grip location, and rider stature 
for 563 riders in Japan. 

  

Figure A-3.  Observed rider hip position and back 
angle vs motorcycle seat height, hand grip 

location, and rider stature for 563 riders in Japan. 
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Figure A-4.  Rider hip position and back angle vs. 
motorcycle seat height, hand grip location, and 
rider stature, for 563 riders in Japan, while 
controlling for the other independent variables. 

 

Figure A-5.  Variation in rider back angle vs hip 
position for 563 riders in Japan. 

 

APPENDIX B – DISTRIBUTION OF RIDING 
POSITION IN EUROPE 

The distribution of rider position in Europe, based on 
observations of 501 riders in the Netherlands, is 
illustrated in Figures B-1 to B-5. 
 

 

Figure B-1.  Modeled and observed distribution of 
rider longitudinal hip position and back angle for 
501 riders in Europe. 
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Figure B-2.  Distribution of observed motorcycle 
seat height, hand grip location, and rider stature 
for 501 riders in Europe. 

  

Figure B-3.  Observed rider hip position and back 
angle vs motorcycle seat height, hand grip 
location, and rider stature for 501 riders in 
Europe. 
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Figure B-4.  Rider hip position and back angle vs. 
motorcycle seat height, hand grip location, and 
rider stature, for 501 riders in Europe, while 
controlling for the other independent variables. 

 

 

 

Figure B-5.  Variation in rider back angle vs hip 
position for 501 riders in Europe. 

 

APPENDIX C – DISTRIBUTION OF RIDING 
POSITION IN THE US 

The distribution of rider position in the US, based on 
observations of 185 riders in the State of Ohio, is 
illustrated in Figures C-1 to C-5. 
 

 

Figure C-1.  Modeled and observed distribution of 
rider longitudinal hip position and back angle for 
185 riders in the US. 
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Figure C-2.  Distribution of observed motorcycle 
seat height, hand grip location, and rider stature 
for 185 riders in the US. 

 

Figure C-3.  Observed rider hip position and back 
angle vs motorcycle seat height, hand grip 
location, and rider stature for 185 riders in the 
US. 
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Figure C-4.  Rider hip position and back angle vs. 
motorcycle seat height, hand grip location, and 
rider stature, for 185 riders in the US, while 
controlling for the other independent variables. 

 

 

 

Figure C-5.  Variation in rider back angle vs hip 
position for 185 riders in the US. 

 

APPENDIX D 

The RPRED statistic was the figure of merit used to 
select the regression models. It is based on the 
PRESS statistic described in Section 6.8 of Draper 
and Smith [3]. The RPRED statistic can be calculated 
according to the following equation: 
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The RPRED statistic is similar to the regression 
model R2 statistic, except that PRESS residuals are 
used instead of ordinary residuals. Whereas ordinary 
residuals are the difference between the observed 
value for y and the estimated value ŷ , PRESS 
residuals are the difference between the observed y 
and ŷ  predicted by a model in which one rating at a 
time had been set aside and not used to identify the 
model. Therefore RPRED is a measure of both the fit 
and the predictive capabilities, and RPRED values 
approaching 1 are desirable.  
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ABSTRACT 

A primary function of pedestrian dummies is 
biofidelic representation of whole body kinematics.  To 
assess the biofidelity of a pedestrian dummy, corridors 
for the kinematic response of post-mortem human 
surrogates (PMHS) tested in full-scale pedestrian 
impact tests were developed.  Three PMHS were tested 
in full-scale pedestrian impact tests using a late-model 
small sedan with an impact velocity of 40 km/h.  Three 
additional tests using the Polar-II dummy were 
conducted in identical conditions to those used in the 
PMHS tests.   

All impacts were conducted with the PMHS or 
dummy positioned laterally at the center line of the 
vehicle, in a mid-stance gait position, with the struck-
side limb positioned posteriorly and the upper limbs 
placed anterior to the torso.  Initially supported by a 
harness, each surrogate was released prior to impact 
and was unconstrained through a 250 ms interaction 
with the vehicle.  

Using photo targets mounted at the equivalent 
locations of the head center of gravity (CG), top of the 
thorax, thorax CG, and pelvis CG, the kinematic 
response of the pedestrian surrogates was evaluated 
using parametric trajectory data.  To account for 
simultaneous variability in multiple kinematic 
parameters, boxed-corridors based on a percentage of 
trajectory path length were developed from the 
trajectory data.  Given the significance of head impact 
for pedestrian injury outcome, head velocity-time 
corridors were also developed.   

Comparing dummy response and PMHS corridors, 
the Polar-II generally replicated the complex 
kinematics of the PMHS and demonstrated good 
overall biofidelity.  Greater sliding up the hood by the 
PMHS, and lack of neck muscle tension in the PMHS 
have been identified as potential causes for differences 
in the length and shape of body segment trajectories.  
More testing is necessary to assess the effects 
differences in pre-test orientation, surrogate stature, 
and clothing will have on surrogate response.   

 

INTRODUCTION 

Pedestrians killed in pedestrian-vehicle collisions 
represent 65% of all road traffic fatalities worldwide 
(World Bank 2001).  While the percentage of 
pedestrian fatalities is much higher in developing 
nations than in industrialized nations, pedestrians still 
make up 11%-30% of road traffic fatalities in the US, 
the European Union, and Japan (NHTSA, 2003, NPA, 
2003, CARE, 2002).   

To combat this serious public health problem, 
researchers have been developing pedestrian surrogates 
like pedestrian dummies and pedestrian computational 
models to further understand pedestrian injury 
mechanisms and to evaluate the level of safety afforded 
to pedestrians by all motor vehicles.  Numerous studies 
presenting data from pedestrian impact tests with 
different pedestrian dummies were published in the late 
1970’s and early 1980’s.  More recently, most of the 
public research regarding the development and 
validation of pedestrian dummies has been with regard 
to one particular dummy, the Polar dummy.  
Development of the Polar dummies began in the late 
1990’s by Honda R&D Co., Ltd. in collaboration with 
GESAC Inc. and the Japan Automobile Research 
Institute.   

The first version of the Polar dummy, the Polar-I, 
was developed by combining and modifying 
components from the Hybrid III and THOR dummies 
(Akiyama et al. 1999a and 1999b, Huang et al. 1999).  
Modifications made to the Hybrid III and THOR parts 
included additional foam in the knee joint flesh, a 
compliant element in the tibia, and two additional 
joints to the thoracic/lumbar spine to permit more 
lateral bending compliance spine.  Full-scale tests and 
component-level tests were performed to assess the 
biofidelity of the dummy (Akiyama et al. 1999a and 
1999b, Huang et al. 1999).   

Based on the results of computer simulations and 
experiments, modifications to the femur, knee joint and 
lower extremity flesh were made (Huang et al. 1999).  
An additional series of full-scale pedestrian tests was 
performed.  This new version of the dummy, Polar-I.2, 
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provided a more biofidelic response than the Polar-I 
version, but additional improvements were required for 
biofidelity at vehicle speeds of 32 km/h.   

A new version of the dummy, called Polar-II 
(Figure 1), was developed to improve the kinematic 
response of the dummy (Akiyama et al. 2001).  A new 
knee joint (Figure 1) with human-like geometry and a 
new flexible tibia were added to improve lower 
extremity biofidelity.  The shoulder joint was also 
modified to decrease the stiffness for motions within 
the normal human range.  Additionally more 
instrumentation was added to obtain kinetic data in the 
lower extremity and deflection data in the thorax and 
abdomen (Akiyama et al. 2001).  Full-scale pedestrian 
impact tests were performed on the Polar-II with six 
different sized vehicles to further understand how 
differing vehicle shapes affect pedestrian kinematics 
(Akiyama et al. 2001 and Okamoto et al. 2001).   

 

 
Figure 1.  Polar-II dummy with human-like knee 
joint inset. (Akiyama, 2001) 

 
The biofidelity of the Polar dummy has been 

evaluated by comparing its response in full-scale 
impact tests to the response of PMHS in similar 
experiments (Akiyama et al. 1999a and 1999b, Huang 
et al. 1999, Akiyama et al. 2001).  The experiments on 
the PMHS, discussed in Ishikawa et al. (1993), were 
performed using a similar, not identical, vehicle as the 
full-scale tests performed using the Polar-II dummy 
(Akiyama 2001).   

Numerous other studies have documented the 
results of full-scale pedestrian impact testing on 
hundreds of PMHS.  While the previous studies 
provide valuable information regarding full-scale test 
methodology, many of the tests were performed on 
vehicles not representative of the current vehicle fleet 
(Kam et al. 2005).  Additionally, many of the previous 
full-scale impact test studies do not provide kinematics 

data in enough detail to permit use of the data in 
validation studies (Kam et al. 2005).   

Thus, there is a need for additional study of full-
scale pedestrian impact tests on PMHS with late-model 
vehicles to develop detailed kinematics data.  For 
further assessment of the biofidelity of the Polar-II, 
full-scale pedestrian impact tests should ideally be 
performed using identical test conditions so that the 
Polar-II response can be directly compared to the 
PMHS response.  The goals of this study are threefold: 

• to perform full-scale pedestrian impact tests on 
PMHS with late-model small sedan,   

• to develop kinematic response corridors for 
upper-body trajectories, and  

• to evaluate the response of the Polar-II dummy, 
tested using identical conditions as in the PMHS 
tests. 

FULL-SCALE TEST METHODOLOGY 

Six full-scale pedestrian impact experiments were 
performed with a small sedan.  Three tests were 
performed using PMHS and three tests were performed 
using the Polar-II dummy.  The test conditions 
remained identical in all six tests to minimize 
variability in the results and facilitate a biofidelity 
evaluation of the Polar-II dummy.   

Sled System 

The vehicle used in all six tests was a recent model 
small sedan.  A scaled dimensioned drawing of the 
center line contour for the front of the vehicle is given 
in Figure 2.  The vehicle was cut in half at the B-pillar 
and mounted on a sled fit to the deceleration sled 
system at the UVA Center for Applied Biomechanics.  
A hydraulic decelerator was positioned at the impact 
end of the sled tracks to stop the vehicle at the end of 
the surrogate (dummy or PMHS) interaction.   

Since the sled tracks at UVA are above ground, an 
additional sled was necessary to serve as the ground 
level surface on which the pedestrian surrogate (PMHS 
or dummy) would be positioned.  Thus a small, light 
sled was constructed to hold two pieces of plywood 
used to simulate the ground surface.  Plywood has been 
shown to possess frictional characteristics similar to 
road surfaces (Kam et al. 2005).  This “pedestrian sled” 
was positioned before each test in a location that 
permitted the vehicle to interact with the pedestrian 
surrogate for approximately 250 ms between initial 
bumper contact and vehicle deceleration (Figure 3).  
For more discussion on why a 250 ms interaction time 
was chosen, see Kam et al.(2005). 
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Figure 2.  Scaled, dimensioned drawing of the front of the small sedan used in all tests in the current study.   
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Figure 3.  Schematic of full-scale pedestrian impact 
test system.  Not to scale.   

 
The primary objective of the current study was to 

examine only the interaction of the pedestrian and the 
vehicle.  Secondary contact with the ground, road 
structures or other vehicles was not studied.  Therefore 
an energy-absorbing catching structure was constructed 
at the impact end of the sled to catch the pedestrian 
surrogate, and lay it softly on an energy absorbing bed.  
The purpose of the catching structure was to reduce the 
potential to cause additional injuries to the PMHS 
during vehicle deceleration.   

During the impact event, the vehicle sled was 
accelerated to 40 km/h, and it subsequently struck the 
pedestrian surrogate.  Approximately 50 ms later, the 
vehicle impacted and accelerated the pedestrian sled 
(Figure 3).  By this time, the pedestrian surrogate had 
long since relinquished contact with the ground level 
surface of the pedestrian sled.  About 250 ms after the 

vehicle initially contacted the pedestrian surrogate, the 
pedestrian sled, now coupled to the vehicle sled, 
contacted the decelerator, slowing them to a stop at a 
rate of approximately 6 g.  At this time the pedestrian 
surrogate was lofted forward into the energy absorbing 
catching structure (Figure 3).  For more information 
regarding the UVA sled system, and how it is 
configured for full-scale pedestrian collisions, see Kam 
et al. (2005).   

PMHS Preparation 

The criteria used to select the three PMHS (Table 
1) used in this study include stature, weight, and cause 
of death.  Specimens were chosen that had a stature 
between 170 and 175 cm, a weight between 50 and 85 
kg and a cause of death that didn’t involve traumatic 
injury.  Pre-test CT scans were used to confirm the 
absence of pre-existing fractures, lesions and other 
bone pathology in all skeletal structures.  All PMHS 
were preserved by a combination of refrigeration and 
freezing (Crandall, 1994).  All PMHS were obtained 
and treated in accordance with the ethical guidelines 
approved by the Human Usage Review Panel, National 
Highway Traffic Safety Administration, and all PMHS 
testing and handling procedures were approved by the 
University of Virginia (UVA) institutional review 
board. 

Approximately four days prior to testing, each 
PMHS was removed from the freezer and allowed to 
thaw at room temperature over a three day period.  
Approximately one day before each test, the specimen 
preparation began.  During preparation, a series of 
hardware mounts, used to fix sensor cubes to PMHS 
osseous structures, were fix on each specimen.   
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Table 1.  Description of the 3 PMHS used in this study.   
 

C-1/196 C-2/191 C-3/220 Average Test #/PMHS ID Range 
Age at Death/Gender 61/F 70/M 62/M 64 9 
Weight (kg) 80.7 54.4 81.6 72.3 27.2 
Post-Mortem Stature  (mm) 1 1727 1701 1752 1727 51 
Stretched Stature2 (mm) 1870 1785 1859 1838 85 
Height Change3 (%) 8.3% 4.9% 6.1% 6.4% 3.3% 

Cause of Death 
Ovarian 

P  
Cardiac 

Cancer     Cancer/ 
ulmonary
Edema 

Arrest 
Liver 

1- Height measured post-mortem with each PM   
 position.  

d by vertically supporting the PMHS by the upper body. 

 

ost notably mounts were installed at the head 
near

ad, the mount was a 52 x 52 mm piece of 
3.2 

d by first 
mar

s returned to 
the 

refrigerator to allow the core body temperature to 

A), used to sample the data from 
the 

 prepared as specified by its 
developers.  The dummy was clothed in the standard 
shoe

of the thorax and pelvis 
of t

the dummy and PMHS were prepared, they 
were outfitted with harness straps to facilitate 
posi

HS lying supine. 
MHS in pre-2- Height measured by scaling a video image of P test

3.  Height change is a measure of how much the stature of each PMHS increase

 
M
 the posterior projection of the head center of 

gravity (CG), on the first thoracic vertebra (T1) where 
the neck meets the thorax, on the eighth thoracic 
vertebra (T8) near the thorax CG, and on the sacrum 
near the pelvis CG.  Mounts on the head, T1 and 
sacrum were used to hold one type sensor cube (44 mm 
x 44 mm x 31 mm, 180g), and the one at T8 was used 
to hold a smaller sensor cube (21 mm x 21 mm x 15 
mm, 13 g).   

On the he
mm thick aluminum plate attached with bone 

screws directly to the posterior skull.  On T1, the 
mount was a “U”-shaped aluminum structure that 
straddled the spinous processes of the vertebral column 
and bolted directly to the vertebral body of the T1 
vertebra.  The mount at T8 was simply a deep threaded 
bone screw with a 20 x 20 mm 3.2 mm thick aluminum 
plate brazed to its head.  The mount was screwed 
directly into the vertebral body just to the right of the 
spinous process.  The mount on the sacrum was a 35 
mm x 90 mm x 3.2 mm thick piece of aluminum 
screwed directly to the sacrum between the second and 
third sacral foramen with two bone screws.   

The location of the head CG was foun
king the Frankfurt planes on each PMHS’ head.  

The lateral projections of the head CG were marked at 
a location 8.5 mm anterior to the tragion and 25% of 
the vertical distance from the Frankfurt plane to the top 
of the head above the Frankfurt plane (Robbins, 1983).  
The posterior projection of the head CG was marked at 
a location determined by bisecting a head exterior 
contour that connected the two lateral projections of 
the head CG.  If the head instrumentation mount could 
not be mounted at this location due to skull curvature, 
the head instrumentation mount was attached superior 
to this point.  In these cases, a screw was used to mark 
the posterior projection of the head CG.   

After preparation each specimen wa
refrigerator until the day of the test.  On the day of 

the test, the specimen was removed from the 

equilibrate with the room temperature (22 °C ± 3 °C) 
prior to the test.  At this time the sensor cubes were 
mounted to the specified locations using screws.  The 
specimens were clothed in a semi-permeable TYVEK© 
shirt and pants interiorly, a cotton/elastic blend shirt 
and pants exteriorly, and a new pair of athletic shoes 
(Corey, Athletic Works, from Wal-Mart Stores Inc., 
Little Rock, AK).   

A wireless data acquisition system (TDAS G5, 
DTS, Seal Beach, C

instrumentation, was padded and inserted into a 
cylindrical dry-bag with radius 9 cm and length 32 cm 
(3.4 kg with the data acquisition system).  The bag was 
attached to the PMHS posteriorly over the lumbar 
spine using plastic tie-wraps (see Figure 5).   

Dummy Preparation 

The dummy was

s, standard shorts, and all of the flesh and jacket 
was positioned appropriately.   

The dummy was equipped with similar external 
sensor cubes as used on the top 

he PMHS.  On the head however, no external 
instrumentation was used.  Finally the instrumentation 
bag used in the PMHS was mounted to the dummy’s 
lumbar area via plastic tie-wraps.   

Support 

After 

tioning for the test.  In the dummy, the harness 
consisted of a rope that was tied through the eye bolts 
of the shoulders on the dummy (Figure 4).  The harness 
for the PMHS consisted of two sections of seatbelt 
webbing.  One longer piece (the shoulder strap) was 
directed under the arms of the PMHS anteriorly and 
across the posterior thorax.  The second seatbelt strap 
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was split longitudinally in the middle so that half of the 
strap could be positioned under the PMHS chin and the 
other half could slip under the occiput (Figure 4).   

At this time, the surrogate was hoisted into 
position over the pedestrian sled.  The harness was then 
tran

ith a threaded rod 
goin

sferred to the release hardware.  It should be noted 
that the lengths of the two harness straps used in the 
PMHS tests were such that the majority of the weight 
of the PMHS was being supported by the shoulder 
strap.  The head strap is only used to orient the head in 
a neutral position prior to the test.   

The release hardware consisted of a plate rigidly 
mounted to the laboratory roof, w

g through the plate.  At the end of the threaded rod, 
a tension load cell was attached to determine the timing 
of surrogate release (Figure 4).  A solenoid release 
mechanism, mounted below the load cell, was used to 
release the support harness just prior to vehicle impact.   

 

        
Figure 4.  Support methods y 
(left) and PMHS(ri  Note that the shoulder 

s 
 

 the pedestrian crash data study (PCDS) 
suggest that the majority of pedestrians are struck 
late

ween 173 cm and 
174

for both the dumm
ght). 

strap used with the PMHS (right) mostly obscure
the head strap. Only half of the split strap can be
seen as it passes under occiput of the PMHS.   

Positioning 

Data from

rally with their lower extremities positioned in a 
gait-like position (Kam et al. 2005).  Thus, all 
surrogates in this study were positioned laterally at the 
vehicle center line in a mid-stance gait position (Figure 
5).  Since arm position can potentially affect upper 
body kinematics to a level that would reduce the 
severity of thoracic and head loading (Kam et al. 
2005), the arms were bound at the wrists anterior to the 

surrogate.  The right wrist was placed farthest from the 
body and the left wrist was placed closest to the body 
when the wrists were bound.  This positions the struck-
side elbow slightly anterior to the thorax and thus 
reduces the potential for the arm to affect the upper 
body kinematics (Kam et al. 2005). 

The height of the dummy, as measured after 
positioning in each test, varied bet

 cm.  The standing height of each PMHS after 
positioning is given in Table 1 as the “stretched 
stature”.   

 

   
Figure 5a.  Typical position of the dummy prior to 
each test.   

 
 

   
Figure 5b.  Typical position of the PMHS 
immediately prior to each test.   

Release Load Cell 

Solenoid Release 
Mechanism 

Head Strap 

Shoulder 
Eye-Bolt 

Shoulder Strap 
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Test Event 

After positioning of the surrogate was complete, 
led was propelled down the tracks toward 

the pedestrian.  The vehicle sled passed an inductive 
sens

later, both sleds contacted the 
dece

Analysis of pedestrian surrogate kinematics during 
sing high speed 

video images taken from an off-board camera on the 
driv

rrogate to about 60 cm down 
past

 (WAD) to head 
strike for all six tests.   

 Test  (WAD) 

the vehicle s

or on the track that triggered the release of the 
surrogate between 19 and 26 ms before initial bumper 
contact (Table 2).  The vehicle speed was recorded 
using a similar sensor, and was approximately 40 km/h 
in each test (Table 2).   

After the vehicle struck the pedestrian surrogate, 
then impacted and accelerated the pedestrian sled, and 
approximately 200 ms 

lerator.  This caused the vehicle to decelerate, and 
pedestrian surrogate to be lofted forward into the 
catching mechanism.  After the test the wrap around 
distance (WAD) to head strike was measured (Table 2).   

KINEMATICS MEASUREMENT 

the impact event were performed u

er’s side of the vehicle during all of the tests.  The 
camera used to capture the high speed video (Phantom 
V5.0, Vision Research, Wayne, NJ) sampled 1024 
pixel by 1024 pixel (1.0 mega pixel) images at 1000 Hz 
during all of the tests.   

The camera’s field of view stretched 3.78 m 
horizontally from approximately 30 cm up the tracks 
from the positioned su

 the tip of the decelerator push rod.  The field of 
view of the imager was sufficient to permit motion 
tracking of all points on each surrogate and the vehicle 
from 40 ms prior to initial contact, to the time that the 
vehicle began to decelerate.  High speed video images 
(at 20 ms intervals) from a representative dummy and 
PMHS test are given in Figure 6.   

 
Table 2.  Vehicle velocity, surrogate release 

time and wrap around distance

 

Vehicle 
Velocity 

Release 
Time1

Head 
Strike 

 # km/h ms mm 

D-1 39.69 -19.6 1930 

D-2 40.02 -  26.3 1  940

D
um

m
y 

D-3 39.88 -21.6 1970 

C-1 39.75 -20.2 2410 

C-2 39.56 -25.6 2200 

PM
H

S 

C-3 39.88 -24.7 2320 
1-Tim
vehic

e z fine nitial co tween th
le's r and te's lo remity 

Photo Targ

nt was used 
on the dummy’s head, a quadrant type photo target was 

e dummy’s head at the posterior 
projection of the CG for all tests (as determined by the 
draw

h ends of a wooden rod (63.5 
mm

rax (T1).  On the PMHS, dumbbell-
type photo targets were mounted to sensor cubes at the 
head

of the thorax that permitted the 
ball

nted to the cube to be used to 
trac

the photo targets (head CG 
projection, T1 or top of thorax, T8 or thorax CG 

CG projection for both the 
dummy and the PMHS) were tracked throughout the 
imp

ero is de d as the i ntact be e 
bumpe the surroga wer ext

ets 

Since no external instrumentation mou

mounted on th

ing of the head).   
Most of the other photo targets used were 

dumbbell-type targets consisting of two 38 mm 
diameter table tennis balls, painted in contrasting 
colors, mounted at bot

 in length).  Each photo target was fixed to the 
outer surface of each sensor cube with a piece of 
threaded rod.  The dumbbell photo targets were 
positioned so that the center of the wooden rod was 
directly over the center of the sensor cube (and thus 
directly over the center of the mount location) and 
approximately 38 mm from the sensor cube’s outer 
face (Figure 7).   

 
Dumbbell-type photo targets were mounted to the 

sensor cubes on the dummy near the pelvis CG, and at 
the top of the tho

, T1, and pelvis.   
A single 38 mm table tennis ball was used as a 

photo target at the thorax CG for both the Polar-II and 
PMHS.  In the Polar-II, a specially designed mount was 
installed near the CG 

 (attached to a plastic tube) to be positioned directly 
over the posterior projection of the thorax CG point 
(Figure 7).  For the PMHS, duct tape was added over 
the sensor cube and the ball was attached to the duct 
tape with foam tape.   

Whenever possible the sensor cube mounted on 
the PMHS head was mounted at the posterior 
projection of the head CG (permitting the dumbbell 
type photo target mou

k head motion).  However, when the 
instrumentation mount had to be mounted superior to 
this point, table tennis ball was screwed directly to the 
PMHS skull at the posterior projection of the CG point.  
In all cases, all of the targets were rigidly secured to 
either the steel structure of the dummy or osseous 
structures in the PMHS.   

Phototarget Tracking 

The motion of all of 

projection and pelvis 

act event (Figure 8).  In all cases that the motion of 
a dumbbell type photo target was measured, the 
motions of both target balls were measured.   
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0 ms 20 ms 0 ms 20 ms 

 
40 ms 60 ms 40 ms 60 ms 

 
80 ms 100 ms 80 ms 100 ms 

 
120 ms 140 ms 120 ms 140 ms 

Figure 6a.  High speed vid images of a typical 
dummy te

Figure 6b.  High speed video images of a typical 
PMHS 

n of each photo target was measured by 
cording the location, in pixels, of each photo target 

from

terest for computing 
kine

surement during head strike, the last video 
fram  that was digitized was the frame 20 ms after the 

e methodology used to 
analyze the trajectory data, two coordinate systems 

.  The frame coordinate system, defined 
by the view of the high speed imager, is fixed with 
resp

eo 
st. 

 
The motio

test 
 

velocity mea
re

 high speed video images that were re-sampled at 
250 Hz.  The time of initial contact between the vehicle 
bumper and the surrogate’s lower extremity was 
defined to be t=0.  The first video analysis frame was 
40 ms prior to t=0, at t=-40 ms.   

The time of head strike was determined to mark 
the end of the time interval of in

matic trajectory data.  In each test the time of head 
strike was determined by visual examination of the 
video data.  Since the trajectory data are only sampled 
at 250 Hz, the time of head strike was then rounded to 
the nearest 4 ms so that it corresponded with an 
analysis frame (Table 3).  To facilitate accurate head 

head-strike frame (Table 3).   

Data Analysis 

For the discussion of th

e

must be defined

ect to the laboratory.  The x and z directions are 
defined as the horizontal and vertical axes of the 
imager frame, respectively.  Positive x is to the right 
(the vehicle travels in the negative x direction) and 
positive z points down.  The motions of all of the photo 

Z 

X

Z

X
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targets were tracked in the frame coordinate system.  
The second coordinate system, the vehicle coordinate 
system, will be defined later.   

To obtain the motion of the center of the 
dumbbell-type targets, the x and z coordinates (in the 
frame coordinate system) of each ball on the target 
were averaged at each sampled frame.  Then all of the 
para

olution of 
the 

 were filtered with four passes 
of th  moving average filter given in Equation 1. 
 

metric trajectory signals (each target had x(t) and 
z(t) signals) were de-biased so that each signal’s value 
was 0 pixels at the first time step (-40 ms).   

Then each of the trajectory signals was converted 
to a measurement in mm by multiplying each signal by 
3.695 mm/pixel and each vehicle signal by 3.243 
mm/pixel.  These values for the spatial res

imager at the surrogate plane and at the driver’s-
side vehicle exterior plane (where the motion of the 
vehicle was tracked) were determined prior to the test.  
The absence of significant edge effects was determined 
because a maximum difference in spatial resolution of 
only 0.2 mm/pixel was measured at the edges of the 
camera’s field of view.   

 
The filtering convention specified in ISO/DIS 

13432-4 (ISO, 2004) was adopted to smooth the 
position data.  All signals

e

4
2

4
2 ,1,,1

,
fcsifcsifcsi

fi

xxx
x +− ++

=
 (1). 

,1,
,

fcsifcsifcsi
fi

zzz
z +− ++

=

 
In
•  positions, in 

at frame i, in 

r filtered on 

The sec
analysis is th
coor nate sy s defined to be fixed with respect to 
the hicle’s motion.  The origin is defined by the x 
coor

      

,1

 Equation 1,  
xi,f and zi,f are the filtered x and z

the frame coordinate system, 
mm, and  

• xi,fcs and zi,fcs
the previous pass) x and z positions, in the 
frame coordinate system at frame i, in 
mm. 

 are the unfiltered (o

 
ond coordinate system important to this 
e vehicle coordinate system.  The vehicle 
stem idi

ve
dinate of the head CG photo target at the analysis 

frame taken at time t=0 ms, and by the z coordinate of 
the simulated ground level (the level of the platforms 
on the pedestrian sled) (Figure 9).  In the vehicle 
coordinate system the positive z direction points down 
and the frame coordinate system (fixed with respect to 
the lab) moves in the positive x direction.  It is 
important to note that the location of the origin in the x 
direction is defined separately in each individual test, 

while the location of the origin in the z direction 
remains constant from test to test. 

 

 
Figure ty targets.  At left, a 
dumbbell-type photo tar own. on 
the right shows how a dumbbell-typ rget 
was mounted to the r cube at the on 

 

 7.  Dumbbell- pe photo 
get is sh  The image 

e photo ta
 T1 locasenso ti

in the dummy.  The single-ball photo target used to
track the thorax CG of the dummy is also shown.   

 
 

                
 

Figure 8.  Photo ta d in the dummy (top) 
and PMHS (botto ts.  Note these images are 
not at the same

ed 
 

r each test in the study.   

rgets use
m) tes

 s
 

cale.   

 
Table 3.  Test type, time of head strike, digitiz

frame closest to the time of head strike and last
frame digitized fo

 

 Test 

Time of 
Head 
Strike 
(ms) 

Head 
Strike 
Imager 
Frame 

Last 
Frame 

Analyzed 

D-1 148 126 128 

D-2 126 128 148 

D
um

m
y 

D-3 131 132 152 

C-1 152 152 172 

C-2 138 136 156 

PM
H

S 

C-3 144 144 164 

Head CG: 
Quadrant-Type 

Thorax CG: 
Ball-Type 

Pelvis: 
Du

horax
e

mbbell-Type 

T  Top: 
Dumbb ll-Type 

Head: 
Dumbell-Type 

Top of Thorax 
Target 

Head CG Point: 
Ball-Type 

Thorax CG 
Target 
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To com  the jectory nals in vehicle 
coordi  sy , th otion o h targ o be 
subtra  f the icle m  and gin of 
each si
defi

rted to mm 

pute  tra  sig  the 
nate
cted

stem
rom 

e m
 veh

f eac
otion

et had t
the ori

gnal to b ifted ace to  
ned by the vehicle coordinate system.   
The distances between each body segment’s photo 

target (and the origin of its trajectory) and the origin of 
the vehicle coordinate system in the x and z directions, 
s

had e sh in sp  its origin as

x and s , were measured in pixels and convez
using the frame taken at t=0.   

Equation 2 explains how frame coordinate system 
parametric trajectory signals were transferred to the 
vehicle coordinate system by subtracting the vehicle’s 
motion and shifting the trajectory origin. 

 
( ) ( )
( ) ( zffizfizi

fxffixfixi

vzvzsz

vxvxsx

,,0,,,

,0,,0,,,

−+−−=

−−−+=
 (2). ),0

In Equation 2, 
• xi, zi are the x and  coordinates, of e y 

segment’s trajectory, in the vehicle 
nate system, at frame i, in mm,  

x z

• x0,f, 

e ve
ado g
(ISO, 2004) a

 

f

 

z ach bod

coordi
• vx,i,f, v  arz,i,f e the filtered  and  positions of 

the vehicle photo target at frame i, in mm,  
z0,f are the filtered x and z positions of 
each of the surrogate photo targets at 
frame zero (corresponding to time t=0), in 
mm, and  

• vx,0,f, vz,0,f are the filtered x and z positions of 
the vehicle photo target at frame zero 
(corresponding to time t=0), in mm. 

locity of Th the head was calculated by 
ptin  the methodology used in ISO/DIS 13232-5 

nd given in Equation 3. 

11

11
,

11

11
,

−+

−+

−
−

=
ii

ii
ix tt

xxV
 (3

−+

−+

−
−

=
ii

ii
iz tt

zzV
). 

 
In Equation 3, 
• Vx,i, Vz,i are the head photo target’s velocity, in 

m/s, in the x and z directions at frame i, 

e
computed by
vector defin y the parametric mponents in 
Equ n

            

and 
• t  is the timi e, in ms, at frame i. 
Th  resultant of the velocity signal is then 

 calculating the magnitude of the velocity 
ed b  co

atio  3 at each time step.   
 

 
Figure 9.  Vehicle coordinate system.  The green 
cross represents the coordinate system 
origin.  

Trajectory data for the head CG, T1, T8 and the 
vehicle coordinate system 

(Equation 2) for the PMHS tests in Figure 10.  In each 
of th

Scaling Kinematics Data 

To provide a basis for comparing surrogate 
 to scale PMHS response 

using a length scale factor.  A scale factor is used to 
scal

Z 

vehicle 

PMHS KINEMATICS 

pelvis are given in the 

e three plots given in Figure 10, the vehicle center 
line contour is added for reference.  To provide an 
indication of the time scale, lines connecting each 
segment’s trajectory at 12 ms intervals are also 
included.  In each test, the trajectory signal is plotted 
from time t=0 to the time of head strike (also given in 
Table 3).  Time histories of head resultant velocity 
from each of the PMHS tests are given in Figure 11.   

KINEMATIC TRAJECTORY CORRIDORS 

kinematics, it is common

e the geometry of the PMHS to a reference 
geometry.  Since one goal of this study is to compare 
the kinematic response of the PMHS and the dummy, 
the dummy geometry was chosen as the standard, or 
reference geometry, to use in scaling the PMHS 
kinematics data.   

 

X

ORIGIN 
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Figure 10a.  Vehicle coordinate system trajectories 
for test C-1.  The vehicle center line contour is in 
black.  Purple lines, labeled “12 ms intervals”, 
connect body segments at each specified time.   

Figure 10c.  Vehicle coordinate system trajectories 
for test C-3.   
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Figure 11.  Head resultant velocity from the PMHS 
tests.  Note that each signal is plotted from t=0 until 
the time of head strike for each particular test.   

 
The distances between each body segment’s photo 

target and the origin of vehicle coordinate system in the 
z direction, sz, were averaged for all of the dummy tests 
(Table 4).  Using the average values, sz,d, and the same 
measurements, from the PMHS tests, sz,c, twelve scale 
factors were developed to scale each of the four 
trajectories in each test (Table 4).  An example 
calculation to obtain the T8 scale factor in test 002, 
λ002,T8, is given in Equation 4. 

Figure 10b.  Vehicle coordinate system trajectories 
for test C-2. 

 
Recognizing that PMHS body-segment lengths 

vary slightly from PMHS to PMHS, and the lengths of 
the Polar-II body segments are also slightly different 
than those of the PMHS (Table 4), it was determined 
that individual scale factors should be used to scale 
trajectory data from each body region.  Thus twelve 
individual scale factors were calculated to account for 
the head CG, T1, T8 and pelvis trajectories for all three 
PMHS tested.  None of the dummy trajectory data were 
scaled. 

 

0027.12,8
,

8
,2,8 == −

−
CT

cz

T
dzCT

s
s

λ  (4). 
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Table 4.  Initial vertical distance of each body segment’s photo target and PMHS scale factors.  Only 
summary data of dummy target heights are provided due to their similarity.  Vertical distances appear as 

negative numbers because positive z is defined in the downward direction.  All values are in mm.   
 

 Photo Target Initial Height From Ground Level Height Scale Factors 

  
Dummy 
Mean 

Dummy 
Range Test C-1 Test C-2 Test C-3

PMHS 
Mean

PMHS 
Range Test C-1 Test C-2 Test C-3 Mean Range 

Head 
CG -1705 4 -1811 -1652 -1763 -1742 159 0.9415 1.0321 0.9672 0.9802 0.091 

Top of 
Thorax -1479 13 -1670 -1541 -1663 -1625 129 0.8853 0.9596 0.8893 0.9114 0.074 

Thorax 
CG -1349 15 -1419 -1345 -1408 -1391 74 0.9505 1.0027 0.9580 0.9704 0.052 

Pelvis 
CG -1042 11 -1073 -970 -1060 -1035 103 0.9707 1.0743 0.9826 1.0092 0.104 

-All measurements are in mm. 
 
In Equation 4, 

•  is the average of the s
8
,

T
dzs

z values for the 
thorax CG from the three dummy tests, in 
mm, and 

• 2,8
,

−CT
czs  is the sz value, in mm, for T8 in test 

C-2.   
 
The filtered surrogate trajectory data, xi,f and zi,f, 

(Equation 1) were then multiplied by their respective 
scale factors to obtain the scaled frame coordinate 
system trajectories x*

i,f and z*
i,f,.  It is important to note 

that all scaled values are indicated in this study with an 
asterisk. 

The scaled trajectories, x*
i,f and z*

i,f, were then 
converted to the vehicle coordinate system (to obtain 
x*

i and z*
i) using Equation 5. 

 
( ) (
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λ

λ )
) (5). 

 
Since the trajectory of each body region is defined 

with two parametric trajectory signals, x(t) and z(t), if 
the positions (dependant variable) are scaled, time 
(independent variable) must be scaled as well.  Since a 
different scale factor is used to scale the positions of 
each body region, a different scaled time at frame i, t*

i, 
had to be calculated for each body region and each test.  
When using a length scale factor, as in this case, time 
scales the same as length, so ti was multiplied by each 
of the scale factors to obtain each of the t*

i signals.   
Scaled head velocities are calculated using both 

scaled position data and scaled time data by again 
employing the ISO methodology (ISO, 2004) 
(Equation 6). 
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 (6). 

 
In Equation 6,  
• V*

x,i, and V*
z,i are each photo target’s scaled 

component velocity, in m/s, in the x and z 
directions at frame i.   

The resultant of the scaled head velocity is 
computed by computing the magnitude of the scaled 
velocity vector defined by the parametric components 
in Equation 6.   

Corridor Development 

Average Curves  Since this study was only 
concerned with examining the trajectory data from 
initial bumper contact (t=0) to head strike, and the time 
data were scaled, the time of head strike had to be 
scaled as well.  Given that the time of head strike had 
already been rounded to the nearest analysis frame, the 
time of the head strike frame was scaled.  Finally, the 
scaled time at head strike, t*

hs, is rounded to the nearest 
analysis frame (Table 5).   

 
When each time signal was scaled, the sampling 

frequency changed from 250 Hz, to the inverse of the 
scale factor, λ-1, multiplied by 250 Hz.  Since one scale 
factor was developed for each body region in each test, 
each scaled time signal had a different sampling 
frequency.  To facilitate averaging and corridor 
development, all of the scaled trajectory and velocity 
data were re-sampled, by interpolation at 250 Hz, the 
frame at t=0 to t=t*

hs,c, where t*
hs,c is the lowest time, 

t*
hs, for each body region (Table 5).   
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Table 5.  Un-scaled and scaled head strike 
frame times for each body segment trajectory in 
each PMHS test.  The earliest scaled time at head 
strike for each body region is also given.  All times 

are in ms.   
 

  Scaled Head Strike 
Frame Time t*hs

 

  001 002 003 t*hs,c

 Un-scaled 152 136 144 - 

Head 144 140 140 140 
T1 136 132 128 128 
T8 144 136 140 136 Sc

al
ed

 

Pelvis 148 144 140 140 
-All times are given in ms. 

 
The average scaled PMHS trajectory was 

computed by averaging values of each trajectory signal 
at each 4 ms time interval.  Averaged scaled 
trajectories were computed for the head, T1, T8 and 
pelvis.  The resultant head velocities from each test 
were also averaged to create an average scaled 
resultant velocity.   

Each body segment average trajectory was fit to a 
third order polynomial with parameters α, β, γ, and 
δ (Table 6 and Equation 7).   

 

δγβα +++= *2*3**
iiii xxxz  (7). 

 
In Equation 7,  

• 
*
ix , and 

*
iz , are the average scaled x and z 

components of each body segment’s 
trajectory, in mm.   

 
Table 6.  Third-order polynomial parameters 

for each average scaled PMHS body segment 
trajectory.   

 

  Head T1 T8 Pelvis 

α -1.11461E-08 9.11329E-08 6.64334E-08 -3.63583E-07 

β 1.88378E-04 -1.67628E-05 5.95507E-05 3.51434E-04 

γ 1.89965E-03 7.69504E-02 1.86501E-02 -5.59884E-02 

δ -1.70050E+03 -1.48419E+03 -1.34781E+03 -1.03857E+03 

R2 0.9997 0.9930 0.9997 0.9765 

 
The average scaled resultant head velocity curve 

has too complex curvature to be accurately modeled by 
a third (or higher) order polynomial.  Thus the average 
and standard deviation data were re-sampled with the 
minimum number of points necessary to model the 
complexity of the signal’s curvature (Table 7).  
Average scaled head velocity data are given from t=0 
to t=t*

hs,c, where t*
hs,c is the lowest time, t*

hs, for the 

head (Table 5).  The standard deviation data given in 
Table 7 are calculated by taking the square root of the 
bias-corrected variance (this contains the “n-1” 
correction term in the denominator of the definition).   

Corridors  Typically response corridors based on 
PMHS data are developed by incorporating the 
standard deviation of the data into the calculation of the 
upper and lower corridor bounds (Lessley et al. 2004, 
Viano and Davidsson 2002, and Maltese et al. 2002).  
However, due to similarity between the PMHS 
trajectories (after scaling) and the number of data sets 
(only 3), boxed-standard deviation corridors for PMHS 
body segment trajectories were determined to be too 
narrow for dummy or computational model 
development or validation.  Even standard deviation 
corridors with a two-standard deviation width were too 
narrow (Figure 12).   

 
Table 7.  Tabulated average and standard 

deviation of the scaled average PMHS head velocity 
signal.   

 

Time
Head 

Velocity
Standard 
Deviation Time 

Head 
Velocity 

Standard 
Deviation

ms m/s m/s ms m/s m/s 

0 11.34 0.931 77 11.97 0.825 

7 11.20 0.766 84 12.95 0.863 
14 11.24 0.556 91 13.67 0.729 
21 11.33 0.491 98 13.96 0.829 
28 11.30 0.664 105 13.93 1.162 
35 11.29 0.745 112 13.85 1.441 
42 11.36 0.595 119 13.93 1.516 
49 11.34 0.492 126 13.94 1.200 
56 11.23 0.416 133 13.84 0.903 
63 11.27 0.638 140 12.91 0.869 

70 0.753  11.44 
 
Because kinematic corridors based on the standard 

deviation of the data are too narrow, corridors needed 
to be developed for PMHS body segment trajectories 
using a different methodology.  The corridors would 
ideally begin very narrow (because the scaling 
procedure forces the origin of all trajectories for each 
body segment to the same point), and gradually grow 
wider to account for variability in the data as the length 
of the trajectory grows.   

Thus, kinematic response corridors were 
calculated for the head, T1, T8 and pelvis trajectories 
using the average trajectories and the path length of 
each trajectory (Equation 8).   

 

( )∑
=

−− −+−=
i

j
jjjji zzxxS

1

2*
1

*2*
1

*
)(  (8). 

 

 Kerrigan  12



In Equation 8,  
• Si is the total path length of the trajectory 

measured up to frame i, in mm.   
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Figure 12.  Averaged scaled T1 and T8 trajectory 
data with boxed-standard deviation corridors using 
a two-standard deviation width.   
 

Boxed corridors were then developed using the 
path length.  Boxed-corridors can be developed by 
creating a square around each data point in the curve, 
with edges aligned with the coordinate axes, where the 
length of the square is equal to 2k.  For the current 
study, k is some percentage of the trajectory’s path 
length.  Two pairs of parametric trajectory signals were 
calculated to determine the path of the corner’s of the 
path length square.  The four signals were calculated 
using Equation 9. 

 

iiiz

iiiz

iiix

iiix

kSzC

kSzC

kSxC

kSxC

−=

+=

−=

+=

−

+

−

+

*
,

*
,

*
,

*
,

 (9). 

 
In Equation 9,  gives the x component of the 

signal formed by adding the x component of the 
average parametric body segment trajectory at frame i 
to k percent of the path length at frame i.  , , 

 provide similar signals.  It is important to note 
that the values calculated using Equation 8 and 
Equation 9 are calculated using the values of the 
trajectories obtained from the third order polynomial 
equations (Equation 7) defined by the parameters in 
Table 6.   

+
ixC ,

−
ixC ,

+
izC ,

−
izC ,

By combining the x and z components of the two 
pairs of parametric trajectory signals in Equation 9, the 
trajectory of each path length square’s corners can be 
plotted.  Since the path length square is aligned with 
respect to the coordinate frame and the trajectory 
signals show more x direction displacement than z 
direction displacement, the trajectory of two of the path 
length square’s corners will be above the average body 
segment trajectory and two of the corners’ trajectories 
will be below the average trajectory.  The upper bound 
for each body-segment corridor was chosen to be the 
trajectory of the path length square’s corner that 
remained farthest above the average curve for the 
longest time.  The lower bound was chosen to be the 
trajectory of the path length square’s corner that 
remained farthest below the average curve for the 
longest time.  Due to the downward concavity of the 
average trajectory signals (with +z pointing down), the 
kinematic response corridors for the head CG, T1 (or 
top of thorax) and T8 (or thorax CG) trajectories were 
developed by plotting  vs.  (for the upper 

bound) and  vs.  (for the lower bound).  Since 
the pelvis average scaled trajectory is concave upward, 
the upper bound of the pelvis corridor was developed 
by plotting  vs. , and the lower bound was 

developed by plotting  vs. .  Any value of k 
can be used to develop corridors of varying width for 
each body segment’s trajectory.  Figure 13 presents 
each of the scaled average body segment trajectories 
(fit to third order polynomials) plotted with three sets 
of corridors for k=4%, k=8% and k=12%.   

+
ixC ,

−
izC ,

−
ixC ,

+
izC ,

+
ixC ,

+
izC ,

−
ixC ,

−
izC ,

Kinematic response corridors (Figure 14) were 
also developed for scaled head velocity by 
incorporating the standard deviation (Table 7) because 
it did not create a corridor that was too narrow for 
dummy validation.  The corridor boundaries for the 
head velocity corridor are determined by adding m 
standard deviations to (upper bound), or subtracting m 
standard deviations from (lower bound), the average 
scaled PMHS head resultant velocity at each time step.  
Figure 14 provides the averaged scaled PMHS head 
resultant velocity curve and corridor boundaries for 
m=0.5, m=1.0 and m=1.5 standard deviation corridors.   

DISCUSSION 

The trajectory analysis discussed in the “Data 
Manipulation” portion of the “Kinematics 
Measurement” section was performed for both the 
PMHS tests and the dummy tests.  Dummy trajectory 
signals, as calculated in Equation 2 and Equation 3, 
provide evidence that the Polar-II can produce a 
repeatable response in a full-scale pedestrian impact 
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tests (Figures 15 and 16).  Plotting the average PMHS 
trajectory signal with the dummy signals provides a 
basis for comparison of the dummy body segment 
trajectories and PMHS body segment trajectories 
(Figure 15).  The Polar-II was shown to generally fall 
within 10% path length corridors, so the 10% path 
length corridors are included in Figure 15.   

In comparison of dummy and PMHS trajectories, 
one interesting feature is that PMHS trajectories and 
dummy trajectories are not the same length.  Despite 
the scaling procedure, PMHS trajectories are still 
significantly longer, typically in the x-direction, than 
dummy trajectories.  This is also evident in that head 
strike in the PMHS tests typically occurred at a much 
larger WAD (2410, 2200 and 2320 mm) than in the 
dummy tests (1970, 1980 and 1990 mm).  Additionally, 
the time of head strike in the PMHS tests is, on 
average, greater than the time of head strike in the 
dummy tests (Table 3).  These results suggest that 
PMHS specimens traversed longer distances in the +x 
direction than the dummy did between initial vehicle 
contact and head strike.  Further examination of the 
video data suggests that this is, at least partially, due to 
the fact that the PMHS slides farther up the hood than 
the dummy does prior to head strike.   
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Figure 13a.  Scaled average PMHS head trajectory 
(from the third order polynomial with parameters 
given in Table 6) with 4%, 8% and 12% path length 
corridors and corridor width at head strike.   
 

Two factors seem to influence the amount of 
sliding that occurs in each surrogate.  Firstly, it was 
noted that there was a significantly different damage 
pattern on the hood leading edge of the vehicle after a 
dummy test than after a PMHS test.  Sliding up the 
hood by pedestrian surrogates is promoted by the 
smooth sloping shape of the hood.  One potential 

explanation for less sliding with the dummy is that 
either the mass, mass distribution, or stiffness of the 
dummy thigh and/or pelvis are not totally biofidelic.  
Thus a different damage pattern could be caused to the 
lower edge of the hood, changing its smooth shape, and 
restricting sliding.  Secondly, the PMHS and the 
dummy wore different clothing during the tests.  It is 
further hypothesized that differences in the frictional 
characteristics of the standard dummy shorts, and the 
cotton/elastic pants worn by the PMHS.   
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Figure 13b.  Scaled average PMHS T1 trajectory 
(from the third order polynomial with parameters 
given in Table 6) with 4%, 8% and 12% path length 
corridors and corridor width at head strike.   
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Figure 13c.  Scaled average PMHS T8 trajectory 
(from the third order polynomial with parameters 
given in Table 6) with 4%, 8% and 12% path length 
corridors and corridor width at head strike.   
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Figure 13d.  Scaled average PMHS pelvis trajectory 
(from the third order polynomial with parameters 
given in Table 6) with 4%, 8% and 12% path length 
corridors and corridor width at head strike.   
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Figure 14.  Scaled average PMHS head resultant 
velocity time history with 0.5, 1.0 and 1.5 standard 
deviation corridors.   

 
Greater sliding in the PMHS tests causes increased 

length of the body segment trajectories, later head 
strike times, and longer WADs to head strike than in 
the dummy tests.  More testing is necessary to 
determine the all of the factors that contribute to 
sliding.   

An additional reason for differences in trajectory 
length and WAD to head strike is that is that the PMHS 
head starts farther from the ground level at t=0 than the 
dummy.  Although the statures of the PMHS, as 
measured post-mortem, were between 170 cm and 175 
cm, when the PMHS were hoisted over the pedestrian 
sled and positioned, their heights had increased to 178 
cm to 187 cm.  The dummy’s pre-test stature measured 

only 173-174 cm.  The change in PMHS stature due to 
supporting the PMHS by the upper body (5% to 8%) is 
due to stretching of the spine under the tension caused 
by the PMHS weight.   

It was impossible to support any significant 
portion of the PMHS weight by the PMHS lower 
extremities.  Lowering the release mechanism only 
caused an increase in flexion at the knee and hip joints 
in the PMHS, rather than increasing the load supported 
by the lower extremities.  Artificially stiffening the 
knee and hip joints of the PMHS could have permitted 
a small amount of the upper body weight to be 
supported by the lower extremities.  However, artificial 
joint stiffening was not performed because it was 
determined that any joint stiffening would ultimately 
affect the joint stiffness and range of motion.  Thus, no 
adjustment for the stretched stature of the PMHS could 
be made by attempting to get the PMHS to support its 
own weight.   
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Figure 15a.  Dummy head trajectories with the 
average scaled PMHS head trajectory and 10% 
path length corridors.   

 
Since it was not possible to get the PMHS lower 

extremities to support any of the upper body weight, 
some differences in pre-test position between the 
dummy and the PMHS arose (Figure 5).  Most notably, 
not as much anterior-posterior separation between the 
knee joints was possible in the PMHS tests as used in 
the dummy tests.  Another difference in position 
between the dummy and the PMHS can be seen in the 
angle the dummy’s spine makes with respect to the 
ground (lateral picture, Figure 5a).  The angle of the 
spine in the dummy tests was produced as a result of a 
limited range of motion of the dummy hip in extension.  
The range of motion was limited due to the orientation 
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of the hip and pelvis flesh (without the flesh the range 
of motion is greater).  The limited range of motion 
required the dummy pelvis to be pushed posteriorly so 
that the dummy’s feet could be placed on the 
pedestrian sled foot plates.  This alignment produces a 
forward-tilt in the spine.   
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Figure 15b.  Dummy top of thorax (T1) trajectories 
with the average scaled PMHS T1 trajectory and 
10% path length corridors.   
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Figure 15c.  Dummy thorax CG (T8) trajectories 
with the average scaled PMHS T8 trajectory and 
10% path length corridors.   
 

 

-2000

-1500

-1000

-500

0
0 500 1000 1500 2000

X Displacement (mm)

Z 
D

is
pl

ac
em

en
t (

m
m

)

PMHS Pelvis Avg.
10% Pathlength
Polar II Pelvis

 
Figure 15d.  Dummy pelvis trajectories with the 
average scaled PMHS pelvis trajectory and 10% 
path length corridors.   
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Figure 16.  Dummy head resultant velocity time 
histories with the average scaled PMHS resultant 
velocity and 3-standard-deviation corridors.   

 
The effect on surrogate kinematics as a result of 

differences in position and differences in height is 
unknown.  More experiments are necessary to assess 
the affect of differences in height and differences in 
pre-test orientation on surrogate response.   

Despite differences between the response of the 
PMHS and the dummy, overall PMHS kinematics were 
generally replicated by the dummy.  Dummy 
trajectories generally fit within 10% path length 
corridors (Figure 15).  Despite the fact that the PMHS 
trajectories are typically longer, there is a significant 
difference in the shape of the head trajectory for the 
dummy and the PMHS.   

Although sliding potentially contributes to the 
difference in shape of the dummy and PMHS head 
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trajectories, another factor may also contribute to this 
difference.  Without muscle tension in the PMHS, the 
PMHS neck has very little lateral bending stiffness.  
The dummy’s neck however is designed to replicate 
the lateral bending stiffness of a living human.  This 
difference is most evident in comparing the high speed 
video images from the dummy and PMHS tests shown 
in Figure 6.  At 100 and 120 ms, the PMHS neck, due 
to inertial loading by the head, is under so much 
bending that it is in contact with the PMHS left 
shoulder (Figure 6b).  However, in the dummy tests, at 
100 and 120 ms, the dummy’s neck displays much less 
bending and the closer to being equidistant from each 
shoulder (Figure 6a).   

Differences in head trajectory between the dummy 
and PMHS are amplified in the resultant head velocity 
signals.  Dummy head velocity is so different from 
PMHS resultant head velocity signals that dummy 
resultant head velocity signals barely fit within a three-
standard deviation PMHS corridor.  The dummy 
resultant head velocity signals begin to deviate from 
the scaled average PMHS head velocity around 90 ms.  
Further analysis of the video data suggests that inertial 
loading by the head begins to overcome the low 
stiffness of the PMHS neck around 90 ms.  At 80 ms, 
the PMHS and dummy heads appear to be in a similar 
place with respect to the shoulders, but at 100 ms, the 
PMHS neck is under enough lateral bending that the 
PMHS head is touching the left shoulder (Figure 6).  
Thus differences in the resultant head velocity between 
the PMHS and dummy can be at least partially 
attributed to differences in surrogate neck stiffness.   

Since biofidelic representation of living human 
pedestrians is the ultimate goal in surrogate 
development, this is an instance when FE modeling 
could be used to validate the head/neck response of the 
dummy in a full-scale pedestrian impact test.  The 
motion of T1 could be used as an input to an FE model 
that has a validated neck muscle model to determine 
the corresponding head motion.   

CONCLUSION 

Three full-scale pedestrian impact tests with 
PMHS were performed with a late-model small sedan 
that struck the PMHS at 40 km/h.  Three replicate tests 
were performed with the Polar-II dummy.  The 
kinematics of the Polar-II and PMHS were analyzed by 
extracting planar body segment parametric trajectory 
data from high speed video images.  A methodology 
and the necessary data are provided to develop 
kinematic response corridors for PMHS head, T1, T8 
and pelvis trajectories.  Trajectory corridors can be 
calculated based on any k percent of the path length of 
the trajectory.  The necessary data are also provided to 
produce the average and standard deviation corridors 

for the scaled resultant head velocity measured in the 
PMHS tests.   

Overall, the dummy generally replicated the 
complex PMHS kinematics and demonstrated good 
overall biofidelity.  Specifically, dummy head, top of 
thorax, thorax CG and pelvis CG trajectories generally 
fall within 10% path length corridors.  Greater sliding 
by the PMHS, and lack of neck muscle tension in the 
PMHS have been identified as potential causes for 
differences in the length and shape of body segment 
trajectories.  More testing is necessary to assess the 
effects differences in pre-test orientation, surrogate 
stature, and clothing will have on surrogate response.   
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Abstract:  In May of 2000, the NHTSA issued a 
Final Rule upgrading Federal Motor Vehicle 
Safety Standard (FMVSS) No. 208, 65 FR 
30680.  This advanced air bag rule specified 
significant changes in the frontal occupant 
protection requirements for light passenger 
vehicles (GVWR≤8500 lbs), to be phased in over 
several years.  These included adding 
requirements for protecting small adult female 
occupants, adding requirements to minimize the 
risk of deploying air bags to out-of-position 
(OOP) children and small adult occupants, 
increasing the test speed for the belted 50th 
percentile male dummy, adding a rigid barrier 
test condition for the unbelted 50th percentile 
male test dummy and eliminating the unbelted 
sled test option. 
 
In 2001, the agency initiated research to monitor 
the overall performance of advanced air bags.  
This paper updates the status of the research and 
presents results of the testing performed since the 
18th ESV Conference. Results from static 
deployment tests for OOP occupants and 
dynamic crash tests are presented. 
 
 
1.0 BACKGROUND 
 
FMVSS No. 208 (49 CFR Part 571.208) is the 
occupant frontal crash protection regulation in 
the United States. In May 2000 and December 
2001, NHTSA amended the standard to require 
future air bags to be less aggressive to small 
stature adults and young children, but still 
provide protection for all occupants. The new 
rule improved protection and minimizes risk by 
requiring new tests and injury criteria for the 
entire family (12 month CRABI (12MO), 3-year-
old (3YO), 6-year-old (6YO), 50th percentile 
male (50th M) and 5th percentile female (5th F) 
Hybrid III) of test dummies. 
 
Automobile manufacturers must meet one of the 
following minimum requirements designed to 
minimize air bag risks: Option 1 – Automatic 

Suppression feature, Option 2 – Dynamic 
Automatic Suppression system, or Option 3 – 
Low Risk Deployment (LRD) or (OOP) testing. 
This paper looks at Option 3- OOP testing on 
selected model year (MY) 2002 and 2004 
vehicles.   
 
NHTSA has been evaluating the performance of 
air bags in frontal crashes for the past few years, 
during the phase-in of the current FMVSS No. 
208 regulations.  In June of 2001, NHTSA 
published in the Federal Register a request for 
comments on a plan to monitor the performance 
of advanced air bags and to develop data for 
potential future air bag rulemaking. An ongoing 
research program was created to look at air bags 
by following the new procedures in FMVSS No. 
208. 
 
Crash tests with MY 1998 and 1999 vehicles, 
reported by Summers [1] and Beuse [2] showed 
the need for optimized crash protection for small 
female and mid-sized male occupants. Results 
from crash tests on MY 2001 vehicles showed 
similar results [3].  The results of OOP tests on 
model year 2001 vehicles (Honda Accord, 
Chevrolet Impala, Dodge Caravan, Toyota Echo, 
Ford Escape and Ford F150) were presented in 
Paper No. 427 at the 18th ESV [4].  This paper 
updates the findings from a similar ongoing 
study of MY 2002 through 2004 vehicles. 
 
 
2.0 INTRODUCTION 
 
Vehicles were chosen for this study depending 
on what advanced safety features they had. A 
wide variety of vehicles: passenger cars, light 
trucks and vans were included in this selection. 
Several vehicles had dual stage air bags and 
advanced air bags. Table 2.1 shows the vehicles 
selected and their safety features. After 
September 1, 2006, 100 percent of the fleet 
(GVWR≤8500 lbs and unloaded weight≤5500 
lbs) shall be certified to the first phase of the new 
advanced FMVSS No. 208 rule. 
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Two vehicles selected for the tests,  MY 2004 
Honda Accord and Odyssey, were certified to the 
LRD option for the 6YO as required in S23.4 of 
the new FMVSS No. 208.  As such, the other 
vehicles in the matrix were not expected to meet 
the current FMVSS No. 208 requirements for 
LRD tests.  The MY 2002 vehicles were certified 
to the pre-advanced airbag version of FMVSS 
No. 208, which required crash tests or sled tests.  
MY 2004 vehicles were certified to the current 
FMVSS No. 208 regulations using the 
suppression option, except for the Honda Accord 
and Odyssey.   
 
The LRD performance for MY 2004 was 
evaluated using a Hybrid III 10-year-old (10YO) 
dummy.  This dummy was developed recently in 
order to study the injury risks to the large child 
occupant.   These tests were used to understand 
the baseline safety performance of vehicle 
restraints systems for such occupants.  The 
10YO dummy is not a part of FMVSS No. 208. 
 

 
Figure 2.1  10YO, 6YO, and 3YO dummies. 
 
A test program was initiated to study the injury 
risks to small child occupants in the proximity of 
the deploying air bags.  FMVSS No. 208 uses 
two dummy positions in the LRD option that 
places the dummy’s head/neck and chest close to 
the air bag.  It is of interest, however, to 
understand how the injury risk to the occupant 
varies in the space around these LRD positions.  
This will allow the agency to assess injury 
potential for situations not covered by the two 
positions currently used in FMVSS No. 208. 
 
 
 
 
 
 
 
 

Table 2.1 
Vehicle Selection. 

Vehicle Dual 
Stage 
 Air bags 

Passenger 
Suppression 
System 

2002 Saturn Vue    

2002 Honda Civic X  

2003 Toyota Corolla X  

2002 Ford Windstar X  

2004 Honda Accord X X* 

2004 Honda Odyssey X X* 

2004 Chevy Avalanche X X 

2004 Jeep Liberty X X 

2004 Ford Taurus X X 

*- The Accord and Odyssey use suppression for 
12MO and 3YO and LRD for 6YO. 
 
3.0 LOW RISK DEPLOYMENT TEST 
MATRIX 
 
The vehicles selected for crash and LRD tests are 
shown in Table 3.1.  The test conditions are the 
same as in the advanced air bag requirements of 
FMVSS No. 208 (Test Procedure 208-12, dated 
1/14/03), and are described in [4].  Dual stage 
bags can typically be deployed with less energy 
or inflation rates (low mode) or higher energy or 
inflation rates (high mode).  This is usually 
determined by changing the time elapsed 
between deploying the two sates of the inflator.  
Vehicles with the dual stage air bags were tested 
in the low mode first. If the dummy readings 
passed the injury assessment reference values 
(IARV) in the low mode, then the high mode 
was tested as well.  Table 3.2 shows the different 
fire times used during testing. Only the MY 2004 
Accord and Odyssey were certified to the LRD 
option of FMVSS No. 208 for the passenger 
side.   
 
For the MY 2002 and 2003 vehicles, the OOP 
testing was done with the Hybrid III 5th 
percentile female dummy on the driver’s side 
and Hybrid III 6-year-old (6YO) dummy on the 
passenger’s side.  For the MY 2004 vehicles, 
only the passenger side was tested (using the 
Hybrid III 10YO dummy). The 10YO positions 
(Figures 3.1 and 3.2) were based on the Hybrid 
III 6YO LRD Positions in FMVSS No. 208.   
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Table 3.1 
Air Bag Fire Times. 

Time gap between stages, msec 

Driver  Passenger 

MY2002  
Vehicles 

Low High Low High 

Pass.
 Bag 
Loc. 

2002 Saturn Vue N/A N/A N/A N/A Mid 

2002 Honda 
Civic 

20 0 ms 40 0 Top 

2003 Toyota 
Corolla 

30 0 100 0 Top 

2002 Ford 
Windstar 

100 15 100 15 Mid 

2004 Honda 
Accord 

N/A N/A 130 5  Top 

2004 Honda 
Odyssey 

N/A N/A 130 5 Top 

2004 Chevy 
Avalanche 

  Primary 
only  

22 Front 

2004 Jeep Liberty   102 10 Front 

 

 
Figure 3.1 Chev. Avalanche, 10YO Position 1. 
 

 
Figure 3.2  Chev. Avalanche, 10YO Position 2. 
 
 
 
 
 
 

3.1 Injury Criteria 
 
The results were analyzed using the FMVSS No. 
208 injury criteria for out-of-position occupants 
for the Hybrid III 6YO, 5th percentile female 
dummies.  The IARV for the 10YO dummy was 
obtained from [5].  The IARVs used for this 
study are listed in Table 3.2. 
 

Table 3.2 
Injury Values for OOP Testing. 

Injury Assesment Reference 
Values (IARV) 

 OOP 
Injury Criteria 

5th%  
Female* 

6YO 
Child^

10YO 
Child^

15ms HIC 700 700 700 
3ms Clip (g) 60 60 60 

Chest Deflection (mm) 52 40 44 
Neck Tension (N) 2070 1490 1810 

Neck Compression (N) 2520 1820 2200 
Nij 1.0 1.0 1.0 
Critical Values to Calculate Nij 

Tension (N) 3880 2800 3390 
Compression (N) 3880 2800 3390 

Flexion (Nm) 155 93 128 
Extension (Nm) 61 37 50 

* Calculated on data recorded for 125 ms after 
the initiation of the final stage airbag 
^ Calculated on data recorded for 100 ms after 
intial deployment 
 
3.2  Observations  
 
The test results are summarized in Tables 3.3 to 
3.5.  It should be noted that only the 2004 Honda 
Accord and Odyssey were certified to the LRD 
option on the passenger side. 
 
3.2.1 MY 2002 and 2003 Vehicles 
 
Four MY 2002 and 2003 vehicles were tested.  
The 2002 Honda Civic, 2002 Ford Windstar, and 
2003 Toyota Corolla had dual stage air bags.  
The 2002 Saturn Vue had single stage air bags, 
which were considered ‘high mode’ for the 
purposes of the following discussion. 
 
3.2.1.1  Passenger side (6YO) 
A total of 14 tests were run on these vehicles and 
the results are summarized in Table 3.3 and 
Figures 3.3 and 3.4.  Nij values and either neck 
tension or compression exceeded the IARVs in 
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six of the eight high mode tests, which included 
the Saturn Vue.  None of the neck IARVs were 
exceeded in the six low mode tests. Only one test 
(Civic, high mode, position 1) exceeded the 
IARV for the 15 millisecond HIC.  The other 13 
were all below 80 percent of the IARV.  Also, 
none of the chest responses exceeded either chest 
IARV.  Only the Corolla produced responses that 
were below all the IARVs for all four of its tests. 
 
3.2.1.2 Driver Side (5th Female) 
The results from these tests are shown in Table 
3.4 and Figures 3.5 and 3.6.  The 5th F had low 
injury values for the head and chest.  The neck 
values were somewhat higher for both positions 
and air bag modes, although only one of the neck 
responses exceeded an IARV (Nij for Windstar, 
position 1, high mode).  All the other injury 
measures were below 80 percent of the IARVs. 
 
3.2.2 MY 2004 Vehicles 
 
Nineteen tests were conducted on the five 
vehicles, with an average of about four tests per 
vehicle (two positions, two air bag modes each), 
and the results are shown in Table 3.5 and 
Figures 3.7 and 3.8.  The Nij values exceeded the 
IARV in four out of 19 tests.  The 2004 Chevy 
Avalanche exceeded Nij, neck tension and chest 
deflection IARV’s for Position 1 in both the low 
and high modes.  This vehicle also had a high 
Nij value for Position 2 in the high mode.  
Position 1 produced higher neck values than 
Position 2, because of how the dummy sat in the 
vehicle.  This particular vehicle had a grab 
handle on the instrument panel just below the air 
bag, which caused the dummy to be seated 
farther back for position 2 (see Figures 3.1 and 
3.2).  The Ford Taurus, in the test at position 1, 
low air bag mode, produced the other high Nij.  
This test also resulted in a neck compression 
response that exceeded that IARV. 
 
Fifteen out of nineteen tests passed all the injury 
criteria for a 10YO OOP occupant.  Only, the 
Honda Accord and Odyssey were certified for 
LRD with a Hybrid III 6YO.  The Accord, along 
with the Honda Odyssey and Jeep Liberty, 
passed all IARVs at both positions and for both 
low and high modes.  
 
4.0  PARAMETRIC TESTS 

 
The purpose of this series of static tests was to 
study how air bags react with dummies in 
locations other than FMVSS No. 208 LRD, 
Position 1 and Position 2.  Additionally, the 

baseline condition was repeated to examine the 
degree of repeatability achieved for seemingly 
identical test conditions. 
 
Three vehicle platforms (2002 Ford Windstar, 
2002 Honda Civic, and 2003 Honda Odyssey) 
were selected, with two test conditions, the 5th F 
on the driver side, and 6YO on the passenger 
side.  The test matrix is in Table 4.1. 
 
For each vehicle, the air bag mounting location 
was replicated on a test buck, along with the 
windshield and the seat location (Figure 4.1).  
The dummy was seated according to the FMVSS 
No. 208 position, which was considered to be the 
baseline test condition.  Tests at this baseline 
condition were repeated to study the repeatability 
of the overall test results, encompassing the 
variability of air bag modules, dummy seating, 
and bag interaction with the dummy.  The 
dummy was reseated two and four inches, in the 
three principal directions, away from the baseline 
position (laterally to the left and right, 
longitudinally away from the air bag, vertically 
above and below).  On the driver side, the 
baseline positions had a gap between the air bag 
and the dummy chest.  Therefore, an additional 
test bringing the dummy two inches closer to the 
air bag was run. 
 

 
Figure 4.1  Buck with adjustable metal seat. 
 
The dummy positions were documented using a 
digitizing arm for accurate measurements. 
 
This is an ongoing program, and the results to 
date are in Tables 4.2 to 4.4 and Figures 4.6 to 
4.17.  Some of the test positions were omitted 
using engineering judgment, to reduce the 
number of tests involved.  The small sample size 
(of mostly one test per condition) precludes any 
determination about the statistical significance of 
any findings. 
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 Figure 3.3 MY 2002 and 2003 Vehicles 6YO OOP Position 1
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Figure 3.4  MY 2002 and 2003 Vehicles 6YO OOP Position 2
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Figure 3.5  MY2002 and 2003 Vehicles 5th Female Position 1
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Figure 3.6  MY 2002 and 2003 Vehicles 5th Female Position 2
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Figure 3.7  MY 2004 10YO OOP Position 1
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Figure 3.8  MY 2004 10YO OOP Position 2
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Table 3.3 
MY 2002 and 2003 6YO OOP Test Results. 

 

Vehicles 
Test  
No. Position Air bag Mode

15ms HIC
 

3ms Clip
g’s 

Chest Def. 
mm 

Nij 
 

Neck Tension
N 

Neck 
Comp. 

N 
02 Saturn Vue B02_002 1 single stage 32.0 32.5 33.5 2.4 1603.2 42.6 

 B02_001 2 single stage 63.0 39.9 33.9 1.1 1572.0 722.4 
02 Honda Civic B02_004 1 Low Mode 335.0 24.8 15.1 0.7 1272.5 192.6 

 B02_003 2 Low Mode 213.0 16.3 0.8 0.9 816.4 1350.9 
 B02_005 1 High Mode 771.0 42.9 24.2 1.3 2020.3 152.7 

 B02_014 2 High Mode 193.0 18.0 0.5 2.2 952.3 2120.1 
03 Toyota Corolla B02_006 1 Low Mode 320.0 18.8 13.2 0.4 910.0 54.3 

 B02_007 2 Low Mode 11.0 9.2 0.0 0.6 6.3 840.8 

 B02_013 1 High Mode 381.0 31.8 12.5 0.6 791.2 776.9 

 B02_008 2 High Mode 48.0 11.9 0.1 1.0 10.9 1337.4 
02 Ford Windstar B02_011 1 Low Mode 10.0 18.1 14.5 0.3 717.2 10.2 

 B02_009 2 Low Mode 249.0 19.0 7.0 0.5 987.1 395.2 
 B02_012 1 High Mode 62.0 17.6 16.5 1.6 1640.8 5.5 

 B02_010 2 High Mode 311.0 19.7 10.0 1.4 2177.5 263.1 
 
 
 

Table 3.4 
 MY 2002 and 2003 5th FEMALE OOP Test Results. 

 

Vehicles 
Test  
No. 

Position  
no. 

High or Low 
Mode 15ms HIC3ms Clip

Chest 
Def. NIJ 

+FZ Neck 
Tension 

Neck 
Comp. 

02 Saturn Vue C02_002 2 not dual stage 28.0 23.8 36.2 0.8 967.5 156.8
  C02_001 1 not dual stage 83.0 20.7 16.0 0.6 1612.7 697.1
02 Honda Civic C02_004 1 Low Mode 130.0 19.2 12.1 0.5 1122.5 502.7
  C02_003 2 Low Mode 37.3 20.0 21.4 0.4 972.9 39.7
  C02_005 1 High Mode 204.0 21.0 13.5 0.7 1590.0 386.8
  C02_006 2 High Mode 32.9 30.1 30.8 0.5 989.3 42.2
03 Toyota Corolla C02_021 1 Low Mode 122.0 13.5 13.8 0.5 1400.3 522.0
  C02_025 2 Low Mode 12.0 16.5 21.2 0.8 736.6 145.4

  C02_022 1 High Mode 141.0 17.2 12.6 0.7 1432.6 1095.6
  C02_024 2 High Mode 17.3 34.4 35.7 0.8 1367.5 189.8
02 Ford Windstar C02_014 1 Low Mode 25.0 8.2 8.6 1.0 1202.1 424.0
  C02_015 2 Low Mode 6.0 17.6 27.8 0.3 521.6 85.2
  C02_016 2 High Mode 15.0 19.5 30.0 0.4 661.2 129.7
  C02_017 1 High Mode 24.0 9.3 9.9 1.1 1271.4 229.9
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Table 3.5 
MY 2004 10YO OOP  Test Results. 

Vehicles 
Test  
No. 

Position 
no. 

High or 
Low  
Mode 

15ms 
HIC 

3ms 
Clip 

Chest 
Def. Nij 

+FZ Neck 
Tension 

Neck 
Comp.

04 Honda Accord 10YO_002 1 LOW 31.4 8.9 0.2 0.5 212.0 669.1
 10YO_001 2 LOW 14.0 12.5 1.8 0.8 145.5 1572.0
 10YO_014 1 HIGH 128.8 16.7 6.2 0.6 898.2 1030.7
  10YO_015 2 HIGH 62.8 14.7 5.3 0.7 376.8 1637.6
04 Ford Taurus 10YO_003 1 LOW 145.0 15.6 2.0 1.1 882.7 3505.9
 10YO_004 2 LOW 533.0 20.2 2.3 0.9 743.9 1049.4
  10YO_005 2 HIGH 365.7 13.4 0.4 0.5 634.4 1301.0
04 Chevy Avalanche 10YO_008 1 LOW 83.3 56.7 54.3 2.1 3069.4 205.2
  10YO_006 2 LOW 9.0 16.5 16.6 0.6 820.0 515.5
  10YO_009 1 High 94.0 35.7 49.2 2.0 1817.6 279.4
 10YO_007 2 HIGH 14.0 17.0 14.5 1.1 1056.0 356.0
04 Honda Odyssey 10YO_010 1 LOW 24.0 8.1 4.7 0.8 1074.2 396.8
 10YO_011 2 LOW 5.0 5.0 1.1 0.4 184.1 634.9
  10YO_013 1 High 54.3 13.5 4.1 0.6 300.1 661.9
  10YO_012 2 High 23.0 9.0 2.5 0.6 393.3 878.6
04 Jeep Liberty 10YO_019 1 LOW 86.6 10.9 8.2 0.5 790.1 48.9
 10YO_016 2 LOW 56.6 10.6 7.3 0.5 615.8 393.6
  10YO_020 1 High 25.0 17.4 16.1 1.0 1129.3 4.0
  10YO_018 2 High 168.8 17.6 9.2 0.8 1159.7 482.7

 
4.1 Observations 
 
4.1.1 Repeatability 
 
Driver and passenger side tests for the Windstar 
air bags were done first with the dummy seated 
on wooden blocks (Figure 4.2).  The baseline 
and repeat tests are shown as the first two 
columns in Figure 4.6. The tests were 
subsequently run (for the Windstar and all other 
tests) with the dummy seated on an adjustable 
metal seat (Figure 4.1).  The baseline and repeat 
tests under these conditions are shown as the 3rd 
and 4th columns in Figure 4.6.  The results were 
repeatable, except that the Nij values were 
different for the two methods of seating.  Based 
on the ease of use, all further tests were 
conducted with the adjustable metal seat.  
 
Passenger side tests on the Windstar (Figure 
4.10) showed the head and chest injury values to 
be repeatable.  The Nij and neck tension values 
were not similar in all three repeat tests.  The 
results in the Odyssey tests were similar, with 
very low injury values (Figure 4.14). 
 
 

 

 
Figure 4.2  Test using wooden blocks 
 
 
4.1.2 Lateral shifts 
 
These tests examine the loads from deploying air 
bags on an occupant who is shifted laterally 
compared to the position in FMVSS No. 208.  
On the driver side, the Windstar tests showed no 
significant effect of the lateral shifting of the 5th 
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female dummy.  That includes the chest injury 
and neck injury values  (Figure 4.7) 
Tests were conducted on the Windstar passenger 
side with the 6 YO dummy shifted laterally from 
the baseline position.  The results are in Figure 
4.11.  The head and neck injury values reduced 
significantly when the dummy was shifted.  
However, the chest accelerations remained 
unchanged, with the chest deflection increasing 
in some of the shifted positions.  The chest injury 
measures were still well below the IARVs. 
 
Two series of lateral shift tests were conducted 
in the Odyssey.  One series was with the dummy 
in the baseline position (Figure 4.3), shifted left 
by two and four inches, and right by two inches.  
These are the left four bars of each cluster in the 
accompanying Figure 4.15.  HIC values and 
neck tensions were low in all such tests.  The 
chest injury values were very low and unaffected 
by the shifting.  The Nij increased with the 
dummy shift.  The vehicle had a top mounted air 
bag, with a pocket shaped space that fit the 6 YO 
head when the dummy was located in the 
FMVSS No. 208 Position 2 (Figure 4.4).  So, a 
second series of three tests (centered, shifted two 
inches left and two inches right) was run with the 
dummy elevated to bring the head/neck closer to 
the air bag location (Figure 4.4).  As expected, 
the injury values in these tests were higher than 
the tests with the dummy at the FMVSS No. 208 
Position 2 height.  However, the injury values 
dropped significantly when the dummy was 
shifted laterally at this elevated position. 
 

 
Figure 4.3 Baseline Odyssey position. 
 

 
Figure 4.4  2004 Odyssey passenger air bag. 
 

 
Figure 4.5 Elevated Odyssey position. 
 
4.1.3  Longitudinal shifts 
 
These tests examined the effect of increased 
distance from the air bag on the injury values.  
On the driver side in the Windstar, the injury 
numbers reduced with increasing distance from 
the air bag (Figure 4.8).  This effect is especially 
noticeable for neck injury numbers (Nij reduced 
from 0.8 to 0.35 by moving the dummy two 
inches back from the baseline position). 
 
For the passenger side, tests on the Windstar 
showed lower injury values as the dummy was 
placed two and four inches from the bag (Figure 
4.12).  This effect was especially noticeable for 
the neck injury numbers. 
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In the Odyssey, the results were counter-intuitive 
(Figure 4.16).  The neck and chest numbers 
increased with distance from the air bag.  This 
was thought to be because of the design of the air 
bag, which has a recess for the head of the 
dummy placed in close proximity to the bag (as 
in FMVSS No. 208, Position 2).  Therefore, the 
air bag does not directly load the chest of the 
6YO dummy when in FMVSS No. 208, Position 
2.  When the dummy was moved further away, 
the inflating bag got between the dummy chest 
and the vehicle instrument panel, directly loading 
the chest. 
 
4.1.4  Vertical shifts 
 
In the Windstar driver side, raising the dummy 
moved the head/neck away from the bag, while 
lowering the dummy had the opposite effect.  
This is reflected in the neck injury numbers 
(Figure 4.9) 
 
In the Windstar passenger side, moving the 
dummy up placed the chest closer to the bag, 
increasing the chest injury numbers (Figure 
4.13).  Lowering the dummy increased the head 
injury numbers by bringing the head closer to the 
air bag.   
 
The 3 tests in this series for the Odyssey were 
the baseline test, 2” lower than the baseline, and 
2” shifted up (as in Figure 4.5) compared the 
baseline.  The Odyssey is a top mounted bag 
with a pocket for the dummy head when the 
dummy is at the FMVSS No. 208 position.  
Thus, the dummy injury values were very low 
when in the baseline position.  Moving the 
dummy up increased the head and neck loads 
significantly (Figure 4.17). 
 
5.0  CRASH TESTS - INTRODUCTION 
 

The purpose of this testing was to evaluate and 
compare vehicle and occupant responses in full 
frontal rigid barrier crash tests conducted using 
model year 2002, 2003 and 2004 vehicles in 
support of the FMVSS No. 208 implementation 
plan.  Three matched vehicles were tested and 
evaluated with the 5th F, 50th M and 95th 
percentile male (95th M) dummies seated in both 
the driver and passenger front seating positions.  
Although the 95th percentile male dummy is not 
in FMVSS No. 208, it was decided to perform 
research tests using this dummy to assess the 

performance of air bags in these vehicles with 
very heavy occupants.  This paper presents 
results of a series of full frontal crash tests with 
the unbelted and belted small adult female 
Hybrid III dummies, unbelted mid-sized male 
Hybrid III dummies and the belted and unbelted 
full-sized male Hybrid III dummies.  The test 
matrices for these tests are found in Tables 5.1 
and 5.2. 

 

Table 5.1 
Test Matrix for 95th M and 50th M. 

 Occupant => 50th Male 95th Male 
 Restraint => Unbelted Unbelted Belted
 Speed => 48 48 56 
 

Vehicle 
 

Class 
Model 
Year 

     

Saturn Vue SUV 2002 X X  
Honda Civic Small Pass. Car 2002 X X  

Ford Windstar Minivan 2002 X X  
Toyota Corolla Small Pass. Car 2003 X X  

Chevrolet Avalanche Pickup Truck 2004 X  X 
Honda Odyssey Minivan 2004 X  X 
Honda Accord Midsize Pass. Car 2004 X  X 
Toyota Camry Midsize Pass. Car 2004 X  X 
Jeep Liberty SUV 2004 X  X 

  
 

Table 5.2 
Test Matrix for 5th F. 

 Occupant => 5th Female 
 Restraint => Unbelted Belted 
 Speed => 40 56 
 

Vehicle 
 

Class 
Model 
Year 

    

Saturn Vue SUV 2002 X  
Honda Civic Small Pass. Car 2002 X  

Ford Windstar Minivan 2002 X  
Toyota Corolla Small Pass. Car 2003 X  

Chevrolet Avalanche Pickup Truck 2004  X 
Honda Odyssey Minivan 2004  X 
Honda Accord Midsize Pass. Car 2004  X 
Ford Taurus Midsize Pass. Car 2004  X 
Jeep Liberty SUV 2004  X 
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Table 4.1 

Parametric OOP Test Matrix. 
5thFemale Driver, Position 1 (Head on bag) 6 YO Passenger, Position 2 (Head on bag) 

Lateral Shift Longitudinal Shift Vertical Shift Lateral Shift Longitudinal Shift Vertical Shift 
 

Baseline 
Left Right     Front  Rear Up Down

Baseline 
Left Right Front Rear Up Down

2002 Ford 
Windstar 

4 tests 2” 2” 2” 2” 2” 2” 3 tests 2”, 4” 2”, 4”  2”, 4” 3.3” 3.3” 

2002 
Honda 
Civic 

 
In Progress 

In Progress 
 

2003 
Honda 

Odyssey 
Not planned 

2 tests 2”, 4” 
2”+up 

2” 
2”+up 

   2”, 4” 2” 2”

 
 

Table 4.2 
Ford Windstar Passenger Side. 

Injury values normalized to IARV 
Vehicle: 02 Ford Windstar 
Dummy: 6 YO 
LRD Position: 2 
Bag Mode: Low (100 ms delay)

Test  
Number. 

15ms 
HIC 3ms Clip Chest 

Def. Nij Neck 
Tension

Neck 
Comp. 

Baseline  2 0.8 0.5 0.3 1.1 1.5 0.1 
Repeat  3 0.5 0.6 0.3 1.6 2.5 0.0 
Repeat  4 0.6 0.5 0.4 1.5 2.1 0.1 
2" rear 5 0.5 0.4 0.3 0.7 0.8 0.1 
4" left 6 0.3 0.5 0.4 0.9 1.0 0.0 
3.3” up 7 0.1 0.8 0.7 0.8 1.4 0.0 
4" right 8 0.2 0.4 0.1 0.6 0.7 0.0 
2" right 9 0.3 0.5 0.5 0.9 1.2 0.1 
2" left 10 0.4 0.6 0.5 1.0 1.3 0.0 
3.3” down  11 1.2 0.3 0.1 0.9 0.8 0.4 
4" rear 12 0.6 0.3 0.3 0.4 0.5 0.1 

 

 



Table 4.3 
Ford Windstar Driver Side. 

Injury values normalized to IARV Dummy: 5th F 
LRD Position: 1 
Bag Mode: High (15 ms delay)

Test  
Number 15ms HIC 3ms Clip

Chest 
Def. NIJ 

Neck 
Tension 

Neck 
Comp. 

Baseline on wooden blocks 1 0.01 0.14 0.14 0.5 0.39 0.01
Repeat on wooden blocks 2 0.01 0.12 0.13 0.5 0.40 0.00
Baseline on metal seat 4 0.01 0.08 0.13 0.8 0.41 0.13
Repeat on metal seat 6 0.01 0.10 0.14 0.7 0.42 0.14
2 inches rear 7 0.02 0.16 0.11 0.4 0.20 0.01
2 inches forward 8 0.03 0.17 0.26 0.9 0.50 0.02
2 inches up 9 0.01 0.09 0.15 0.6 0.34 0.06
2 inches down 10 0.04 0.19 0.19 0.9 0.61 0.06
2 inches right 11 0.02 0.12 0.17 0.7 0.42 0.06
2 inches left 12 0.01 0.13 0.12 0.7 0.42 0.04

 
Table 4.4 

Honda Odyssey Passenger Side. 
Injury values normalized to IARV Dummy: 6YO 

LRD Position: 2 
Bag Mode: Low (130 ms delay) 

Test  
Number 

15ms 
HIC 3ms Clip

Chest 
Def. NIJ 

Neck 
Tension 

Neck 
Comp. 

Baseline 13 0.01 0.12 0.06 0.3 0.03 0.41
Repeat  14 0.01 0.12 0.01 0.3 0.07 0.44
2" left 15 0.00 0.09 0.03 0.5 0.07 0.23
4" left 17 0.00 0.09 0.01 0.5 0.01 0.29
2" right 18 0.00 0.10 0.02 0.3 0.04 0.23
2" rear 19 0.06 0.08 0.02 0.3 0.12 0.23
4" rear 20 0.01 0.12 0.56 0.3 0.16 0.40
Top of head at A/B Center  
(Baseline+ 4” up) 21 0.80 0.27 0.35 1.1 1.01 0.04
Top of head at ab/center + 2" left 22 No data 0.15 0.13 0.6 0.47 0.05
Top of head at ab/center + 2" right 23 0.38 0.22 0.17 0.6 0.81 0.07
Baseline + 2” down 24 0.00 0.08 0.40 0.3 0.04 0.31
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 Figure 4.6  Windstar Driver 5th F repeatability.                         Figure 4.7  Windstar Driver 5th F lateral shift. 
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Figure 4.8  Windstar Driver 5th F longitudinal shift.                   Figure 4.9  Windstar Driver 5th F vertical shift. 
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Figure 4.10  Windstar Passenger 6YO repeatability.                  Figure 4.11  Windstar Passenger 6YO lateral shift. 
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Figure 4.12  Windstar Passenger 6YO longitudinal shift.           Figure 4.13  Windstar Passenger 6YO vertical shift. 
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Figure 4.14  Odyssey Passenger 6YO repeatability.                       Figure 4.15  Odyssey Passenger 6YO lateral shift. 
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Figure 4.16  Odyssey Passenger 6YO longitudinal shift.              Figure 4.17  Odyssey Passenger 6YO vertical shift. 
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5.1 Methods 
 

Thirty-six vehicles were purchased from dealer lots 
close to the test facilities. Vehicles with advanced air 
bag technology such as dual or multi-stage inflators 
were specifically considered for this test program. 
The Saturn Vue was the only single stage air-bag 
inflator that was tested.  The Saturn Vue was chosen 
due to it being a new production vehicle for the 
model year tested.  Vehicle body type and vehicle 
sales volume were considered when constructing the 
final test matrix. The vehicles were tested in 
accordance with procedures outlined in FMVSS No. 
208 Sections 14, 15 and 17, except that the 
combination of dummy size, seat belt use, and test 
speed was varied for these research tests. Pre-test 
measurements quantified distance between various 
occupant body parts to vehicle interior components 
(i.e. chest-to-steering wheel). The vehicles were 
placed on a test track and accelerated to the 
prescribed test speed. The test vehicles struck a rigid 
barrier with the long axis of the vehicle perpendicular 
to the barrier face. The barrier engaged the entire 
front of the vehicle (no offset). Test speeds were 
either 48 or 56 kmph with a 50th M dummy and a 95th 
M Hybrid III dummy.  The 56 kmph tests were 
performed only on the belted 95th dummy. The test 
speeds were 40 or 56 kmph for the 5th percentile 
female Hybrid III dummy.  The 40 kmph were 
unbelted tests and the 56 kmph were belted tests for 
the 5th percentile female.   

The IARVs for in-position occupants can be found in 
Table 5.3.  The tests with the 50th M and the 5th F 
chest, head, neck and femur were evaluated using the 
IARVs for the FMVSS No. 208 advanced air bag 
rule.  The 95th M chest, head, neck and femur were 
evaluated using IARV’s developed by NHTSA’s 
Office of Biomechanics Research Center. 

Table 5.3                                                          
Injury Assessment Reference Values. 

         

 IARV   
Injury Criteria 

 
Units 5th Female 50th Male 95th Male 

HIC 15 - 700 700 700 
Nij - 1 1 1 

Neck Tension Newtons 2620 4170 5030 
Neck Compression Newtons 2520 4000 4830 
Chest Acceleration g 60 60 55 
Chest Deflection Millimeters 52 63 70 

Femur Force Newtons 6805 10008 12700 
   

 
Transfer paint was applied to parts of the dummy and 
vehicle interior, leaving witness marks from which 
occupant contacts could be evaluated post-crash. 
Fifteen or more high-speed cameras documented 
vehicle and occupant kinematics during the event. 

 

5.2 Results for 50th and 95th Male 
 
The HIC15 responses were all below the thresholds 
for injury with exception of two tests (see Appendix 
A, Tables A1 & A2).  For the 50th M all drivers and 
passengers were below the threshold for injury.  For 
the 95th percentile male, the passenger in the unbelted 
48 kmph Saturn Vue test and the driver in the belted 
56 kmph Chevrolet Avalanche test exceeded the 
injury criteria. 

The Nij responses were all below the thresholds for 
injury with exception of two tests.  For the 50th M all 
driver and passenger injury measures were below the 
threshold for injury.  For the 95th M, the passenger 
dummy in the unbelted 48 kmph Saturn Vue test and 
the driver dummy in the unbelted 48 kmph Toyota 
Corolla test exceeded the injury criteria  

Both the 50th M and 95th M were below the injury 
threshold for neck tension and neck compression in 
all tests. 

For chest acceleration all dummy measures were 
below the injury threshold except in three tests.  The 
50th M exceeded the injury limit in one test and the 
95th percentile male exceeded the injury limit in two 
separate tests. The 50th M passenger in the 48 kmph 
unbelted Jeep Liberty test exceeded the chest 
acceleration injury criteria (See Figure 5.1).  Both the 
95th M driver and passenger in the 48 kmph unbelted 
Saturn Vue test exceeded the chest acceleration 
injury criteria.  The 95th percentile driver in the 56 
kmph belted Chevrolet Avalanche test exceeded the 
chest acceleration injury criteria (See Figure 5.2). 
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Figure 5.2  95th Percentile Male – Chest g’s. 

For chest displacement all occupants were below the 
injury threshold except in one test.  The 50th M driver 
in the 48 kmph unbelted Honda Civic test exceeded 
the chest displacement injury criteria  

All 50th M and 95th M driver and passenger responses 
in each test were below the injury threshold for femur 
load. 

5.3 Results for 5th Female 
 
The HIC15 responses were all below the thresholds 
for injury (see Appendix A, Tables A1 & A2  

The Nij responses were all below the thresholds for 
injury with exception of two tests.  For the unbelted 
40 kmph tests the passenger in the Toyota Corolla 
test exceeded the injury criteria (See Figure 5.3).  For 
the 56 kmph belted tests the passenger in the 
Chevrolet Avalanche test exceeded the injury criteria 
(See Figure 5.4). 
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Figure 5.3. Unbelted 5th Percentile Female – Nij. 
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Figure 5.4   Belted 5th Percentile Female – Nij. 

The 5th percentile female dummy was below the 
injury threshold for neck tension and neck 
compression in both the unbelted 40 kmph tests and 
the belted 56 kmph tests. 

For chest acceleration all dummy measures were 
below the injury threshold in all unbelted 40 kmph 
tests and all belted 56 kmph tests.   

For chest displacement all 5th percentile dummy 
drivers and passengers were below the injury 
threshold except in one test.  The driver in the 40 
kmph unbelted Honda Civic test exceeded the chest 
displacement injury criteria (See Figures 5.5). 
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Figure 5.5  Unbelted 5th Percentile Female –       

Chest Displacement. 

All 5th percentile female drivers and passengers 
responses for both the 40 kmph tests and the 56 kmph 
tests were below the injury threshold for femur load. 

 

5.4 Observations 
 
The restraint systems in these crash tests did a good 
job of mitigating head injury for the 5th female and 
the 50th M; however, it is not surprising that the air 
bag alone was not sufficient to mitigate head injury in 
the 95th male unbelted tests. Even with the aid of 
being belted along with an air bag, the 95th M 
exceeded the IARV for the head in one 56 kmph test. 
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The 5th female exceeded Nij injury criteria in an 
unbelted 40 kmph and a belted 56 kmph test. 

Figure 5.6 shows the 50th M driver during the crash 
event for the Honda Civic test #4613.  It appears that 
the bag was high, which may account for the 
abdomen contact with the steering wheel.  This 
contact can be seen in Figure 5.7.  This could be the 
reason that the Civic in this test exceeded chest 
displacement. 

 
Figure 5.6  Test #4613 - 50th Male Driver in Honda 
Civic. 

 
Figure 5.7  50th Driver Post Crash Abdomen 
Contact Photo From Test #4613. 

Figure 5.8 shows the 95th male driver during the 
crash event for the Toyota Corolla test #4577.  The 
95th M dummy exceeded Nij in this test.  Figures 5.8 
shows how either the bag or head contact with the 
header pushed the head backwards.  The driver head 
contact can be seen in Figure 5.9.  These could be the 
reason for failing Nij criteria for this test. 

 
Figure 5.8 Test #4577 95th Driver in Toyota 
Corolla. 

 

 
Figure 5.9  95th Driver Post Crash Head Contact 
Photo From Test #4577. 
 
Figure 5.10 shows the 95th male driver in the Saturn 
Vue test #4702., in which the dummy exceeded chest 
acceleration criterion.  After film analysis, it is 
believed that the 95th male driver rode through the air 
bag during this test.  Figure 5.10 shows the dummy in 
its full forward position.  Figure 5.11 shows how the 
bag did not restrain the dummy and allowed head 
contact with the windshield. 

 
Figure 5.10  95th Driver Saturn VueTest #4702. 
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Figure 5.11 Post Test 95th Driver Head Contact in 
Saturn Vue Test #4702. 

 

Figure 5.12 shows the 95th male passenger in the 
unbelted Saturn Vue test #4714, in which the dummy 
exceeded chest acceleration, HIC and Nij criteria.  
After film analysis, and as seen in Figures 5.12 and 
5.13, the 95th male passenger contacted the header, 
thus restricting the head from moving forward with 
the torso, causing excessive neck extension. 

 
Figure 5.12  95th Passenger Saturn Vue Test 
#4714. 

 
Figure 5.13  Post Test 95th Passenger Head 
Contact in Saturn Vue Test # 4702. 

6.0  SUMMARY 
 

Research into performance of air bags is ongoing at 
NHTSA.  Data from this research has been presented 
in the past [1][3][4].  This paper provides an update 
on the status of that effort, specifically, tests using 
dummies of different sizes not currently in FMVSS 
No. 208 (10YO, 95th M) and at test conditions not 
currently in the standard.  Limited numbers of tests 
were conducted at OOP locations near those in 
FMVSS No. 208.  Any additional research will be 
reported in future publications of technical reports or 
conference papers. 
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APPENDIX A, Table A1 – Crash Test Results – Driver

Make Model Year Test # HIC 15 Nij ver. 10

Neck 
Tension 

(N)
Neck 

Comp (N) Chest g's
Chest 

Disp (mm)
Max 

Femur (N)
IARV 5th 700 1.00 2620 2520 60 52 6800

5th Female SATURN VUE 2002 4579 55.0 0.3 654.0 341.0 31.0 35.0 4200.0
Unbelted 40 kmph HONDA CIVIC 2002 4830 108.0 0.9 1555.0 360.0 39.4 56.0 2931.0

TOYOTA COROLLA 2002 4829 93.0 0.3 772.0 56.0 36.7 25.0 2282.0
FORD WINDSTAR 2002 4828 95.0 0.3 579.0 78.0 37.9 37.0 2405.0

5th Female FORD TAURUS 2004 5143 152.2 0.4 1433.8 286.3 37.5 29.1 1135.1
Belted 56 kmph HONDA ACCORD 2004 5145 279.9 0.3 914.9 161.3 32.1 26.0 4605.2

HONDA ODYSSEY 2004 5144 56.8 0.4 917.6 141.5 32.4 24.4 5522.4
CHEVROLET AVALANCHE 2004 5210 579.5 0.7 1727.7 555.0 58.6 44.4 1820.0

JEEP LIBERTY 2004 5211 232.4 0.8 1755.3 721.2 44.8 31.1 3073.4

IARV 50th 700 1.00 4170 4000 60 63 10008
50th Male SATURN VUE 2002 4714 86.8 0.3 1230.5 397.6 48.1 54.4 7103.5

Unbelted 48 kmph HONDA CIVIC 2002 4613 92.1 0.3 1297.7 146.6 48.8 65.0 6835.3
TOYOTA COROLLA 2003 4578 216.9 0.3 753.7 255.6 45.2 32.4 4569.6

FORD WINDSTAR 2002 4556 99.8 0.2 1589.4 117.7 43.8 36.3 5422.7
JEEP LIBERTY 2004 5158 306.7 0.3 604.5 1201.6 54.8 41.6 7662.0

HONDA ODYSSEY 2004 5212 57.7 0.3 1371.7 94.7 42.0 48.2 7547.4
CHEVROLET AVALANCHE 2004 5213 193.3 0.3 1599.2 1489.1 44.2 47.5 6459.4

HONDA ACCORD 2004 5215 293.6 0.3 1383.2 71.3 58.1 54.5 5376.5
TOYOTA CAMRY 2004 5216 116.5 0.3 1650.1 200.7 52.8 33.1 6588.9

IARV 95th 700 1.00 5030 4830 55 70 12700
95th Male SATURN VUE 2002 4702 279.0 0.3 2044.0 333.9 59.0 56.8 7035.4

Unbelted 48 kmph HONDA CIVIC 2002 4659 180.5 0.3 1924.2 654.7 51.3 61.6 9259.6
TOYOTA COROLLA 2003 4577 562.8 1.0 1167.3 3940.5 47.5 25.5 7127.9

FORD WINDSTAR 2002 4568 213.9 0.3 1175.2 2202.8 39.7 45.2 5756.4

95th Male HONDA ODYSSEY 2004 5136 186.7 0.2 1176.5 63.6 38.6 27.3 3196.4
Belted 56kph JEEP LIBERTY 2004 5137 575.2 0.3 2087.7 349.5 46.0 32.5 4631.8

TOYOTA CAMRY 2004 5138 381.7 0.5 1075.7 260.6 38.2 29.3 6041.9
HONDA ACCORD 2004 5139 589.0 0.2 1087.4 591.1 39.5 36.1 3118.6

CHEVROLET AVALANCHE 2004 5140 802.8 0.5 2960.5 772.2 56.2 24.4 8455.7
Note: Green shaded cells represent injury value between 0-80% of IARV
         Yellow shaded cells represent injury value between 80-100% of IARV inclusive
         Red shaded cells represent injury value greater than 100% of IARV

Dummy and Vehicle Information Injury Criteria

 



 

APPENDIX A, Table A2 – Crash Test Results – Passenger

Make Model Year Test # HIC 15 Nij ver. 10

Neck 
Tension 

(N)
Neck 

Comp (N) Chest g's
Chest 

Disp (mm)
Max 

Femur (N)
IARV 5th 700 1.00 2620 2520 60 52 6800

5th Female SATURN VUE 2002 4579 96.0 0.4 560.0 1048.0 28.0 7.0 4040.0
Unbelted 40 kmph HONDA CIVIC 2002 4830 98.0 0.7 393.0 1030.0 33.7 3.0 5481.0

TOYOTA COROLLA 2002 4829 175.0 1.1 2339.0 263.0 36.8 4.0 2736.0
FORD WINDSTAR 2002 4828 360.0 0.4 838.0 901.0 38.8 6.0 4004.0

5th Female FORD TAURUS 2004 5143 289.9 0.3 409.7 271.7 42.0 19.1 1597.6
Belted 56 kmph HONDA ACCORD 2004 5145 181.5 0.2 738.0 295.7 38.3 28.8 3773.8

HONDA ODYSSEY 2004 5144 233.2 0.5 918.9 131.3 38.1 14.5 4207.8
CHEVROLET AVALANCHE 2004 5210 483.9 1.0 1770.2 230.5 53.6 14.9 3360.0

JEEP LIBERTY 2004 5211 527.1 0.8 1369.4 823.3 42.8 24.2 3586.3

IARV 50th 700 1.00 4170 4000 60 63 10008
50th Unbelted SATURN VUE 2002 4702 319.4 0.38 1779.0 359.5 51.3 12.5 7014.4

 48 kmph HONDA CIVIC 2002 4659 196.3 0.52 544.4 1765.2 46.8 15.6 6466.9
TOYOTA COROLLA 2003 4577 230.1 0.35 788.2 1185.5 42.2 14.3 5301.6

FORD WINDSTAR 2002 4568 473.6 0.57 1312.5 2934.2 46.1 14.7 5303.8
JEEP LIBERTY 2004 5158 523.2 0.58 1342.5 830.3 66.6 12.0 8065.1

HONDA ODYSSEY 2004 5212 160.6 0.29 415.9 976.5 39.3 9.8 5377.0
CHEVROLET AVALANCHE 2004 5213 124.3 0.36 1632.3 233.6 35.9 9.0 6689.6

HONDA ACCORD 2004 5215 97.4 0.27 615.4 577.4 35.0 11.4 6864.4
TOYOTA CAMRY 2004 5216 138.1 0.36 559.5 692.7 41.1 14.7 5084.3

IARV 95th 700 1.00 5030 4830 55 70 12700
95th Unbelted SATURN VUE 2002 4714 853.7 1.1 1835.7 2656.4 58.8 18.6 10025.5

 48 kmph HONDA CIVIC 2002 4613 222.4 0.6 2533.0 1634.2 50.2 ND 11500.5
TOYOTA COROLLA 2003 4578 668.2 0.4 732.6 2554.5 49.3 11.0 8900.2

FORD WINDSTAR 2002 4556 349.3 0.2 1118.9 814.6 45.3 22.8 7719.0

95th Belted HONDA ODYSSEY 2004 5136 222.1 ND 1071.5 718.6 36.5 26.2 5316.6
 56kph JEEP LIBERTY 2004 5137 513.1 0.4 1906.1 161.2 42.7 28.1 6888.3

TOYOTA CAMRY 2004 5138 242.3 0.2 1191.4 186.5 35.6 27.0 1596.3
HONDA ACCORD 2004 5139 272.0 0.2 771.0 213.4 40.4 38.9 3683.4

CHEVROLET AVALANCHE 2004 5140 587.2 0.4 2189.0 252.7 46.1 34.5 5792.1
Note: Green shaded cells represent injury value between 0-80% of IARV
         Yellow shaded cells represent injury value between 80-100% of IARV inclusive
         Red shaded cells represent injury value greater than 100% of IARV

Dummy and Vehicle Information Injury Criteria
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ABSTRACT 
     The purpose of this conceptual study is to address 
the increasing number of fatalities and severe 
injuries in vehicle rollovers. A restraint concept for 
reducing Head and Neck loading by hard contact 
with the roof of the car has been developed to reduce 
and/or mitigate these injuries.  
 
The human neck is capable of sustaining higher 
loads when it is in flexion (e.g. the head is bent 
forward). Therefore, moving the occupant’s head to 
a bent forward position using a slowly deploying 
airbag is proposed. 
 
The Roofbag concept includes a slide chamber and 
support chamber. Together, they form a multi-
chamber airbag which is mounted at the top of the 
seat back. The inflator has an extremely slow onset, 
causing the airbag to deploy in about 250ms. When 
the slide chamber is inflated, it positions itself 
behind and above the occupant’s head. The support 
chamber pushes the slide chamber forward, causing 
the occupant’s head to bend forward. 
 
Three advantages for this concept have been 
identified: the occupant’s neck can sustain higher 
bending loads when positioned in flexion; a cushion 
is positioned between the occupant’s head and the 
roof; the survival space between the head and the 
roof is increased. 
 
A series of rollover tests (SAEJ2114, Curb Trip) 
using HIII dummies were performed to understand 
and demonstrate the benefits of this concept. The 
results show a significant reduction in head and neck 
injuries when the Roofbag concept is employed. 
Out-of-position tests show low-to-medium level 
loadings. 
 
Further potential benefit could possibly result from 
expanding the Roofbag concept to other applications, 
such as head protection for convertibles or neck 
protection during rear impact. 
 

INTRODUCTION 
 
     For many years Rollover has been a growing 
issue. According to DOT HS 809438 [3] occupant 
fatalities in SUV rollovers increased dramatically 
nearly doubling from 1991 to 2000. For comparison 
the rollover fatalities in passenger cars decreased and 
for Pick-Up Trucks and Vans it stayed constant.   
 
Rollover – A New Challenge in Safety 
 
    When comparing Rollover with frontal or side 
impact accidents we find significant differences in 
the following parameters: 
 
     Timing; the main injuries in a side or front 
impact occur at about 30 ms up to 100 ms. In a 
rollover the time window for injuries occurs at a time 
later than 500 ms after the rollover is unavoidable.  
Hence, the rollover event is at least a ten times 
slower event than a front or side impact.  
 
     Multi-Directional Kinematics; in Rollovers the 
motion of the occupant is multi-directional and 
continuing for up to 5 seconds. Hence, injury 
contacts are much less predictable which makes it 
difficult to provide appropriate protection devices.  
Fay and Sferco [6] show that rollovers in Europe 
often occur in multi impact crashes as the later event. 
This indicates that at the time of a rollover the 
seating position of the occupant is already undefined.  
 
     Human Reaction; a rollover is a comparatively 
slow event which allows the occupants to react to the 
upcoming event. According to the DOT HS 809438 
report [3] about 33% to 50% of the drivers attempted 
to avoid the rollover by a steering maneuver which is 
a volitional action. There is also a natural subliminal 
muscle tonus which starts to activate muscle action 
100 ms to 200 ms after the occupant experiences 
quick movements [18]. Together it shows clearly 
that the rollover event causes human reactions – 
volitionally or subliminally.   
 
Together this explains why standard safety devices 
for frontal and side impact are not effective for 
rollover.  
 
     Rollover Types, Roof Crush and Injuries; 
Bedewi et al [1] show that 57% of rollovers are 
initiated by the ground. The second most frequent 
initiation sources are fixed objects at 13% and 
contact with another vehicle accounts only for 8%. It 
can be assumed that ground as initiation source 
results in most cases in trip-over type rollovers. This 
is also confirmed by Eigen [5] where single vehicle 
trip-over accounts for 71% of rollovers. The number 
of quarter turns is a significant measure which 
correlates in many cases with injuries. One quarter 
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turns are less frequent – they account for about 14% 
to 22% for all categories of vehicles [1]. Two, three 
or four quarter turns are most common, with an 
occurrence rate of 40% to 58% [1].  The remaining 
cases have five and more quarter turns. Hence, it can 
be concluded that most rollovers have at least one 
roof-to-ground contact. Furthermore, Bedewi et al 
[1] looked into the maximum roof deformation as an 
indicator for head-roof associated injuries. It is 
shown that 37% of Head-Roof AIS3+ injuries 
correlate with a roof deformation of 30cm up to 
45cm. Another 20% of Head-Roof AIS3+ injuries 
correlate with a roof deformation of 15cm up to 
29cm. For comparison the FMVSS 216 regulates a 
maximum deformation of 12.7cm (5 inches). For 
belted occupants roof contact is the most common 
injury source: passenger car 31%, pick-up 52%, 
SUV 33% and van 24% [1].  
 
     Non-Ejection Injuries: Digges and Eigen [2] 
analyzed the different categories for rollover MAIS 
3+ occupants. They found the three most dominant 
fractions: Belted-non-ejected (35.3%), Unbelted-
non-ejected (23%) and Unbelted-totally-ejected 
(32.5). The other categories are 5% or less. As 
commonly known, the unbelted driving condition is 
the most dangerous - not only for rollover. To cope 
with the ejection issue the NHTSA [4] has done 
extensive ejection mitigation studies which target 
establishing a future safety standard. It will require a 
reasonable level of containment for an occupant in a 
rollover. Therefore, in this paper we focus on 
injuries of non-ejected occupants. Obviously, seat 
belts are very effective to avoid ejection, but they 
also have limitations when head-to-roof contact must 
be avoided. As rollovers can be such chaotic events, 
it can be assumed that head-to-roof contact occurs 
mainly because of two reasons: Firstly because of 
roof intrusion and secondly because the shoulder belt 
is slipping off and then passing the gained belt slack 
to the pelvis belt and hence, allowing extra 
movability towards the roof.   
 
INJURY MECHANISM IN A ROLLOVER 
 

Impact Location; Literature is packed with 
statistical interpretation of rollover accidents and the 
resulting injuries.  
Head, face and neck injuries represent a significant 
part of rollover related AIS3+ injuries. 
For these body regions, literature states that the most 
important injury source is the roof [9] including the 
roof rail.  
So, there is an exigent need for an additional 
protection system that provides enhanced 
performance to protect the head, face and neck 
region in case of a rollover.  

Biomechanics; From the biomechanical point of 
view, the head-neck portion is a quite complex 

mechanism. It includes vertebral bodies connected 
multi-muscularly to each other, blood vessels, 
intervertebral disks and the spinal cord. The head 
rests on top of the spine. For the head’s rotation, 
mainly the articulation between the 2 upper vertebrae 
Atlas (C I) and Axis (C II) is responsible. It allows 
humans a physiological rotation of ±45° around the 
yaw axis.  

 

 
 

 
 
 
The complete cervical spine and the atlanto-occipital 
junction are responsible for flexion/extension (pitch) 
and lateral bend (roll) as shown in Figure 2. They 
allow flexion of 40°, extension of -75° and a lateral 
bend of ±75° [22]. These multi-directional degrees 
of freedom and the wide ranges of physiological 
mobility require a fragile constitution which can be 
disadvantageous in the case of a rollover.  
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Injuries and Injury Mechanisms; Injuries of 

the cervical spine are typically caused by exceeding 
spinal motion limits or force limits. In case of an 
accident, high forces induced by the vehicle’s 
kinematics and by the inertia of the torso and head 
effect serious damages. Typical injuries of the 
cervical spine during a rollover are mainly caused by 
bending, compression, tension, torque and shear of 
the upper spine. The injuries express themselves in 
wedge fractures, burst fractures and dislocations  
[11 and 13].  

Figure 1.  Cervical spine  
Netter: „Atlas of human anatomy“[14]. 

Figure 2.  Axes defining physiological motions. 
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Head injuries of restrained occupants are typically 
caused by high velocity contacts of the head to 
interior parts, mainly the roof and roof rail. No 
matter if the roof is crushed or not and independent 
from the restraint use, the head’s injuries are a great 
fraction of the injury distribution. Typical head 
injuries are fractures of the skullcap or serious 
damages of the brain, e.g. epidural hematomae.  
The high risk of spinal cord and brain injuries and 
the consequences that arise out of these injuries like 
paralyzation or death is what makes rollover injuries 
so dangerous and expensive for the entire society. 
Head-roof contact, being the main cause of head and 
neck injuries [9], occurs when the occupant moves 
out of its seat towards the roof or roof rail. 
When being turned upside down, the force of the 
entire body mass is imposed on the head-neck 
complex in a mainly axial direction.  
The injury mechanisms of the spine have been 
simulated in cadaver tests of the upper spine and 
head region.  
Nightingale, Myers and McElhaney et al [16, 13] 
describe test methods for analyzing injuries of the 
upper spine of cadavers. A head-spine test specimen, 
connected to a simulated torso mass of 16 kg, is 
dropped from a height of 0.53m. Objective of the 
analyses is the influence of varying underground 
properties and angles. 
 

 
 
Figure 3.  The dynamics of head and neck impact 
Myers, Nightingale: IRCOBI 1997 [13]. 
 

It has shown to be advantageous if axial and 
vertical loads are induced to the spine in a pitched 
head position (posterior head impact).  
It has also shown that a soft padded surface, being 
able to deform upon the load of the head, can be 
disadvantageous under certain circumstances. It can 
deform, thus build a pocket that will trap the head 
and hinder it from flexing out of the force path.  
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In “The influence of end condition on human 
cervical spine injury mechanism” [15], Myers and 
McElhaney et al. examine axial loads on the human 
spine.  
Figure 4 shows the motion patterns of loaded 
cadaveric cervical spines in the above mentioned 
study upon different constraint types of the neck. 
The axial loads and moments on the spine decrease 
from the fully constrained to the unconstrained type. 
The unconstrained type shows how the spine reacts 
to an axial force if the head has the possibility to 
give way and flex out of the force path. The higher 
the constrictions on the degrees of freedom are, the 
higher the risk of injury.  
Spinal injuries can be prevented or mitigated by 
reducing the compression force acting on the neck. 
The unconstrained resulting motion is desirable for 
the upper spine in case of a rollover event.  
The movement pattern is similar to the natural or 
physiological protection position, if it is possible for 
the occupant to react in a timely manner (Figure 4). 
Occupants, when realizing a dangerous situation, 
will actively increase the head-to-roof clearance by 
flexing the head-neck complex as shown in Figure 4 
[8].  
 

 
 
 
 

Figure 4.  End condition on cervical spine 
McElhaney and Myers et al: SAE 912915 [11]. 
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Pocketing is an effect that leads to undesired 
constraints in the head's linear and rotational 
movability and should thus be avoided.  
Pocketing can be caused by a vertical excursion of 
the occupant towards a soft roof liner structure. The 
head, being axially loaded by the neck and the 
effective torso mass, will dive into the soft roof liner 
material, thus deforming it and building a form-
closed connection which reduces the head's 
capability to escape linear forces and rotational 
moments. 

 
Roof Crush or roof intrusion worsens the 

situation. Injuries caused by compression forces of 
restrained occupants in rollovers appear to result also 
from an intruding roof that decreases the head-roof 
clearance.  

The collapsing roof can also form a pocket around 
the head which results in an undesired motion 
pattern [7]. 
 

Padding on the roof during a head-roof contact 
has a significantly positive effect on the head injury 
values. Nightingale et al. [16] show that padded 
surfaces have a direct influence on the forces acting 
on the head. But padding also can be 
disadvantageous. By introducing padding materials, 
the risk of “pocketing” the head is increased as well.  

The challenge is to get padding without generating a 
pocketing effect.  
 

Figure 5 illustrates an occupant in a 180° roll. The 
differences in head-roof distance in the bent and 
unbent head-neck complex are apparent. On the left 
side, there is a high risk for injuries due to little roof 
clearance, axial load of the spine and only little 
space for padding. Since the forces of the torso 
weight will be transmitted to the roof nearly 
perpendicularly, there is also a high risk of 
“pocketing”.  On the right side, a greater head-to-
roof clearance is apparent, also a posterior initiation 
of forces and space for padding elements. In case of 
rollover, the position of the right occupant is 
advantageous.  

 

 

 

 

 

 

 

 

Summarizing the causes for head-neck injuries in 
a rollover event, it can be said that not only avoiding 
some of the mentioned dangerous conditions, but 
avoiding all of them must be the goal. 

• Avoiding cervical injuries by not transmitting the 
load vertically and axially to the upper spine [17]. 

 
• Increasing the head-roof clearance by neck flexion 

has substantial potential for injury reduction.  
 
• Introduction of padding in the area of head-roof 

contact to reduce head injuries, thus to reduce 
forces in axial direction, but without creating the 
pocketing effect. 

 

All points together have been realized in a newly 
developed airbag that has high potential to reduce 
serious injuries of the head-neck complex in the 
case of a rollover event significantly. 

 
ROOFBAG CONCEPT 
 

The Roofbag is a multi-functional rollover 
protection system. It has been designed to mitigate / 
avoid the large fraction of head, face and upper spine 
injuries which in the field represent a significant part 
of rollover related AIS3+ injuries.  

 
  Support chamber 

 Slide chamber 
   

Figure 7.  Roofbag simulation model. 

Figure 5.  Restrained occupant in a 180° roll 
Friedman: SAE 980212 [7].  

Figure 6.  Increasing head-roof clearance by 
flexion of the neck at a 180° roll. 
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 Roofbag Cushion: The Roofbag cushion consists of 
two airtight chambers: A slide chamber which is 
directly connected to the inflator and will be filled by 
the inflator upon ignition of the airbag system.  
A support chamber, which is attached to and riding 
on the slide chamber. 
 
 
 
 
 
 

 
    
 
 
 
 
 

Roofbag Package: The Roofbag package is 
mounted in the upper portion of the seat backrest. It 
is directly attached to the seat frame. Being deployed, 
it will open a tear seam applied to the seat back 
cover.  
With its soft housing it can be implemented without 
disturbing the comfort function of the seat. It can be 
adapted to seats with an active head rest. 
 

 
 

Figure 9.  Roofbag function (illustration). 
 
     Roofbag Function: Different from known airbag 
systems, the Roofbag is designed to actively move 
the occupant into a “rollover-protected” position. 
Upon detection of an upcoming unavoidable rollover 
event, the Roofbag will deploy. The slow onset 
inflator will open the tear seam, and deploy the slide 
chamber. The slide chamber (Figure 9b) with its side 
arms will span up the uninflated support chamber 

and guide it through the gap between head and head 
rest (Figure 9c).  
The support chamber is inflated through venting 
ports between slide- and support chamber. 
 

 
Figure 10.  Gas venting ports (illustration). 
 
Compared to the slide chamber, the support chamber 
is filled with a time delay. 
Inflating slowly between the head rest and the slide 
chamber, the support chamber gently presses the 
occupants head into a “rollover-protected” position 
(Figure 9d + e).  
 
 Benefits of the “Rollover-Protected” Position:  

To mitigate rollover injuries effectively, the 
Roofbag’s rollover protection concept is threefold: 
  
The Roofbag transforms unfavorable axial neck and 
spine loads into posterior loads, thus allowing the 
head and neck portion to escape the critical axial 
load path by flexing in its natural degree of freedom. 
The Roofbag increases the survival space between 
head and roof. 
The Roofbag supplies sufficient padding between 
head and roof structure, reducing head injuries 
caused by direct head-roof contact without trapping 
the head (pocketing effect). 

 
Enclosing the head-neck portion from above, the 
Roofbag will additionally help to protect the 
occupants head against lateral movement. 
 

 
Figure 11.  Roofbag CAE function testing. 
 
      
 
 
 

d e 

cb a 

Figure 8.  Roofbag assembly in seat (illustration). 

Tear Seam
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Roofbag Deployment: Compared to other state-
of-the-art side airbag systems, the Roofbag has a 
very low onset inflator and subsequently deploys 
slowly.  
Its nominal time to position the cushion and also the 
occupant is about 400 ms [Figure 12 and 13]. 
 
This will allow deploying an airbag in the sensitive 
head-neck region without endangering an in position 
or out-of-position occupant. 
 
 

Roofbag Cushion Pressure
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Figure 12.  Roofbag RT cushion deployment 
pressure. 
 

 

120 
ms 

0 ms

38 ms

90 ms

120 ms

390 ms
Figure 13.  Roofbag deployment 
(50% Hybrid III).
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     Dummy Neck vs. Human Neck: 
A 50 % Hybrid III dummy was used for 
development tests. The Hybrid III dummy, being a 
standard in rollover testing, has a stiffer neck 
compared to the human neck.  
The Roofbag’s flexing effect is not as visible when 
used with a Hybrid III dummy.  
The Roofbag is far more effective in flexing a human 
occupants head and neck portion into a 
“rollover-protected” position. 
 
 

 
 

 
Figure 14/15.  Comparison human / dummy 
response. 
 

Collaboration with other Restraints:  
The Roofbag has been developed to collaborate with 
other occupant restraint systems. 

 
In combination with rollover-optimized seat belts 
and curtain airbags, it will effectively protect the 
occupants head against roof and roof rail impacts 
and to a certain extent also against lateral head 
movement. 
 
For unrestrained occupants, a benefit can be 
expected for rollovers, when the occupant is still in 
the protection area of the cushion.  
Since in later rollover phases the occupant’s position 
is likely to change drastically, an additional benefit 
for unrestrained occupants is uncertain.  
 

 
 
 

 
Figure 16.  Combination of rollover relevant 
restraints.  
 
 
TEST RESULTS 
 
Pendulum Test Results 
 

Several tests were conducted to check the 
performance of the developed system. 
First a falling pendulum test was designed to be 
adequate for a first evaluation system. The aim was 
to simulate the kinematics between the dummy head 
and the intrusion of the roof. 
A falling pendulum is mounted to a rigid wall and a 
linear guided drop plate is raised to a certain height. 

 
 
Figure 17.  Fall pendulum test setup with dummy 
Hybrid III 50%. 
 
The pendulum energy as result of the drop height 
and the mass of the drop plate was defined 
considering to the assumptions of the investigations 
by B. Myers [13]. The mass of the drop plate was 
defined as effective torso mass at 16 kg, the resulting 
energy was adjusted by the drop height and ranges 
up to 110 Joule. 
 
First, a baseline test without a protection system was 
conducted. The pendulum performance tests were 
conducted with an unfolded cushion that was filled 
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with compressed air. In parallel, the deployment 
behavior and the cushion folding were developed. 
The ideal pressure was detected by a series of 
pretests (see chapter roofbag concept) and defined as 
a target pressure of about 50 kPa. 
 
For all following tests the Hybrid III 50% dummy 
was used. This dummy is regulated in the 
FMVSS208 rollover test and most popular in other 
papers and publications for rollover evaluation. 
 
The energy of the pendulum was defined by 110 
Joule (mass= 16 kg, v=4.7 m/s). The most important 
resulting dummy loads are shown in table 1. 
 

Table 1. 
Results of Baseline Test without Roofbag. 

 
Dummy Load Value 
Axial compressive Neck Force -7.6 kN 
Flexion Bending Moment 28.4 Nm 
Extension Bending Moment -34.1 Nm 
HIC 15 191 
NIJ 1.3 

 
As expected and seen in table 1 the body regions of 
interest were the head and the neck of the dummy.  
The Injury-Assessment Reference Values for Hybrid 
III-Type adult Dummies (IARV) by Mertz [12] have 
been suggested as guidelines for assessing injury 
potentials associated with measurements made with 
Hybrid III-type 50% adult dummy. Additionally, the 
Neck Injury Criteria [23] (NIJ) was regarded as the 
limit for the neck loads. The relevant limits for the 
test are shown in table 2. 
 

Table 2. 
IARV Dummy Limits according to Mertz [12]. 

 
Dummy Load Limits 
Axial compressive Neck Force -4.0 kN 
Flexion Bending Moment 190 Nm 
Extension Bending Moment -57 Nm 
HIC15 1000 
NIJ 1.0 

 
 
Especially the neck compression force with -7.6 kN 
is nearly two times higher than the limit of -4.0 kN. 
The NIJ is exceeding the limit. 
Several pendulum tests were done to improve and to 
show the performance of the system. 
 
 
 
 
 
 
 

 
 
Figure 18.  Fall pendulum test setup with dummy 
Hybrid III 50% and deployed roofbag before test. 
 
The results of the tests are shown in table 3. The 
pendulum tests have shown that the roofbag is able 
to reduce the critical axial neck compression force 
from -7.6 kN to an uncritical -1.25 kN. The flexion 
neck moment is reduced from 28.4 Nm to 11.3 Nm. 
The extension neck moment virtually stays the same 
and has to be observed for further tests, also 
considering the limit of -57 Nm. Beside the axial 
neck compression force there is also an impressive 
improvement regarding the HIC (191 w/o roofbag, 
≈0 with roofbag) and the NIJ reduction (1.3 w/o 
roofbag, 0.3 with roofbag). 
The dummy sensor curves are listed in the Appendix 
(see Appendix Figure A1 for neck loads and Figure 
A2 for resultant head acceleration). 
 

Table 3. 
Results of Performance Pendulum Test with and 

without Roofbag. 
 

Dummy 
Load Limits Baseline  With 

Roofbag 
Axial compr. 
Neck Force -4.0 kN -7.6 kN -1.25 kN 

Flexion 
Moment 190 Nm 28.4 Nm 11.3 Nm 

Extension 
Moment -57 Nm -34.1 Nm -37.9 Nm 

HIC15 1000 191 ≈ 0 
NIJ 1.0 1.3 0.3 

 
 
Rollover Test Results 
 

Two standard rollover crash tests according to the 
FMVSS208 have been confirmed with 2 Hybrid III 
50% dummies in the front seat row (driver and 
passenger side).  
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Figure 19.  Rollover test setup according to 
FMVSS208. 
 
The vehicle was a current popular European 
passenger car. The first car was equipped without 
additional safety devices; the second car was 
equipped with the roofbag system. During the 
rollover all dummy signals were recorded to 
document the dummy loads and the performance of 
the roofbag. 
Figure 20 shows the dummy on the driver side with 
the deployed roofbag module in test position. 
 

 
Figure 20.  H III 50% dummy on driver side with 
deployed roofbag in test position. 
 
Table 4 shows the dummy loads on the driver side, 
table 5 shows the results on the passenger side 
dummy in relation to the limits. 
 

Table 4. 
Dummy Loads on the Driver Side. 

 
Driver Position 

Dummy 
Load Limits Baseline  With 

Roofbag 
Axial compr. 
Neck Force -4.0 kN -2.4 kN -0.85 kN 

Flexion 
Moment 190 Nm 8.4 Nm 12.1 Nm 

Extension 
Moment -57 Nm -9.1 Nm -18.1 Nm 

HIC36 1000 27.4 20 
NIJ 1.0 0.4 0.26 

Table 5. 
Dummy Loads on the Passenger Side. 

 
Passenger Position 

Dummy 
Load Limits Baseline  With 

Roofbag 
Axial compr. 
Neck Force -4.0 kN -12.0 kN -0.80 kN 

Flexion 
Moment 190 Nm 53.2 Nm 20.1 Nm 

Extension 
Moment -57 Nm -12.7 Nm -19.4 Nm 

HIC36 1000 102 72 
NIJ 1.0 2.07 0.27 

 
A comparison of the different results on each 
individual value shows the tendency that the dummy 
loads on the passenger side are higher compared to 
the values on the driver side. The reason is the 
rotation of the vehicle during the rollover. The driver 
is on the “near side “ to the ground and below the 
axis of rotation of the vehicle; the passenger is so 
called “ far side” and has much more energy of 
rotation during the first roll. The performance of the 
roofbag as seen in the pendulum tests is confirmed 
by the results in table 4 and table 5. 
The most impressive reduction is seen on the 
passenger side.  The compression neck force reduces 
from -12.0 kN (w/o roofbag) to 0.8 kN (with 
roofbag) and the reduction of the NIJ from 2.07 to 
0.27(with roofbag). The other dummy loads cannot 
be improved in a clear way, but those values are not 
critical. The reduction of the compression neck force 
and the NIJ is the result of the changed kinematics of 
the dummy. The reason for this change of kinematics 
is the influence of the roofbag that forces the dummy 
into the rollover protected position. 
The passenger dummy sensor curves are listed in the 
Appendix (see Appendix Figure B1 for neck loads 
and Figure B2 for resultant head acceleration). 
 
Out-of-position Tests 
 

Another important point beside the performance 
during a crash is the low aggressiveness in out-of-
position situations. Out-of-position tests are defined 
for frontal airbags [24] and side airbags [10]. New 
test positions were designed, in accordance with the 
known out-of-position setups. The following 
dummies were chosen to be important: Hybrid III 
5% female, Hybrid III 6 year old dummy, Hybrid III 
3 year old dummy.  
Table 6 shows the defined dummy positions. 
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Table 6. 
Out-of-position Dummy Positions. 

 
Dummy Position 
Hybrid III 
5% Female  

Sleeping Position 

Rearward facing kneeling on Seat Hybrid III  
6 year Child Forward facing on Cube 

Forehead on Tear Seam Hybrid III  
3 year Child Forward facing on Booster Cube  

 
The positions were defined to produce the worst 
possible interaction between dummy and roofbag 
module. Nevertheless the positions should not be too 
unrealistic; all tests were conducted with head rest in 
the seat back and with one type of seat.  
Limit values for the head, neck and thorax were 
defined, to have a guideline and to assess the results. 
The limits for the relevant dummies were taken from 
the TWG [10] limits for side airbags. Those relevant 
limits are shown in table C1 and C2 in the Appendix. 
The TWG [10] distinguishes between reference 
values, which are established and significant and the 
research values, which have to be considered for 
further developments and have a biomechanical and 
scientific basis. For the Roofbag study, all values 
were taken to be equivalently important. 
Figure 21 and Figure 22 show typical newly defined 
testing positions. 
 

 
Figure 21.  Out-of-position configuration 
“sleeping female” for Hybrid III female dummy. 

 
Figure 22.  Out-of-position configuration 
“forehead on tear seam” for Hybrid III 3 year old 
child dummy. 

The results of the tests are shown in table C3 in the 
Appendix, in each case the 5 highest values were 
presented as percentage of the limit values (table C1 
and table C2 in the Appendix). All tests showed 
acceptable injury risks for dummies out-of position. 
Only one of the conducted tests has a maximum 
dummy load above 40% relative to the limit, which 
is the position rearward kneeling on booster (see 
Figure 23). 
 

 
 
Figure 23.  Out-of-position configuration 
“rearward kneeling on booster” for Hybrid III 6 
year old child dummy. 
 
As seen in table C3 (Appendix) there were two 
dummy loads above 40%, the highest load is the 
extension moment in the lower neck with 74% 
followed by the NIJ with 70%. Both loads are 
directly induced by the deploying roofbag, the 
cushion strikes directly to the dummy head with a 
load path into the direction of the center of gravity of 
the head. The booster used in this configuration 
caused highest loads on the head, so higher loads in 
variations of this position were not expected, in other 
words, this seems to be the worst case. Nearly all test 
positions can be rated as uncritical. Nevertheless 
there are parameters like, the finish of the tear seam 
and the cover fabric of the back rest which can 
directly influence the out-of-position performance. 
Thus the out-of-position performance should be 
checked continuously in parallel with the further 
development or, while changing the vehicle 
surrounding. 
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DISCUSSION 
  
Seatbelt Use vs. Head-to-Roof Contact 
 

Among other topics NHTSA has declared 
Rollover and also seatbelt use as top priority. 
Increasing seatbelt use will reduce injuries for frontal 
and side impacts and also for rollover. For rollover 
the most important benefit will be a huge reduction 
in ejections. But even if seatbelts were to be used by 
100% of all vehicle occupants there would still be a 
considerable number of injuries [2]. Up-to-date 
seatbelts are equipped with pretensioners and energy 
absorbing devices which are designed for frontal 
impact performance. In case of a rollover the 
pretensioner will reduce the belt slack and hence the 
mobility of the occupant towards the roof will be 
limited. Despite up-to-date seatbelts there is still a 
risk for head-to-roof contact. First, we have to 
consider that in the chaotic event of a rollover the 
occupant may slip out of the shoulder belt and hence 
gain additional mobility towards the roof. Second, 
there are considerable numbers of vehicles that 
experience a large roof intrusion during a rollover 
which causes a high injury risk regardless of seatbelt 
use. Together it can be seen that head-to-roof 
contacts can not be avoided in a rollover. Therefore, 
we need safety devices for rollovers which provide 
safety beyond seatbelts. The target is to avoid Head-
to-Roof contact. The roofbag concept has shown its 
capability to do so.  
 
Ejection Mitigation vs. Head-to-Roof Contact 
 

Injury field statistics show that in many cases 
occupants were not belted when experiencing a 
rollover. Subsequently many of those occupants 
were ejected from the vehicle and seriously injured. 
Currently, the injuries caused by total or partial 
ejection outnumber the other injuries. Hence ejection 
must be avoided. NHTSA and industry are putting 
high priority on pursuing advanced restraints which 
prevent ejection through the side window. Only after 
such advanced ejection mitigation restraints are 
introduced to the fleet should we think about the 
second priority which is to avoid head-to-roof 
contact. As seen from the shown test results a 
concept like the roofbag will be highly beneficial.      
 
Dummy (HIII vs. ESII) 
 

Throughout the roofbag concept study the Hybrid 
III dummies were used (50%; 5%; 6year old and 3 
year old). However it can be argued that this is not a 
suitable dummy for Rollover testing. The ESII 
dummy or WorldSID would have been a better 
choice for lateral injuries. A RID (Rear Impact 
Dummy) could have been a better predictor when it 
comes to neck and spine injuries. To enlarge the 

testing program to those additional dummies the time 
and finance budget would have been multiplied 
several times. Therefore, it was decided to focus on 
an evaluation program around the Hybrid III family. 
The results provided show the high potential of the 
roofbag concept. If we were to consider a mass 
production close application of the roofbag concept, 
the roofbag will need further detailed evaluation and 
possibly more optimization.      
 
Restraint Performance beyond Rollover 
 

All evaluations which were done were focused on 
rollover protection.  When deployed - the roofbag is 
located between the head rest of the seat and the 
head of an occupant. This makes the roofbag concept 
a potential candidate to reduce rear impact induced 
injuries. At a timing of approx. 40 ms the roofbag 
fills already the gap between the head rest and the 
occupants head. At this timing the pressure inside the 
roofbag is above 20 kPa. It is yet to be evaluated 
how effective the roofbag concept could be used in 
case of a rear impact situation. If we can define a 
positive balance between rear impact vs. rollover and 
cost vs. benefit - then the roofbag concept will earn 
additional credit points for implementation.  
 
CONCLUSIONS 
 

The roofbag concept is a brand new idea on how 
to reduce head and neck injuries which are caused by 
head-to-roof contacts. From biomechanics we learn 
how to bring the occupant into the best “rollover-
protected” position (i.e. bending the occupants head 
and neck actively forward). Deployment tests and 
pendulum tests show the basic performance and 
benefit. The pendulum tests show the following 
drastic injury reductions (100% are equal to limit 
value): 

• Axial compression neck forces were 
reduced by 158% 

• Neck Flexion Moment were reduce by 9%  
• HIC was reduced to from 191 to ≈ 0 
• NIJ was reduced by 100% 

FMVSS 208 rollover tests were conducted to 
evaluate the dynamic performance. Different benefit 
values could be achieved for driver and passenger 
occupants. For the driver (near-side seating position) 
the following was achieved: 

• Axial compression neck forces were 
reduced by 38% 

• The flexion moment was increased from 
8.4 Nm to 12.1 Nm. This increase is not 
critical at all since the limit is set at 
190 Nm.  

• The extension moment was increased from  
-9.1 Nm to -18.1 Nm. Again this is not 
critical as the limit is set at -57 Nm.  

• The HIC was reduced from 27.4 to 20 
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• NIC was reduced by 14% to a uncritical 
0.26 

The benefit for the passenger side occupant (far-side 
seating position) was more significant. This was not 
a surprising result as this seating position usually 
experiences higher rotational forces. The following 
was achieved: 

• Axial compression neck forces were 
reduced by 280% 

• The flexion moment was reduced by 17% 
• The extension moment was increased from  

-12.7 Nm to -19.4 Nm. This is not critical 
as the limit is set at -57 Nm.  

• The HIC was reduced from 102 to 72 
• NIC was reduced by 180% to a uncritical 

0.27 
Finally tests were done to evaluate the potential 
risks for in or out-of-position seating situations. 
These evaluations show no significant injury risk for 
dummies in-position and acceptable injury risks for 
dummies out-of-position.  
 
In summary the effective use of the roofbag concept 
was shown in various conditions. Further efforts 
will be needed to reduce serious and fatal injuries in 
case of rollovers. Also efforts will be beneficial 
which direct to technologies and consumer 
education to avoid rollovers as a whole.  
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APPENDIX 
 

 
Figure A1.  Comparison of neck force and neck moment in pendulum tests with and without roofbag. 

 
Figure A2.  Comparison of resultant head acceleration in pendulum tests with and without roofbag. 
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Figure B1.  Comparison of neck force and neck moment in FMVSS208 rollover test with and without 
roofbag, passenger side. 
 

 
Figure B2.  Comparison of resultant head acceleration in FMVSS208 rollover test with and without 
roofbag, passenger side. 
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Table C1. 
Dummy Injury Reference Values for Out-of-position Testing [54]. 

 
Dummy Injury Reference Values for Out-of-Position Testing of Side Airbags 
 
 Dummy 

Body Region/Injury Measure 

Hybrid III 
3-Year-Old

Child 

Hybrid III 
6-Year-Old

Child 

Hybrid III 
Small 

Female 
Head    

15 ms HIC 570 723 779 
    
Upper Neck    

Nij 1 1 1 
Intercepts    

FT (N) 2120 2800 3880 
FC (N) 2120 2800 3880 
MF (Nm) 68 93 155 
ME (Nm) 27 37 61 
Tension (N) 1130 1490 2070 
Compression (N) 1380 1820 2520 

    
Thorax    

Deflection (mm) 36 40  
Deflection rate (m/s) 8.0 8.5  

 
Table C2. 

Dummy Injury Research Values for Neck and Thorax for Out-of-position Testing [54]. 
 

Dummy Injury Research Values for Out-of-Position Testing of Side Airbags 
 
 Dummy 
Body Region/Injury Measure Hybrid III 

3-Year-Old
Child 

Hybrid III 
6-Year-Old

Child 

Hybrid III 
Small 

Female 
Upper Neck    

Lateral moment (Nm) 30 42 67 
Twist moment (Nm) 17 24 39 

    
Lower Neck    

Flexion moment (Nm) 83 119 190 
Extension moment (Nm) 34 48 77 
Lateral moment (Nm) 60 84 134 
Twist moment (Nm) 17 24 39 
Tension (N) 1130 1490 2070 
Compression (N) 1380 1820 2520 

    
Thorax    

Spine acceleration ( max g, 3 ms) 55 60  
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Table C3. 
Relevant Results of the Out-of-position Tests. 

 
picture dummy position belted remarks

HIII
3 year 

old child

forward facing,
 on booster 
cube high

no neck in front of 
head rest

extension moment low. neck
upper neck NIJ
thorax spine 01 (max ac 3ms)
upper neck twist moment
thorax chest04 (max ac 3ms)

37%
27%
25%
20%
18%

injury values are on 
a low level

HIII
3 year 

old child

rearward 
facing,kneeing 

on booster 
(forehead on 
tear seam)

no
face touching 
back rest over 
cushion outlet

upper neck NIJ
lower neck extension moment
thorax spine 01 (max ac 3ms)
upper neck compression
thorax chest04 (max ac 3ms)

28%
27%
15%
12%
11%

injury values are on 
a low level

HIII
6 year 

old child

rearward 
kneeing on 

booster, arms 
on head rest

no
face touching 
back rest over 
cushion outlet

lower neck extension moment
upper neck NIJ
upper neck tension
lower neck tension
lower neck twist moment

74%
70%
32%
28%
26%

direct deployment 
into dummies face, 
injury values are on 
an acceptable level 

considering the 
seating position

HIII
6 year 

old child

forward facing, 
on booster cube no neck close to 

cushion outlet

lower neck extension moment
upper neck twist moment
lower neck twist moment
upper neck NIJ
lower neck flexion moment

33%
27%
26%
24%
21%

injury values are on 
a low level

HIII 5% 
female

angle of 
backrest +60° no

lying on back rest,
neck close to 
cushion outlet

upper neck extension moment
upper neck NIJ
upper neck flexion moment
upper neck compression
upper neck tension

26%
14%
8%
5%
4%

injury values are on 
a low level

max percentage 
of limit values comment
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ABSTRACT 

A human body finite element model for an 
average adult male was developed. The model is 
based on the integration of finite element models of 
body regions of the thorax, abdomen, shoulder and 
head-neck, previously developed at Wayne State 
University. The model includes details of the human 
skeleton and major soft tissues in these body regions, 
including the skull, spinal column, neck muscles, 
joint ligaments, ribcage, clavicle and shoulder bones 
and joints, lungs, heart, aorta, vena cava, esophagus, 
liver, spleen, and kidneys, and various connective 
arteries and veins, and pelvis.  

Extensive validations of the human body model 
have been made against Post Mortem Human 
Subjects (PMHS) responses for the frontal and side 
impacts, as well as belt and surrogate airbag loading 
under various conditions of fifteen sets of pendulum 
tests performed and published by various 
researchers. The force-deflection characteristics of 
shoulders, thorax, and the abdomen are in good 
agreement with the experimental data. 

The model was further validated against the chest 
band data of belted PMHS 30mph sled test (NHTSA 
bio-mechanics database, test #2860). The model 
predicts the histories of chest deflections and shapes 
of the fourth and eight rib sections. Robustness 
study in sled test simulations was made. The model 
performed well under the impact severities of 15-35 
MPH in frontal and side impacts.  

Stress analysis was made on the clavicle under 
lateral pendulum impact, on the abdominal solid 
organs under rigid bar impacts, and on the chest ribs 
under the 30mph belted PMHS sled test. 
Comparisons of the analysis results with autopsy 
results showed that the model can estimate possible 
locations of the bone and organ failures, consistent 
with the experimental observations. 

 

INTRODUCTION 

Research and development of next generation 
advanced automotive restraint systems presents a 
unique set of challenges.  

A recent survey by MLIT/JAMA/JARI on 
ITARDA Traffic Accident data in 2000 [1] showed 
that in Japan 76% of occupant fatalities were 
involved in frontal crashes, and 20% in side crashes. 
Among the frontal accidents head injuries accounted 
for 40% of the total fatalities, followed by chest 
injuries 25%, abdomen injures 11%, and neck 
injuries 7%. This survey also showed that belt usage 
reduced fatalities of occupants in all-direction auto 
accidents, but was not effective for reduction of the 
serious injury rates of occupants. In the United 
States also, similar trends of occupant fatality 
percentages classified by automobile accident types 
and injured body regions of occupant, have been 
reported in various publications by Mulligan et al. 
[2], Cavanaugh et al. [3], Elhagediab and Rouhana 
[4], and Lee and Yang [5], etc..  

We studied the NASS/CDS database from 
1993 to 1999. 59,426 cases of the thoracic and 
abdominal soft tissue injuries of occupants involved 
in the frontal accidents (PDOF=11–1 o’clock, 
AIS=2+) were analyzed. We found out that the 
unrestrained occupants had more organ injuries: 
about 72% for aorta, 52% for liver, 49% for spleen, 
48% for kidneys, 47% for lungs, and 25% for heart, 
among all the cases. Comparatively, the percentages 
of organ injury in the total injured occupants 
restrained with seat belt only were: 17% for aorta, 
40% for liver, 37% for spleen, 39% for kidneys, 
32% for lungs, and 68% for heart. For the occupants 
restrained with both seatbelt and airbag the organ 
injury rates were, 5% for aorta, 8% for liver, 12% 
for spleen, 12% for kidneys, 11% for lungs, and 6% 
for heart. These findings tell us that the seatbelt 
combined with airbag provided better protection for 
occupants.   
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It is a challenge to develop safer and more 
advanced restraint systems, maximizing the 
protection performance for all the human body 
regions while to eliminate or to minimize their 
possible side effects, especially on the thoracic and 
abdominal organs. To optimize the restraint load 
distribution on the human body, particularly to 
properly distribute load through the shoulder and 
upper thorax of occupant, we need to better 
understand the shoulder’s mechanical response and 
transmission of load to the thorax in frontal, oblique, 
and lateral impacts.    

Protection of elderly people is expected to get 
increased attention in the next generation restraint 
system designs. The population continues to age 
worldwide. It was estimated that by 2030, 25% of 
the population will be age 65 or older [6]. Older 
people in general are more susceptible to injury, 
primarily thoracic injury, and that the morbidity, 
mortality, and treatment costs for a given injury are 
typically higher for old people.  Kent et al. [7] found 
that the chest deflection threshold for rib fractures is 
strongly dependent on age. To better protect 
occupants of all age groups, especially elderly 
people, we should look to improve methods and 
tools for system performance evaluation.  

The efficacy or performance of restraint 
systems is assessed using a variety of tools. 
Anthropomorphic test devices (ATDs), or dummies, 
are often used. ATDs are instrumented to measure 
various mechanical parameters, including 
accelerations at the center of gravity (CG) of head, 
chest, pelvis, chest deflection, and neck & femur 
forces etc. These mechanical parameters, or 
combinations thereof, correlated with presence of 
injury in similar cadaver tests to some extent, are 
used as “predictors” of injury risk. However, ATDs 
have certain limitations. The shoulder complex and 
the abdomen body parts of ATDs have poor 
biofidelity. ATDs have no or very limited capability 
for assessment of injury of the soft tissues (internal 
solid organs, ligaments, tendons, facet joint, etc.) in 
the human body. As supplemental tools, Post 
Mortem Human Subjects (PMHS) or animal tests 
may be performed to provide additional 
biomechanical information. Because these tests are 
very expensive, laborious, and have limited 
repeatability, they are not often used in laboratory 
for restraint systems evaluation. 

Computer aided engineering (CAE) plays an 
important role in restraint systems R&D. Human 
body model emerges as an important tool for 
assessment of occupant injury and restraint system 

performance. Specifically, a well-developed human 
body model helps in understanding injury 
mechanisms of the bony skeleton and soft 
tissues/organs of the restrained occupant under 
complex loading conditions in laboratory and real 
car crashes. The human body model, by taking into 
account changes of the anatomical structures and 
material properties due to aging, can be used to 
study aging factors to help evaluate restraint 
concepts for elderly occupant protection. The sled 
test simulations using the human body model, 
combined with a few PMHS component tests, will 
play an important role in assessment of restraint 
system performance and side effects. These tasks 
are impossible or very difficult to be conducted by 
using the current ATDs.   

With the rapid advances in computer 
technology, sophisticated finite-element models of 
the human body have been developed in recent 
years. There currently are few published human 
body models. However, all of them have some 
limitations for the system R&D applications to our 
knowledge. Toyota Central R&D Lab., Inc. has 
developed the Finite Element Model of the Total 
Human Model for Safety (THUMS-AM50 version 
1.52) [8]. This model has detailed human skeleton 
structures. But the model treats the thoracic and 
abdominal soft tissues as lumped masses. The 
vertebrae were defined as rigid bodies. These 
modeling methods limited the model usage for 
injury estimation of the soft tissues and thoraco-
lumbar spine. Ford Motor Company constructed a 
human body model for an average adult male and 
validated its thoracic impact responses against a few 
sets of PMHS tests [9]. This model includes details 
of the skeleton and major thoracic and abdominal 
solid organs. However, it is not clear from the paper 
[9] that how much details of the anatomical 
structures in the shoulder complex were modeled in 
this model and that how reliable it is applied in sled 
test simulation applications. The other mid-sized 
human male body models commercially available, 
have similar deficiencies.  

During past decades Bioengineering Center of 
Wayne State University (WSU) has published a 
human thorax model [10], a human abdomen model 
[11], a human shoulder model [12], a human neck 
model [13], and a human head model [14, 15]. 
These models were validated to some extent against 
data obtained from the PMHS pendulum tests. We 
used these models extensively and concluded that 
development of a human body model based on 
integration of these body part models should meet 
our needs and expectations.  
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The purpose of this research was to develop a 
robust and reliable human body model for our 
restraint system R&D applications. The basis of this 
work were finite element models of the body 
regions of the thorax, abdomen, and shoulder, 
developed at WSU. In order to achieve our goal we 
have made great efforts on improvement of the 
modeling methods and integration to achieve 
computation robustness and efficiency, as well as its 
validations.    

METHODS AND MODEL DESCRIPTION 

Model Improvement and Description 

The whole human body model numbering 
scheme was designed as follows: 

The first two digits of nodes and elements 
(numbered in millions), parts and materials 
(numbered in thousands) coincide with the sequence 
number for the following eighteen body parts: 1-
brain, 2-skull, 3-neck, 4-shoulders, 5-left arm, 6-
right arm, 7-thoracic bony structures, 8-thoracic soft 
tissues, 9-aorta, 10-lumbar spine, 11-abdominal soft 
tissues, 12-pelvis, 13-left femur, 14-right femur, 15-
left knee, 16-right knee, 17-left tibia & foot, and 18-
right tibia & foot.  

To obtain better quality of finite elements, the 
model were remeshed particularly for the bodies of 
the torso skin, the pelvis flesh, the kidneys and the 
renal artery and vein, the abdominal hollow organs 
walls, the shoulder scapula, the Supraspinatus and 
Infraspinatus muscles. All the interfaces between or 
among anatomical sub-structures, basically modeled 
as tied nodes or surfaces, were reorganized. All the 
interactions among the anatomical structures, 
modeled as interface contacts, were redefined. The 
detailed finite-element models for the body parts of 
head and neck, and the rigid body models for the 
lower extremities were integrated.  

Our new 3D FE model of the human body 
represents an average adult male with weight of 
75Kg. It contains about 45,656 solid elements, 
52,565 shell elements and 268 1-D elements, with 
total about 80,000 nodes and 99,000 elements. The 
minimum element mesh size is about 1.3mm (in the 
aortic arch region). Figure 1 shows this model. A 
description of the model by body regions is given 
below.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    Figure 1. The human model model 

The head model consists of scalp, skull, dura, 
falx, tentorium, venous sinuses, ventricles, cerebrum 
(gray and white matter), and cerebellum. The parts 
and material data are based on published 
information [14].   

The neck model, consisting of the vertebrae 
from C1 through T1 including the intervertebral 
discs and anterior and posterior ligaments, synovial 
facet joints, and muscles, developed and validated 
against the data of PMHS free head-neck drop tests 
performed at Duke University [16] and PMHS 
pendulum rear impact to T1 conducted at WSU [13].  

The shoulder model included three bones, the 
humerus, the scapula and the clavicle, and four 
joints, the glenohumeral, the acromioclavicular, the 
sternoclavicular joint, and the scapulothoracic 
articulation. Various muscles, tendons and ligaments 
in the shoulder complex are modeled. The modeling 
methods for the four joints were explained in the 
publication [12]. In this shoulder model, we 
redefined the bone-muscle-bone contacts for the 
Scapulo-thoracic Articulation and for the 
interactions between the ribcage and the posterior 
shoulder (Supraspinatus, Infraspinatus, Latissimus 
dorsi, Trapezius, and Deltoid) muscles. The material 
properties of the shoulder ligaments (those modeled 
as nonlinear elastic membrane) and muscles (those 
modeled as viscoelatic solid) were updated based on 
the latest experimental data from the dynamic 
loading tests for the human bone-ligament-bone 
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specimens of acromioclavicular, coracoclavicular 
and sternoclavicular joints [18].  

The thorax model consists of the ribcage 
(spine, sternum, 12 pairs of ribs, and external and 
internal intercostals muscles) and internal soft 
tissues (heart, lungs, aorta, pleural, diaphragm, and 
the blood vessels and the air passages) [10]. In this 
model, the material model of the lungs is modeled 
using MAT_LUNG_TISSUE in the LS-DYNA code 
version 970 (LSTC, Livermore, California), in 
which the material coefficients were determined by 
fitting the experiment data of  Michael Yen’s bi-
axial tests on excised specimens of human lung 
parenchyma [17]. The material model for the 
cortical bone (modeled as shell elements) and 
spongy bone (modeled as solid elements) uses 
elastic viscoplastic model combined with continuum 
damage mechanics (MAT_DAMAGE_2 in LS-
DYNA). The intersection between parietal pleura 
and diaphragm was defined by tied-nodes. The left 
and right ventricles of the heart and the inside of the 
Aorta, Vena Cava and Esophagus were pressurized 
by airbag models.  

The abdomen model contains the liver, spleen, 
kidneys, abdominal aorta, and inferior vena cava.  A 
description of the original WSU abdomen model can 
be found in the paper [11]. Taking into 
considerations of better modeling of the anatomical 
interfaces among the solid and hollow organs and 
regional variation of the stiffness in between the 
midabdomen and the lower abdomen, we made 
some changes to the abdomen model. Instead of 
using one set of membrane elements to represent the 
whole cavity between the subcostal plane and the 
pelvic cavity [11], we defined a compressible solid 
in the cavity coupled with a set of membrane in a 
closed volume pressurized by an airbag. Additional 
arteries and veins (common iliac veins, external iliac 
artery, left and right renal veins, and veins and 
arteries connecting main vessels to the lumbar 
spine) were modeled. The density and the material 
properties of the liver, kidneys, and spleen were also 
updated based on the latest published experimental 
tests on the porcine liver, spleen and kidney 
specimens [19].   

The thoraco-lumbar spine model is fully 
deformable. Twelve thoracic and five lumbar 
vertebrae were connected through discs and 
ligaments. We have conducted simulations using the 
sub-model of the lumbar spine to correlate the 
experimental data of the human cadaver lumbar tests 
under six different loading conditions of anterior 
and posterior shear, tension, compression, flexion 

and extension [20]. The responses of the lumbar 
spine model agree with the experimental data under 
all the loading conditions except for the flexion 
loading case. Adjustment of the material properties 
of the bones and ligaments of the spine was made.  

The models for the lower extremity and lower 
arms and hands are relatively simple. The Hybrid-III 
legs were attached to the human body torso. To do 
so the pelvic bones of acetabulum and iliac were 
defined as rigid bodies. The anatomical data of the 
arms and hands were not included. Lumped mass 
were added to the upper arms to take into account 
their inertia effects.  

Material Properties 

Fourteen material models (constitutive laws) 
are used in the human body model. The material 
properties for some important tissues are listed in 
table A-1 in the appendix of this paper.  

MODEL VALIDATION 

PMHS Pendulum Impact Test Simulations 

In our first round of the model validations, 
fifteen tests of PMHS pendulum impacts to three 
body regions of thorax, abdomen, and left shoulder 
were simulated. Table 1 summarizes the impact 
conditions and the sources of experimental data.    

Thoracic Force-Deflection Responses 

To validate the response of the thorax body 
region, five cases (case 1-5 as listed in Table 1) of 
the PMHS pendulum impact tests were simulated. 
The chest deflections were calculated from the 
displacement of the impact center point on the chest 
skin relative to the thoracic spine. In Cases 1-2, the 
forces were obtained from the anterior pendulum-
body contact forces, while in Cases 3-5, the forces 
were from the posterior body-backplate contact. 
Comparisons of the force-deflection responses 
between the model and the test data are shown in 
Figures 1 to 5. 
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Table 1. 

PMHS pendulum impact tests for the model 
validation 

 

 

 

 

 

 

 

 

 

Fig.1 Force-deflection comparisons of Case 1 

 

 

 

 

 

 

 

Fig. 2 Force-deflection comparisons of Case 2 

 

 

 

 

 

 

Fig. 3 Force-deflection comparisons of Case 3 

 

 

 

 

 

 

 

Fig.4 Force-deflection comparisons of Case 4 

 

 

 

 

 

 

Fig.5 Force-deflection comparisons of Case 5 

Case 
No. 

Description of the test conditions Ref. 
No. 

1 23.4 Kg 150mm disk at 6.5 m/s to 
center of thorax 

[21] 

2 23.4kg 150mm disk 30 degree 
oblique impact to thorax at 6.5 m/s 

[22] 

3 UVA hub loading to thorax [23] 

4 UVA diagonal belt loading to 
thorax

[23] 

5 UVA distributed loading to thorax [23] 
6 32Kg rigid bar impact to 

midabdomen at 6.1 m/s 
[24] 

7 48Kg rigid bar impact to 
midabdomen at 9.0 m/s 

[25] 

8 23.4kg disk 30 degree oblique 
impact to right side of upper 
abdomen at 6.5 m/s  

[22] 

9 Close-proximity surrogate airbag 
impact to midabdomen  

[25] 

10 Belt loading to midabdomen [25] 
11 23.4Kg disc lateral impact to left 

shoulder at 4.5 m/s  
[12] 

12 23Kg 200X150mm ram lateral 
impact to left shoulder at 4.4 m/s 

[26] 

13 The 23Kg ram 15 degree oblique 
impact to left shoulder at 4.4 m/s 

[26] 

14 The 23Kg ram 30 degree oblique 
impact to left shoulder at 4.4 m/s 

[26] 

15 The 23Kg ram 30 degree oblique 
impact to left shoulder at 7.6 m/s 

[26] 

Chest Frontal Pendulum Impact Test Validation against corridors by 
Kroell et al. (1974)
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All these figures show that the calculated chest 
force-deflection responses are basically in the 
corridors of the test data by Kroell [21], Viano [22], 
and Kent et al. [23].  

These results verified the model’s predictions 
of the chest force-deflection responses to change of 
impact directions (cases 1 & 2) and types of loading 
(cases 3-5).  

Abdominal Force-Deflection Responses 

Cases 6 to 10 were set up to validate the 
model’s abdominal responses to different impact 
mass and speed, loading type and impact directions. 
The abdominal deflections were calculated from the 
displacement of the impact center point on the 
abdomen skin relative to the lumbar spine.  

Figure 6 to 10 show correlations between the 
calculated and measured forces-deflection responses 
of the midabdomen or the upper abdomen for cases 
6-10. We see that overall the model predicts the 
abdominal responses reasonably.  

 

 

 

 

 

 

 

Fig. 6 Force-deflection comparisons of Case 6 

 

 

 

 

 

 

 

 

Fig. 7 Force-deflection comparisons of Case 7 

 

 

 

 

 

 

 

Fig. 8 Force-deflection comparisons of Case 8 

 

 

 

 

 

 

 

Fig. 9 Force-deflection comparisons of Case 9 

 

 

 

 

 

 

 

Fig. 10 Force-deflection comparisons of Case 10 

Shoulder Force-Deflection Responses 

Cases 11 to 15 were chosen to validate the 
responses of the shoulder. The shoulder deflections 
were calculated from the relative displacements of 
acromion-to-acromion. Comparisons of the forces-
deflection responses between the model and the 
PMHS pendulum test data are shown in Figures 11 
to 14. In the oblique impacts (Case 12-14), the 
responses in both y (the lateral direction) and x (the 
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Surrogate Airbag Load Test against Corridors by Hardy 
et al (2001)
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anterior-posterior direction) were correlated with the 
data by Bolte et al [26]. 

 

 

 

 

 

 

 

Fig. 11 Force-deflection comparisons of Case 11 

 

 

 

 

 

 

 

Fig. 12 Force-deflection comparisons of Case 12 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13 Force-deflection comparisons of Case 13 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14 Force-deflection comparisons of Case 14 

PMHS Sled Test Simulation 

For using the model as effective system 
evaluation tool, it is important to validate it under 
dynamic crash conditions. A set of PMHS sled test 
data in the NHTSA biomechanics database (test# 
2860) was selected for such model validation. The 
test #2860 run at University of Virginia in 1992, 
used a 30.7 mph frontal crash pulse for a 3-point 
belted PMHS seated in a Tempo buck. The subject 
was an embalmed cadaver of 68 years old male with 
weight of 67Kg and height of 171cm. The test made 
use of two 40-gage chest bands, one on the fourth 
and one on the eighth rib to measure chest 
deformation during the impact event. The 
experimental data also included shoulder and lap 
belt forces, accelerations at T1 & T12 vertebrae and 
sternum.     

The human body model was positioned in the 
test buck described in test report [27]. The belt 
system was modeled approximately in absence of 
details in the report. The sled crash pulse per this 
test report was used in the model.  

The computed shoulder and lap belt forces 
were correlated with the test data. The model’s 
predictions of the chest deflections were compared 
with available chest band measurement data.  

Shoulder Lateral Pendulum Impact Test against Coridors by 
APR (1984)
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et al. (2003) 
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Shoulder Ram 15-Deg Impact Test against Coridors of y-
component by Bo lte et al. (2003) 
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Shoulder Ram 15-Deg Impact Test against Coridors of x-
component by Bolte et al. (2003) 
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Shoulder Ram  30-Deg  Im pact Test against Coridors o f y-
component by Bo lte et al. (2003) 
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Fig. 17 Comparison between the simulated and experimental chest shapes at rib #8 at 96 msec 

Figure 15 & 16 compare the model-predicted 
and measured histories of the chest deflections at rib 
#4 and #8 sections.       

 

 

 

 

 

Fig. 15 Histories of the chest deflections at rib #4 

 

 

 

 

 

Fig. 16 Histories of the chest deflections at rib #8 

The simulation results and the chestband data 
of chest deformation shapes within the time period 

of 120msec were also compared. Figure 17 shows 
such a comparison of the chest band shapes in the 
rib#8 transverse section plane at 96 msec. The 
computed profile is the transverse section view cut 
through the rib#8. The experimental shape was 
reconstructed from the chestband signals at 96 msec. 
The shapes are similar to each other. 

These results give us some confidence in the 
human body model chest response estimations 
similar to PMHS under dynamic crash simulations.     

Robustness Study in Sled Tests Simulations 

To serve the needs of restraint system R&D 
applications, the human body model must be tested 
under various sled tests conditions. The motivation 
of this study was to assess robustness of the model 
in sled test simulations under a variety of restraint 
environments and crash conditions.    

 We set up a matrix that consisted of 12 runs, 
in which variations of crash severity (15 mph to 35 
mph) and restraint systems (3-point & 4-point 
seatbelts, with or without driver & passenger 
airbags) were considered, as shown in Table 2.  

  All the simulations in the matrix were 
completed successfully. Robustness of such defined 
human sled test models was confirmed. 
Quantification of all of these model’s results is in 
process.      
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Table 2. 

Matrix of the human body sled tests for 
model robustness study  

INJURY ANALYSIS 

Injury assessment and analyses were made for 
the simulation cases through the analysis of model 
predicted stress-strain field of hard and soft tissues 
in the shoulder, thorax and abdomen body regions. 
Comparing the injuries observed in the PMHS tests 
with model-predicted stresses should be helpful for 
us to understand the injury mechanism and to assess 
the model’s capability and weakness for injury 
estimation at tissue level. In this section, the results 
of such analyses are presented. 

Thoracic Rib Fracture Estimation 

The sled test simulation case (NHTSA Test 
#2860 as analyzed above) was taken as a sample for 
this study.  

The subject suffered multiple rib fractures in 
the sled test. In the right plot of Figure 18, white 
elliptic circles marks the approximate rib fracture 
locations reconstructed according to the published 
rib fracture report [27]. For comparison, the model-
predicted stress contours of the ribcage at 100msec 
are shown in the left plot of Figure 18. We see that 
those high-stress areas concentrate around the 

observed fracture locations. The maximum Von 
Mises stresses of the ribs exceed 70MPa, while 
chest compression is more than 35%, indicating rib 
failures as compared the values (threshold of von 
Mises stress of 75-137 MPa) discussed in the 
publication [9].  

Abdominal Organ Injury Estimation 

Hardy’s autopsy reports [25] of the rigid bar 
impacts to midabdomen of free-back cadavers were 
analyzed. Among the seven PMHS subjects under 
such test conditions five suffered liver injury and 
two had spleen injury. Table 3 summarized Hardy’s 
findings particularly for the post-impact liver 
injuries. 

Stress analysis was made on the liver based on 
the results of simulation case 7 from Table 1. Figure 
19 gives anterior and posterior view of the Von 
Mises stress contours on the liver.  We can see that 
in the high-stress concentrated areas the maximum 
Von Mises stresses are above 200KPa, exceeding 
the ultimate compressive stress thresholds in the 
range of 127-192 KPa [19]. These areas are most 
likely the origination of the tissue failures at those 
locations observed from the experiments described 
in Table 3. 

Shoulder Injury Estimation 

The tests data of ram impact to left shoulder of 
cadavers by Bolte [26] were analyzed. Among their 
fourteen tests reported, only one subject (Lat03) was 
found to have distal clavicle fracture. The test 
conditions were a lateral impact to the left shoulder 
of 84 years-old male subject of 64Kg weight at 4 
m/s.  The published radiograph showed the fracture 
location is on the clavicle close to Acronio-
clavicular joint [26].   

The model predicts the possible clavicle 
fracture locations which are in agreement with the 
experimental observation. As shown in Figure 20 
left plot, the high-stress concentration areas are on 
the left clavicle around the Acronio-clavicular joint. 
The maximum Von Mises stresses of the clavicle 
are above 25 MPa.. 

 

  

 

 

 

 

Run 
# 

Occupant & Restraint 
Systems  

Crash Pulse 
or Speed 

1 Driver, 3pt-belted. 30mph 
2 Driver, airbag only. 30mph 
3 Driver, 3pt-belt + airbag. 35mph 
4 Driver, 4pt-belt + airbag. 35mph 
5 Driver, airbag only. 15mph 
6 Passenger, 3pt-belted. 30mph 

7 Passenger, airbag only. 30mph 
8 Passenger, 3pt-belt + 35mph 
9 Passenger, 4pt-belt + 35mph 
10 Passenger, 3pt-belted. 15mph 

11 WSU rigid wall side 
impact to a free occupant. 

6.9 m/s 

12 WSU rigid wall side 
impact to a free occupant. 

9.1 m/s 
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Fig. 18 Comparison between the simulated and experimental chest shapes at rib #8 at 96 msec 

Table 3. 

Hardy’s autopsy results for liver injury from the cadavers subject to midabdomen rigid-bar impacts [25] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 19 Stress Contours of the liver at 48 msec at 9.0 m/s impact to midabdomen (simulation case 7) 

Test Test Subject and Impact Speed Liver Injury Description 

GI1 Female, 73Y, 175cm, 36Kg. 4.3m/s.  NA 
GI3 Male, 87Y, 173cm, 73Kg. 6.3m/s. Vertical tear of right lobe, 7.5cm anteriorly, 9cm posteriorly. 
GI4 Male, 93Y, 165cm, 58Kg. 6.6m/s. Right capsule tear, 11cm anteriorly. Tear of left lobe, 3.5cm 

posteriorly. 
GI6 Male, 85Y, 165cm, 91Kg. 6.1m/s. Vertical tear of inferior edge, 2.5cm. 
GI7 Male, 74Y, 181cm, 77Kg. 9.1m/s. No liver injury. 
GI8 Male, 71Y, 182cm, 64Kg. 9.0m/s. Tear of inferior edge, 3cm. Multiple lacerations of left lobe 

posteriorly.  Multiple lacerations of right lobe inferiorly. 
GI9 Female, 85Y, 155cm, 51Kg. 9.6m/s. Vertical tear of right lobe of liver, 5.0cm. Transverse tear of 

right lobe. Multiple irregular tears of right lobe posteriorly. 
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Fig. 20 Stress contours of the shoulders under 
ram impact at 4.4 m/s 

 

CONCLUSIONS 

A human body finite element model was 
developed for an average adult male with detailed 
bony and soft tissues in the body regions of the head-
neck, shoulder, the thorax, and the abdomen.  

Extensive validations of the human body 
model against Post Mortem Human Subjects 
(PMHS) responses for the frontal and side impacts, 
as well as belt and surrogate airbag loading under 
various conditions of fifteen sets of pendulum tests 
performed and published by various researchers 
were carried out.  The force-deflection responses of 
shoulders, thorax, and the abdomen due to change of 
impact energy and directions, and types of loading 
are in good agreement with the experimental data.  

This model was further validated against the 
chest band data of belted PMHS 30mph sled test. 
The model predicts the histories of chest deflections 
and deformed shapes of the fourth and eight rib 
sections. This study demonstrated that the model is 
applicable in sled test simulations under the impact 
severities of 15-35 MPH in frontal and side impacts.  

Stress analysis made on the clavicle under 
lateral pendulum impact, on the abdominal solid 
organs under rigid bar impacts, and on the chest ribs 
under the 30mph belt PMHS sled test indicate that 
qualitatively this human body model can provide us 
very useful information about the possible failure 
locations of the skeletal and soft tissues in the body 
regions of the shoulder, the thorax and the abdomen 
under our considered loading conditions. However, 

accurate predictions of damage of the tissues are not 
possible by using the current model version. More 
work needs to be done both experimentally and 
analytically at the tissue level.   
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APPENDIX 

 
Table A-1. 

Material properties for some important tissues 

Tissues 
Material 
Model 

Density 
kg/m3 

Young’s 
Modulus(GPa) 

Poison 
Ratio 

Yield 
Stress 
(GPa)  

Tangent 
Modulus 

(GPa) 
Cervical  vertebrae Elastic 2500 0.354 0.3   
Cervical 
Intervertebral disc Elastic-Plastic 1000 0.253 0.3 

 
0.0014 

 
0.00265 

Face-neck skin Viscous foam 1090 E1=0.02 N1=5.0 V2=55.0 E2=0 V2=1.2 PR=0.45 
Clavicle sponge 
bone Elastic-plastic 1000 1.6 0.3 0.021 0.055 
Clavicle cortical 
bone 

Piecewise-
plastic 2000 11 0.3 0.22 3.66 

Clavicle cartilage Elastic-plastic 1000 0.02071 0.45 0.0062 0.001 
Clavicle cortical 
bone Elastic-plastic  2000 11.5 0.3 0.123 4.17 
Spongy bone for 
thoracic ribs Damage_2 1000 0.04 0.45 0.0018 0.032 
Coastal cartilage Damage_2 1500 0.04901 0.4 0.00484 0.0156 
Cortical bone for 
thoracic ribs 

Plasticity with 
Damage 2000 10.18 0.3 0.0653 2.3 

Rib cartilage Elastic-plastic 1000 0.0227 0.35 0.0062 0.001 
Costal muscle Elastic-plastic 1000 0.0103 0.4 0.073 0.00103 
Esophagus Elastic 1200 0.005 0.4     

Lung Lung Tissue 700 
 K=0.05, C=3.88E07,  α=5.85, β=-3.21 C1=1.265E-
8 C2=2.71 (in kg-mm-msec unit) 

Heart 
Low Density 
Foam 1000 0.003 

 TC=0.01 HU=0.95 
Loading/unloading compression 
function specified. 

Pulmonary trunk Elastic 1200 0.005 0.4     
Pulmonary veins Elastic 1200 0.01 0.4     
Mediastinal pleura Elastic 1200 0.015 0.4     
Trachea Elastic 1200 0.005 0.4     
Aorta Elastic 1200 0.005 0.4     
Thoracic  vertebrae Elastic 2500 0.354 0.3   
Thoracic 
intervertebral disc Elastic-plastic 1000 0.005 0.4 0.0014 0.00265 
Lumbar vertebrae Elastic 2500 0.354 0.3   
Lumbar disc Elastic-plastic 1000 0.005 0.4 0.0014 0.00265 

Spleen Viscous Foam 1100 
E1=4.88E-04 N1=4.0 V2=0.015 N2=0.2, E2=.025 
N2=0.2 PR=0.45 

Kidney Viscous Foam 1100 
E1=0.0012 N1=5.0 V2=0.015, N2=0.2, E2=0.015 
N2=0.2  PR=0.45 

Diaphragm Elastic 1000 0.0655 0.4     
Lower abdomen 
Flesh Elastic 1200 8.0E-04 0.4     
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ABSTRACT 
 
A key to the development of effective crash 
countermeasures is an understanding of pre-crash 
causal and contributing factors. This research effort 
was initiated to provide an unprecedented level of 
detail concerning driver performance, behavior, 
environment, driving context and other factors that 
were associated with critical incidents, near crashes 
and crashes for 100 drivers across a period of one 
year.  A primary goal was to provide vital exposure 
and pre-crash data necessary for understanding 
causes of crashes, supporting the development and 
refinement of crash avoidance countermeasures, and 
estimating the potential of these countermeasures to 
reduce crashes and their consequences.  
  
The 100-Car Naturalistic Driving Study database 
contains many extreme cases of driving behavior and 
performance, including severe fatigue, impairment, 
judgment error, risk taking, willingness to engage in 
secondary tasks, aggressive driving, and traffic 
violations. The data set includes approximately 
2,000,000 vehicle miles, almost 43,000 hours of data, 
241 primary and secondary drivers, 12 to 13 months 
of data collection for each vehicle, and data from a 
highly capable instrumentation system including five 
channels of video and vehicle kinematics.  From the 
data, an “event” database was created, similar in 
classification structure to an epidemiological crash 
database, but with video and electronic driver and 
vehicle performance data. The events are crashes, 
near crashes and other “incidents.” Data was 
classified by pre-event maneuver, precipitating 
factor, event type, contributing factors, and the 
avoidance maneuver exhibited. Parameters such as 
vehicle speed, vehicle headway, time-to-collision, 
and driver reaction time are also recorded. 
 
 This paper presents the 100-Car Naturalistic 
Driving Study method, including instrumentation and 
vehicle characteristics, and a sample of study results.  
Presented analyses address the driver characteristics, 

the role of inattention and distraction in rear-end and 
lane change events.  In addition, the methodological 
attributes of naturalistic data collection and the 
implications for a larger-scale naturalistic data 
collection effort are provided. 
 
 
INTRODUCTION 
 
 Although the crash rate is declining, the number 
of driving related deaths is approximately 43,000 per 
year.   While the development of mechanistic safety 
features, such as seat belts, air bags, and collapsible 
steering wheels, have been extremely important in 
lowering the vehicle-related death rate, it is plausible 
that the next significant decrease in roadway fatalities 
will require systems to assist drivers in preventing 
crashes.  However, driver assistance systems require 
a more precise understanding of the driver behaviors 
prior to an adverse driving event to be more effective. 
 
 Data collected to study driver behavior have 
historically relied on epidemiological, simulator, and 
test track studies.   While these are valuable 
techniques that certainly have their place in the study 
of driver behavior, they are not well suited to explain 
the combination of factors leading to an adverse 
driving event.  For example, a police crash report 
form might list the cause of a rear-end collision as 
“following too close.”  However, contributing factors 
might be fatigue, distraction, traffic backed up from 
the intersection, and/or a blind corner leading up to 
the same intersection.  For this hypothetical case, 
there are both driver and infrastructure related causes 
of the event.  Likewise, simulator and test track 
studies cannot mimic the combination of complex 
driving environments and the simultaneous array of 
driver behaviors that lead to many events. 
 
 As demonstrated in only a small handful of 
studies, naturalistic data collection fills the gap in 
current data collection methods.   “Naturalistic” data 
includes data from a suite of vehicle sensors and 
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unobtrusively placed video cameras.  The drivers are 
given no special instructions, no experimenter is 
present, and the data collection instrumentation is 
unobtrusive.  This naturalistic data collection method 
was applied to study fatigue and resulting driver 
performance in truck drivers making local/short haul 
deliveries  [1]  In this study, 42 drivers drove 4 
instrumented vehicles while they made deliveries.  
The study resulted in approximately 1000 hours of 
data that included five video views and a host of 
vehicle sensor data. 
 
  In a long-haul truck driving study, naturalistic 
data was collected from 56 single and team drivers 
who drove one of two instrumented vehicles [2].   
Data was collected to assess sleep quality, driver 
alertness, and driver performance on normal revenue-
producing trips averaging up to eight days in length.  
This data collection effort resulted in 250 hours of 
data that was triggered based upon vehicle sensor 
data.  The results showed that single drivers suffered 
the worst bouts of fatigue and had the most severe 
critical incidents (by about 4 to 1). 
 
 A key to the development of effective crash 
countermeasures is an understanding of pre-crash 
causal and contributing factors. This research effort 
was initiated to provide an unprecedented level of 
detail concerning driver performance, behavior, 
environment, driving context and other factors that 
were associated with critical incidents, near crashes 
and crashes for 100 drivers across a period of one 
year.  A primary goal was to provide vital exposure 
and pre-crash data necessary for understanding 
causes of crashes, supporting the development and 
refinement of crash avoidance countermeasures, and 
estimating the potential of these countermeasures to 
reduce crashes and their consequences. 
 
 The 100-Car Naturalistic Driving Study (100-
Car Study) was the first instrumented vehicle study 
undertaken with the primary purpose of collecting 
large-scale naturalistic driving data.  Unique to the 
100-Car Study was that the majority of the drivers 
drove their own vehicles (78 out of 100 vehicles).  
There is every indication that the drivers rapidly 
disregarded the presence of the instrumentation, as is 
indicated by the resulting database containing many 
extreme cases of driving behavior and performance 
including:  severe fatigue, impairment, judgment 
error, risk taking, willingness to engage, aggressive 
driving, and traffic violations (just to name a few).  
These types of driving events have been heretofore 
greatly attenuated by other empirical techniques.  
 Due to the scale of the 100-Car Study and the 
fact that private vehicles were instrumented, new 

techniques had to be created and existing methods 
modified to make the study successful.  The data 
collection effort resulted in the following data set 
contents: 
 
• Approximately 2,000,000 vehicle miles   
• Almost 43,000 hours of data   
• 241 primary and secondary drivers participated  
• 12 to 13 month data collection period for each 

vehicle 
• Five channels of video and many vehicle state 

and kinematic variables 
 
 This paper presents a sample of the analysis 
results from the 100-Car Study data collected.  The 
full study report is available through the National 
Highway Traffic Safety Administration [3]. 
  
METHOD 
 
Instrumentation 
 
 The 100-Car instrumentation package was 
engineered by VTTI to be rugged, durable, 
expandable, and unobtrusive.  It constituted the 
seventh generation of hardware and software, 
developed over a 15 year period that has been 
deployed for a variety of purposes.  The system 
consisted of a Pentium-based computer that received 
and stored data from a network of sensors distributed 
around the vehicle.  Data storage was achieved via 
the system’s hard drive, which was large enough to 
store data for several weeks of driving before 
requiring data downloading. 
 
 Each of the sensing subsystems in the car was 
independent, so that any failures that occurred were 
constrained to a single sensor type.  Sensors included 
a vehicle network box that interacted with the vehicle 
network, an accelerometer box that obtained 
longitudinal and lateral kinematic information, a 
headway detection system to provide information on 
leading or following vehicles, side obstacle detection 
to detect lateral conflicts, an incident box to allow 
drivers to flag incidents for the research team, a 
video-based lane tracking system to measure lane 
keeping behavior, and video to validate any sensor-
based findings.  The video subsystem was 
particularly important as it provided a continuous 
window into the happenings in and around the 
vehicle.  This subsystem included five camera views 
monitoring the driver’s face and driver side of the 
vehicle, the forward view, the rear view, the 
passenger side of the vehicle, and an over-the-
shoulder view for the driver’s hands and surrounding 
areas.  An important feature of the video system is 
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that it was digital, with software-controllable video 
compression capability.  This allowed 
synchronization, simultaneous display, and efficient 
archiving and retrieval of 100-Car data.  A frame of 
compressed 100-Car video data is shown in Figure 1. 
 
 The modular aspect of the data collection system 
allowed for integration of instrumentation that was 
not essential for data collection, but which provided 
the research team with additional and important 
information.  These subsystems included automatic 
collision notification that informed the research team 
of the possibility of a collision; cellular 
communications that were used by the research team 
to communicate with vehicles on the road to 
determine system status and position; system 
initialization equipment that automatically controlled 
system status; and a GPS positioning subsystem that 
collected information on vehicle position.  The GPS 
positioning subsystem and the cellular 
communications were often used in concert to allow 
for vehicle localization and tracking. 
 

 
Figure 1.  A compressed video image from the 
100-Car data.  The driver’s face (upper left 
quadrant) is distorted to protect the driver’s 
identity.  The lower right quadrant is split with 
the left-side (top) and the rear (bottom) views. 
 
 The system included several major components 
and subsystems that were installed on each vehicle.  
These included the main Data Acquisition System 
(DAS) unit that was mounted under the package shelf 
for the sedans (Figure 2) and behind the rear seat in 
the SUVs.    
 
 Doppler radar antennas were mounted behind 
special plastic license plates on the front and rear of 
the vehicle (Figure 3).  The location behind the plates 
allowed the vehicle instrumentation to remain 
inconspicuous to other drivers. 

 
Figure 2.  The main Data Acquisition System 
(DAS) unit mounted under the “package shelf” of 
the trunk. 

 
 

 
Figure 3.  Doppler radar antenna mounted on the 
front of a vehicle, covered by one of the plastic 
license plates used for this study. 
 
 The final major components in the 100-Car 
hardware installation were mounted above and in 
front of the center rear-view mirror.  These 
components included an “incident” pushbutton box 
which housed a momentary pushbutton that the 
subject could press whenever an unusual event 
happened in the driving environment.  Also contained 
in the housing was an unobtrusive miniature camera 
that provided the driver face view.  The camera was 
invisible to the driver since it was mounted behind a 
“smoked” Plexiglas cover. 
 
 Mounted behind the center mirror were the 
forward-view camera and the glare sensor (Figure 4).  
This location was selected to be as unobtrusive as 
possible and did not occlude any of the driver’s 
normal field of view. 
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Figure 4.  The incident push button box mounted 
above the rearview mirror.  The portion on the 
right contains the driver face/left vehicle side 
camera hidden by a smoked plexiglass cover. 
 
Subjects 
 
 One-hundred drivers who commuted into or out 
of the Northern Virginia/Washington, DC 
metropolitan area were initially recruited as primary 
drivers to have their vehicles instrumented or receive 
a leased vehicle for this study.  Drivers were 
recruited by placing flyers on vehicles as well as by 
placing newspaper announcements in the classified 
section.  Drivers who had their private vehicles 
instrumented (78) received $125.00 per month and a 
bonus at the end of the study for completing 
necessary paperwork.  Drivers who received a leased 
vehicle (22) received free use of the vehicle, 
including standard maintenance, and the same bonus 
at the end of the study for completing necessary 
paperwork.  Drivers of leased vehicles were insured 
under the Commonwealth of Virginia policy. 
 
 As some drivers had to be replaced for various 
reasons (for example, a move from the study area or 
repeated crashes in leased vehicles), 109 primary 
drivers were included in the study.  Since other 
family members and friends would occasionally drive 
the instrumented vehicles, data were collected on 132 
additional drivers.  
 
 A goal of this study was to maximize the 
potential to record crash and near-crash events 
through the selection of subjects with higher than 
average crash- or near-crash risk exposure.  Exposure 
was manipulated through the selection of a larger 
sample of drivers below the age of 25, and by the 
selection of a sample that drove more than the 
average number of miles.  The age by gender 
distribution of the primary drivers is shown in Table 
1.  The distribution of miles driven by the subjects 

during the study appears as Table 2.  As presented, 
the data are somewhat biased compared to the 
national averages in each case, based on TransStats, 
2001 [4].  Nevertheless, the distribution was 
generally representative of national averages when 
viewed across the distribution of mileages within the 
TransStats data. 
  
 One demographic issue with the 100-Car data 
sample that needs to be understood is that the data 
were collected in only one area (i.e., Northern 
Virginia/Metro Washington, DC).  This area 
represents primarily urban- and suburban driving 
conditions, often in moderate to heavy traffic.  Thus, 
rural driving, as well as differing demographics 
within the U.S., are not well represented.  
 

 
Table 1.  Driver age and gender distributions. 

 
 Gender  

Age  N 
% of total Female Male 

Grand 
Total 

18-20 9 7 16 
  8.3% 6.4% 14.7% 
21-24 11 10 21 
  10.1% 9.2% 19.3% 
25-34 7 12 19 
  6.4% 11.0% 17.4% 
35-44 4 16 20 
  3.7% 14.7% 18.3% 
45-54 7 13 20 
  6.4% 11.9% 18.3% 
55+ 5 8 13 
  4.6% 7.3% 11.9% 

Total N 43 66 109 
Total Percent 39.4% 60.6% 100.0% 

  
Table 2.  Actual miles driven during the study. 

 
Actual 
miles 
driven  

Number 
of 

Drivers 
Percent of 

Drivers 
0-9,000 29 26.6% 
9,001-
12,000 22 20.2% 
12,001-
15,000 26 23.9% 
15,001-
18,000 11 10.1% 
18,001-
21,000 8 7.3% 
More than 
21,000 13 11.9% 
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 A goal of the recruitment process was to attempt 
to avoid extreme drivers in either direction (i.e., very 
safe or very unsafe).  Self reported historical data 
indicate that a reasonably diverse distribution of 
drivers was obtained. 
 
Vehicles 
 
 Since 100 vehicles had to be instrumented with a 
number of sensors and data collection hardware, and 
since the complexity of the hardware required a 
number of custom mounting brackets to be 
manufactured, the number of vehicle types had to be 
limited for this study.  Six different vehicle models 
were selected based upon their prevalence in the 
Northern Virginia area.  These included five sedan 
models (Chevrolet Malibu and Cavalier, Toyota 
Camry and Corolla, and Ford Taurus) and one SUV 
model (Ford Explorer).  The model years were 
limited to those with common body types and 
accessible vehicle networks (generally 1995 to 2003).  
The distribution of these vehicle types was: 
 
 
• Toyota Camry – 17% 
• Toyota Corolla – 18% 
• Chevy Cavalier – 17% 
• Chevy Malibu – 21% 
• Ford Taurus – 12% 
• Ford Explorer – 15% 
 
Classification of events 
 
Table 3 provides definitions of traffic “events” that 
served as a basis for the classifications that follow.  
The distinction between near crashes and incidents 
was based on the subjective assessment of reviewers 
in concert with kinematic and proximity data 
associated with adjacent vehicles or objects. 
   
RESULTS 
 
 Table 4 shows the relative frequency of crashes, 
near-crashes, and incidents for each conflicts type.  
Of the 82 crashes, 13 either occurred while the 
system was initializing after the vehicle ignition was 
started (approximately 90 seconds), or has 
incomplete data for other reasons (e.g., camera 
failure), leaving a total of 69 crashes for which data 
could be completely reduced. These data also 
included 761 near-crashes and 8,295 incidents. The 
first eight conflict types shown in Table 4 accounted 
for all of the crashes, 87 percent of the near-crashes 
and 93 percent of the incidents.  

 
Table 3. Classification of Events. 

 
Event 

Category 
Definition 

Crashes 

Any contact between the subject 
vehicle and another vehicle, fixed 
object, pedestrian pedacyclist, 
animal 

Near Crashes 
Defined as a conflict situation 
requiring a rapid, severe evasive 
maneuver to avoid a crash. 

Incidents  
Conflict requiring an evasive 
maneuver, but of lesser magnitude 
than a near crash 

  
 
 It is important to note that all of the crashes, 
including low speed collisions that were not police 
reported, are shown in Table 5.  A “crash” was 
operationally defined as “any measurable dissipation 
or transfer of energy due to the contact of the subject 
vehicle with another vehicle or object.”  A benefit of 
the naturalistic approach is that it was possible to 
record all of these events; however the severity of the 
crashes must be delineated to better understand the 
data.  Thus, the 69 crashes are parsed into the 
following four crash categories.  Note that 75 percent 
of the single vehicle crashes were low-g force 
physical contact or tire strikes; in other words, most 
of the crashes involved very minor physical contact. 
 
• Level I:  Police-reported air bag deployment 

and/or injury  
• Level II:  Police-reported property damage only 
• Level III:  Non-police-reported property damage 

only 
• Level IV:  Non-police-reported low-g physical 

contact or tire strike (greater than 10 mph)   
 
 Since it was possible to detect all crashes 
regardless of severity, it is interesting to note the 
large number of drivers who experienced one or more 
collisions during the 12 to 13 month data collection 
period.  Of all drivers, 7.5% of drivers never 
experienced an event of any severity.  In contrast, 
7.4% of the drivers experienced many incidents and 3 
or 4 crashes.  Thus, a handful of subjects were either 
very risky drivers or very safe, with the majority of 
drivers demonstrating a relatively normal distribution 
of events across the data collection period.  
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Table 4.  Number of crashes, near-crashes, and incidents for each conflict type. 

 
Conflict Type Crash Near-crash Incident 

Single vehicle 24 48 191 

Lead-vehicle 15 380 5783 

Following vehicle 12 70 766 

Object/obstacle 9 6 394 

Parked vehicle 4 5 83 

Animal 2 10 56 

Vehicle turning across subject vehicle path in opposite direction 2 27 79 

Adjacent vehicle 1 115 342 

Other 0 2 13 

Oncoming traffic 0 27 184 

Vehicle turning across subject vehicle path in same direction 0 3 10 

Vehicle turning into subject vehicle path in same direction 0 28 90 

Vehicle turning into subject vehicle path in opposite direction 0 0 1 

Vehicle moving across subject vehicle path through intersection 0 27 158 

Merging vehicle 0 6 18 

Pedestrian 0 6 108 

Pedalcyclist 0 0 16 

Unknown 0 1 3 

 
 

Table 5.  Crash type by crash severity level. 
 

Conflict Type Total 
Level  

I 
Level 

II 
Level 

III 
Level 

IV 
Single vehicle 24 1 0 5 18 
Lead-vehicle 15 1 3 5 6 
Following vehicle 12 2 2 5 3 
Object/obstacle 9 0 1 3 5 
Parked vehicle 4 0 0 2 2 
Animal 2 0 0 0 2 
Oncoming vehicle turning across subject vehicle path 2 1 1 0 0 
Adjacent vehicle 1 0 0 1 0 

 
Characterization of Driver Inattention  
 
 Historically, driver distraction has been typically 
discussed as a secondary task engagement.  Fatigue 
has also been described as relating to driver 
inattention.  In this study, it became clear that the 
definition of driver distraction needed to be expanded 
to a more encompassing ‘driver inattention’ construct 
that includes secondary task engagement and fatigue 
as well as two new categories, ‘Driving-related 
inattention to the forward roadway’ and ‘non-specific 

eye glance’.  ‘Driving-related inattention to the 
forward roadway’ involves the driver checking rear-
view mirrors or their blind spots.  This new category 
was added after viewing multiple crashes, near-
crashes, and incidents for which the driver was 
clearly paying attention to the driving task, but was 
not paying attention to the critical aspect of the 
driving task (i.e., forward roadway) at an inopportune 
moment involving a precipitating factor.    
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Figure 5.  Percentage of events for attention by severity level. 
 
 A second analysis of the crashes and near-
crashes in the 100-Car database was also conducted 
using the eye glance analysis performed manually by 
data reductionists.  The ‘non-specific eyeglance away 
from the forward roadway’ describes cases for which 
drivers glanced, usually momentarily, away from the 
roadway, but at no discernable object or person.  For 
this project, eye glance reduction was accomplished 
for crash and near-crash events only, so this category 
can only be used for the more severe events.   The 
four inattention categories identified above and 
considered together, suggested that driver’s glances 
away from the forward roadway potentially 
contribute to a much greater percentage of events 
than has been previously thought.  As shown in 
Figure 5, 78 percent of the crashes and 65 percent of 
the near crashes had one of these four inattention 
categories as a contributing factor.  
 
 An analysis of these types of inattention revealed 
that secondary task distraction was the largest of the 
four categories. The sources of inattention that 
generally contributed to the highest percentages of 
events (Figure 6) were wireless devices (primarily 
cell phones) internal distractions, and passenger-
related secondary tasks (primarily conversations).   It 
is important to note that “exposure,” the frequency 
and duration of inattention associated with each 
source of inattention, is not considered in these data.  
Since it is exposure that determines the overall risk of 
a distraction source, an analysis of frequency of 
device use is currently being conducted for a future 

report that will allow calculations of event rates to 
determine estimates of the relative risk associated 
with these tasks. 
 
 Figure 7 shows a breakdown of the wireless 
device tasks and associated events.  For these data, all 
of the crashes (about 8.7 percent of total study 
crashes) and a majority of the near crashes and 
incidents occurred during a cell phone conversation, 
although the dialing task was relatively high in term 
of total conflicts and was associated with the largest 
number of near crashes for this source of inattention.  
Although these data are important in that they 
represent the factors that contribute to events, they 
also highlight the need for the exposure data 
described above to establish the degree of risk. 
 
Inattention for Rear End Lead-Vehicle Scenarios 
 
 Of particular interest in the analyses of rear-end 
conflict contributing factors was the prevalence of 
distraction.  An important aspect in rear-end crash 
countermeasure development is the degree to which 
an un-alerted driver can be warned and make a proper 
response.  Of course, the 100-Car data can provide 
great insight into the degree to which distraction is an  
issue in such conflicts.  The important finding in this 
regard is that 93 percent of all lead vehicle crashes 
(13 out of 14) involved inattention to the forward 
roadway as a contributing factor (Figure 8).  Note 
also that a majority (68 percent) of the near crashes 
have inattention identified as a contributing factor.  
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Figure 6.  Frequency of occurrence of secondary tasks for crashes, near crashes and incidents.
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 Figure 9 shows the frequency of each source of 
inattention for each of the secondary tasks.  This 
allows comparison of the actual contribution of each 
of these sources of inattention to lead vehicle 
conflicts.  Wireless devices (primarily cell phones, 
but also including PDAs) were the most frequent 
contributing factor for lead vehicle events, followed 
by passenger-related inattention.  The trend was very 
similar for near-crashes.  Interior distractions were 
the most frequent source of inattention for crashes.  

 While cell phone use contributed much more 
frequently to incidents and near-crashes than any 
other secondary task, cell phone use did not 
contribute to any lead vehicle conflict crashes.  
Nevertheless, cell phone use did contribute to other 
types of crashes, such as run off road, single vehicle 
conflict (driver ran into a barricade), and following 
vehicle conflict (subject vehicle was struck). 
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Figure 8.  Percent of lead vehicle events for which inattention was listed as a contributing factor (includes the 
non-specific eye glance events for crashes and near crashes). 
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Figure 9.  Total frequency of secondary task type by severity. 
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SUMMARY AND CONCLUSIONS 
 
 The event database that was created during the 
100-Car Study can be useful for a variety of 
purposes; for example, evaluation of risky driving 
behavior and crash risk, calculation of relative risk of 
engaging in secondary tasks, and evaluation of driver 
response to lead vehicle brake lights.  To facilitate 
this process, the initial event database will be made 
publicly accessible via the Internet.  In addition, the 
initial event database can be expanded to address 
additional issues, since all of the video and electronic 
data for the entire study have been archived.  The 
100-Car Study contract specified ten objectives or 
goals that would be addressed through the initial 
analysis of the event database.  However, as of the 
time of this writing, there are three additional data 
reduction and analysis efforts underway for the 
purpose of addressing another eight goals, and there 
is considerable interest in using the data for even 
more purposes.  Progressing toward this potential for 
a multi-purpose, highly flexible and adaptable tool 
for driving safety may be the most important aspect 
of this study.   
 
 Despite the massive scope of the current effort, it 
was designed to serve as an exploratory study to a 
determine the feasibility, value, and methods for 
initiating a larger, more representative study.  From 
an epidemiological viewpoint, the study was small 
with the presence of 15 police-reported and 82 total 
crashes, including minor collisions.  Furthermore, 
drivers were represented from one area of the country 
(Northern Virginia/Washington, DC metro area).  
One purpose of a large-scale study would be to have 
a statistically representative sample of crashes 
(perhaps 2,000) and a more representative 
driver/environment sample. 
 
 The challenge of a large-scale study is not only 
the expense of such data collection but the 
management and analysis of such a large body of 
data.  Nevertheless, it is believed that a large-scale 
database would be an enormous asset and would be 
used by transportation researchers for many years to 
gain insight and understanding into a wide array of 
driving behavior issues and potentially serve as a 
basis for decision making and program development 
within both the government and business sectors.  
This belief is based upon the robustness of the study 
results and the expectation that these data will 
continue to be analyzed and the results made 
available, from a variety of researchers and research 
organizations.  Clearly, these data can provide unique 
insights into issues that have eluded the highway 
safety community for years.  
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ABSTRACT 
 
     Occupant restraint system development continues 
to evolve as new regulations and consumer demand 
drive more complex solutions.  Traditional seat belt 
and airbag designs are giving way to more intelligent 
systems that respond to crash and occupant 
conditions.   In regulated vehicle compliance safety 
tests, occupant performance is usually judged against 
injury criteria that differ with respect to occupant 
size.  While for a given test, two different occupant 
sizes may give results that pass the criteria, their 
probabilities of injury for a given body region may 
not be equal.   It may be possible to change restraint 
configurations that not only demonstrate compliance 
to recognized injury criteria for a given occupant, but 
additionally demonstrate that for a given crash mode, 
an equal probability of injury exists for all body 
regions of a range of adult occupant sizes.  This paper 
will discuss a computer modeling approach devised 
to analyze a particular vehicle environment and range 
of occupant sizes.   A design of experiments was 
carried out that adjusted parameters of the restraint 
system including seat belt pretensioners, load limits, 
and various airbag components.  For each analysis, 
the probability of injury by body region and occupant 
were compared to find the set of components that 
comprise a system to give equal probability of injury 
for each body region for each occupant.   Results of 
the design of experiments, statistical analysis and 
impact on restraint system development will be 
discussed.   This paper documents a new approach to 
restraint system development as it looks beyond 
specific injury criteria to injury risk comparisons. 
 
INTRODUCTION 
 
Previous Studies on Adaptive Restraints 
 
     Adomeit quotes in a previous report “The more 
loads differ within the range of injury criteria under 
different test conditions or under real world accident  
conditions – or even exceed injury criteria in certain 
circumstances – the more we need active restraint 
system adjustments related to input parameters: in  

 
other words, adaptation of restraint system” (1). 
These words have motivated a number of studies to 
explore the adaptability of restraint systems to the 
occupant and vehicle crash environment.  Bendjellal 
et al(2) described a “programmed restraint system” 
that incorporated airbag pressure and seatbelt force 
limiters to reduce occupant injury criteria relative to 
standard belt/bag systems.  Their aim was to reduce 
thoracic loads induced in occupants for different 
crash modes.  Foret-Bruno et al (3) determined 
occupant thoracic injury risk by age based on 
analysis of crashes of vehicles equipped with this 
programmed restraint system.  A 4kN shoulder belt 
load limit was recommended for all occupants based 
on this analysis, but made no mention of occupant 
size.  Miller and Maripudi (4) performed a computer 
modeling study to determine restraint parameters 
required for 5th percentile female, 50th percentile 
male, and 95th percentile male dummy models.  By 
adjusting belt load limit and airbag venting properties 
for these 3 occupants in normally seated positions, 
they could determine the optimal requirements for 
those restraint parameters that resulted in the lowest 
injury criteria for each dummy size.  That study, 
however, did not make any adjustments to the inflator 
performance during the simulation.   
 
     Happee et al (5) showed that by varying occupant 
size through scaling techniques, outside the standard 
dummy model sizes, large variations in injury criteria 
could occur as a result of different seating positions 
for the same restraint systems.  Cuerden et al (6) 
proposed that a 25-45% reduction of AIS 2 and 3 
injuries could be achieved with adaptive restraint 
systems compared to belted only occupants.  His 
analysis relied on a hypothetical injury reduction 
matrix applied to set of field injuries with known 
severity for a given occupant type.  Breed (7) 
hypothesized that airbag inflation rate as well as gas 
discharge from the airbag could be controlled relative 
to occupant position and morphology if the ability to 
determine that position and morphology existed.  
This follows the Happee study, but no test or model 
data is given.  These early studies suggested the need 
to have a restraint system that adjusted to the 
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occupant size for a large range of crash conditions 
and occupant size. 
 
Dummy performance by size 
 
     In its efforts to provide regulations aimed at more 
of the adult population, NHTSA added the 5th 
percentile female to the passive safety requirement 
and has proposed adding the same dummy to the 
belted, 35mph (56kph) NCAP barrier crash that will 
also phase into the passive safety requirement (8).  In 
its own testing of 18 vehicles with non-adaptive 
restraint systems, NHTSA has found 6 vehicles that 
exceeded injury value limits for 5th percentile female 
drivers in the areas of head, chest, and/or neck 
regions while the 50th percentile male driver did not 
exceed criteria.  In the other 12 vehicles, it was found 
that “the overall injury values for the 5th percentile 
adult female driver dummies in [the tested] vehicles 
were somewhat higher than the values for the 50th 
percentile driver dummies tested in the same vehicle 
(9).”  The neck area was usually the highest value 
difference. 
 
     In a more detailed study (10), NHTSA reported 
results from 5 paired vehicle crash tests where either 
the 5th female (full forward) or 50th male (mid-track) 
was the driver and passenger occupant.    The results 
showed that 5th female driver and passengers 
typically had higher chest acceleration and neck 
injury criteria (Nij) values than the 50th male driver 
and passenger in the same vehicle.   HIC values did 
not differ significantly between dummy sizes.    
Maltese et al (11) ran 35 vehicle tests with mostly 
unbelted 5th and 50th percentile dummies and saw 
similar increase neck injury criteria for the 5th 
percentile female dummy regardless of vehicle type 
or crash severity. 
 
An Analysis of NCAP Results for 5th/50th 
 
     In an effort to better understand the differences 
between 5th and 50th percentile dummy responses, 
data from three different driver  and seven different 
passenger NCAP tests or mathematical models was 
collected relative to 5th or 50th dummy response in the 
same vehicle sled test or model.  NCAP star ratings 
based on HIC and chest acceleration (Gs) were 
compared for the same test or model and are shown 
in Figure 1.  In every case, the 5th percentile female 
chest G’s increased relative to the 50th percentile 
male while HIC exhibited little difference, or in some 
cases, slightly improved.  Chest deflection in the 5th 
percentile female showed increases in 5 of the 
passenger and 2 of the driver tests or models, 

however all values were below the FMVSS 208 
injury criteria value for chest deflection (Figure 2).  
 
     Taking the analysis further, the injury 
probabilities for an AIS 3+ chest injury using these 
chest deflections were compared between 5th and 50th 
dummy sizes (Figure 3).  The scale factors from 
published data by Mertz et al (12) were used to 
calculate the probabilities.  The comparisons of 
injury probabilities reveal that the likelihood of an 
AIS 3+ chest injury (e.g.: multiple rib fractures) was 
significantly higher for the 5th female in all the cases 
where the injury criteria was higher.  In one case, the 
risk of chest injury was 3 times higher for a 5th 
female even though the injury criteria increased by 
30% compared to the 50th male occupant. 
 
     It is the response to the crash loads among 
different occupant sizes in a given crash 
configuration that may need to be addressed with an 
adaptive restraint system.  As the issues of addressing 
the restraint requirements for the smaller occupant 
arose as a result of the airbag-induced injury, 
NHTSA added the small female crash dummy to its 
passive restraint certification requirements for 
passenger vehicles.   It may not be enough, however, 
to accept the fact that an injury criteria for a 50th %ile 
male may translate into a 15% probability of injury, 
while a 5th %ile female is subject to a 30% 
probability of injury for the same crash configuration 
and restraint system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Driver and/or passenger occupant 
response for 5th   %ile female (triangle) and 50th  

%ile male (circle) for various driver and 
passenger vehicle restraint systems. 
 
     The possibility to equalize the injury probability 
for the two occupant sizes by body region in a given 
crash configuration forms the basis for the current 
study.  Identifying restraint system parameters that 
can be adjusted to the occupant while maintaining a 
balanced or equal probability of injury and 
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complying with existing injury criteria can only be 
solved using computer techniques building on the 
biomechanics data existing in the literature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Driver and/or passenger occupant chest 
deflection response (5th   %ile female in pink and 
50th  %ile male in blue) for various driver and 
passenger vehicle restraint systems. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Driver and/or passenger occupant chest  
injury probability (based on deflection response) 
for 5th   %ile female and 50th  %ile male) for 
various driver and passenger vehicle restraint 
systems. 
 
 
 
METHODS 
 
     The basic premise for the analysis was a full-
factorial Design of Experiments (DOE) on 5 restraint 
system parameters.  The restraint parameters are 
shown in Table 1.   Pretensioners A and B are single 
pretensioners while C and D are dual pretensioner 
seat belt systems. 
 

Table 1. 
Restraint Parameter Levels Used in Analysis 

Variable  Levels 
Seat Belt Pretensioner Types A,B,C,D 
Seat Belt Load Limiter Low, Medium, High 
Seat Belt Payout Low, Medium, High 
Inflatable Knee Bolster On/Off 
Active Airbag Vent On/Off 
 
     Four MADYMO (13) base models were created 
for the purpose of this study using a sport utility 
vehicle configuration.  The first was modified from 
an existing 50th passenger NCAP model by adding 
pretensioner Type A and by adding replaceable 
parameters for turning pretensioners and active 
venting on or off based on parameters in the matrix.  
The first file also called out the proper load limiter 
functions based on peak and payout of the load 
limiter (9 combinations). The second file for the 50th 
male has an added inflatable knee bolster. The third 
and fourth input files were created from the first two 
files by repositioning the seat and replacing the 50th 
male dummy with a 5th female dummy. The iSight 
(14) program was used to generate a 72 run matrix 
with the remaining input parameters (load limit peak 
and payout, active vent, and pretensioner 
configuration). It was set up to make preliminary 
calculations to get the required replaceable 
parameters for each run, make the proper 
substitutions in all four input files, submit the jobs to 
the MADYMO solver in parallel (up to 3 jobs could 
be run simultaneously), extract desired data from the 
output files after completion, perform calculations of 
injury probabilities from the output, perform 
combined calculations after all four runs for each 
iteration finished, then start over with the next line of 
the matrix and continue until all 72 lines of the 
matrix were done. When the runs were complete, a 
complete results file was generated from all 288 runs 
(72 parameter combinations times 4 input files) to 
use for analysis with the input parameters, the results, 
and the calculations. 
 
     Probabilities for AIS 3 and greater head, chest and 
neck and AIS 2 (and greater) lower extremity injury 
were derived from published charts by NHTSA 
(15,16) and Mertz et al (12,17,18).  HIC was used as 
the head injury measure, while absolute chest 
compression and neck tension were used as injury 
measures for the chest and neck respectively.   
 
     The peak injury values taken from the MADYMO 
output file and compiled in the results file database of 
the 288 runs were compared to the published injury 
probability functions for an AIS 3+ injury.  An RMS 
(root mean squared) value was calculated from the 
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head, chest, and neck injury probabilities (square root 
of the sum of the squares).  The rationale for using 
the RMS value will be discussed later.  Each run was 
ranked in terms of its RMS value and the associated 
restraint parameters.  The MiniTab Statistical 
software was used to process the data to obtain 
relevant statistical measures, and provide main 
effects plots, and plot the data for each run with 
respect to injury probability and various restraint 
parameters. 
 
RESULTS 
 
     A plot of all 288 runs for the SUV model 
demonstrated the ability of the analysis to show 
differences (Figure 4).  It can be seen immediately 
from the figure that the probability for injury of the 
various body region is low for this model.  Neck 
injury 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Figure 4.  Percent probability of AIS 3+ head, 
neck or thorax injury for 5th percentile female (+) 
or 50th percentile male (•) for each of parameter 
run of the DOE matrix for the SUV model. 

 
Shows the lowest probability followed by thorax and 
head with increased probabilities respectively.  The 
50th percentile male dummy shows a tight single 
cluster of results with a small distribution of outlier 
results.  The 5th female dummy shows two clusters of 
results with the second cluster showing higher head 
injury risk than the first cluster.  Further examination 
of the second cluster of results indicates that all of 
those cases did not have the active venting feature in 
the airbag module. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Top 25 restraint systems in terms of 
percent probability of AIS 3+ head, neck or 
thorax injury for 5th percentile female (+) or 50th 
percentile male (•) for each of parameter run of 
the DOE matrix for the SUV model. 
 
     Rejecting those cases, the top 25 systems for both 
5th percentile male and 50th percentile male are shown 
in Figure 5.   A tabulation of those cases was made 
from lowest RMS score to highest RMS score.  The 
top 5 systems for each occupant are shown in Table 2 
in terms of the combined injury risk defined as the 
RMS value for the three injury criteria.      The table 
shows the system components for those top 5 systems 
for each occupant.  As previously stated, the active 
venting was present in all systems for the 5th as well 
as the 50th.   All systems included the lowest load 
limiter used in the analysis, however, all the 5th 
percentile dummy systems used the high payout 
option.  A mix of pretensioners is also present with 
the 50th systems dominated by the more complex 
pretensioner types.  No 50th system in the top 5 
required a knee bag. 

Table 2. 
Restraint System Definition for Top 5 

Scoring Systems According to Occupant Size. 
(PRET=Pretensioner, LL=Load Limit, 

PAY=Webbing Payout, AV= Active Vent, KB= 
Knee Bag) 

 
OCC RMS PRET LL PAY AV KB 
5th .489 A LOW HIGH Y N 
 .499 B LOW HIGH Y N 
 .507 D LOW HIGH Y Y 
 .513 B LOW HIGH Y Y 
 .515 A LOW HIGH Y Y 
50th .563 C LOW LOW Y N 
 .567 D LOW LOW Y N 
 .572 D LOW MED Y N 
 .576 A LOW MED Y N 
 .577 C LOW MED Y N 
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Figure 6.  RMS comparison for 5th and 50th in 
terms of best system for itself, the other dummy’s 
best system, and system for equal probability.   
 
 

Table 3. 
Restraint System Definition for Equal RMS 

Probability of Injury for 5th Percentile Female and 
50th Percentile Male Dummy. 

(PRET=Pretensioner, LL=Load Limit, 
PAY=Webbing Payout, AV= Active Vent, KB= 

Knee Bag) 
 
OCC RMS PRET LL PAY AV KB 
5th .565 A MED HIGH Y N 
50th .565 C LOW LOW Y N 
 
     The 5th percentile dummy’s best system was the 
13th best system for the 50th (out of 144), while the 
50th’s best system was the 38th best system for the 5th. 
 
     When comparing the result of using the other 
dummy’s best system in the simulation, i.e., using the 
50th’s best system in the 5th’s model and vice versa, 
the result is shown in Figure 6.  Both dummies RMS 
probabilities increase relative to its best system.  In 
terms of actual injury criteria, the HIC and chest 
compressions can increase by as much as 30% for 
these simulations.   By picking the systems that result 
in equal probability for both dummy models, there is 
no degradation for the 50th percentile dummy (RMS 
changed 0.002), but a more substantial increase for 
the 5th percentile dummy (from 0.489 to 0.565).  
When looking at the injury criteria, this result 
translates into a 35 point increase in HIC and 3mm 
increase in chest compression.  Both systems for 
equal probability favor no knee bag and the presence 
of active venting while none of the seat belt 
characteristics are same in either system. 
 
 
 
 

DISCUSSION 
 
     The efforts to define adaptive restraint systems 
have been discussed in both the media and scientific 
publications (1,7).  It is generally acknowledged that 
these systems would have a beneficial effect on 
occupant response as the components of the restraint 
system could be adjusted to the occupant size, 
position, crash configuration, etc (6,19,20).  It 
becomes prohibitive, in terms of cost, to test all 
possible combinations of test and restraint system 
conditions, thus leading to computer methods to 
analyze the system.  Iyota and Ishikawa (21) 
demonstrated a modeling method to assess injury risk 
for 5th, 50th and 95th percentile dummies based on 
load limiting at the seat belt retractor and airbag vent 
hole size.  Using the NHTSA derived combined head 
(HIC) and chest injury (chest G) injury probability 
calculation, they defined the parameters of the two 
variables that would give a similar injury probability 
for all three occupant sizes. 
 
     The current study uses a similar modeling 
approach, but uses three injury parameters (HIC, 
chest compression, and neck tension) and more 
restraint system components to define the restraint 
system that results in equal probability of injury risk 
by body region for the 5th percentile female and 50th 
percentile male dummies.   Defining injury risk is not 
a new issue as both governmental (US-NCAP) and 
consumer testing agencies (IIHS and EuroNCAP) 
express their injury criteria and levels of performance 
based on risk of injury to various body regions 
(16,22,23). However, the probabilities for ratings are 
not balanced.  For example, the IIHS criteria for an 
acceptable-marginal vehicle rating based on head 
(HIC), Chest (chest compression) and Neck (neck 
tension) injury criteria would give an unequal 
probability of AIS3+ injury for head (5.6%), neck 
(4.5%) and chest (45%) for a 50th percentile male 
dummy.  The approach described in this paper selects 
restraint system parameters that result in an equal 
probability of injury for each dummy body region as 
well as for each dummy size.  In this manner, the 
overall system design can be achieved that satisfies 
the equal probability goal.  The system for the 5th 
female and 50th male that gave the best result for each 
dummy would not have been the best system for the 
other dummy.  By defining an equal probability, it 
was possible to find the appropriate system 
components.  In the current simulation, the HIC, 
chest compression, and neck tension probabilities 
remained equal as the RMS number indicates.    Also, 
it is assumed that the injury severities considered for 
each body region were equal as determined by their 
AIS value.  That is, an AIS 3 head injury carried the 
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same severity as an AIS 3 chest injury.   While 
NHTSA sums the head and chest injury probabilities 
in their NCAP star rating, this report calculated an 
RMS value for head, neck and chest that provided a 
method for ranking the various systems analyzed. 
  
     There may be challenges in achieving this goal of 
equal injury probability as the restraint system 
parameters are adjusted. System designs may not be 
possible based on the components selected in the 
analysis.  In its response to the NHTSA NPRM on 
addition of 5th female to NCAP test conditions, 
General Motors cited that the performance of the 5th 
percentile female dummy “improved with higher 
output/more aggressive airbags”(24).  This can have 
negative consequences on other test conditions such 
as unbelted occupants and out-of-position occupants.    
This was discussed by Trosseille et al (25) who 
analyzed the out-of-position risk of an optimized 
thorax restraint system comprised of a pretensioner, 
load limiter and airbag system. 
 
     The current analysis did not take into account 
airbag inflator output, airbag shape, or vent hole size, 
all of which may have an effect on the occupant 
response.   The active venting feature used in the 
analysis, provides for a controlled release of airbag 
gas that was shown to have a positive effect on the 
occupant response when used.   It is the process in 
this study that needs to be highlighted rather than the 
results since an analysis comprised of thousands of 
simulations is possible as the number of parameters 
increases.   Regardless of parameters used, all results 
will lead to an equalization of injury probability by 
occupant size and occupant body region rather than 
just considering the basic injury reference values.   
This analysis does not consider effects of age on 
likelihood of injury (26) nor does it consider that the 
system definition to achieve equal probability from 
one vehicle may be different than that of another 
vehicle.  On a higher level of any injury risk to any 
occupant, Kullgren et al (27) demonstrated that the 
injury risk functions differ from vehicle to vehicle for 
a given crash severity.  As the future development of 
restraint systems continues, this new technique of 
establishing equal injury probability for all occupant 
sizes, while maintaining margins for acceptable 
injury criteria, may lead to further improvements in 
vehicle safety.  
 
ACKNOWLEDGEMENTS 
 
     The authors would like to thank Mssrs. Kurt 
Fischer, Skip Barnes, and Ms. Ru Ling for their 
discussions and modeling skills.  
 

REFERENCES 
 
1.) Adomeit, H.-D., Wils, O., and Heym, A. (1997).  

Adaptive Airbag-Belt-Restraints – An Analysis 
of Biomechanical Benefits. In: Motor Vehicle 
Safety Design Innovations. SAE Paper No. 
970776, pp. 163-177, Warrendale, PA. 

2.) Bendjellal, F., Walfisch, G., Steyer, C., Ventre, 
P., Bruno, J.-Y. F,; Trosseille, X., Lassau, J.-P. 
(1997). The Programmed Restraint System - A 
Lesson from Accidentology. In Proceedings of 
the 41st Stapp Car Crash Conference, pp. 249-
263. SAE Paper No. SAE 973333, Warrendale, 
PA.  

3.) Foret-Bruno, J-Y., Trosseille, X., Le Coz, J-Y., 
Benjellal, F., Steyer, C., Phalempin, T., 
Villeforceix, D., and Got, C. (1998).  Thoracic 
Injury Risk in Frontal Car Crashes with the 
Occupant Restrained With Belt Load Limiter.  
SAE Paper No. 983166, Warrendale, PA. 

4.) Miller, H. J.; Maripudi, V. (1996). Restraint 
Force Optimization for a Smart Restraint 
System. In: Occupant Protection Technologies 
for Frontal Impact: Current Needs and 
Expectations for the 21st Century. Warrendale, 
SAE, pp. 79-84. SAE Paper No. 960662, 
Warrendale, PA. 

5.)  Happee, R., van Haaster, R., Michaelsen, L., 
and Hoffman, R.  (1998). Optimisation of 
Vehicle Passive Safety for Occupants with 
Varying Anthropometry.  In: Proceedings of the 
16th International Technical Conference on the 
Enhanced Safety of Vehicles, Paper No. 98-S9-
O-03, Windsor, Canada. 

6.) Cuerden, R., Hill, J., Kirk, A., and Mackay, M. 
(2001). The Potential Effectiveness of Adaptive 
Restraints. Birmingham University, Automotive 
Safety Centre (England)/ Loughborough 
University of Technology, Vehicle Safety 
Research Centre (England). In: Proceedings of 
the International IRCOBI Conference on the 
Biomechanics of Impacts. Isle of Man (United 
Kingdom), 10-12 Oct 2001, p. 323-334.  

7.) Breed, D.S. (1998). A Smart Airbag System. In: 
Proceedings of the 16th International Technical 
Conference on the Enhanced Safety of Vehicles, 
Paper No. 98-S5-O-13, Windsor, Canada. 

8.) National Highway Traffic Safety 
Administration. (2003).  Proposed Amendment 
to FMVSS No. 208 5th Percentile Female Belted 
Frontal Barrier 56kph (35mph) Test. 

9.)  Federal Register (2003). Vol. 68, No. 151, pp 
46539-46545. 

10.) Summers, L., Hollowell, W.T., Prasad, A. 
(2001).  Analysis of Occupant Protection 
Provided to 50th Percentile Male Dummies 



Ridella, 7 

Sitting Mid-Track and 5th Percentile Female 
Dummies Sitting Full-Forward in Crash Tests of 
Paired Vehicles with Redesigned Air Bag 
Systems.  In: Proceedings the 17th International 
Technical Conference on Enhanced Safety of 
Vehicles., Amsterdam, The Netherlands,  Paper 
No. 338, 16pp. 

11.) Maltese, M.R., Prasad, A., Beuse, N., and 
Hollowell, W.T. (2003). Vehicle Performance in 
Full-Frontal Crash Tests with Small Female and 
Mid-Sized Male Occupants. In: Proceedings the 
18th International Technical Conference on 
Enhanced Safety of Vehicles. Nagoya, Japan, 
Paper No. 414, 15pp.  

12.) Mertz, H.J., Prasad, P., and Irwin, A.L. (1997).  
Injury Risk Curves for Children and Adults in 
Frontal and Rear Collisions.  In: Proceedings of 
the 41st Stapp Car Crash Conference, pp. 13-30, 
SAE Paper No. 973318, Warrendale, PA.  

13.) MADYMO Users Manual, Version 6.2, TNO- 
MADYMO,Delft, The Netherlands, 2004. 

14.) ISight Users Manual, Version 8.0. (2003)  
Engeneous Software, Cary, N.C., USA  

15.) Kuppa, S., Wang, J., Haffner, M., and Eppinger, 
R. (2001). Lower Extremity Injuries and 
Associated Injury Criteria. In: Proceedings of 
the 17th International Technical Conference on 
the Enhanced Safety of Vehicles, Amsterdam, 
The Netherlands. Paper No. 457, 15pp. 

16.) Eppinger, R.H., Sun, E., Bandak, F., Haffner, 
M., Khaewpong, N., Maltese, M., Kuppa, S., 
Nguyan, T., Takhounts, E., Tannous, R., Zhang, 
A. and Saul, R. (1999) Development of 
Improved Injury Criteria for the Assessment of 
Advanced Automotive Restraint Systems – II. 
National Highway Traffic Safety 
Administration. 

17.) Mertz, H.J. and Prasad, P. (2000).  Improved 
Neck Injury Risk Curves for Tension and 
Extension Moment Measurements of Crash 
Dummies.  Stapp Car Crash Journal, Vol. 44, pp. 
59-75 

18.) Mertz, H.J., Irwin, A.L., and Prasad, P. (2003).  
Biomechanical and Scaling Bases for Frontal 
and Side Impact Injury Assessment Reference 
Values.  Stapp Car Crash Journal, Vol. 47, pp. 
155-188. 

19.) Cooper, J., Lemmen, P., and van Schie, C. 
(2004).   Effectiveness of Real Time Control for 
Active Restraint Systems in Frontal Crashes. 
Proceedings from Airbag 2004 Conference, 
Karlsruhe, Germany, 7 pp. 

20.) Gonter, M., Zobel, R., and Spies, U. (2004)  
Potential of Adaptive Restraints in Frontal 
Collisions.  Proceedings from Airbag 2004 
Conference, Karlsruhe, Germany, 18pp. 

21.) Iyota, T. and Ishikawa, T. (2003). The Effect of 
Occupant Protection by Controlling Airbag and 
Seatbelt.  In: Proceedings the 18th International 
Technical Conference on Enhanced Safety of 
Vehicles. Nagoya, Japan, Paper No. 198, 10.pp 

22.) European New Car Assessment Programme 
(EuroNCAP).  (2003).  Assessment Protocol and 
Biomechanical Limits, Version 4.0. 

23.) Insurance Institute for Highway Safety.  (2004). 
Frontal Offset Crashworthiness Evaluation – 
Guidelines for Rating Injury Measures.  

24.) General Motors North America. (2003).  Docket 
Submission No. NHTSA-03-15372-11 

25.) Trosseille, X., Bendjellal, F, Walfisch, G., Foret-
Bruno, J.-Y., Le Coz, J.-Y., Berthavas, F., 
Potier, P., Lassau, J.-P. (1998)  Evaluation of 
Secondary Injury Risk with a New Programmed 
Restraining System. In: Proceedings of the 16th 
International Technical Conference on the 
Enhanced Safety of Vehicles, Paper No. 98-S5-
W-24, Windsor, Canada.  

26.) Kent, R.W., Patrie, J., Poteau, F., Matsuoka, F., 
and Mullen, C. (2003).  Development of an Age-
Dependent Thoracic Injury Criterion for Frontal 
Impact Restraint Loading.  In: Proceedings the 
18th International Technical Conference on 
Enhanced Safety of Vehicles. Nagoya, Japan, 
Paper No. 72, 12pp 

27.)  Krafft, M., Kullgren, A., Lie, A., and Tingvall, 
C.  (2001).  Injury Risk Functions for Individual 
Car Models. In: Proceedings the 17th 
International Technical Conference on Enhanced 
Safety of Vehicles., Amsterdam, The 
Netherlands,  Paper No. 168, 8pp. 

 
 



 
 
APPLICATION OF THE CIREN METHODOLOGY TO THE STUDY OF PEDESTRIAN CRASH 
INJURIES 
 
 
Douglas Longhitano 
Christine Burke 
James Bean 
Dorraine Watts 
Samir Fakhry 
Mark Meissner 
Johan Ivarsson 
Chris Sherwood 
Jeff Crandall 
Yuko Takahashi 
Yoshiji Kadotani 
Ralph Hitchcock 
Yoshihiko Kinoshita  
Honda Inova Fairfax Hospital CIREN Center 
USA 
Paper # 05-0404 
 
 
 
ABSTRACT 
 

The Crash Injury Research Engineering Network, 
CIREN, was initiated by NHTSA as a collaborative 
forum for detailed investigation of motor vehicle 
crashes.  This arrangement brings together experts 
from medicine, academia, industry, and government 
to perform detailed analyses of the injuries sustained 
in specific collision modes.  The CIREN program has 
typically focused on vehicle occupants, but in 2002 
the Honda Inova Fairfax Hospital CIREN Center 
established a special program for pedestrian crash 
investigations.  The goal of the center has been to – 
complete detailed crash investigations for impacts 
between a pedestrian and a passenger car or light 
truck.  Detailed medical and anthropometric data are 
collected at the level one trauma center and expert 
investigations of the vehicle and crash scene are 
conducted.  Multi-body simulation models are 
sometimes used to estimate impact kinematics for the 
pedestrian and to validate vehicle speed estimations 
and initial position of the pedestrian.  An 
interdisciplinary team analyzes the data and develops 
a consensus for the most likely impact scenario and 
injury mechanisms.  This paper presents our initial 
experience from investigating over twenty pedestrian 
collisions.  We will discuss the challenges associated 
with collecting and analyzing this data as well as 
initial observation of injury trends and mechanisms 
encountered. 
 

INTRODUCTION 
 
Crash Injury Research & Engineering Network 
(CIREN) 
 

To understand motor-vehicle crashes and 
mitigate the resulting fatalities and injuries, crash 
investigation and reconstructions have long played an 
important role. Government entities, safety 
researchers, automotive suppliers, and vehicle 
manufactures have put a significant effort into 
studying these crashes in order to understand the 
injuries that occur and the mechanisms involved.   

In the 1990’s, the US National Highway Traffic 
Safety Administration (NHTSA) identified a need to 
collaborate with medical personal, university 
researchers, and vehicle engineers in the detailed 
investigation of motor-vehicle crashes.  From this 
vision, the CIREN program was established.   

The CIREN program currently includes ten 
centers around the country that are based at hospitals 
with level 1 trauma centers. Funding for many of 
these centers is provided by NHTSA, but due to 
valuable information developed there are additional 
centers supported by industry.  

The primary focus of the CIREN program is to 
investigate and analyze front, side, and rollover 
crashes.  In some cases, the program has sought the 
collection of special cases to look at specific areas of 
highway safety that are of particular concern. 
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Honda Inova Fairfax Hospital CIREN Center
The Inova Regional Trauma Center (IRTC) is 

the only Level One Trauma Center in Northern 
Virginia. It is a component of Inova Fairfax Hospital, 
a 753-bed facility located in Fairfax County, Falls 
Church, Virginia. Fairfax County is a diverse urban 
county and the most populous jurisdiction in both 
Virginia and the Washington metropolitan area. In 
1999, the IRTC became the 9th CIREN center and the 
only non-university based CIREN center in the 
United States. This center operates as collaboration 
between the IRTC, University of Virginia, Fairfax 
County emergency medical services, and Honda 
R&D. 

CIREN centers typically study only passenger 
vehicle crashes.  In 2002, Honda partnered with the 
IRTC center, and the study of pedestrian and 
motorcycle crashes was added as an area of special 
investigation.  An average of 32,000 car crashes 
occurs in Fairfax County annually. The IRTC treats 
approximately 3,400 critically injured patients each 
year and 140 of these are pedestrian crashes. 
Pedestrian injuries in Fairfax County have the highest 
average hospital charges and longest hospital stays 
when compared to other motor vehicle caused 
injuries. This CIREN Center is currently the only 
Level One Trauma Center in the United States that 
studies pedestrian and motorcycle crashes.  
 
Pedestrian Injury  
 

Pedestrian crashes present a universal challenge 
for public health, trauma medicine, and traffic safety 
professionals in all motorized societies throughout 
the world. More than a third of the approximately 
11.2 million people that are killed or injured in road 
traffic crashes every year are pedestrians (Crandall et 
al., 2002). Considering fatalities only, approximately 
760,000 (65%) are pedestrians (World Bank, 2001). 
In the US alone, approximately 70,000 (2.4%) of the 
2,889,000 who were injured and 4,749 (11.1%) of the 
42,643 who were killed in road traffic crashes during 
the year of 2003 were pedestrians (NHTSA, 2005). 
The abovementioned statistics support Brainard et al. 
(1989), who stated that pedestrian casualties sustain 
more multi-system injuries with concomitant higher 
injury severity scores and mortality rates than vehicle 
occupants. 

Automotive safety research has traditionally 
focused on developing knowledge, systems, and 
devices for protecting vehicle occupants. The lack of 
development and implementation of automotive 
countermeasures for pedestrian safety has stemmed 
primarily from a societal view that the injury caused 
by a large, rigid automobile striking a small, fragile 
pedestrian cannot be substantially reduced by altering 

the vehicle structure. Automotive safety researchers 
are now exploring the theory that the same safety 
design principles that have resulted in substantial 
safety benefits for occupants might be extended to 
reduce the aggressiveness of motor vehicles to 
pedestrians. Based on these principles, several 
concepts of pedestrian safety countermeasures for 
minimizing the frequency and severity of injuries to 
the lower extremities (Aldman et al., 1985; Harris 
and Grew, 1985; Ishikawa et al., 1992, 1994; 
Nagatomi et al., 1996; Detweiler and Miller, 2001) 
and head (Okamoto et al., 1994; Fredriksson et al., 
2001) have been proposed. A further step towards 
reducing the frequency and severity of injuries to 
pedestrian victims is the pedestrian test protocol 
included in the European New Car Assessment 
Programme (EuroNCAP). As part of a program to 
provide consumers and manufacturers with 
information on the impact performance of new cars 
sold in Europe, EuroNCAP evaluates the vehicle 
aggressiveness towards the pedestrian lower 
extremity and head by measuring the impact response 
of mechanical leg and head forms propelled into the 
vehicle front and hood structures.   

 
CIREN Pedestrian Crash Investigations 

 
As vehicle manufactures are working on the 

development of vehicle based systems to mitigate the 
extent and severity of pedestrian injuries, it has 
become evident that continued pedestrian crash 
investigations are necessary. These continued 
investigations are necessary for gaining a detailed 
understanding of pedestrian injuries and their injury 
mechanisms as well as for identifying the effects of 
changing vehicle fleets. 

Application of the CIREN program methodology 
to pedestrian crash investigations presents a unique 
opportunity to gain a detailed understanding of 
injuries and injury mechanisms from a limited 
number of pedestrian crashes. These investigations 
provide information about impact kinematics, vehicle 
interactions and injury response trends. 

 
METHODOLOGY 

 
Case Selection 
 

All pedestrian cases that arrive at IRTC are 
reviewed on a daily basis to identify those that meet 
the enrollment criteria for being part of the CIREN 
pedestrian crash investigation program.  Each case 
must meet the following criteria to be eligible for 
enrollment: 
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• Hospital admission with AIS 2+ injury 
• Pedestrian is struck by the front of the 

vehicle and is upright upon impact 
• Striking vehicle is a passenger vehicle, SUV, 

minivan or small pick up truck 
 
Screening, Enrollment & Consent 
 

The medical record for each identified case is 
reviewed to determine injury and crash criteria.  The 
study coordinator visits eligible patients and/or 
family members, explains the study, and requests 
consent.  Potential study participants are required to 
sign an Informed Consent, a six-page document that 
explains the study, risks, benefits and patient rights. 
Patients are assured that their treatment will not be 
affected in any way whether they choose to 
participate or not.  Once informed consent is obtained, 
the patient is interviewed, measurements are taken 
and photos of contusions, abrasions and lacerations 
are made.  The crash reconstructionist is notified of 
the date and location of the crash.  He contacts the 
proper jurisdiction’s police department and attempts 
to obtain the crash report in an effort to identify the 
vehicle owner. The crash reconstructionist works 
with local police departments to obtain scene photos 
and additional crash information.  He then visits the 
vehicle owner’s residence in an effort to obtain 
Informed Consent.  When consent is obtained, the 
vehicle can then be inspected.  
 
Data Collection 

 
Data collection for pedestrian cases collected at 

the CIREN center follows the guidelines of the 
National Highway Traffic Safety Administration’s 
Pedestrian Crash Data Study (PCDS). 
 
Medical Data 

Medical information is collected from both the 
detailed hospital records and records of the pre-
hospital care providers. The Fire and Rescue 
department that treated the pedestrian at the scene is 
notified, and pre-hospital information is obtained 
from their records. The full medical record is also 
reviewed in detail to obtain additional medical 
information.  Injuries and procedures are assigned 
AIS, IDC-9 and CPT codes consistent with the 
patient’s injuries and procedures. A research fellow 
and trauma surgeon review radiological records and 
select the best images to be included in the CIREN 
case file.  Once all the medical data is collected, the 
data is entered into a database and the case can be 
prepared for Case Review.  A social worker affiliated 
with the CIREN Center contacts the study participant 

at 6 months and 12 months following the crash to 
obtain outcome data.   
 
Vehicle & Crash Data 

When a suitable case has been identified, the 
crash investigator attempts to obtain a copy of the 
police crash report.  Information on the crash report 
provides information about date, time, and location of 
the crash, the vehicle involved, and identifies the 
owner and driver of the involved vehicle.  Scene 
diagrams, photos, witness statements, and notes are 
also collected from this report. 

In order to do a detailed inspection of the 
involved vehicle, the crash investigator attempts to 
make contact with the vehicle owner. If the vehicle 
owner agrees to the study, a signed consent form is 
completed.  The involved vehicle is located, and the 
crash investigator conducts a detailed examination of 
the vehicle in accordance with the protocols 
employed by PCDS.  The vehicle is documented by 
photographs, diagrams and video imaging; with 
special attention to damage at and under the surface 
of the vehicle. Photographs are sanitized, and data 
points obtained from the vehicle, crash scene and 
police crash reports are placed in the database. 

The crash scene is also examined for physical 
evidence following the PCDS protocols. A scene 
diagram is prepared, and the crash investigator 
estimates an impact speed from the pedestrian throw 
distance and skid mark evidence. 
 
Reconstruction & Simulation 
 

Using a mathematical dynamic modeling 
software program, MADYMO (TNO, 2004), a 
selection of cases is reconstructed using the crash 
data. Each reconstruction selected is simulated using 
the following prioritization for matching criteria. 

 
Vehicle Model Selection  

There are three options for vehicle model 
selection.  The optimal choice is a model already 
available within the current vehicle database.  If a 
model is not available, then a vehicle of appropriate 
make and model may be digitized and surface model 
built.  The digitization of the vehicle consists of point 
collection of the front half of the vehicle, and then a 
mesh generation of these points.  Due to limited 
availability of vehicle data, basic suspension and 
stiffness characteristics are used.  This method is 
similar to that discussed by Rooij et al. ( 2003).  If 
neither option is available, a vehicle model of similar 
geometry to the case vehicle will be used. 
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Pedestrian Model Selection 
There are five validated human pedestrian 

models available in  MADYMO that are used for 
selecting an appropriate anthropometry: a 3 year-old, 
6 year-old, 5th percentile female, 50th male, and 95th 
percentile male (Figure 1). 
 

      
Figure 1: MADYMO Pedestrian Anthropometries 
  
Pedestrian & Vehicle Dynamics 

The pre-impact and avoidance dynamics of the 
pedestrian are taken into account.  The vehicle, 
walking speed, possible orientation, and possible 
impact avoidance are simulated.  The pre-impact and 
any avoidance dynamics of the driver are taken into 
account based on data from the police report.  This 
includes vehicle speed, orientation, and braking. 
 
Simulation Matrix

After a suitable vehicle model and pedestrian 
anthropometry have been selected, an initial 
simulation run is performed.  The vehicle is 
positioned perpendicular to the pedestrian at the 
driver reported speed with no braking involved.  
Nose dive is also not accounted for in the initial run, 
since the majority of the cases do not indicate any 
driver initiated pre-impact avoidance maneuver.   

The pedestrian is initially orientated with an 
arbitrary walking stance crossing in front of the 
vehicle at the noted possible vehicle contact points.  
This base stance is an initial guess resulting from 
pedestrian or witness reported observations.  Using 
previous simulation studies from Meissner et al. 
(2004), this stance is further evaluated in future runs. 

Once a suitable initial simulation is run, 
modifications to the pedestrian stance are performed 
to better match the lower extremity injury points to 
vehicle contact and/or damage points.  This includes, 
but is not limited to, lower limb orientation (struck 
limb forward, struck limb back or feet together), 
weight bearing extremity, and knee flexion.  Since 
lower limb injury may not be from the direct contact 

with the vehicle, the contact points are used as 
guidelines for pedestrian stance. 

After the pedestrian stance modification, if the 
kinematics do not sufficiently reproduce a desired 
result, further simulation modifications are performed.   
The next step is to verify vehicle dynamics, such as 
speed, orientation, braking, and associated brake-dive. 
Other simulation factors considered are upper 
extremity orientation, torso orientation, head and 
neck orientation, pedestrian speed and orientation 
toward vehicle, vehicle weight, etc. 
 
Case Review 

 
A pedestrian case review takes place 

approximately every three months, at which three 
pedestrian crashes are reviewed. To protect patient 
privacy, participation in the review of the cases is by 
invitation only and includes the treating physicians, 
scene responders, engineers and representatives from 
NHTSA and the automobile industry.  A three-page 
case summary of each case and corresponding 
PowerPoint presentation are prepared.   

Prior to CIREN Case Review, the principal 
investigator, research fellow, crash reconstructionist 
and study coordinator meet for an internal review to 
discuss the scheduled cases.  Following the internal 
review, the crash reconstructionist and study 
coordinator meet with researchers from the 
University of Virginia – Center for Applied 
Biomechanics, who serve as biomechanical 
consultants to the CIREN Center.  The case is 
reviewed, and kinematics are discussed extensively.  
After the initial reviews, the cases are then presented 
for a full case review, including physicians, medical 
students, engineers from the automobile industry, 
first responders, and safety researchers from NHTSA, 
IIHS, and University of Virginia.  

Each case is presented in detail, including scene 
photos, vehicle photos, interior and exterior vehicle 
movies, pre-hospital information, hospital 
information, rehabilitation information, patient 
photos, and scans of radiographs. Relevant 
biomechanical information, simulation results and 
test data are also presented.  The attending group 
reviews all information presented and participates in 
a discussion to determine pedestrian kinematics and 
injury mechanisms. Each injury is reviewed in detail, 
and review of the vehicle damage, an injury source is 
assigned.   
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RESULTS 
 
Screening & Enrollment 
 

Screening of pedestrian cases at the CIREN 
Center began in 2002.  Since that time over 350 cases 
have been screened and over 30 pedestrian cases 
were enrolled for detailed investigation.  Nearly half 
of the cases screened did not meet the minimum 
injury criteria level necessary for enrollment. About 
50 cases were excluded due to lack of patient and 
vehicle owner consent and over 100 cases did not 
meet the requisite crash criteria or were excluded for 
other reasons.   

The cases enrolled have encompassed a wide 
range of pedestrians, vehicles, and impact 
configurations.  The pedestrians include an age range 
from young children to the elderly with a wide range 
of anthropometries.  The vehicles cover a broad 
spectrum including numerous cars, vans, and light 
trucks built between 1990 and present.  The impact 
configurations are largely of lateral pedestrian 
orientation, but cover a broad speed range with 
variations in impact point, vehicle movement, and 
pedestrian kinematics. 
 
Sample Case 

 
Included here is a sample case to illustrate the 

typical result of the pedestrian crash investigation, 
reconstruction, and Case Review. 
 
Event  Information 
Striking Vehicle:  1992 Mid-size Sedan 
Crash Type:   Frontal 
Time of Day:  19:35 
Weather:  Clear 
Road Conditions:  Dry 
Posted Speed:  35 mph 
Police Reported Speed: 35-40 mph 
Witness Reported Speed: None 
 
Pedestrian Data 
Age:  55   
Gender:  Female   
Clothing:  Pants/sweater/medium length coat 
Shoes:  Medium heels (< 1”) 
Eyewear: None  
Other object: Purse over left shoulder 
Weight:  150 lbs 
Height:  168 cm  
Ground to center of knee cap: 43 cm 
Ground to top of hip bone:  92 cm 
Ground to top of shoulder:  136 cm 
 

Patient Interview 
The patient only remembered that she was 

walking across the street when she was struck at the 
right side. She does not remember seeing the vehicle, 
and only remembers waking up when the paramedics 
were cutting off her coat.  
 
Injury Severity
  ISS Score  17 
  Maximum AIS:  3 
Caused by injury: Humerus fracture 

 
Injury Analysis: 

The case participant is a 55-year-old female who 
attempted to cross a four-lane roadway. The vehicle 
was traveling in the left through lane in a westbound 
direction. The pedestrian crossed the eastbound lanes 
and was struck on the right side upon entering the 
westbound left through lane (Figure 2). The weather 
was clear, and the roadway was dry. The posted 
speed is 35 mph.    
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igure2. Pedestrian Scene Diagram 

Upon arrival of pre-hospital personnel, the 
edestrian was alert and oriented. It was noted that 
here was significant depression to the hood and 
indshield of the vehicle. The pedestrian was noted 

o have multiple abrasions and was immobilized and 
ntravenous fluids started. She was transported to the 
rauma center by ground.  

On initial presentation in the trauma bay, the 
atient was amnesic to the event and complaining of 
ain to her head, shoulder and leg.  She was 
ypertensive, with oxygen saturation on non-
ebreather of 92% and had a GCS of 15.  She was 
oted to have some abrasions, deformity of her right 
houlder and edema of her right ankle. Radiological 
valuation identified a right humerus fracture, right 
ibial plateau and fibula fractures and lateral 
alleolus fracture. CT of the head was negative for 

ntracranial injury, but clinical examination was 
onsistent with a concussion. She was admitted to the 
loor and taken to the operating room on hospital day 
 2 for open reduction/internal fixation of the 
umerus fracture and application of a long leg cast.  
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Her hospital course was uneventful, and she was 
discharged home with her family on hospital day # 7. 
At the time of discharge, she was non-weight bearing 
on her right lower and right upper extremities. 

Modeling of the crash suggested that the 
pedestrian had the right foot forward when she was 
struck which caused her to rotate backward as she 
falls onto the hood of the vehicle. Her head struck the 
base of the windshield causing the scalp contusion 
and concussion. Her arm suffered a direct blow as 
she struck the hood resulting in the transverse 
humerus fracture and possibly the abrasion to her 
hand.  The bumper of the vehicle struck her right leg 
which bends around the bumper causing the tibial 
plateau and fibula fractures.  It was estimated that 
the position of her foot on the road in combination 
with the bumper striking the extremity was the cause 
of the lateral malleolus fracture.  

 
Table 1. 
Pedestrian Injury Analysis. 

 
Injuries 
(ICD) 

AIS 
Severity 

Contact Area 
(Bumber, 
hood) 

Confid. 
Level 

Scalp 
contusion 
(920) 

190402.1 Base of 
windshield 

Certain 

Concussion 
w/o LOC 
(850.0) 

161000.2 Base of 
windshield 

Certain 

Arm 
laceration 
(880.03) 

790602.1 Unknown Unknown 

Humerus 
fracture 
(812.21) 

752604.3 Hood Probable 

Hand abrasion 
(914.0) 

790202.1 Hood Possible 

Tibial plateau 
fracture 
(823.00) 

853406.2 Bumper Certain 

Fibula neck 
fracture 
(823.01) 

851606.2 Bumper Certain 

Distal fibula 
fracture 
(823.21) 

851606.2 Bumper Certain 

Lateral 
malleolus 
fracture 
(824.2) 

851608.2 Positioning on 
road – bumper  

Probable 

 
DISCUSSION 
 
Data Collection 
 
Limitations of the CIREN approach 

Retrospective analyses of pedestrian crash 
scenarios are difficult to perform because much of 
the critical information must be inferred from 

forensic evidence.  When compared to vehicle 
occupant cases, pedestrian crashes are particularly 
challenging because of the wider range of pedestrian 
contact areas (bumper area, hood, windshield, and 
road surface) and initial pedestrian stances.  These 
factors increase the uncertainty of hypothesized 
kinematics and injury mechanisms. 

Due to the injury inclusion criteria and the fact 
that IRTC is a Level I Trauma Center, the cases 
included in the project are skewed toward the most 
severe pedestrian impacts.  It needs to be emphasized 
that the cases are not a representative sample of all 
pedestrian impacts, and this fact must be considered 
during data analysis. 
 
Case Enrollment 
 

One of the most basic challenges in performing 
in-depth investigation of pedestrian crashes is the 
enrollment of study participants.  The overall 
enrollment rate for pedestrian crashes at the Honda 
Inova Fairfax Hospital CIREN Center is 
approximately 22% for eligible cases meeting the 
initial screening criteria.   

Although some patients agree to take part in this 
study after the first contact, multiple visits are 
required in most instances.  The socioeconomic 
situation of many pedestrians is different from motor 
vehicle or motorcycle crash victims.  Working with 
patients who are homeless, have psychological issues 
or who have drug/alcohol dependencies is often very 
difficult.  However, all patients or their family 
members face multiple concerns, which may include: 
 
• Feelings of being overwhelmed by the event and 

the desire to avoid making additional decisions  
• Advice of attorney or concern about legal issues  
• Concern about insurance issues 
• Feelings of guilt 
• Repercussions related to immigration status 
• Psychological status related to illness, addiction 
• Family unavailable and patient incompetent to 

give consent  
 

Establishing contact with the vehicle owner is 
another challenge in enrolling cases into the study. 
Since both the patient and the motor vehicle owner 
should agree to participate in order to obtain the 
necessary data, it is important that the motor vehicle 
owner also consents. Initially the identity of the 
vehicle owner is difficult to determine because the 
owner does not have a relationship with the hospital 
or the patient.  Also, the patient usually has not 
obtained an accident report or made contact with the 
police. The crash reconstructionist has to establish 
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relationships with local police departments that are 
willing to participate in this study.  Once the identity 
of the vehicle owner is established the crash 
reconstructionist attempts to contact the vehicle 
owner by visiting the residence.  Several visits at 
different times are often required and many vehicle 
owners refuse to participate, due to: 
 
• Feelings of guilt 
• Fear of reliving the experience 
• Concern about legal issues 

 
It is important to note that only the medical staff 

has direct contact with the patient.  For all other 
parties reviewing the case medical data is sanitized 
before viewing and there is no contact with the 
patient or access to personal information. 
 
CONCLUSIONS 
 

Application of the CIREN methodology to 
pedestrian crash research has proven to be a valuable 
tool for improving understanding of the complex 
interaction that occurs when a pedestrian collides 
with a vehicle.  The combination of detailed medical 
knowledge with in-depth crash investigations and 
biomechanical expertise is helping to identify some 
of the injury producing mechanisms associated with 
pedestrian injuries and fatalities.   

There is currently a minimal amount of 
pedestrian impact data on recent model vehicles that 
include pedestrian protection features, and a limited 
number of cases which we are able to collect at the 
Honda Inova Fairfax CIREN Center.  Therefore, in 
the future, it is hoped that NHTSA will allow other 
CIREN centers that are interested in pedestrian safety 
to begin to collect pedestrian crash cases as a part of 
their CIREN case load. 
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ABSTRACT 

Motivated by the complexity and variety of 
real-world side impacts, the Magnetic Side Impact 
(MSI) approach for side-impact crash detection and 
discrimination is presented.  NHTSA has issued a 
rulemaking proposal that requires improved 
occupant protection in side impact crashes. It 
proposes 100% passenger car compliance to a more 
challenging standard in the near future.  OEMs will 
likely require new sensing technologies and 
configurations to meet the proposed NHTSA 
standard. 
 

This paper discusses a sensing technology for 
improved side-impact crash detection and 
discrimination. The MSI system induces a time-
varying, fixed frequency magnetic field into the 
vehicle structure using a wire coil transceiver 
located in the vehicle door or frame.  The induced 
field can also be sensed at other vehicle locations 
using a second wire coil receiver that detects 
changes in the magnetic field flowing through it.  
In normal operation, the transceiver (and receiver) 
signals are constant amplitude sinusoidal voltages 
at the transmitted frequency.  During a crash, the 
magnetic path around the transceiver and between 
the transceiver and receiver is perturbed, and the 
resulting changes in the magnetic field are 
superimposed onto the MSI waveform.  The 
received signal(s) are demodulated; leaving a 
signal whose content is proportional to crash 
severity and general impact location. The MSI 
system has shown to provide fast and reliable time 
to fire (TTF) signals in both laboratory and crash 
testing. 
 

The MSI uses electromagnetic waves for 
communicating crash information, resulting in 
extremely fast detection and clear separation of 
deploy/non-deploy events. Placing a transceiver 
and receiver at opposite ends of the door allows 
wider spatial coverage.  This paper describes the  
model and shows crash-sensing performance and 

  
system benefits based on crashes using a full 
vehicle Body -in-White platform. 

 MOTIVATION 

During the years 2000 and 2001, side impact 
crashes accounted for approximately 37% of driver 
deaths in the U.S.  While the rate of deaths per new 
registered vehicle (less than 3 years old) in the US 
from frontal impacts was reduced by 52% over the 
last 20 years, the rate for side impacts has only 
been reduced by 24%.  Improvements in side 
impact safety have clearly lagged those for frontal 
impact safety.  A major reason for the lack of 
progress in side protection is due to the small crush 
zone.  Improved side impact safety can be achieved 
through improvements to structure, 
restraint/airbags, and sensing speed/accuracy.  
Better side airbags are always in development, but 
without improved sensing these restraints may not 
provide substantially better occupant protection.   
 

Side impact sensing performance 
requirements have primarily been driven by 
regulatory tests (FMVSS 214 and EU 96/EC/27 
Side Impact Regulations).  Basic sensing 
requirements have focused on the need to rapidly 
distinguish severe regulatory developed crash 
modes from minor crash and abuse events so that 
restraint deployment will occur in sufficient time to 
protect occupants only when the crash could result 
in significant injury.  In the past, regulatory 
agencies and consumers have relied upon OEMs to 
ensure robust side impact protection in real world 
conditions; however, newer crash modes have been 
proposed covering a broader range o f real world 
impact scenarios [1,2] making the minimum 
sensing requirements more challenging. 
 

Side impact sensing systems designed 
specifically to meet the existing regulatory crash 
modes may not perform optimally under a variety 
of real world crash scenarios [3].  National 
Highway Transportation and Safety Administration 
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(NHTSA) crash testing for side impact pole events 
showed that although several existing sensing 
systems deploy properly during a standard 
FMVSS201 pole impact, they do not deploy at all 
during an oblique pole impact [4].  In comparing 
these crashes, the lateral impact velocity is the 
same, only the incident angle is changed from 90 to 
75 degrees and the impact location moved from a 
50 th percentile male to a 5 th percentile female 
seating position (a separation of perhaps 15 cm or 
less).  These test results imply that existing sensing 
systems may be inadequate under a variety of real 
world crash conditions.  

Statistics 

 Statistics on side impact crashes are generally 
classified into two categories, car-to-car and car-t o-
fixed object. (i.e. pole, tree, stationary car, etc.)  
 

Evaluation of the NHTSA National Accident 
Sampling System (NASS) database for car-t o-car 
side impact crashes between 1998-2002 shows that 
the angular distribution of relat ive impact force 
direction (~ impact angle) has a mean of 
approximately 63 degrees with the majority of 
Maximum Abbreviated Injury Score (MAIS) 1-6 
injuries falling within 30 and 90 degrees. 
  
 Side impact crashes into fixed, narrow objects 
(e.g. pole, tree) account for about 20% of all deaths 
and serious injuries in side crashes.  The mean 
impact angle, or principle direction of force, for 
real world crashes of this type is about 60 degrees 
and the distribution of angles is quite wide ranging 
(majority range from 30 to 90 degrees). Current 
regulatory barrier and pole tests are run at a 90 deg. 
impact angle, which may provide a good evaluation 
of restraint performance for severe impacts, 
however, these test conditions are not the most 
challenging for evaluat ing sensor performance. 

Regulatory Testing 

 NHTSA has issued a notice of proposed 
rulemaking [4].  The proposed rule suggests that a 
75 degree pole impact for the 50 th % male and a 
similar test for the 5 th % female are appropriate test 
additions to the current FMVSS214 standard.  The 
ideal sensing system will sense the crash for pole 
impacts occurring over a wide range of angles and 
impact locations along the door rather than being 
tailored to perform for regulatory crashes. 
 

The Insurance Institute for Highway Safety 
(IIHS) has been performing side impact testing to 
address real world vehicle-to-vehicle compatibility.  
The IIHS impact sled is heavier, has a higher 

bumper area, and has approximately ½ the initial 
contact impact area compared with the NHTSA 
214 barrier sled.  This barrier reflects the growth in 
the light truck and sport utility vehicles (SUV) 
market in the U.S. (~37% of vehicle market share).  
In the years 2000-2001, 57% of driver deaths 
during side impact with another vehicle occurred 
when the striking vehicle was a pickup/SUV [5]. 
For impact with an SUV, the occupant of the struck 
vehicle is more likely to sustain severe head 
injuries due to the higher potential for direct 
head/upper body contact with the SUV hood.  The 
high intrusion rate of  the IIHS side impact test 
requires faster crash detection times than similar 
speed crashes with the FMVSS 214 barrier. 
 
 The European Union EU 96/EC/27 side 
impact barrier, compared with the FMVSS 214 
barrier, is softer and has a larger initial impact area.  
The reduced stiffness and wider contact area of the 
EU barrier leads to significantly different signals 
for some sensors as the barrier itself absorbs and 
damps more of the initial impact energy. In this 
case, the transfer of energy into the impacted car 
may still cause severe deformation, but it may be 
more difficult to rapidly separate a more severe EU 
barrier crash from a less severe 214-barrier crash.  
 

The challenge for next generation side impact 
sensing systems is to provide wide area coverage, 
fast response, and good response for severe crashes 
over a range of impact stiffness, area, location and 
angle while maintaining immunity to false 
deployment from abuse events. 

 

BACKGROUND 

 The greatest threat to an occupant involved in 
a side impact crash is the penetration of the internal 
door structures or the impacting object into the 
head, thorax or hip of the occupant [6].  For this to 
occur, sufficient impact energy must be transferred 
into the impacted car to cause door displacement 
relative to the f rame and door deformation.  The 
function of any side impact crash sensor system is 
to quickly detect and discriminate the wide variety 
of potential crash events and deploy airbag 
restraints in sufficient time to protect the occupant.  
Typically, the time required to inflate the airbag 
can be between 10 and 20 milliseconds.  For a 
regulatory high-speed impact, such as an IIHS, the 
required crash detection time can be less than or 
equal to 5 milliseconds.  During this time, the 
penetration into the vehicle side structure may be 
as small as 5 centimeters.  Such a relatively minor 
dent might also be expected for many non-
threatening impacts (fender bender).  So the ideal 
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side impact sensing system should be capable of 
quickly detecting both deformation and 
deformation rate of the vehicle structures, which 
threaten the occupant directly and provide 
resistance between the occupant and the impacting 
object. 
  
Accelerometer Sensors 
 
 The majority of current state of the art side 
impact sensing systems is composed of one or 
more lateral axis accelerometers mounted on each 
vehicle side. These systems evolved from frontal 
impact systems where a long crush zone and large 
structural mass help integrate and damp crash 
energy to the accelerometer; with less dependence 
on the impact point, area and direction of force.  In 
frontal impacts, the distance between the impact 
object and the occupant is long and the 
accelerometer can be placed in a very benign 
location where it is relatively immune to shock and 
vibration induced by n on-crash events (occupants, 
rough road and abuse).   
 
 However, for side impact crashes, the 
situation is very different. There is a short crush 
zone for side impact and the typical occupant 
compartment is composed of a variety of rigid (A, 
B, C pillar) and less rigid (door, glass) structures. 
The energy transfer paths for side impacts varies 
greatly depending on the crash location, impact 
angle, contact area and impact energy, making it 
extremely difficult to select the ideal location for a 
1-D point sensor to quickly detect all real-world 
crash variations (poles, soft and hard barriers, 
impacting angles) and suppress all non-crash 
testing variations (abuse, rough road, minor 
crashes).  Often, the only viable method to 
accomplish faster and reliable detection for the 
newly envisioned crash modes is to incorporate 
more accelerometers, which increases system 
processing complexity and cost. 

Pressure Sensors 

 Several other technologies have been 
proposed to replace or augment the performance of 
accelerometers in an attempt to improve side 
impact crash detection and discrimination. A 
specific example is the use of a pressure sensor 
enclosed within a vehicle door cavity. Such a 
sensor provides a pressure pulse signal upon 
impact. This signal, combined with those from 
accelerometers may provide faster response for 
some crash modes, which are difficult to detect 
with accelerometers alone. However, for non-
cavity applications (3rd row seat, or panel vans), or 
where the seal integrity of the cavity may be 

compromised (e.g. holes in the door, or interior 
trim or speakers removed), or when impact occurs 
on the cavity perimeter, a pressure sensor may have 
difficulty improving detection and discrimination 
[6]. 
 
MAGNETIC CRASH SENSING 
 
 The use of electromagnetic physics for crash 
sensing is an evolution that potentially provides 
enhancements in the speed of sensing and the wider 
distribution of response.  During the general 
development of sensing methods in many 
applications, the sensing technology often evolves 
from mechanical sensing to electromagnetic field 
sensing.  Field sensing, in general, often provides 
faster, more accurate, and more reliable sensing 
where the sensed phenomena can be tailored by 
sensor design rather than limited by mechanical 
mounting and mechanical interactions.  For metal 
body cars, or bodies augmented with metal 
coatings, magnetic field sensing has the potential to 
provide rapid, wide region sensing of mechanical 
phenomena at a competitive cost.  The MSI system, 
in its simplest form, consists of a device for 
creating a known magnetic field near the vehicle 
metal and a way to detect if this field is rapidly 
changing due to metal motion and deformation in a 
crash. 

Electromagnetic Relations 

 The basic physical relations that define all 
electromagnetic phenomena are defined by 
Maxwell equations [7].  The primary equations 
needed to describe the MSI system function can be 
simply stated as:  
 
Ampere’s law:  the magnetic field in space around 
an electric current is proportional to the electric 
current (which serves as its source). 
 
Faraday’s law: any change in the magnetic 
environment of a circuit (e.g. coil of wire, 
conductive sheet) will cause a voltage to be 
induced in the circuit. 
 
Gauss’s law for magnetism:  The net magnetic 
flux out of any closed surface is zero such that all 
magnetic flux lines are closed loops. 

Creating Magnetic Fields 

 Applying a current to a wire is a common 
method for creating a magnetic field (Ampere’s 
law).  By arranging the wire in a loop, the direction 
of the magnetic field along the loop axis can be 
controlled.  The field magnitude is directly 
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proportional to the product of the current in the 
wire and the number of turns in the loop.  The 
current waveform signal applied to the coil will 
match the induced magnetic field waveform.  
Applying a discrete frequency sinusoidal current to 
a coil of wire generates a sinusoidal magnetic field 
at the same frequency along the coil axis. 

Sensing Magnetic Fields  

 Faraday’s law states that a voltage will be 
induced in a wire coil if the magnetic field enclosed 
by the coil changes in time: 
 
  (1) 

 
Here indV  is the induced voltage measured across 

the coil leads, N is the number of coil loops, and 
Φ  is the magnetic flux that passes through the 
coil. Accordingly, a coil is also a very simple, but 
effective sensor for measuring time variant 
magnetic fields.  The MSI uses a sinusoidal 
magnetic field which is inherently time variant 
providing the control system with an expected 
continuous waveform.  Changes from the nominal 
magnitude and phase of this waveform provide 
information about changes in the vehicle metal.   

Electromagnetic Fields in Conductors  

 In conductive materials such as steel, 
aluminium, and copper, an externally applied DC 
magnetic field will be equally distributed within the 
cross section of the material. However, as a 
sinusoidal field is applied at increasing frequency, 
Faraday’s law predicts that induced electric voltage 
potentials will be produced in the conductor.  These 
voltage potentials cause free charges in the metal to 
move, forming currents, commonly called eddy 
currents.  These induced currents produce a 
secondary magnetic field, which opposes the 
original field according to Lenz’s law [7].  These 
eddy currents extend into the conductor,  with the 
magnetic field created by each deeper eddy current 
loop adding to the total opposing field.  The result 
of this phenomenon is that the current density 
increases at the surface of the conductive material 
and decreases exponentially at greater depths.  Skin 
depth ( d) is defined for a conductor as the distance 
from its surface to the depth where the current 
density is 1/e times the surface current density: 
 

 d= (πfµσ)-1/2 (2) 
 
where f=frequency (Hz), µ= magnetic permeability 
(H/m), σ=electrical conductivity (S/m), and 
ln(e)=1.  For standard steel materials, in the 

frequency ranges that the MSI operates in, the skin 
depth is on the order of approximately 0.2 mm.   
 
 Magnetic permeability is a physical property 
that indicates how easily a material will 
temporarily magnetize in response to an applied 
magnetic field.  For highly permeable materials, 
such as most steels, it is energetically favorable for 
the applied magnetic field to stay in the magnetic 
material.  However, the eddy currents attempt to 
cancel this applied magnetic field.  As the 
frequency of the applied magnetic field increases, 
the eddy currents constrain the field into an 
increasingly thinner layer at the surface of the 
conductive material, increasing the magnetic 
energy density of the system.  Any electro 
mechanical system will find the state where there is 
a minimum total magnetic energy and, in this case, 
achieves this minimum by forcing portions of the 
magnetic field into the air near the surface of the 
conductor.  For frequencies in the range from 
approximately 10kHz to 100kHz (MSI operation), 
it is energetically favorable for the magnetic flux to 
primarily reside in air more than in steel, but still 
be bound to a conducting surface.  For frequencies 
above 100 kHz, an electromagnetic wave can 
develop that is no longer bound to a conducting 
surface. This is the frequency range where antennas 
operate. 

Single Coil System (Transceiver) 

 A functional MSI system can consist of a 
single coil placed near one or more conducting 
surfaces that will move and/or deform relative to 
each other during a crash. This single coil functions 
as both the magnetic field generator (transmitter) 
and the sensor (receiver) of magnetic field 
perturbations and is referred to as a transceiver coil.  
Changes in the pos ition and shape of metal in 
proximity to the coil cause detectable changes in 
the driving circuit impedance. Using Ohm’s law, 
this change in impedance can be measured as a 
change in applied current for a constant peak 
voltage driven circuit.  The change in impedance 
results from: 1) changes in coil inductive reactance 
as the coil inductively couples with nearby metal 
and 2) changes in coil resistance as the coil 
interacts with opposing eddy current induced fields 
in the nearby metal.  Deformation and 
displacement of metal further away than a coil 
diameter will have less effect on the coil signal 
unless those motions couple to the nearby metal.  
The effective use of a transceiver, therefore relies 
upon proper coil placement relative to mechanical 
door structures, which cause motion and 
deformation in the regions near the coil.  The 
transceiver coil is placed where it is certain to 

Φ−= &NVind
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observe metal motion/deformation if the crash 
severity will warrant restraint deployment. 

Two Coil Systems (Transmitter and Receive r) 

 A two-coil MSI system is a magnetic device, 
where one coil is used as a transmitter (or also a 
transceiver) of the magnetic field and another coil 
is used for receiving the field at another location. 
The signal from a receiver coil can add information 
about the crash.  
 
 The basic quantity that describes the 
transmission of the magnetic field from one coil to 
another is the complex Reluctance Rc.  It is defined 
as; 
 

 
Φ

=
NI

Rc  (3) 

 
where I  is the transmit current.  The reluctance is a 
meas ure of the magnetic “resistance” between two 
points.  A crash event changes the reluctance 
between two points by altering the geometry of the 
metal and surrounding air so that the magnetic field 
paths are altered as a function of time. A system 
with a receiver coil detects changes in the field as 
the metal between it and the transceiver is 
disturbed, changing the amplitude and phase of the 
magnetic field reaching the receiver location.  A 
two-coil system will have inherently broader area 
coverage of crash sensing than a single coil system.  
The magnetic field must travel through/around the 
vehicle components between the two coils, and the 
received signal will be dependant on mechanical 
changes due to a crash anywhere in this path.  In 
addition, the use of a two-coil system provides the 
potential for a safing function.  
 
 We have introduced the concept of a 2-coil 
MSI system. Such a system has undergone 
extensive testing at Takata with successful crash 
discrimination results. However, it is much simpler 
to directly relate the crash dynamics to the signal 
response of a 1-coil transceiver.  Additionally, a 
crash sensing system based on transceivers 
provides a near term solution to improve crash 
detection in response to new regulatory test modes. 
As such, the transceiver system will be the focus of 
the remainder of this paper.  

 Sensor Components (Transceiver)  

 The basic MSI transceiver system consists of 
the electronics, wiring harnesses, and transceiver 
coils needed to provide the crash detection 
coverage desired by the OEM.  One transceiver coil 
for each door on a side could provide crash sensing 

for that side of the vehicle.  The centralized 
electronics consist primarily of power conditioning, 
a circuit for generating the voltage (or current) 
supplied to the transceiver coil a circuit for 
monitoring the current and voltage supplied to the 
receiver coil and memory and processing capability 
to extract and process this magnetic signal through 
a crash discrimination algorithm.  Figure 1 shows a 
block diagram of a basic MSI transceiver system; 
the red lines identify the excitation path, the black 
lines show the signal paths, and the blue text 
indicates functions that could be built into an 
application-specific integrated circuit (ASIC). 
 
 The sine wave generator creates a low 
distortion sinusoidal signal used to control the drive 
amplifier exciting the coil. Typically the sine wave 
will be operated at constant  peak voltage and at a 
fixed frequency chosen from a range of about 20 
kHz to 100 kHz.  The generated sine wave will 
operate at frequencies above electric power and 
audible frequencies (50-60 Hz, 20 kHz) and below 
AM radio frequencies (>531 kHz), thereby 
producing an inaudible oscillation that is less likely 
to have mutual interferences with many existing 
electromagnetic systems.  Because the MSI system 
uses a sinusoidal field, the field is constantly 
changing in time in a known way.  Deviations from 
this expected constant-amplitude fixed-frequency 
sinusoid field are indicative of metal motion.  This 
signal must be demodulated from the sinusoidal to 
extract the information about changes in the field.  
Standard techniques exist for removing or 
demodulating this signal by mixing the signal with 
the original sine wave generator signal. [8]. Before 
demodulation, each signal (voltage and current) 
undergoes band-pass filtering to remove noise and 
is then amplified to better optimise the dynamic 
resolution of the system.  Demodulation allows 
measurement of changes in the magnitude and 
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Figure 1.  MSI block diagram. 
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phase (relative to the sine generator) of the current 
and voltage signals.  After demodulation, the 
signals are sent to a microprocessor where 
algorithms determine if the observed changes over 
time represent a crash of sufficient severity to 
deploy restraints.   
 
 The placement, orientation, and dimensions 
of a transceiver coil determine the primary metal 
motions and deformations that influence the sensed 
signal during the crash detection time (usually 0 to 
30ms or less after initial crash contact).  Figure 2 
shows several candidate locations for the 
placement of a transceiver coil on a simplified door 
model.  One location is inside the door (blue coil), 
near the occupant’s hip, oriented to be most 
sensitive to inward motion of the outer door skin 
and reinforcement rail during a crash.  Such an in-
door transceiver coil would be primarily sensitive 
to door deformation along the axis of the coil in a 
region within about one diameter of the coil.  
Another location to place a transceiver coil is in the 
gap between the door and the frame, possibly on or 
near the pillar striker (red or green coil).  This 
second transceiver location is sensitive to door 
deformation, but its response during the crash 
detection time is indicative of the whole door three-
dimensional motion relative to the frame.  While 
the majority of the signal in either of these 
arrangements is caused by metal motion in the 
region near the coil, coil locations can be chosen 
where the door structure and reinforcements will 
ensure that significant nearby metal  displacement 
or deformation will occur within the required 
sensing time. 
 
 

 

      Figure 2.  Candidate transceiver coil locations 

 
 Computer Aided Engineering (CAE) of the 
electromagnetic field and crash dynamics can be 
used to better understand the region of sensitivity 
and the response of the transceiver coil to 
deforming structures during a crash.  As an 
example, Figure 3 show the computer predicted 
magnetic field shape within a simple steel box 
model, intended to approximate the aspect ratio of 
a vehicle door.  A thin, flat coil whose size is 
approximately ½ the width and ¼ the length of the 
box is mounted over an access hole in the inside 
door panel (shown in the cross section as a thin 

purple line).  The cross section shows that a 
symmetric field is created within the inner steel and 
air with intensity contours.  The surface view 
shows the “bull’s-eye” pattern of the magnetic field 
magnitude superimposed upon the inner door skin. 
This simple model provides a visualization of the 
sensing space of a “ coil in the door” transceiver 
 

Transceiver sensor response 

 To illustrate the sensing characteristics of the 
MSI transceiver for a basic in-door coil 
arrangement, a simple test was performed using 2 
 
steel plates and a transceiver coil.  The plates were 
60 cm square sheets, 0.16 cm thick, composed of 
common 1006/1020-carbon steel.  The transceiver 
coil used in these tests was a circular coil with a 
diameter of about 9.5 cm and an axial coil length of 
about 5.3 mm.  The coil was wound with 88 turns 
of 22 gauge copper wire.  The coil excitation 
frequency was 35 kHz and was driven at a constant 
peak voltage.  The coil was placed on top of a fixed 
first plate and a second plate was moved 
incrementally towards the bottom plate.  Figure 4 
shows the laboratory set -up for the experiment.  
 
 

 Magnetic Vector Field 
(cross section through coil center) 

 

Magnetic Field Vectors 
(cross section through coil center) 

Magnetic Countours 
(box inner surface)   

Figure 3.  Magnetic CAE response for coil in door 
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        Figure 4.  Transceiver response experiment. 

 Figure 5 shows a sketch of the experimental 
set-up and the transceiver sense circuit. The current 
in the sense circuit is allowed to vary while the 
peak voltage and excitation frequency are held 
constant. The change in current is a measure of the 
proximity of the top steel plate as it moves toward 
the coil. 

 
    Figure 5.  Transceiver experiment test  circuit. 

 
 Figure 6 shows the static MSI transceiver 
current magnitude response as a function of the 
distance between the top of the coil plate towards 
the fixed bottom plate.  
 

 
        Figure 6.  Magnitude  response with gap change.  

 
 Note that there is also a phase shift in the 
measured current as the gap between the coil and 
the upper steel plate gap closes. This measurement 
is shown in Figure 7. Accordingly, the 
demodulated transceiver current and voltage 
provide both magnitude and phase information, 
which can be used to discriminate metal body 
displacement and deformation. 
 

 
         Figure 7.  Phase response with gap change.  

 
CRASH TESTING 
 
 The crash discrimination capability of the 
MSI transceiver has been demonstrated in a series 
of crash tests on a mid-size 4-door sedan Body-in-
White (BIW) platform. While several transceiver 
designs performed well in crash discrimination, the 
performance response is perhaps best and most 
simply illustrated for a single coil mounted on the 
inner surf ace of the door back wall. In this location, 
the sensor response is determined primarily by the 
deformation and deformation rate of the exterior 
door skin and support beam relative to the coil.  
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This intrusion is directly related to the potential for 
occupant injury and required time to fire (RTTF).   

Coil Selection 

 In a production application, the specific 
mount location for a transceiver coil on a given 
platform will be based on several criteria, including 
the vehicle geometry, door structural response to 
impact, the occupant types, seating locations and 
seat travel span.  Also, the restraint RTTF would 
affect the sensor mounting location and size as 
illustrated in Figure 8.  

 
Figure 8.  Occupant vulnerability and coil location.  

 
 The production locat ion of a transceiver coil 
within the door must also consider the impact 
points of regulatory crash barriers that are derived 
from governmental statistics on side impact crashes 
and vehicle forms.  Coil placement that is guided 
by these crashes does not lim it the usefulness of the 
response in a variety of real world crashes, but 
rather places some extra sensing emphasis on crash 
locations where these agencies have determined 
that the occupant may be more vulnerable.  These 
barrier and pole impact locations span the same 
region where various drivers may be located front 
to rear but provide a target height region where 
initial impact sensitivity may be most desirable.  
An example of how barrier location can influence 
coil location is shown in Figure 9. 

 
Figure 9.  Barrier impact locations and coil location.  

  The selected coil location must also fit within 
the door mechanical and functional constraints (i.e. 
window, door locks, etc.).  Ideally, the optical coil 
size, shape, location and mountings should be 
worked out using CAE tools in coordination with 
the platform designers.   
 
 Testing of the MSI system has shown that 
non-standard irregular shaped coils can be 
effectively used (i.e. elliptical, concave, oblong 
shapes, etc. ).  Additionally, PCB and flexible coils 
could be used when space is limited and 
conformance to existing structures is required.   
 
  The transceiver coil used in these BIW crash 
tests is a circular coil with a diameter of 17 cm and 
an axial length of 1.2 cm that was wound with 100 
turns of 26-gauge wire.  This coil was driven at a 
frequency of 33.5 kHz. 
 

Test Matrix  

 In order to verify the crash discrimination 
performance of MSI transceivers, a series of crash 
tests were carried out, including a variety of barrier 
types and impact speeds . Each test conformed, as 
close as practical, to the regulatory published 
standards. Because the tests were carried out on 
Body-in-White vehicle without dummies, actual 
required TTFs cannot be determined. To estimate 
test repeatability, test 2 and test 5 were each 
executed twice (tests 4 & 6). 
 

Table 1.  
Crash Test Matrix 

 
Test  Test Mode  Speed 

(kph) 
Deploy  

1 FMVSS 214  53  ON 
2 FMVSS 214 19 OFF 
3 FMVSS 214 32 ON 
4 FMVSS 214 19  OFF 
5 European Union 50 ON 
6 European Union 50 ON 
7 IIHS 50 ON 
8 FMVSS 201 (Pole) 21 ON 
9 Oblique Pole  23 ON 
 

ANALYSIS  

 In each crash test, a high-speed data 
acquisition system (DAS) is triggered at impact 
(barrier contact = time zero) and the sensor current 
is measured as a voltage across a sense resistor at 
16 bit resolution. The sensor current was processed 
using a 2nd order band-pass filter with cut-off 
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frequencies placed at +/- 3 kHz around the drive 
frequency. The data was then demodulated using 
the system clock and the complex signal magnitude 
passed through a 1 millisecond moving average and 
normalized to the pre-trigger to derive the response 
in Figure 10.  In the Figure, the two black curves 
are the repeated non-deploy crashes and all other 
color curves are deploy condition crashes. 

 

 
         Figure 10.  Coil in front door magnitude response.  

 This plot shows that the two OFF condition 
events can be separated from the remaining ON 
condition events. The majority of ON condition 
signals show a high rate of signal change within the 
first 3-7 milliseconds. Although the coil sensor was 
not optimised in terms of coil diameter and 
placement for these Body -in-White crash tests, the 
response trends are indicative of what would 
generally be expected from an optimised coil. Coil 
design, mechanical packaging and CAE can be 
combined to optimise the coil TTF and ON/OFF 
separation response for a given platform. 

 
           Figure 11.  Simple crash metric (amplitude*rate).  

  

 In order to evaluate the crash discrimination 
potential that might be expected from a production 
intent electronic control unit, the 16 bit data was 
decimated to 12 bits and the data down-sampled to 
3 kHz of bandwidth. The data was processed using 
a simple mathematical metric and provided the 
estimated TTF performance shown in Table 2.  
Figure 11 shows the result of one such simple 
metric.  The magnitude data, shown in Figure 10, 
has been used to develop a metric that is the low 
pass filtered result of the absolute value of the 
product of the local average slope and the local 
average magnitude. 
 
 Using a second simple metric, estimated 
Time to Fires have been derived for the crash tests 
and are shown in the following table.   
 

Table 2. 
Crash test estimated time to fires 

 
Test  Test Mode  TTF 

(ms) 
1 FMVSS 214  5.3  
2 FMVSS 214 OFF 
3 FMVSS 214 6.2 
4 FMVSS 214 OFF 
5 European Union 6.5  
6 European Union 7.0 
7 IIHS 3.8 
8 FMVSS 201 (Pole) 5.3 
9 Oblique Pole  7.0 

 
 

DISCUSSION/CONCLUSIO N 

 The crash detection and discrimination 
performance has been demonstrated for a single 
embodiment of an MSI transceiver sensor.  The 
characteristics of this sensor can be controlled to 
optimally fit the sensing environment.  This may be 
attractive to OEMs.  Takata continues to develop 
an MSI system, initially based on transceivers, with 
the goal of improving system perfor mance and 
coverage using a multi-coil system.  Such a system 
has undergone extensive crash testing on several 
vehicle platforms with excellent results. However, 
in order to meet the near-term market need for 
improvements in side impact crash sensing, a first 
generation magnetic crash sensing system 
composed of one or two (rear door coverage) 
transceivers per vehicle side combined with a 
safing accelerometer mounted on the B-pillar is 
being developed by Takata.  
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ABSTRACT 
 
 An increasing number of new vehicles are 
being equipped with backup proximity sensors. 
These sensors detect the presence and proximity 
of objects in the pathway of the reversing vehicle 
and warn the driver through an audible signal. This 
report investigates the performance capabilities 
and potential safety effectiveness of these systems 
in reducing the risks to small children and other 
pedestrians from reversing vehicles.  These sensor 
systems are primarily designed and marketed as 
parking aids. However, some are being promoted 
as safety systems with the potential to reduce or 
prevent collisions with pedestrians, especially 
small children.  The performance capabilities of 
six commercial reversing aid systems were 
evaluated in laboratory tests. Four systems were 
fitted to the vehicles as standard equipment.  Two 
systems were purchased from aftermarket 
companies and installed on the test vehicles.  All 
six systems used ultrasonic sensor technology. 
Laboratory tests consisted of 3-dimensional 
mapping of the detection zones, the system 
response time, and the effects of dust / dirt on 
sensor performance.  In terms of detection area 
performance, parking aid systems sacrificed 
detection distance and height in order to suppress 
false or nuisance alarms.  The durability and 
reaction time results revealed there were no 
substantial performance differences between the 
systems.  The safety benefits of these devices were 
then estimated based on these test results.  
 
INTRODUCTION 
 
 There are approximately 900 (Transport 
Canada1) pedestrians struck and injured by 
reversing vehicles each year in Canada.  However, 
this is likely an underestimate as this figure only 
represents those pedestrians struck in traffic 
situations.  It does not account for pedestrians  
 

 
 
 
injured or killed in private driveways or parking lots 
for example.  Therefore, the exact number of 
pedestrians injured or killed in Canada is not known 
but studies in other jurisdictions have highlighed this 
problem.  An  Australian study by Henderson2 found 
an average of 12 fatalities per year during the study 
period 1996-1999.  The study also found that most of 
these non-traffic collisions involved toddlers.  
Among the recommendations made by Henderson 
was to investigate the potential of rear proximity 
sensors in detecting the presence of nearby children.   
 
This paper reports on the performance of backup 
proximity sensor systems.  The purpose was not to 
set out performance criterea but rather to investigate 
the capabilities of commercially available systems 
and to asses their potential effectiveness in reducing 
pedestrian collisions.  The main performance 
parameters to be evaluated were:  
 
· size and shape of the detection zones, with clean 
and dusty sensors 
 

· lower detection zones height, with clean and 
dusty sensors 
 

· sensor system’s response time, with clean and 
dusty sensors 
 
All six systems tested were commercially available.  
They are listed in Table 1. Four were installed as 
original vehicle equipment (OEM) and the two were 
aftermarket units designed to fit all types of 
passenger vehicles.  The OEM systems had 4 sensors 
embeded into the bumper facias.  One aftermarket 
system had single sensor (E) and the other had three 
sensors (F). The same vehicle was used to test the 
two aftermarket sensors.   
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Table 1. 

Proximity sensor systems tested 

Sensor         
ID 

Vehicle Type 
Vehicle Length 

(m) 

A (OEM) Minivan 1.946 

B (OEM) Convertible 1.777 

C (OEM) Sedan 1.739 

D (OEM) Pickup 2.029 

E (Aftermarket) SUV 2.002 

F (Aftermarket) SUV 2.002 

 

PERFORMANCE TEST PROCEDURES 
 
The performance tests were conducted in a 
laboratory.  The ultrasonic sensors did not require 
relative motion between the vehicle and the test 
object.  The engines needed to be kept running in 
order for the systems to operate but vehicles were 
stationary during the tests and with reverse gear 
activated the sensors.   
 
Detection Zones 
 
The detection zones were mapped on a 3.60 m x 
3.60 m test surface.  The test surface was divided 
into grids.  Each cell was 15 cm x 15 cm in size.  
The test object was a 9 cm diameter and 100 cm 
tall PVC tube (Figure 1). 
 

 
Figure 1. 
Detection zone test surface and test object. 
 
With the vehicle stationary, the test cylinder was 
moved manually and placed in each cell.  Once a 
continuous detection signal from the system was 

received, the cell was marked corresponding to the 
frequency of the signal.  

 

 

Figure 2. 
Grid cell markings 
 
In addition to the 100 cm test tube, tubes of 
different heights, ranging from 5 to 95 cm, in 5 cm 
increments, were used to map the bottom edge of 
the detection zone.   

 

 
Figure 4. 
Tubes used to map lower edge of detection zone 
 
Response Time 
 
The time delay between the appearance of the test 
object in the detection zone and the initiation of 
the audio signal was recorded on a chart recorder 
that was connected to an optical sensor and a 
microphone. The 100 cm test cylinder was 
suspended from above the detection zone just 
behind the rear bumper.  The top of the detection 
zone was marked with the optical sensor.  As the 
cylinder entered the top of the detection zone it 
triggered the optical sensor.  The reaction time of 
the sensor system was the difference between this 
event and the audible signal given by the sensor.  
This test was repeated ten times for each system.  
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The response time was taken as the average of the 
10 runs. 
 

 
Figure 5. 
Response time test set up 
 
Dust Application 
 
The detection zone area mapping and system 
response time were measured first with clean 
sensors and then with the sensors covered with a 
mixture of dust and water.  The application and 
composition of the dust and water mixture used 
followed the Canadian Motor Vehicle Safety 
Standard 104 – Windshield Wiping and Washing 
System test procedure3.   
 
PERFORMENCE TEST RESULTS 
 
Detection Zone  
 
The detection zone dimensions, in the horizontal 
plane, are shown in Table 2.  The maximum 
detection distances from the rear of the bumper 
ranged from 1.05 m (system B) to 2.25 m (system 
E).  Aftermarket system E displayed the largest 
detection zone size in the horizontal plane.   
 

Table 2. 
Detection zone dimensions in the horizontal 

plane 
 

Sensor 
System 

Total Area 
(m2) 

Width    
(m) 

Depth      
(m) 

A 3.42 2.55 1.80 

B 1.53 1.80 1.05 

C 2.57 2.25 1.50 

D 3.38 2.70 1.80 

E 5.72 3.30 2.25 

F 2.07 2.40 1.20 

 

 
The measured detection zone patterns for each 
system are set out in Appendix A. Figure 6 shows 
an example of a mapped detection zone in the 
horizontal plane using the 100 cm tall test 
cylinder. The number in the cell represents the 
height of the test object used for detection.  The 
vehicle would have been situation on the left side 
with the bumper aligned with first column.  
 
The detection zones patterns displayed two basic 
shapes.   Systems A and D had an hourglass shape 
with a narrower width near the centre.  The other 
systems had more of a teardrop shape with a 
gradually increasing width towards the rear.    
 
All systems had audible signals with distinct levels 
of warning corresponding to distance of the test 
object from the rear bumper. The number of 
detection warning levels ranged from 3 to 5.  The 
total frequency range of the intermittent audible 
warnings was 3 to 8 Hertz.  The audible warning 
was a continuous beep for the zone closest to the 
bumper for all systems.  System E had a 3-level 
led display in addition to the audible warnings. 
 

 

Figure 6. 
Mapped horizontal detection zone using 100 cm 
tall test cylinder (system C) 
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All sensor systems except system C had a least one 
cell in the row nearest to the rear bumper (row A) 
where there was no detection of the test object – 
so-called “dead spots”.  System F was able to 
detect the 100 cm tall test cylinder in only two 
cells in this row (Figure 7).   
 
 

 
 
Figure 7. 
Mapped detection zone showing “dead cells” 
near bumper edge. (System F) 
 
Figure 8 shows a plot of the bottom edge of the 
detection zones measured along the central 
longitudinal axis.  The sensors did not detect the 
area below the lines.  All the profiles began at 
bumper height.  System D was from a pickup 
truck, which had a high bumper height.  The OEM 
systems tended to remain at bumper height level 
right to the end except system A, which dipped 
toward the ground near the end of its detection 
distance. The profiles of the two aftermarket 
systems exhibited different shapes.    System E 
displayed the lowest cut-off. The bottom edge of 
the detection zone was very close to the ground at 
75 cm behind the bumper.  System F’s profile 
dipped towards the rear but then went up again at 
the very end of the detection zone. 
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Figure 8. 
Average height of the lower edge of detection 
zones 
 
Response Time 
 
The recorded response times are listed in Table 4.  
These results were the averages of 10 drop tests.  
The times ranged from 80 milliseconds for system 
A to 227 milliseconds for system D.  All systems 
displayed response times that were within the ISO 
recommended limit for low-speed sensor systems4 
of 350 milliseconds.   
  

Table 3. 
System response time results 

 

Sensor System Response Time   (ms) 

A 80 

B 187 

C 135 

D 227 

E 199 

F 105 

 
 
Dusty Sensors 
 
Table 4 shows the changes in sensor performance 
with the sensors covered with the dust and water 
mixture.  There was no large reduction in the 
detection zones for any of the sensors.  There was 
no significant change in the width of the detection 
zones in the horizontal plane. The maximum 
detection distance increased slightly for all of the 
systems except system C, which had a 9% 
reduction. The reaction times increased for all 
systems. The maximum increase was 25% (system 
A).  However, all of the reaction times were still 
within the ISO accepted level of 350 ms.   
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Table 4. 
Change in sensor performance with dirt 

application 
 

Sensor 
System 

Width 
(%) 

Depth 
(%) 

Reaction 
Time (%) 

A 0 5 25 

B 0 1 11 

C 0 1 3 

D 0 -9 3 

E 0 17 13 

F 0 3 15 

 
The dust application did cause some minor 
performance reductions that are worth mentioning. 
The detection zone levels were less clearly 
defined.  That is, the stages were more dispersed 
with one another with one row having more than 
one detection level present.  There were also some 
loss of detection in one case (system D), there was 
two lower priority level signals given in the row 
closest to the bumper – where a continuous high 
level signal was given with clean sensors.  
 
 

 
Figure 9. 
Mapped horizontal detection zone using 100 cm 
tall test cylinder with dusty sensors (system C) 

 
DISCUSSION 
 
General Performance 
 
The six sensor systems evaluated used similar 
technologies and it was not surprising then to 
discover that their performance was also quite 
similar.  The performance of system E stood out 
the most from the others.  System E displayed a 
larger detection zone area - in terms of both width 
and length - and the bottom edge of the zone 
started much closer to the ground.   
 
Estimates of Potential Effectiveness 
 
The systems must warn the driver of the presence 
of a pedestrian behind the vehicle quickly enough 
so that the driver has enough time to react and stop 
the vehicle before it strikes the pedestrian.  The 
effectiveness of these systems is dependent on a 
number of vehicle and human factors.  NHTSA 
(Harpster et al5) conducted studies of driver 
reaction times to acoustic signals during backing 
maneuvers.  In this experiment the drivers were 
alerted to the fact that an alarm would be sounded.  
The authors reasoned that these ‘alert’ driver 
reaction times were suitable for backing 
maneuvers since it is a brief maneuver and drivers 
would be more cautions relative to driving 
forward.  Williams6 used this data to determine the 
probability of avoiding a collision when a vehicle 
is moving at a constant speed.  Paine and 
Henderson7 calculated the percentage of collisions 
that would be avoided for a range of collision 
speeds and sensor detection distances.  These are 
illustrated in Figure 10.   

 
Figure 10. 
Percentage of collisions avoided as derived by 
Paine and Henderson7 for various vehicle 
speeds and detection distances 
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Figure 10 shows that effectiveness is highly 
sensitive to vehicle speed.  For example, a 1 km/h 
increase in vehicle speed can reduce the 
effectiveness by as much as 20%.   
 
Applying the same analysis to the maximum 
detection distance and response time results 
obtained for the systems tested yielded the 
following estimates. The maximum speeds at 
which the systems achieve 25%, 50% and 95% 
avoidance levels are tabulated below. 
 

Table 5. 
Maximum vehicle speeds for 25%, 50% and 

95% collision avoidance levels 
 

Sensor 
System 

25% 
Avoided 

50 % 
Avoided 

95% 
Avoided 

A 8 km/h 7 km/h 4 km/h 

B 5 km/h 4 km/h 3 km/h 

C 8 km/h 6 km/h 4 km/h 

D 8 km/h 7 km/h 4 km/h 

E 9/km/h 8 km/h  4 km/h 

F 6 km/h 5 km/h  3 km/h  

 
At the 50% level, the maximum vehicle speed 
possible ranges from 5 km/h (system B) to 9 km/h 
(system E).  At vehicle speeds greater than 10 
km/h, none of the systems tested would be very 
effective under ideal conditions. 
 
At the 50% avoided level, the maximum vehicle 
speed ranged between 4 km/h and 8 km/h. At the 
95% level there was no significant difference in 
maximum speeds.  None of the systems would be 
95% effective above a speed of 4 km/h.   
 
Eberhard et al8 estimated that 90% of backing 
collisions involving pedestrians were at a speed of 
8 km/h or more.  This would suggest that the 
systems would be less than 25% effective in these 
types of collisions due to their short detection 
distance capabilities.  
 
Paine and Henderson concluded that a 4 m 
detection distance would be most appropriate for a 
vehicle traveling at 8 km/h (95% avoidance).  
 
The above estimates are based on theoretical 
estimates under ideal conditions. However, there 
are other factors that will have an effect on the 
sensor system’s effectiveness in preventing 

collisions.  For example, it is assumed that once a 
warning is given the vehicle driver will always 
react to it immediately.  However, there may be 
scenarios such as the one raised by Huey9 – where 
“a driver may see a vehicle eight feet behind him 
but not be aware that there is a child only two feet 
behind.  The driver could receive a warning but 
misinterpret it to be related to the more distant 
object”. 
 
Another aspect to consider is the detection height.  
In the analysis it is assumed that the object behind 
the vehicle has sufficient height so that the bottom 
of the sensor detection zone does not pass over it.  
Five of the six sensor systems tested had a 
minimum detection zone heights ranging from 45 
to 65 cm.  Sensor system E had a detection zone 
very close to ground level for most of its depth.  
Paine and Henderson recommended a minimum 
detection height of 60 cm in their analysis.  They 
reasoned that the driver would have visual contact 
of a standing child of this height through the rear 
window.  They also recognized that there would be 
some instances where a detection height of 60 cm 
may be insufficient (such as a child crawling or 
bending down) and detection would not be 
possible but reasoned that this was a fair trade-off 
against nuisance alarms.  Indeed, it is very likely 
that sensor system E would display more false 
alarms than the other systems for objects close to 
the ground such as curbs.  Nevertheless, this trade-
off detection zone height still leaves the potential 
for the above scenario to exist thereby further 
reducing real world effectiveness of these sensor 
systems.  
 
Overall, it would be safe to assume that the real 
world effectiveness of the systems would be even 
lower than that estimated by theoretical analysis.   
 
CONCLUSIONS 
 
 All of the six sensor systems tested displayed 
reliable performance characteristics.  Their 
performance did not decrease significantly even 
with the sensors covered with dust.   
 
However, their effectiveness in preventing pedestrian 
strikes appears to be low due primarily to their 
limited detection distances.  Since most of these 
systems were primarily designed as parking aids they 
have relatively short detection distances.  Even under 
ideal conditions, their effectiveness is limited to 
vehicle speeds that are likely lower than those at 
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which most pedestrian collision occur.  The sensor 
systems under evaluation are unlikely to provide 
significant collision reduction in most situations 
where a reversing vehicle strikes a pedestrian.  
 
There are other sensor technologies which could 
provide enough detection distance capability to be 
effective at higher vehicle speeds and could be worth 
investigating.  Microwave-based sensors are capable 
of greater detection distances than ultrasonic 
sensors.  However, they are also susceptible to giving  
false detections.  Video cameras for aid in reversing 
are currently being made available on some vehicles 
as standard equipment.  With the cost of video 
systems steadily decreasing they could become the 
basis of a viable countermeasure.  Paine and  
Henderson7 tested a prototype combination video 
camera and short-range proximity sensor with some 
success.   
 
More research is needed into the causes of 
pedestrian collisions to more accurately determine 
the potential effectiveness of any type of collision 
avoidance system. Present Canadian national data 
does not provide sufficient collision detail such as 
vehicle speed, pedestrian action, and other human, 
vehicular and environmental factors to evaluate 
possible countermeasures thoroughly.   Most 
studies into backing up collisions have focused 
only on small children.  Collisions with other older 
and larger pedestrians may have very different 
dynamics.  In-depth collision investigations 
targeting all pedestrians injured or killed of 
collisions could provide adequate data.  
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APPENDIX A –DETECTION ZONE PATTERNS IN THE HORIZONTAL PLANE 
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ABSTRACT 
 

 As light trucks become more prevalent in the 
vehicle fleet, it becomes important to consider the 
implication of vehicle geometry variations on 
pedestrian injury patters.  Historically, studies have 
shown that the body region priorities should be the 
head and lower extremity for pedestrians struck by 
motor vehicles.  More recent studies have found that 
the injury pattern for pedestrians struck by Light 
Trucks, Vans, and Sport Utility Vehicles (LTVs) is 
different from that of those struck by passenger cars.  
Data from the Pedestrian Crash Data Study (PCDS) 
during the period 1994 to 1998 has shown that the 
torso should be a significant focus area, preceded 
only by the head, for pedestrian struck by LTVs.  In 
this study we analyzed the type and severity of AIS 
2+ torso injuries recorded in PCDS for adults age 18 
to 50. Regardless of impacting vehicle type, the most 
frequently injured torso structures at the AIS 2+ level 
are the ribcage, liver, and lung. Considering instead 
the AIS 4+ level, the most commonly injured torso 
structures are the aorta, ribcage, and spleen in 
pedestrians struck by LTVs and the lung, ribcage, 
and liver in those struck by passenger cars.  The 
results of this study suggest that while the overall 
torso injury trends may be similar for passenger cars 
and LTVs, somewhat different injury patterns are 
occurring at higher severity and may be a result of 
differences in vehicle geometry and injury 
mechanisms.  

 
 
INTRODUCTION 
 

Since the 1970’s, pedestrian impact protection 
has been a significant focus area for automotive 
safety researchers.  Accident data shows that 
pedestrian impact consistently accounts for more than 
10% of the annual fatalities on roadways in the 
United States (NHTSA, 2004a).  In 2003, there were 
4,749 pedestrian fatalities and 70,000 injuries in the 

US (NHTSA, 2004b).  45% of the fatalities and 62% 
of the injuries are associated with passenger cars, 
while 39% of the fatalities and 31% of the injuries 
are associated with LTVs (NHTSA, 2004a). 

LTVs have been increasing in popularity in the 
US since the early 1990’s.  By 1999, they accounted 
for nearly 50% of new vehicle sales.  This trend has 
been accompanied by an increasing trend in 
pedestrian fatalities associated with LTVs (Lefler and 
Gabler, 2004). Numerous studies have been 
conducted to understand the pedestrian injury and 
fatality risk from cars, however only a few 
investigations have focused on pedestrian interaction 
with specific vehicle types such as LTVs.   

In a 1998 study using the Pedestrian Crash Data 
Study (PCDS) database, Jarrett and Saul noted that 
LTVs might pose a more serious threat to pedestrians 
than cars since LTV impacts dominate the highest 
levels of injury severity.   

A 1999 study by Mizuno and Kajzer looked into 
the influence of vehicle geometry on pedestrian 
injury risk using Japanese data (Mizuno and Kajzer, 
1999).  They found that the risk of fatality for 
pedestrians is independent of vehicle type for 
vehicles weighing less than 1400 kg. However, they 
found that fatality risk is dependent upon the vehicle 
type for vehicles over 1400 kg, 

Lefler and Gabler published a 1998 study 
looking at pedestrian injury risk from LTVs.  This 
study, revised and updated in 2004 (Lefler and 
Gabler, 2004), indicates that a pedestrian struck by an 
LTV has a 2 to 3 times greater likelihood of dying 
than if struck by a car.  The study is based on 543 
cases in the PCDS database and includes pedestrians 
of all ages.  The results indicate that the probability 
of AIS 4 to AIS 6 injury is greater for LTVs and that 
LTV impacts result in a greater probability of serious 
head and thorax injury. 

Using the PCDS database, Henary et al. (2003) 
found that LTVs present a significantly greater risk 
of serious injury and fatality than passenger cars in 
lower speed impacts.  The statistically adjusted odds 
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ratios for serious injury and fatality were 3.34 and 
1.87 respectively when comparing LTVs to cars. 

Ballesteros et al. (2004) used 1995-1999 data 
from the Maryland Trauma Registry and found the 
risk of fatality and high injury severity to be greater 
for LTVs.  He concluded that, compared to cars, 
SUVs and pickups present a greater risk of serious 
injury to the brain, thorax, and abdomen, but a lower 
risk of injury to the region below the knee. 

Based on the most frequent pedestrian injuries 
and consequent HARM, Fildes et al. (2004) set out to 
determine priorities for vehicle design.  The study 
based on Australian  and German data reported that 
96% of all fatal pedestrian cases have injuries 
equivalent to AIS 4 or greater and 59% of the 
fatalities have some AIS 4+ torso injury.   

Using the PCDS database Longhitano et al. 
(2005) studied differences in adult pedestrian injury 
patterns and injury sources based on vehicle type.  
The study looked at the number of injuries per body 
region sustained by pedestrians struck by passenger 
cars compared to those struck by light truck vehicles 
such as SUVs, vans, and pickup trucks (Figure 1).  
One significant finding was that serious injuries to 
the torso are much more frequent for pedestrians 
struck by LTVs than for those struck by cars.  For 
LTVs, torso injuries are preceded by head injuries, 
but occur in greater numbers than lower extremity 
injuries. 
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Figure 1 – Distribution of AIS 3+ Injuries by Body 
Region, Vehicle Type, and Injury Source.  

 
Based on these previous studies it is evident that 

torso injury is an important area of consideration for 
mitigating pedestrian injuries and fatalities.  This 
study was designed to focus on the specific type and 
severity of torso injuries recorded for adult 
pedestrians in the PCDS database.  The purpose is to 
identify the organs and structures which sustain 
injury so that future countermeasures can be 
developed to mitigate their frequency.   

 
 

METHODOLOGY 
 

Data Source 
 

The PCDS database was used as the primary 
source of data for this study.  PCDS contains data for 
552 pedestrian impacts and includes approximately 
4,500 pedestrian injuries.  The data was collected for 
late model vehicles from 6 US cities in the years 
1994 to 1998 (Chidester and Isenberg, 2001).  The 
database contains information on crashes of all 
severities for pedestrians struck by passenger 
vehicles including passenger cars, SUVs, vans, and 
light trucks. 

 
Inclusion and Exclusion 
 

For the purpose of this study, we limited the data 
to adult pedestrians aged 19 to 50 years.  Children of 
age 18 and under were excluded due to numerous 
confounding factors such as size and biomechanical 
characteristics associated with growth and 
development.  Adults over 50 were also excluded to 
avoid age related issues such as degradation in bone 
mineral density.  In addition, cases which included 
multiple vehicles and/or multiple pedestrians were 
excluded. 

The remaining data was divided into two 
categories: Car cases, which contains cases in which 
the impacting vehicle was a passenger car; and LTV 
cases, which includes cases in which the impacting 
vehicle was an SUV, van, or light truck.  Within each 
of these subsets, the torso injury data was then 
filtered at the AIS 2+, AIS 3+, and AIS4+ levels.  
Torso injuries were defined as those injuries with an 
AIS code associated with the thorax, thoracic spine, 
abdomen, or lumbar spine.   

The AIS 1 level injury has been excluded from 
this study as they are largely skin or other non-
specific injuries that would not improve the analysis 
and may even mask other existing relations. 

To focus on vehicle related factors, ground 
contact injuries were also excluded.  This was 
accomplished by filtering all injuries that the PCDS 
crash investigators attributed to ground or other non-
vehicle contact.   
 
Torso Injury Type & Severity 
 

For each division of AIS injury level the 
recorded torso injuries were divided into groups by 
the organ or structure injured.  These groups were 
determined by the organ classification of the AIS 
code for each recorded injury.  These classifications 
included aorta, lung, thoracic cavity, ribcage, liver, 
spleen, kidney, and other.  Items were classified as 
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other because either the specific portion of the torso 
was unclear or because the total number of injuries 
was relatively low.  This data was then taken and 
each injury classification was shown as a fraction of 
the cumulative injury at that level for each vehicle 
type. 

 
Relative HARM Assessment 

 
A HARM approximation was used in order to 

differentiate the relative importance of torso injuries 
as a function of frequency and severity.  This is 
accomplished by assigning a societal cost factor to 
each AIS injury level (Malliaris, 1982).   

The PCDS data was divided by injury severity 
level at AIS 2, 3, 4, and 5+ for each injury 
classification and vehicle type.  AIS 5 and 6 injuries 
were combined because AIS 5 would normally be 
weighted higher than AIS 6 due to the cost of 
medical treatment associated with the AIS 5 injuries.  
(AIS 6 injuries are by definition not treatable, 
therefore associated medical costs are greatly reduced 
when compared to AIS 5 injuries.) 

Each injury was assigned a HARM weighting 
factor based solely on the AIS level.  These factors 
are 2.7, 7.1, 38.8, and 186.6 for AIS 2, 3, 4, and 5+ 
injuries respectively.  For each injury classification 
region, the cumulative cost factor was calculated and 
normalized by dividing by the cumulative cost for the 
vehicle type classification.  These calculations were 
performed for the cars, LTVs, and the overall vehicle 
sample.   
 
RESULTS 
 

After filtering the data by age and vehicle type 
there were 169car cases and 85 LTV cases remaining 
for further analysis.  In the passenger car cases there 
were 67 AIS 2 or greater (AIS 2+) torso injuries 
recorded and there were 77 AIS 2+ torso injuries in 
the LTV cases.  The number of torso injuries at AIS 
3+ is reduced to 40 and 46 for cars and LTVs 
respectively.  At AIS 4+ there are 18 and 21 torso 
injuries recorded for car and LTVs respectively.   

 
Table 1.  Adult Torso Injuries in PCDS. 
 
 Cars LTVs Total 

AIS 2+ 67 77 144 

AIS 3+ 40 46 86 

AIS 4+ 18 21 39 

AIS 2+ Torso Injuries 
 
There were 144 torso injuries of moderate or 

greater severity (AIS 2+) included in the sample of 
the PCDS database studied.  Figure 2 shows the 
breakdown of these injuries by organ or structure as 
indicated by the AIS injury coding.  This data 
indicates that of the major organs and structures the 
ribcage sustains injury at the greatest frequency, 
followed by the liver and lung. 

The breakdown for passenger cars (figure 3) 
shows a similar trend to the overall breakdown, with 
the ribcage being the most frequently injured 
followed by the lung and liver.  For LTVs, the 
breakdown (figure 4) is also similar though the 
frequency of spleen injury is greater than observed 
for passenger cars. 
 
AIS 3+ Torso Injuries 

 
When the PCDS sample was filtered for torso 

injuries of AIS 3 severity or greater, 86 injuries 
remained.  Figure 5 indicates that in terms of serious 
injury the ribcage and lung are injured with the 
greatest frequency. 

In the case of passenger cars, the distribution of 
AIS 3+ injuries again follows a similar trend to the 
data for all vehicles (figure 6).  One notable 
difference is that there is an increased fraction of 
representing injury to the thoracic cavity.   

Ribcage and lung continue to be of greatest 
importance at the AIS 3+ level for LTVs. (figure 7). 
The spleen also continues to be an appreciable 
fraction for LTVs, and the fraction associated with 
the aorta is of increasing importance. 

 
AIS 4+ Torso Injuries 

 
At AIS 4+, all but the most severe injuries are 

filtered out.  In figure 8, we can see that the aorta 
encompasses a much greater fraction than at the AIS 
3+ or AIS 2+ levels.  The lung and ribcage, however, 
retain the greatest number of injuries.   

The injury breakdown for passenger cars shown 
in figure 9 indicates that the lung and ribcage 
continue to be the predominant torso injuries even at 
the greatest severity levels for this classification.  

For light trucks, the aorta and spleen occur at a 
frequency level in excess of the lung for severe torso 
injuries (figure 10).  The spleen accounts for 
approximately 14 percent of the AIS 4+ injuries and 
the ribcage and aorta each account for approximately 
23%.  
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Figure 2. AIS 2+ Torso Injury Distribution For 
All Vehicles. 
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Figure 3. AIS 2+ Torso Injury Distribution For 
Passenger Cars. 
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Figure 4. AIS 2+ Torso Injury Distribution For 
LTVs. 
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Figure 5. AIS 3+ Torso Injury Distribution For 
All Vehicles. 
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Figure 6. AIS 3+ Torso Injury Distribution For 
Passenger Cars. 
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Figure 7. AIS 3+ Torso Injury Distribution For 
LTVs. 
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Figure 8. AIS 4+ Torso Injury Distribution For 
All Vehicles. 
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Figure 9. AIS 4+ Torso Injury Distribution For 
Passenger Cars. 
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Figure 10. AIS 4+ Torso Injury Distribution For 
LTVs. 
 

Cumulative HARM 
 

Since it can the difficult to ascertain the relative 
importance of each injured organ or structure across a 
range of injury severities, a simplified relative 
HARM analysis was performed.  For the cases 
studies, the percentage of total HARM within the 
torso was calculated for each major organ and 
structure for LTVs, cars, and the overall sample 
(Figure 11). 

The data in Figure 11 indicates that the lung and 
aorta are the torso components at the greatest risk for 
HARM in pedestrian impacts.  The lung 
predominates in cases with passenger cars due to a 
number of incidences where AIS 5+ lung injury is 
reported.  For LTVs, the aorta is the most significant 
component, which is again due largely to the severity 
being recorded as AIS 5+.  

A breakdown of injured torso region by injury 
severity and vehicle classification can be found in 
Appendix A. 
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Figure 11. Relative Percentage of Torso HARM. 
 
 
DISCUSSION 
 

When looking at the distribution of AIS2+ torso 
injuries, it at first appears that the types on injuries 
sustained when struck by an LTV are similar to those 
for a passenger car.  The ribcage is the dominant area 
of injury, followed by injuries to the lung, liver, 
spleen, and thoracic cavity.   

This distribution changes noticeably when 
looking at higher severity injuries, AIS 4+.  At the 
severe injury level, lung and ribcage injury dominate 
the passenger car dataset; while lung, ribcage, aorta, 
and spleen are all important for LTVs.   

HARM analysis shows a further divergence 
between cars and LTVs.  For cars, 45 percent of the 
cumulative HARM is associated with lung injury.  
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This is due to a number of instances of AIS 5 lung 
injury in the passenger car dataset.  In the LTV 
dataset, the lung is not as significant.  For LTVs, it is 
the aorta which indicates the greatest cumulative 
HARM accounting for over 30 percent.  This is due 
to a large number of AIS 5 and 6 aorta injuries in the 
LTV sample.  Liver, kidney, and spleen injuries are 
also evident in the LTV HARM analysis, but not for 
the passenger cars.  The ribcage is also of importance 
in both datasets, where it sustains approximately 10 
percent of the cumulative HARM. 

This shift of injury distribution is indicative of 
the change in loading characteristics between 
passenger cars and LTVs.  High leading edge profiles 
of LTVs produce an inherently different interaction 
with the pedestrian.  When struck by a car, a 
pedestrian will normally wrap the front of the vehicle 
with the thigh interacting at the hood edge before 
being thrown forward.  For LTVs, the hood edge 
strikes between the pelvis and thorax of the 
pedestrian.  This results in a more direct penetrating 
loading for the torso.   
 
CONCLUSIONS 
 

Torso injury is an important area of 
consideration for the mitigation of pedestrian injuries 
and fatalities.  At lower AIS levels, the distribution of 
torso injuries is substantially similar between vehicle 
types with the ribcage being the dominant area of 
injury followed by the lung and liver.  At higher AIS 
levels, the injury pattern shifts.  For cars at the AIS 
4+ level, injury to the lung and ribcage is still 
dominant.  For LTVs at this higher level the aorta and 
spleen also account for large percentages of the 
injuries.   

When these injury distributions are looked at in 
terms of HARM, the focus shifts.  For cars, the lung 
is the dominant area accounting for 45% of the 
HARM.  For LTVs it is the aorta that dominates with 
over 30% of the HARM.  The ribcage, liver, kidney, 
and spleen are also significant components of HARM 
in the case of LTVs.   

Based on these findings, further work is 
necessary to better understand mechanisms for the 
injuries occurring so that tools can be developed to 
evaluate the risk of these injuries during vehicle 
development. 
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APPENDIX A 
 

Table A1. 
 Passenger Car Injury by Organ and Severity. 

 

 

Car AIS 
2 

AIS 
3 

AIS 
4 

AIS 
5 

AIS 
6 

Ribcage only 3 4 1 1  
Ribcage & 
Pleura  4 1   

Pleura only  4    
Lung   3 7  
Aorta    1 1 
Other Thorax  4   1 
Liver 6 2 2   
Kidney 3     
Spleen 1 1 1   
Mesentary 3     
Other Abdominal 5  1   
Spine - Thoracic 3   1  
Spine - Lumbar 3     

 
 

Table A2. 
LTV Car Injury by Organ and Severity. 

 

  

LTV AIS 
2 

AIS 
3 

AIS 
4 

AIS 
5 

AIS 
6 

Ribcage only 2 3 1 1  
Ribcage & 
Pleura  3 3   

Pleura only 1 1    
Lung  8 2   
Aorta   1 3 1 
Other Thorax  4    
Liver 10 1 1 1  
Kidney 3 1 1 1  
Spleen 4 1 2 1  
Mesentary 5 1    
Other Abdominal 3 2 2   
Spine - Thoracic 3     
Spine - Lumbar      
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ABSTRACT 

Vehicle stiffness is a commonly used parameter in 
the field of vehicle safety. But a single-valued 
“stiffness”, although well defined for the linear case, 
is not well defined for non-linear systems, such as 
vehicle crashes. Moreover, the relationship between 
vehicle stiffness and mass remains confusing. One 
previous work [1] addresses this issue.  Multiple 
definitions of stiffness were used to address the lack 
of a clear definition of stiffness. The R2 values for the 
correlation between mass and each stiffness measure 
were presented. The results showed that no clear 
relationship existed between mass and any of the 
stiffness measures. The results from a statistical 
analysis indicated that there were differences in 
stiffness between different types of vehicles. 
 
This paper extends the same research by including a 
significant amount of new data samples as well as 
some different analysis procedures. Results show that 
mass is poorly correlated to stiffness and for some 
vehicle types mass correlates better to vehicle crush 
than to stiffness. In addition, it is shown that even 
without a well-defined definition of stiffness 
different levels of stiffness can be defined and 
differences in stiffness between different vehicle 
types can be quantitatively and qualitatively 
established. 
 
INTRODUCTION 

The most influential vehicle parameters in frontal 
crash and compatibility are the mass [2, 3, 4], the 
stiffness as well as the geometry; the latter two are 
not well understood and appear to be less significant. 
The relationship between mass and stiffness (a 
single-valued parameter) has been a subject of study 
for some time. One proposition [5] is that the mass 
ratio of two colliding vehicles has historically been 
incorrectly identified as the cause of compatibility 

problems because stiffness is the actual parameter at 
play, except it is not available in accidents statistics, 
but it is related to mass. However, stiffness, which is 
a description of the crash response, is a complicated 
concept, and warrants a systematic discussion. 
 
The crash response of each vehicle, used to derive 
stiffness, depends on its detailed force displacement 
history. A complete characterization would involve 
details at the micro level. While this is necessary for 
an individual vehicle analysis, it results in a 
computationally intractable problem when general 
analysis across a vehicle fleet is needed. A 
characterization at a higher level is more appropriate. 
One such characterization of the crash response is to 
use barrier (rigid or deformable) test data. Indeed, 
this approach has been used lately in several studies 
[6, 7]. The term "stiffness", without being clearly 
defined, has been used loosely as a measure that 
describes the force-crush behavior. This has resulted 
in some difficulty, confusion and misinterpretation of 
results and conclusions.   
 
A recent study [1] attempted to address the topic of 
stiffness and its relationship with mass. Vehicle 
stiffness, either static or dynamic, is a vague concept. 
It has precise meaning only in linear elastic 
deformation which is not the case in a vehicle crash. 
In an attempt to address the lack of a well-formed 
stiffness definition, multiple stiffness definitions 
were used in that study [1]. The use of several 
physically meaningful stiffness measures allows a 
relationship between mass and stiffness to be studied 
without having to have one specific stiffness 
definition. This assumes that there are enough 
stiffness measures that are different enough and they 
span the space of “reasonable” stiffness definitions; 
therefore, if there is a relationship between mass and 
stiffness for the majority of these stiffness 
definitions, then there is a relationship between mass 
and stiffness in general.  
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Eight different stiffness measures were defined in the 
previous study [1]. Then the mass-stiffness 
correlation analysis and stiffness characteristic study 
among different type of vehicles were performed by 
using the NHTSA NCAP tests, mostly from model 
year 1999 to 2003. It was conclude that only a weak 
relationship between mass and stiffness appeared to 
exist. The stiffness of different vehicle types and 
their relative ranking system were found to depend 
on the definition of the stiffness.   
 
The objective of this study is to advance the previous 
study by including  a larger sample size with a more 
extensive model year coverage. The previous study 
included 175 vehicles from 1999 to 2003, while the 
current study includes 585 vehicles and spans the 
model years 1979-2004. The analysis procedures 
used in the previous study are followed here. The 
only difference is the addition of a new parameter, 
the maximum crush, and its relationship with mass.  
 
METHODOLOGY 
 
The NCAP test data used in this paper were obtained 
from NHTSA database for the model years 1979 to 
2004. The vehicles were grouped into four different 
types, Car, Van, SUV, and Truck, according to the 
U.S. Environmental Protection Agency (EPA) 
classifications. Among the vehicles used, about 66% 
were Cars, 14% were SUVs, 11% were Trucks, and 
9% were Vans. 
 
Based on barrier force and vehicle displacement, 4 
different definitions of stiffness for a total of 9 
measures were considered. Test data were excluded 
from the analysis if the linear impulse and 
momentum were not consistent (the integral of force-
time was not close to the vehicle momentum), load 
cell or accelerometer data were missing, or there was 
instrumentation errors. The SAE CFC60 filter was 
used to filter the barrier forces. 
 
Essentially two statistical analyses were performed: a 
linear regression analysis, and a multiple comparison 
analysis. The linear regression was applied to study 
the correlation of vehicle mass and various stiffness 
measures. The coefficient of linear determination, R2

, 
has been used to describe the degree of linear 
association [8].  
 
The next step was to perform a multiple comparison 
analysis of vehicle-type stiffness values by means of 
the Tukey procedure [8], using a family confidence 
coefficient of 90%. The family confidence coefficient 
pertaining to the multiple pairwise comparisons 

refers to the proportions of correct families, each 
consisting of all pairwise comparisons, when 
repeated sets of samples are selected and all pairwise 
confidence intervals are calculated each time.  A 
family of pairwise comparisons is considered to be 
correct if every pairwise comparison in the family is 
correct. Thus, a family confidence coefficient of 90% 
indicates that all pairwise comparisons in the family 
will be correct in 90 percent of the repetitions.  
 
STIFFNESS DEFINITIONS 
 
Definition 1: “Linear” Stiffness 
 
For a given barrier force versus vehicle displacement  
curve F(d), a line is obtained by a least square fit 
over a given displacement range. The slope of this 
line is defined as the “linear” stiffness over the 
displacement range considered. Two “linear” 
stiffness measures were used in this paper, depending 
on the range of the displacement considered. The 
first, noted as K1, has a displacement range from 25 
to 250 mm, as shown in Figure 1. The second, K2, 
has a displacement range from 25 to 400 mm. 
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Figure 1.  Illustration of “Linear” Stiffness (K1 
and K2) 

Definition 2: Energy-Equivalent Stiffness 
 
The energy-equivalent stiffness (Ke) is defined as 
Ke=F*2/d, where F is the average force over the 
displacement range [25 mm, d]. Two energy-
equivalent stiffness measures were used, one with d 
equal to 250 mm, and the other with d equal to 400 
mm, i.e., Ke1=F1*2/(250-25) (unit: force/mm) and 
Ke2=F2*2/(400-25) (unit: force/mm), as shown in 
Figure 2. 
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Table 1.   Mass-Stiffness R2 Value (1979-2004) 
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 K1 Ke1 K2 Ke2 Ke3 Fp1 Fp2 Fp 

All  0.27 0.24 0.11 0.28 0.35 0.32 0.19 0.48 

Car 0.02 0.02 0.08 0.08 0.13 0.04 0.09 0.37 

SUV 0.05 0.03 0.00 0.02 0.00 0.03 0.00 0.13 

Truck 0.02 0.05 0.02 0.01 0.01 0.02 0.02 0.06 

Van 0.13 0.06 0.10 0.10 0.12 0.12 0.10 0.36 
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Figure 2.  Illustration of Energy-Equivalent 
Stiffness (Ke1 and Ke2) 

 
Definition 3: Global Linear Energy-Equivalent 
Stiffness 
 
The global linear energy-equivalent stiffness is 
defined as Ke3=M*V2/Xm2, where M is the vehicle 
mass, V is impact speed and Xm is the maximum 
displacement of the vehicle. This is obtained by an 
approximation of the conservation of total energy and 
by assuming the force is F=Ke3*d, where Ke3 is a 
stiffness and d is the vehicle displacement. 
 

Figure 3.  Mass and Peak Force Definition 4: Peak Force as a Stiffness Metric 
  

 In addition to the three stiffness definitions above, 
three peak barrier forces were also used. It is 
recognized that the use of the peak force is the least 
representative of the stiffness.  They are defined as 
following: 

 

 
Fp1 = max (F(d)),  25 mm<d<250 mm; 
Fp2 = max (F(d)),  25 mm<d<400 mm; 
Fp  =  max (F(d)),  25 mm<d<Xm,  
where Xm is the maximum displacement.  
 
RESULTS AND OBSERVATIONS 
 
Linear Regression Procedure 
 
The R2 values which describe the degree of linear 
association between mass and the various stiffness 
measures are presented in Table1. The results for five 
different vehicle groups are listed in the Table. The 
first group in row two includes all the vehicles, and 
the other four are subgroups of different vehicle 
types. 

Figure 4.  Mass and Stiffness Measure K2   
 
Many values in Table 1 are close to zero with the 
highest value below 0.5, which indicates a very weak 
correlation between the two. The highest correlation  
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exists between mass and peak force, with the R2 
value of 0.48, for the all vehicle group, as shown in 
Figure 3. The lowest correlation exists between mass 
and K2 with the R2 value of 0.11, for the all vehicle 
group, which is shown in Figure 4. Moreover, the 
correlation, for most stiffness measures, in the all 
vehicle group is, in general, higher than that for each 
individual subgroup. 
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Figure 5.  R2 Values of Mass and “Linear” 

Stiffness 
 

The results for the R2 values between the two 
“linear” stiffness measures K1 or K2 and mass are 
shown in Figure 5. In general, there is very weak 
correlation between mass and either K1 or K2 for the 
subgroups.   
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Figure 6.  R2 Values of Mass and Energy-
Equivalent Stiffness 

 
The results for the R2 values between the three 
energy-equivalent stiffness measures, Ke1, Ke2, and 
Ke3 and mass are shown in Figure 6. All the values 
are below 0.35. It seems that there is almost no 
correlation between mass and any of these three 
stiffness measures for the SUV and Truck subgroups. 

In general, Ke3 has a relatively higher correlation 
with mass, while Ke1 has a relatively lower 
correlation with mass for the Car and Van subgroups, 
even though the correlations are weak. 
 

0

0.1
0.2

0.3
0.4

0.5

0.6
0.7

0.8
0.9

1

All Vehicles Car SUV Truck Van

Fp1
Fp2
Fp

 
Figure 7.  R2 Values of Mass and Peak Barrier 

Force 
 
The results for the R2 values between peak forces and 
mass are shown in Figure 7. In general, Fp shows a 
relatively higher correlation across all the groups, 
especially for the Car and Van subgroups. 
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Figure 8.  R2 Values of Mass and Maximum 
Crush Xm 

The maximum crush Xm, is the maximum vehicle 
displacement over the duration of the vehicle crash, 
obtained from double integration of the vehicle 
acceleration with the initial velocity of 35mph. The 
results for the R2 values between Xm and mass are 
shown in Figure 8. In general, the lowest  correlation 
between mass and Xm is for the Van subgroup and 
the all vehicle group  with the highest correlations for 
the Truck and SUV subgroups. 
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Figure 9.  R2 Values of Mass and All Stiffness 

Measures for the Subgroups 
 

The results for the R2 values between mass and all 
the stiffness measures, as well as mass and maximum 
crush for all the subgroups are shown in Figure 9. 
Either peak force Fp or maximum crush Xm has the 
highest correlation with mass. For Car and Van 
subgroups, peak force correlates the strongest with 
mass, while maximum crush Xm correlates with 
mass the strongest for the SUV and Truck subgroups.  
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Figure 10.  R2 Values of Mass and all the Stiffness 
Measures for All Vehicle Group at Different Time 

Period 
 
The results for the R2 values between all the stiffness 
measures and mass at different time periods are 
shown in Figure 10. The whole time period from 
1979 to 2004 is divided into three sub periods: from 
1979 to 1987, from 1988 to 1989, and the last one 
from 1999 to 2004. It is observed from Figure 10 that 
peak forces Fp and Fp2 show the most consistent 
correlations with the mass across the different time 
periods. The correlation changes significantly 

between either K1 or Fp1 and mass, among these 
three different time periods. The correlations between 
average forces (Ke1 and Ke2) and mass change little 
from the period 1979-1987 to period1988-1998. But, 
they change significantly from period 1988-1998 to 
period 1999-2004.  
 
Multiple Comparisons Procedure 
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The data used for the comparison are 1979 to 2004 
model year NCAP tests. The results of the multiple 
comparisons procedure are shown in Figures 11-15. 
The absence of a solid line between two different 
vehicle types implies that a difference in stiffness has 
been found. The location of mean stiffness values, 
(the whisker-points in the upper half of the figure), 
indicates the direction of the difference.  On the other 
hand, the presence of a solid line between two 
vehicle types indicates that the two vehicle types 
have statistically similar stiffness values. 
 
For example, in Figure 11, the continuous solid lines 
between circles, squares, and diamonds, starting from 
Van type and passing Truck type and ending at SUV 
type, indicate that there are no substantial stiffness 
differences among these three vehicle types, by using 
Ke1, or Ke2, or Ke3.  However, the absence of a 
solid line between Car type and any of the other 
types shows that Cars are different from all other 
type of vehicles.  

 
 

Figure 11.  Ke1, Ke2 and Ke3 Stiffness Results. 
The Dashed Lines Indicate One Standard 

Deviation from The Mean Values. Each Non-
Significant Difference between Two Vehicle Types 

Is Indicated by a Solid Line. 
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Thus, the multiple comparison procedure for Ke1, 
Ke2 and Ke3 lead to infer, with a 90% family 
confidence coefficient, that essentially there are only 
two different stiffness groups: a less stiff Car group 
and a significantly stiffer group that includes Vans, 
Trucks and SUVs.  
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Figure 13.  Peak Force Fp1 Results. The Dashed 
Lines Indicate One Standard Deviation from The 

Mean Value. Each Non-Significant Difference 
between Two Vehicle Types Is Indicated by a 

Solid Line. 
 

Figure 12.  K1 and K2 Stiffness Results. The 
Dashed Lines Indicate One Standard Deviation 
from The Mean Values. Each Non-Significant 

Difference between Two Vehicle Types Is 
Indicated by a Solid Line. 

 

 
The results from the stiffness measures Ke1, Ke2 and 
Ke3 are considered to be more informative than the 
ones from K1 and K2, since Ke1, Ke2 and Ke3 are 
based on energy relationship, while K1 and K2 have 
neither a momentum nor an energy relationship 
foundation. However, for completeness the results 
using K1 and K2 are also presented (see Figure 12). 
From the stiffness measures K1 and K2, it is possible 
to draw conclusions similar to the ones deduced 
using Ke1, Ke2, and Ke3. There is still evidence of 
only two different stiffness groups: a Car type less 
stiff group and a SUV type stiffer group. In 
particular, using K2, the same conclusion is reached 
by using Ke1, Ke2, and Ke3. While, using K1, the 
figure indicates that the Van and Truck groups show 
the similar stiffness value and the Truck and the SUV 
are similar too. But the SUV type is significantly 
stiffer than the Van type. One might see it as a 
contradiction; however, there is no contradiction, 
because the statistically similar property is not 
transitive.  

 
Figure 14.  Peak Force Fp2 and Fp Results. The 
Dashed Lines Indicate One Standard Deviation 

from The Mean Value. Each Non-Significant 
Difference between Two Vehicle Types Is 

Indicated by a Solid Line. 
 
The results for the three measures of peak barrier 
forces considered (Fp1, Fp2 and Fp) are presented in 
Figure 13 and 14. Figure 13 shows that, within the 
first 250 mm range (i.e., Fp1), the peak force Fp1 for 
the Truck type and SUV type is similar.  But, there is 
substantial peak barrier force difference between the 
Cars and the Vans, and between the Vans and the 
Trucks. The peak barrier force for the Cars is 
substantially smaller than that for the Vans; and the 
peak force for the Vans is also substantially smaller 
than for the Trucks and SUVs. The results are 
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different when the range is extended to 400 mm or 
further (i.e., Fp2 and Fp in Figure 14). In this case 
the peak barrier force value for the Car type is clearly 
the smallest. The SUVs and the Vans are similar, the 
Trucks and the Vans are similar, but the Trucks and 
the SUVs are not.  

Compared to the previous study [1], no significant 
changes have been observed in the relationships 
between mass and stiffness. But, there are some 
changes of the stiffness magnitudes and relative 
stiffness ranking among different vehicle types.  
 
The sample size used in this paper is different from 
that in [1]. The sample size has been enlarged from 
model year 1999-2003 to model year 1979-2004. The 
number of samples were increased from 175 to 585. 
The distribution of different types of vehicles has 
been changed. The percentage of Cars increased from 
55% to 66% and a higher percentage of large Cars 
(mass 1900kg and up) was included. The percentage 
of Vans and Trucks increased slightly. But the 
percentage of heavy (full sized) Vans has increased 
along with the percentage of light trucks. The 
percentage of SUV decreased significantly, from 
25% to 14%, due to the fact that there were very few 
SUVs before the model year 1993. 
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It is observed that the correlation between mass and 
various stiffness measures has not changed 
significantly: Comparing Table 1 and Table 2 (from 
[1]), all the correlations are weak. The correlation for 
most of the stiffness measures, in the all-vehicle 
group is in general higher than for each individual 
subgroup. The R2 values for K1, and K2, are lower 
with the larger sample size. Comparing the mass 
correlation with Ke1, Ke2, and Ke3, the R2 value for 
the Ke1 is the highest and Ke3 is the lowest for the 
all vehicle group in previous study, but the trends are 
reversed in this study. Ke1 and Ke2 had a relatively 
high correlation with mass for the SUV and Truck 
subgroups in previous study, but it is not observed in 
this study.  Due to a graphing error in [1] it is not 
possible to compare the peak forces from the 
previous study with those in the current study.  

 
Figure 15.  Maximum Crush Results. The Dashed 
Lines Indicate One Standard Deviation from The 

Mean Value. Each Non-Significant Difference 
between Two Vehicle Types Is Indicated by a 

Solid Line. 
 
The results of maximum vehicle crush Xm are 
presented in Figure 15. Statistically there are only 
two groups. One is the Car group which has the 
largest maximum crush and the other group includes 
the Vans, Trucks and SUVs, which shows less 
maximum crush. 
 
DISCUSSION 
 
In this study NHTSA NCAP test data have been used 
to investigate the relationship between mass and 
stiffness. The primary reasons to use the NCAP tests 
are that there are enough samples to obtain reliable 
statistical analyses; the experimental procedures are 
robust and repeatable; and there is enough 
instrumentation for the analysis. In addition, there is 
significant crush of the vehicle front. These tests also 
approximate head-on crashes in the field. 
Nonetheless, by using multiple definitions of 
stiffness, the results should be more general than if 
only one definition was used. However, there are 
some limitations with using the NCAP data. Most 
notably, the stiffness measures derived with such 
data may not be directly useful for other modes of 
crashes.  

 
Table 2.  Mass-Stiffness R2 Value (1999 to 2003) 

 K1 Ke1 K2 Ke2 Ke3 Fp1 Fp2 Fp 

All  0.43 0.46 0.02 0.41 0.28 0.49 0.16 0.32 

Car 0.04 0.08 0.07 0.14 0.09 0.07 0.12 0.27 

SUV 0.31 0.28 0.09 0.07 0.01 0.18 0.00 0.03 

Truck 0.23 0.39 0.03 0.25 0.02 0.33 0.04 0.05 

Van 0.32 0.27 0.31 0.28 0.09 0.25 0.38 0.34 
 
The stiffness relationships are slightly different from 
the previous study .For example, the Cars have no 
relationships to the other three vehicle groups in this 
study; however, in the previous study [1] the Vans 
sometimes are similar to the Cars (Ke1, and Ke3),  
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and sometimes similar to the Trucks and SUVs. This 
could be due to the addition of the heavy Vans (full 
size). For K1, the Trucks and the SUVs have similar 
stiffness in both studies, but the Vans are dissimilar 
to SUVs, which is different from the previous study 
[1]. For K2, the Vans and the SUVs have the similar 
stiffness in both studies, but the Trucks are similar to 
the Cars, which is different from this study. 
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Figure 16.  Ke1, Ke2 and Ke3 Stiffness Results for 
1999 to 2003 MY. The Dashed Lines Indicate One 
Standard Deviation from The Mean Values. Each 
Non-Significant Difference between Two Vehicle 

Types Is Indicated by a Solid Line. 
  

 
 
Figure 17.  K1 and K2 Stiffness Results For 1999 

to 2003 MY. The Dashed Lines Indicate One 
Standard Deviation from The Mean Values. Each 
Non-Significant Difference between Two Vehicle 

Types Is Indicated by a Solid Line. 
 
The correlation analysis shows that there is no 
significant linear correlation between the different 

stiffness measures considered and the vehicle mass. 
To each vehicle type, a significant relationship 
between mass and stiffness does not exist. Moreover, 
it is also noticed that for the overall vehicle 
population when such a relationship exists, it is 
weak. The reason could be with the enlargement of 
the range of mass values. Though a large number of 
samples have been added to this study, the mass ratio 
has not changed significantly. Therefore, no 
significant change in mass-stiffness relationship has 
been seen in this study. However, it is clear that as 
the mass range increases the relationship between 
mass and stiffness also increases: compare the all 
vehicle group to any of the subgroup.  
 
There are two parameters that correlate with the mass 
Best: For the Truck and SUV groups, the maximum 
crush Xm correlates with mass the best, while the 
initial peak force Fp1 correlates with mass the best 
for the Car and Van groups. This may be because of 
the structure of the vehicles.  
 
The correlation of mass and some of the stiffness 
measures shows significant differences for the 
vehicles manufactured in different time periods: 
vehicle stiffness relationship with mass are time 
period dependent.. These may result from the 
regulations on passive restraint requirements and/or 
the Corporate Average Fuel Economy. Future 
regulations may also force a change in the trend of 
the relationship between mass and stiffness. 
 
Since there was no clear indication of any trend 
between the stiffness measures and vehicle type, it 
was decided to estimate all pairwise comparisons. 
This statistical analysis gives evidence (at level alpha 
0.9) that essentially there are only two different 
stiffness groups: a Car-type group and a stiffer 
Truck/SUV type group. However, for all but one 
definition of stiffness the Van and Truck types could 
be considered to have the same stiffness as the SUV 
type. The Cars appear to be in the lowest stiffness 
group with the SUV/Trucks as the highest stiffness 
group and the Vans close to the SUV and Truck 
group. However, this may be the result of including 
full size vans in the Van group. Minivans by 
themselves may have a different stiffness than SUV 
and Trucks. 
 
The finding that the strong stiffness and mass in 
general do not have a good correlation has 
implications to a number of aspects for the crash 
safety field. One example is given here. Vehicle 
Mass stiffness, and geometry are often included as 
independent parameters in regression models [2, 3]. 
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The correlation between these parameters, especially 
that between stiffness and mass has always been an 
issue of concern [5]. This is because the quality of 
the regression model (and therefore that of the risk 
prediction), which depends on the statistical 
sampling-related uncertainty of the regression 
coefficients, depends on the extent of the correlation 
between the independent parameters. This is 
demonstrated in Figure 18 through both theoretical 
prediction and a statistical simulation (Monte Carlo) 
for a linear regression with two independent 
parameters. 
 
               
 

ρ  
 

Figure 18. Theoretical prediction and Monte 
Carlo simulation of the dependence of variability 
of one of the two regression coefficients of a 2-
independent variable linear regression on the 
extent of correlation between the independent 
variables. The abscissa is the coefficient of 
correlation, and the ordinate is the value of the 
coefficient estimate (The actual value of the 
coefficient is 2 units. The two continuous lines are 
theoretical prediction of the standard deviation of 
the estimate and each red dot is result from one of 
1000 Monte Carlo regression simulations. The 
dashed line in the middle is the mean of the 
statistical simulation. The theoretical model and 
simulations use 2 units as the standard deviation 
of the independent variable; and 2 for the random 
sampling noise.)  
 
Figure 18 shows that only when the Pearson’s 
coefficient of correlation (equaling the square-root of 
the R2 value in the case of two variables) is less than 
0.8 (R2 of 0.64), does the variance of the estimated 
coefficients stay small enough for the regression 

model to be useful (in theory, the variance is 

proportional to 21/ ρ−1 , where ρ  is the 
coefficient of correlation). Because of the close 
resemblance in the underlying structure of the models 
this applies to both linear regression and the 
logistical regression. With this basic statistical 
observation, the finding of the current study that the 
stiffness and mass in general have R2 values below 
0.5 ( ρ  values less than 0.7) provides a basis for 
establishing and applying risk models based on 
regression involving stiffness and mass as 
independent variables. 
 
CONCLUSIONS 

This study employs all the available/reliable NCAP 
data from model years 1979 to 2004 and represents a 
reasonable estimate of the current fleet. The trends 
may change if the fleet changes significantly. But 
from this study, using 4 different definitions of 
stiffness for a total of 9 different measures, it is 
concluded that: 
 

• There is no significant correlation between 
mass and stiffness for the vehicles in the 
current fleet. 

 
• In general, for most of the stiffness 

definitions considered, the correlation for all 
vehicles together is higher than those for 
any of the vehicle subgroups.  The 
qualitative relationship between stiffness 
and mass is theoretically sound for a large 
vehicle mass range (mass ratio). As the mass 
ratio increases the correlation increases. 
However, the current fleet does not have a 
significant mass ratio for the mass to be 
significantly correlated with stiffness. 

 
• The relationship between mass and stiffness 

is not significant enough to contaminate any 
reasonable risk analysis using crash data. 

 
• The mass correlates with the maximum 

crush better than stiffness for the SUV and 
Truck groups,  

 
• From the definitions of stiffness used in this 

study, it is reasonable to assume that Cars 
and SUV/Trucks have different stiffness, 
with SUV/Trucks significantly stiffer than 
Cars.  Vans (including full size vans are 
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closer to SUV/Trucks, but may not be if 
only minivans are included 

 
• The correlations between mass and some 

stiffness measures may vary for different 
time periods. 
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ABSTRACT 
 
     NHTSA identified 273 NASS rollover crashes 
occurring from 1997 through 2000 in which the light 
vehicles had more than 6 inches of residual roof 
crush.  The agency analyzed these cases, but we have 
studied them in much more detail.  We found a 
number of important, consistent features that 
demonstrate conditions that produce rollover injuries, 
and strongly indicate how rollover casualties can be 
reduced using readily available technologies.  We 
found: (1) nearly two-thirds were essentially flat 
ground rollovers without complications;  (2) the 
windshield was always broken when the front of the 
roof was damaged;  (3) virtually all had major 
damage over an A pillar and a substantial majority 
had front fender damage indicating that forward pitch 
in at least one roof impact was roughly 10 degrees;  
(4) where the vehicle executed more than ½ roll, the 
initially trailing side of the roof generally had the 
greatest crush;  (5) safety belt use was critical to the 
pattern of injuries and ejections;  (6) the type of roof 
damage is a function of its design and the nature of 
the roof impacts;  (7) nearly one fifth of the 
occupants had MAIS 3 or greater injury to the head, 
face, or cervical spine; and (8) when non-ejected 
occupants received head, neck or upper torso injuries, 
they were generally seated on the initially trailing 
side under a significantly crushed part of the roof.  
Our study strongly suggests which countermeasures 
would best address the problem of light vehicle 
casualties in rollovers, discusses various candidate 
countermeasures, and estimates the casualty 
reduction that would result from them.  Finally, we 
discuss the implications for Federal policies. 
 
INTRODUCTION 
 
     Several years ago, the National Highway Traffic 
Safety Administration (NHTSA) asked the public for 
“views and comments on what changes, if any, are 
needed to the roof crush resistance standard,” Federal 
motor vehicle safety standard (FMVSS) 216.  Shortly 
afterward, Administrator Jeffrey Runge, M.D. said, 
“NHTSA plans to propose an upgrade of its roof 
crush standard to require roofs to allow less crush 
during a rollover event.”  As of January 2005, the 

agency had received 120 comments.  Virtually all 
comments from outside the auto industry support 
strengthening the standard.  The authors of this paper 
have submitted a large volume of data that should 
help the agency develop an effective amendment to 
that and related standards. 
 
     NHTSA estimates that 16,000 light vehicle 
occupants receive serious, non-fatal injuries and that 
more than 10,000 are killed in rollovers annually.  Of 
those, NHTSA estimated that 28 percent were not 
ejected and were injured from roof contact (almost all 
were from roof intrusion); and that half were ejected.  
While NHTSA did not connect ejection with roof 
crush, the Malibu tests showed that a strong roof 
substantially reduced tempered glass side window 
breakage which would reduce ejection.   
 
     The Malibu I tests [Orlowsky] showed “All of the 
[4] partial ejections were through side window 
openings as a result of glass breakage.  The only total 
ejection was through a windshield opening.  . . . The 
rollcaged [strong roof] vehicles had less glass 
breakage than the standard roof vehicles.  In the 
standard vehicles, 18 of the 20 side and rear windows 
were broken, and all were broken due to roof 
deformation as a result of ground contact.  For the 
roll caged vehicles, only five of the 20 side and rear 
windows were broken, and one of the side windows 
was broken by occupant loading.”  All of the ejected 
dummies in these tests were in vehicles with weak 
(production) roofs, and were seated on the initially 
trailing, or far side of the vehicle.  Thus, the need for 
motor vehicle safety associated with roof crush in 
rollovers – including for occupants who are ejected – 
is substantial.  Furthermore, rollover casualties are 
becoming more numerous with the increasing use of 
light trucks as private passenger vehicles.  SUVs, in 
particular, are grossly overrepresented in producing 
AIS 3+ injuries in rollovers. 
 
RECENT NHTSA RESEARCH AND 
ANALYSIS: THE 273 NASS CASES 
 
     Last year, NHTSA released two bodies of 
information that it is using to develop and support an 
amended FMVSS 216.  The first [Pack], is a list of 
273 National Accident Sampling System rollover 
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cases with significant roof crush from accident years 
1997-2000.  We have prepared detailed tables of 
these cases that are available from the authors on 
request (allanp@xprts-llc.com).  The NHTSA authors 
selected these cases from the 1997-2000 NASS files 
involving rollovers with at least 2 quarter turns (one-
half roll) of the vehicle.  The vehicles were selected 
as 1995-2001 light vehicles that weighed 10,000 
pounds or less, had no post manufacture 
modifications, (one case, NHTSA 2000-11-73, 
involved a pickup truck that had a large rack over the 
bed and did not meet the criterion), were not towing a 
trailer, and had at least 6 inches of roof crush. 
 
     NHTSA characterized these rollovers as “very 
serious rollover crashes.”  Their severity was 
apparently judged by the amount of residual roof 
crush which is a measure of the weakness of the roof, 
not the severity of the rollover.  These crashes, even 
when they involve multiple rolls, do involve forces 
that are easily survivable if the occupant is 
reasonably protected.  They sometimes have serious 
outcomes (AIS 3+ injuries, ejections, etc.) and may 
appear to be serious because of the amount of 
damage sustained by the vehicle, but these are both 
the result of failures of the vehicle’s structure or its 
rollover occupant protection system.  Furthermore, 
just as the agency is concerned with applying 
countermeasures to higher speed frontal and side 
crashes; it should be primarily concerned about 
applying countermeasures to these crashes that have 
serious injury consequences. 
 
     In 87 of the cases (32%), the vehicle executed 
only ½ roll.  It executed ¾ to 1¼ rolls in an 
additional 80 cases (29%), and 1½ or more rolls in 
the remaining 106 cases (39%).  A collision preceded 
the roll (and in most cases contributed to the onset of 
the rollover) in about 35 cases.  In a few cases, the 
initial impact caused the most serious injury. 
 
     A majority of rollovers occur on reasonably flat 
ground and do not involve significant collisions with 
anything but the road or ground.  Of the 273 NASS 
cases, 63 percent were “pure” rollovers: rollovers that 
were not tripped by anything more than traction with 
the road or ground, that involved no significant 
collision before the rollover, no collision with 
anything beyond the ground during the rollover, and 
no unusual contour to the ground over which the 
vehicle rolls.  Another 14 percent involved a 
significant collision before the rollover (such as with 
another vehicle or a guardrail), and 23 percent 
involved other unusual conditions (collisions with 
trees during the rollover, or an encounter with a 
major change in ground elevation).   

     We observed windshield separation or breakage in 
pictures of all 260 of the vehicles in for which 
pictures were available and in which there was any 
significant damage to the front of the roof.  The 
NHTSA study found that the windshield was “intact” 
in 66 of the cases and had a characterization of the 
windshield in all 273 cases.  We found that in seven 
cases, there were no pictures or snow that made a 
determination of the condition of the windshield 
impossible.  We found only 6 in which the 
windshields were unbroken and fully bonded, none of 
which involved significant damage to the front of the 
roof.  We do not believe that the NHTSA analysts 
were sufficiently critical in their evaluation of 
windshields of these vehicles.  We have observed in 
FMVSS 216 tests, that when the windshield breaks 
(typically at around 8 cm of crush) the strength of the 
roof declines dramatically.  This has led us to 
conclude that once the windshield cracks or separates 
to any degree, it ceases to contribute to roof strength.   
 
     Damage was observed on the top of at least one 
front fender in more than 80 percent of the cases for 
which there were pictures, indicating that the vehicle 
was pitched at least 10 degrees during at least part of 
the time it was inverted. This is approximately the 
angle formed with the horizontal by a line between 
the top of the roof over the A pillar and the top of the 
front fender of virtually all contemporary production 
light vehicles. 
 
     The types of roof damage varied depending on the 
nature of the crash, the structural weaknesses of the 
roof, and other factors.  However, there were certain 
common features.  The greatest damage was to the 
front of the roof in all but a handful of cases, for 
example.  The initially trailing, front side of the roof 
sustained the most damage or both sides of the roof 
were seriously damaged in 187 cases (163 had major 
damage to the trailing side only) while 60 involved 
primary damage to the initially leading side of the 
vehicle.  The remaining 24 were indeterminate or the 
case file did not have sufficient information.  The 
damage to the roof was likely to have involved a 
collision with something other than approximately 
flat ground in about 65 of the cases out of the 273. 
 
     Thus, of the cases where sufficient information 
was available, 75 percent had major damage to the 
initially trailing or far side of the roof (some of which 
involved major damage to both sides of the roof).  
We observed buckling of at least one structural 
member of the roof in 208 of the cases – 80% of 
those for which there were pictures.  These cases also 
show that many vehicles roofs are weak at the 
junction of the major structural elements, the post to 
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pillar connections and the pillar to roof rail and 
windshield header connection.   
 
     Of the 60 cases with primary roof damage at the 
front on the initially leading side, 47 were less than 
1½ rolls (of those, 30 were only ½ roll).  Only 7 were 
more than 1½ roll, and there were complicating 
factors in most of these.  For example, the 
investigator’s reconstructions were questionable in a 
few of these cases and in a few it appears that the 
vehicle may have both rolled and yawed so that the 
direction of the roll changed during the accident.  In 
several, the roof was so massively damaged, it defied 
easy classification.  As a consequence, the estimate 
that 75 percent of the cases had major damage to the 
far side of the roof is conservative. 

     It is important to note that residual roof damage 
does not reflect the maximum deformation of the roof 
for two reasons.  The first is that the steel from which 
roofs are made have some elasticity, so that they 
bounce back (typically 20 to 30 percent) from their 
maximum deformation.  Second, each time the roof 
strikes the ground, it will deform in the direction of 
the force applied to it.  The force on one side of the 
roof may force it toward the opposite side, but the 
force on the opposite side will tend to restore it to its 
original configuration.  This effect was demonstrated 
in the Malibu tests. This conclusion comes from 
observation of the videotapes of the vehicle interior 
associated with this test program.  These films are 
available from Docket NHTSA 1999-5572.

 
Table 1. 

Distribution of rollovers and their casualties from the 273 NASS cases 
 

 NASS R/O Cases with 6”+ Crush 
           all cases        MAIS 3+ injury 

2001 R/O 
Fatalities (FARS) 

1997-2001 R/O serious, non-
fatal injuries (NASS est.) 

Passenger Car 95 (35%) 46 (40%) 5,343 (45%) 15,535 (52%) 
SUV 101 (37%) 42 (36%) 2,142 (21%) 5,930 (20%) 
Pickup 65 (24%) 25 (22%) 2,643 (26%) 6,595 (22%) 
Van  7 minivans (3%) 

5 full vans (2%) 
3 (3%) 793 (8%) 1,600 (5%) 

R/O after 
Collision 

35 (13%) 13 (11%) 18% 

R/O incl. other* 67 (25%) 36 (31%) 1% 

(80% of rollovers are 
single vehicle accidents) 

Total 273 (100%) 116 (100%) 10,121 (100%) 29,660 (100%) 
* includes collision with other vehicle, tree, or other during rollover; major drop; etc. 
 

Table 2. 
Area of primary roof damage in the 273 NASS cases and of cases with MAIS 3+ head or neck injuries   

 
 
Primary Roof Damage 

 
Total Number of Cases 

Cases with MAIS 3+ Head or 
Neck (cervical spine) Injury 

Initially Trailing Side, Front 163* (65% of those with front damage)  39 (64% of front damage cases) 

Both Sides, Front  24 (10% of those with front damage) 6 (10% of front damage cases) 

Initially Leading Side, Front 60 (23% of those with front damage) 13 (21% of front damage cases) 

Rear, Other or Unknown 24 3 
* 22 of the total cases and 6 of the cases with MAIS 3+ injury may have involved a collision between the roof and 

another object such a vehicle or a tree. 
 
     The NHTSA analysts spend a substantial amount 
of time discussing the specific nature of the roof 
failures (that the pillars themselves “largely remain 
straight” with bending “occurring at or near both 
ends . . .”  While this is interesting, it is an artifact of 
the specific design characteristics of the roof.  This 
would be interesting to vehicle designers who are 
committed to improving roof crush resistance, but tell 

little about what action is necessary to develop a 
better test for roof crush resistance. 
 
     The fact that in all 273 cases there was more crush 
than is permitted in FMVSS 216 shows that there 
were 273 roof failures.  These failures put the 
occupants of the vehicles involved at risk even if they 
were not actually seriously injured.  In fact, the 
serious injury rate in these rollovers was considerably 
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higher than the rate for rollovers generally.  In these 
cases, approximately 40 percent resulted in MAIS 3 
or greater injury, or a fatality. In rollovers generally, 
fewer than ten percent result in such injury. 
 
     To some degree, serious injuries (or perhaps their 
absence) in rollovers involve a certain serendipity.  
Unlike severe frontal or side crashes in which major 
forces must be sustained by the occupants, in 
rollovers, the basic forces are low – the result of a 
change in velocity that is very rarely greater than 
about 2 m/sec (5 mph).  Thus, when injuries are 
sustained, they are the result of failures: ejection of 
unrestrained or poorly restrained occupants, 
structural collapse, lack of padding, or other factors.   
 
     In their analyses, the NHTSA engineers looked at 
the injuries, attempting to find some correlations 
between roof crush that compromised headroom and 
injury.  This discussion seems to assume that 
restrained occupants remain in their normal seating 
positions in a rollover, which they do not.  Even 
restrained occupants are typically forced upward and 
outward in relation to the vehicle during a rollover 
because of centrifugal force, and because most safety 
belts do a mediocre job, at best, restraining them 
under rollover conditions.  Unrestrained occupants 
can be thrown almost anywhere in, and too often 
outside a vehicle.  The NHTSA analysts also 
neglected to analyze the relationship between injured 
occupant seating position and the location of major 
roof crush. 
 
     There are some correlations between roof 
performance and injury.  For example, ejections 
cannot occur unless there is a path for ejection: a 
broken window or open door.  Side windows 
virtually always break when there is substantial roof 
crush, but are often intact when the roof damage is 
minor.  A restrained occupant’s head, face or neck 
are likely to be seriously injured only if they are 
subject to extraordinary forces because of roof 
buckling or collapse, or because they are ejected. 
 
     Of the 65 cases with MAIS 3+ or fatal injuries to 
the head, face or neck (cervical spine), 25 were 
belted, and 25 involved occupants who were not 
ejected (some of whom were not belted).  Three were 
not front seat occupants.  Five were belted occupants 
who were partially ejected.  The partial ejection and 
injury to a belted occupant’s head is unlikely unless 
there is substantial distortion of the roof.  This occurs 
typically when there is matchboxing of the roof in the 
direction away from the occupant’s seating position.  
In such a case, the occupant does not typically go 
outside the vehicle.  Rather, the envelope of the 

vehicle moves so that it no longer contains the 
occupant.  In 23 of the cases, the vehicle had a 
significant collision before or during the rollover, and 
nine occupants in these cases were belted, but 
received MAIS 3+ head or neck injuries. 
 
     Fifty-one cases had MAIS 3+ or fatal injuries to 
parts of the body other than the head and neck.  All 
but a few of these injuries to belted occupants, were 
to extremities rather than to the thorax.  Many cases 
with MAIS 3+ trunk injuries involved collisions 
before the roll.  The total number of AIS 3+ is higher 
than the overall numbers for injuries presented in 
NHTSA’s October 2001 Notice.  This is probably a 
function the fact that NHTSA selected only cases 
with at least 15 cm (6 inches) of roof crush.   
 

Table 3. 
Area of MAIS 3+ injury in 273 NASS cases 

 
Area of Injury Number of MAIS 

3+ Injuries 
Head, Face or Cervical 
Spine only 

58 (18 belted, non-
ejected occupants) 

Head, Face or Cervical 
Spine plus Other Injury  

7 

Torso 34 (4 to thoracic 
spine) 

Extremity 15 
 

Table 4. 
Ejected occupants by injury in 273 NASS cases 

 
Injury Not 

Ejected 
Partial 

Ejection 
Complete 
Ejection 

MAIS 3+ or 
fatal head or 
neck injury 

23+ 12 27 

Other MAIS 3+ 
or fatal injury 

26+ 6 23 

MAIS 1 or 2 
non-fatal injury 

139+ 8 15 

Note: many vehicles had more than one occupant so 
this table underestimates non-ejected occupants. 
 
     Approximately 91 occupants in these cases were 
ejected.  Of these, 39 received MAIS 3+ or fatal head 
or neck injuries.  The most seriously injured 
occupants (24 of which were MAIS 1 or 2 injuries) 
were partially or fully ejected.  Most were not belted, 
but there were some injuries to extremities among 
belted occupants. 
 
     Among the 39 cases where an occupant with an 
MAIS 3+ or fatal head or neck injury was ejected, 27 
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involved more than one half roll.  Only 2 had primary 
damage to the near side of the roof or complicating 
factors.  Only 13 of these rollovers involved 
passenger cars, 8 of which had at least 1½ rolls. 
 
     Three cases with MAIS 3+ head or neck injuries 
involved collision with another vehicle or object 
before the rollover and another 20 collided with 
something during the rollover, complicating the 
accident.  In four cases, the occupant suffered MAIS 
3+ thoracic spine injuries, but only two (both ejected) 
did not involve complicating or unusual factors.  Six 
fatally injured occupants were coded as MAIS 1 or 2. 
Although an AIS 6 is virtually always a fatality, and 
fatalities are somewhat likely with AIS 4 or 5 
injuries, a fatality may occur with lower AIS level 
injuries.  In some cases, however, limited information 
may result in a fatality being coded as AIS 1 or 2. 
 
     Among the occupants in the 273 cases selected, 
173 who suffered the most serious injury in the 
rollover were coded as wearing safety belts while 114 
were coded as not wearing them.  A few were coded 
“unknown” or were not coded.  There was not a 
particularly strong correlation between non-use of 
safety belts and the number of rolls in the crash.  The 
rate of safety belt use in this file is not consistent with 
other data that indicates only about half of all 
occupants involved in rollovers are belted. According 
to NHTSA (1) “Seventy-eight percent of the people 
who died in single-vehicle rollover crashes were not 
wearing the vehicle safety belt, and 64 percent were 
partially or completely ejected from the vehicle 
(including 53 percent who were completely ejected).” 
 
CONCLUSIONS FROM THE 273 ROLLOVERS 
 
     From these data, we can draw the following 
conclusions concerning regulatory approaches to 
countermeasures: 
• Increasing safety belt use is critical to reducing 

AIS 3+ injuries to the thorax and lower 
extremities.   

• Belt use is critical to reducing occupant 
ejections.  However, injuries to occupants’ arms 
that have gone outside the vehicle’s envelope can 
be controlled only by reducing side window 
breakage.  In a few cases, partial ejection was 
coded for a head or neck injury where the 
occupant did not move significantly from his or 
her normal seating position.  In these cases, the 
roof distorted so that its envelope no longer 
contained the occupant’s head.  In 1968, Ford 
engineer J.R. Weaver stated “It is obvious that 
occupants that are restrained in upright positions 
are more susceptible to injury from a collapsing 

roof than unrestrained occupants who are free to 
tumble about the interior of the vehicle.  It seems 
unjust to penalize people wearing effective 
restraint systems by exposing them to more 
severe rollover injuries than they might expect 
with no restraints.”  The Malibu tests confirmed 
that belted occupants have increased probability 
of severe head or neck injury. 

• Any roof crush test that does not result in 
windshield failure in most contemporary 
vehicles before compliance is determined (either 
breakage or separation from the body) is not 
applying sufficient or realistic forces. 

• A realistic test of roof crush resistance, whether 
quasi-static or dynamic, must be conducted at a 
pitch angle of at least 10 degrees.   

• A test of roof crush resistance, whether quasi-
static or dynamic, must reasonably emulate the 
conditions of an initially trailing side roof impact 
to address a substantial majority of AIS 3+ head 
and neck injuries.  This includes application of 
the force at a roll angle significantly greater than 
25° as occurs with the initially trailing side of the 
roof in a majority of rollovers. 

• Although passenger cars are a substantial 
proportion of the vehicles that roll over, SUVs 
are highly overrepresented in rollovers and 
particularly in rollovers with AIS 3+ injuries.  
Pickups are also overrepresented, but to a 
smaller degree.  Thus, any test of roof crush 
resistance must address the particular geometric 
and roof strength issues of light trucks. 

• A substantial increase in roof strength has the 
potential to reduce AIS 3+ head and neck 
injuries to non-ejected occupants by 50 to 80% 
depending on the degree of increase under far 
side impact conditions and the performance of 
the vehicle’s restraints.   

• Roughly half of all other AIS 3+ injuries – 
mostly ejections – that are not a consequence of 
a collision with another vehicle or an external 
object would be reduced with a stronger roof if it 
significantly reduced side window failure.  This 
would be enhanced by attention to the design of 
side window systems (perhaps including 
laminated side glazing) to close ejection portals.  

• The minority of cases in which there are major 
vehicle collisions before or during the rollover 
are among those most difficult to address.  
However, the traditional approaches – occupant 
compartment integrity, crash energy 
management, good occupant restraint, and 
appropriate interior padding – should improve 
occupant safety in such conditions. 
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QUASI-STATIC TEST RESULTS 
 
     NHTSA released the results of a number of quasi-
static tests of roof crush resistance in May 2004 
[VRTC].  These tests were generally conducted 
according to the procedures of FMVSS 216, but 
NHTSA tested three pairs of identical vehicles with 
the platen being forced into the vehicle through a 
stroke of 254 mm (10 inches) rather than the 127 mm 
specified in the standard.  One of the pair of vehicles 
was tested at the 5º pitch and 25º roll specified in the 
standard while the second was tested with the pitch 
angle increased to 10º and the roll angle increased to 
45º.  The vehicles were a mid-sized SUV (2002 Ford 
Explorer), a mid-sized pickup (1998 Chevrolet S10 
pickup) and a minivan (1997 Dodge Grand Caravan).  
The platen is driven by two rams, one over the front 
roof contact point and one toward the rear.    
 
The interpretation of these tests provided by Donald 
Willke of NHTSA was: 

• No trend in energy absorbed 
• No trend in far side lateral crush 
• More vertical crush in 5 x 25 deg. 
• Any differences were very subtle 

 Not distinguishable in subjective 
evaluation of photographs of roof damage 

 
     We disagree substantially with these conclusions 
based on the test results themselves.  These tests 
produced residual crush that was different from that 
observed in real-world rollovers in NASS (see Figure 
1), for example, and that were somewhat different 
from each other reflecting the angle at which the 
platen was forced into the roof (note particularly the 
differences in A and B pillar damage).  The force on 
each hydraulic ram used to press the platen into the 
roof was separately recorded, and the force 
displacement curves in these two cases are 
substantially different in all three pair of tests. 
 
     In the tests of the 2002 Ford Explorer conducted 
at 5º pitch and 25º roll, failure of the windshield 
resulted in a substantial reduction in the vehicle’s 
roof crush resistance, as measured by the forward 
ram (see curve at left side of Figure 3), from a peak at 
about 85 mm (3.3 inches) displacement of 24,000 N 
(5,400 pounds) to about 10,000 N (2,250 pounds) at 
130 mm (5 inches) displacement.  At that point the 
rear ram was supporting 24,000 N (because the platen 
was fully engaged with the B pillar and rear roof 
structure.  However, the force on the rear ram went 
down to less than 4,000 N (900 pounds) after the B 
and C pillars had failed at about 210 mm (8 inches).   
 

     Although the roof was able to sustain a maximum 
force of 55,000 N, this does not realistically represent 
roof crush resistance in a range of roof crush that 
would be likely to cause injury.  The vehicle would 
have passed FMVSS 216 at about 70 mm of ram 
travel, yet the roof was clearly failing during this test.  
Very little was learned by continuing the test beyond 
125 mm (5 inches) of platen travel except that the B 
and C pillars failed as the force on them increased.  
Furthermore, in an actual rollover, the injury and 
window failures would probably have occurred well 
before the roof had crushed 254 cm. 
 

 

 
Figure 1.  The NHTSA test vehicles: at 5º pitch 
and 25º roll at top and at 10º pitch and 45º roll at 
bottom.  The damage is similar only in that the 
damaged roof’s contour follows the shape and 
angle of the platen used in the test. 
 
    Because of the roof’s tumblehome, the platen in 
the Explorer 10º pitch and 45º roll test almost 
immediately engaged the base of the A pillar which 
conveyed substantial force resistance.  Although it is 
difficult to tell from the photograph (page 30, VRTC 
report), it also appears that the platen was not 
properly positioned on the Explorer’s roof.  The 
longitudinal centerline of the lower face of the platen 
is supposed to be located “on the initial point of 
contact” with the roof, while the photograph makes it 
appear that it is at least 5 cm below that point.  This 
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placement is critical.  Had the platen been moved up 
somewhat, it would probably not have engaged the 
top of the door directly.  The results would not have 
been much different, given that the platen engaged 
the A pillar just above its connection with the A post 
so that the lower body provided a substantial part of 
the platen’s resistance.  Nevertheless, even if the test 
had been properly conducted, its results could not be 
taken seriously.  We avoided this problem in our tests 
by using a 305 mm wide platen.  In this test, the rear 
ram (curve at right side of Figure 3) did not exceed 
3,000 N (675 pounds) until the roof had crushed 
about 170 mm (6.5 inches), and never exceeded 
11,000 N.  The front ram increased virtually 
monotonically to a peak of about 50,000 N at 170 
mm at which time instrumentation problems caused a 
loss of further data.   
 
     In the tests of the Dodge Caravan and the 
Chevrolet S-10 at 10º pitch and 45º roll, the rear ram 
picked up virtually no force in either test.  Most of 
the crush resistance appeared to come from the base 
of the A pillars in both of these tests. 
 
     The width and placement of the platen in the tests 
at 10º pitch and 45º roll meant that this primary 
resistance was provided by the vehicle body (through 
the base of the A pillar), not the roof, so that these 
were not tests of roof crush resistance at all.  Our 
own tests, in which the roof crush resistance is only 
about half of what is measured in tests at 5º pitch and 
25º roll, are conducted with a 30 cm wide platen that 
applies the force only to the roof itself.  Furthermore, 
we test at 10º pitch and 50º roll only after we have 
conducted a test on the first side of the roof at 10º 
pitch and 25º roll to a deformation of 127 mm.  Our 
tests show lower roof strength on the second side 
because the windshield has already failed in the first 
side test and because the roofs we have tested show 
poor lateral shear resistance. 
 
     Since part of the rationale for increasing the roll 
angle is that lateral friction forces on the roof tend to 
move the force vector more laterally, simply rotating 
the large (76 cm wide) platen around to 45 degrees, 
as was done in this case, causes it to unrealistically 
engage the lower body structure rather than putting a 
realistic lateral shear force on the roof itself. 
 
     

 

 

 

 
Figure 2.  Four NASS 2002 Explorer case vehicles 
(2002-078-143, 2002-12-168, 2002-011-129, and 
2001-11-048).   
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Figure 3.  Curves of Force versus time (which is 
proportional to displacement) for the 2002 Ford 
Explorer in NHTSA’s test at 5º pitch and 25º roll 
under FMVSS 216 test conditions carried out to 
254 mm of displacement.  The upper curve is the 
force at the front of the platen while the lower 
curve is the force at the rear of the platen. 
   
     In each of these NHTSA tests, the roof flattened 
against the platen rather than collapsing and buckling 
as is typical of vehicles in dynamic rollovers (See 
Figure 1).  For comparison, we looked at 10 NASS 
cases involving 2001 and 2002 Explorers with 
significant rollover roof damage but no complicating 
factors (four of which are shown in Figure 2).  The 
damage to these roofs was more complex, involving 
buckling, greater rearward or lateral displacement of 
the roof panel, and other features.   There were three 
other 2002 Explorer rollovers in NASS, two of which 
resulted in little or no roof damage, and one of which 
was catastrophic. 
 
     We do not believe that either of NHTSA’s tests, 
and particularly the tests conducted at 10º pitch and 
45º roll, represent realistic loading.  The 5º pitch and 
25º roll platen applies the force at too shallow an 
angle to represent an initially trailing side roof impact 
which is the dangerous side for an occupant in a 
rollover.  In the 10º pitch and 45º roll test, the wide 
platen engaged the A pillar base early in the test.   
 

 

 
Figure 4.  Curves of Force versus time (which is 
proportional to displacement) for the 2002 Ford 
Explorer in NHTSA’s test at 10º pitch and 45º roll 
under FMVSS 216 test conditions carried out to 
254 mm of displacement.  The upper curve is the 
force at the front of the platen while the lower 
curve is the force at the rear of the platen. 
 
     We completely disagree with the conclusion of the 
NHTSA test engineer that they produced similar 
results.  The tests conducted at 5º pitch, 25º roll show 
a substantial loss of roof crush resistance after the 
failure of the windshield, particularly as measured by 
the forward ram.  This behavior is not observed in the 
10º pitch and 45º roll test of the Explorer, for 
example.  In the latter tests, virtually all of the 
resistance to the platen comes from the forward ram.  
It appears that much of that resistance comes from 
the lower body, not the roof.  The final damage in the 
two cases reflects the angle of the platen in the test, 
and is not representative of damage observed in 
actual rollover accidents.  
 
     It is useful to compare the NHTSA test program 
with a test program conducted by General Motors 
twenty years ago [Arums].  In those tests, GM was 
attempting to determine the impact of various 
windshield adhesives.  The GM tests, conducted at a 
roll angle of approximately 50º, show the importance 
of a well-bonded windshield in meeting FMVSS 216 
and the importance of the roll angle in determining a 
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roof’s strength-to-weight ratio.  In these tests, the 
GM engineers also found that at between 160 and 
200 mm of crush, the crusher picked up the lower end 
of the A-pillar and the crush resistance consequently 
rose substantially.   
 
     We do not necessarily reject the quasi-static test to 
show minimum roof performance.  However, the test 
must be conceived to ensure that it measures roof 
crush resistance realistically.  Continuing the test to 
254 mm (10 inches) of crush provided little new 
information about the performance of the weak roofs 
that were tested by NHTSA.  A well-designed roof 
should not be capable of crushing to this extent in a 
typical flat ground rollover. 
 
CRITERIA FOR A ROOF CRUSH TEST 
 
     In his research, Willke measured the headroom in 
the various vehicles he tested.  He used the FMVSS 
208 dummy seating criteria, which is highly 
unrealistic for his purpose in several respects: 
• It represents only the 50th percentile male. 
• The seat track position at mid-point is far ahead 

of the position a 50th percentile male would use 
in actually driving or riding in a vehicle. 

• The static seating position does not take account 
of the degree to which safety belts permit 
excursion in rollovers.  This excursion comes 
from the basic geometry of the belts, the point in 
a rollover at which the retractor reel is locked up, 
the degree to which belting spools from the 
retractor, and other factors. 

 
     We are not convinced that headroom is a useful 
measure for purposes of a roof crush standard.  
Furthermore, it is a serious complication of this test 
and its interpretation that adds little or nothing to its 
validity.  Because roof crush should be minimal 
under any circumstances where the roof contributes 
to occupant protection, short of conducting a 
dynamic test that includes head and neck injury 
criteria, we suspect that a measure of roof intrusion 
such as is in the present standard may be sufficient 
for a quasi-static test of roof intrusion. 
 
AMENDED STANDARD REQUIREMENTS 
 
     If the roof crush resistance standard is amended, it 
must meet the requirements of the National Traffic 
and Motor Vehicle Safety Act of 1966 (as amended): 
• The standard must meet “the need for motor 

vehicle safety” (rollover casualties are one-third 
of all motor vehicle occupant fatalities and 
severe injuries, so the need is clear).  

• It must be “practicable” (i.e. it must not seriously 
compromise vehicle function, it must be possible 
to design and build production vehicles that 
comply, and the cost of compliance must be 
consistent with the benefits that will result.  The 
practicability of countermeasures that would 
enhance rollover occupant protection – a strong 
roof, and rollover triggered safety belts and 
window curtain air bags – has been demonstrated 
in the Volvo XC90 and other vehicles that have 
one or more of these features).  

 
• A standard “provides objective criteria” (that is, 

a compliance test must be repeatable, 
reproducible, and that it not be unreasonably 
difficult or costly to determine compliance). 

• The standard governs “the performance of motor 
vehicles” to which it is applied and protects 
“against unreasonable risk of death or injury to 
persons in the event that accidents do occur.” 

 
AMENDING THE ROOF CRUSH STANDARD 
 
     There are four steps that must be completed in a 
program leading to the development of a new or 
amended Federal motor vehicle safety standard: 
 
1. Assess how roofs of current vehicles perform in 

real world crashes.  This is investigated by 
looking at both particular rollovers (to 
understand roof failure modes and how they 
occur) and at crash data bases, such as National 
Accident Sampling System (NASS) cases, to 
determine how common are roof failure modes 
that are associated with serious to fatal injury.   

2. Determine the consequences of poor roof 
performance: how does a poorly performing roof 
injure occupants both by directly striking an 
occupant’s head and by opening ejection portals.  
This is investigated by looking at the 
consequences of actual rollovers (also using, for 
example, NASS cases), particularly on human 
injury and ejection.  We have done the 
assessment of roof performance and its 
consequences using the 273 NASS cases that 
were identified by NHTSA, and the results are 
reported below.  Research and testing are 
necessary to emulate the actual conditions of 
rollovers (such as with the Malibu tests, and 
testing conducted on Jordan Rollover System 
[JRS], and Controlled Rollover Impact System 
[CRIS]) to determine actual conditions that 
produce injury or other critical failures, and what 
performance improvements can reduce injury 
potential.  There needs to be a similar criterion 
for neck injury in rollover crashes.   
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3. Determine the appropriate human head impact 
and neck tolerance for use as injury criteria in a 
standard.  There is a substantial body of 
biomechanics research that shows human head 
and neck tolerance levels or injury criteria under 
various impact conditions.  The Head Injury 
Criterion (HIC) is generally accepted as a 
measure of the potential for closed head injury.  
We have advocated that an axial neck force 
loading of 7,000 N be adopted as the neck injury 
criterion for this purpose.  A neck shear and a 
moment tolerance would also be useful.    

4. Develop a test or tests that reasonably emulate 
the critical aspects of roof performance under 
highly controlled conditions of rollover that 
currently produce serious to fatal head or neck 
injury.  Identify the salient features of rollovers 
that can be repeatedly and reproducibly tested on 
vehicles at reasonable cost.  The test must 
reasonably discriminate between roofs that 
provide good occupant protection in the field and 
roofs that inflict or contribute to occupant injury 
in rollovers.   

 
     There are several aspects of the process of 
developing a compliance standard that are critical.  
The results of any compliance test must be compared 
with performance under actual rollover conditions of 
a vehicle that can pass the test to ensure that passing 
the test is consistent with good rollover occupant 
protection performance.  Similarly, vehicles that 
perform poorly under actual rollover conditions 
(which include virtually all contemporary vehicles) 
must also fail the compliance test.  Another way of 
looking at this question is that if a proposed test is 
conducted on a vehicle that has a stronger roof (such 
as a Volvo XC 90 and a 2003 Subaru Forrester that 
Willke showed could sustain significantly more than 
four times its weight in force on its roof to 150 mm 
(6 inches) of roof crush in a FMVSS 216 test.) and a 
poor or marginal performer (most other 
contemporary vehicles) the former should be able to 
pass the test while the latter should not. 
 
     FMVSS 216 has used a quasi-static test for 
decades.  There are serious questions about the 
degree to which a quasi-static test can fully deal with 
the question of rollover occupant protection, but there 
are good theoretical and practical reasons for using 
such tests for a minimum standard to represent a 
dynamic phenomenon.  However, quasi-static tests 
have limitations.  For that reason, NHTSA 
abandoned its original quasi-static side impact test in 
favor of a dynamic test.   
 

     We have previously reported on our Jordan 
Rollover System, a repeatable dynamic rollover test 
device that has the flexibility and the precision to 
determine the adequacy of a quasi-static roof strength 
test.  We have found that a roof with a strength-to-
weight ratio that is as high as 3.5, when measured 
according using the FMVSS 216 procedure, is 
unlikely to ensure reasonable rollover occupant 
protection performance.  We strongly suspect that it 
would require a strength-to-weight ratio of at least 
4.5 to 1 in this test to ensure such protection.  As we 
have said before, a major problem with FMVSS 216, 
which makes such high strength to weight ratios 
necessary, is that the test angles are too shallow to 
emulate realistic rollover conditions, and it tests only 
one side of the roof.   
 
     The experimental evidence demonstrates that the 
injury mechanism in rollovers is from the speed of 
intrusion of the roof into an occupant’s head that 
results from structural failure, and is not directly 
related to residual crush.  The intrusion amplitude at 
the dummy’s head (wherever the head is likely to be) 
must be at least several inches and the maximum 
intrusion velocity for a neck injury must be more than 
14 ft/sec to injure most healthy individuals.  For a 
head injury the velocity must be at least 22 ft/sec.  
Because modern, lightly loaded vehicles roll with as 
much as 10 degrees of pitch (as evidenced by front 
fender contact when inverted) the rapid intrusion 
begins after the windshield has fractured or 
separated, when the front, initially trailing side of the 
roof sustains an increasingly lateral force from its 
contact with the ground.   

 
     Under these conditions, the ground contact region 
of a weak roof will deform toward the vehicle’s 
center of gravity in either a matchbox motion or with 
buckling of the roof’s structural elements and panel.  
The structural buckles are the result of bending at 
their ends, or toward the center as a result of end 
loading.  A structure that is buckling near its mid-
point moves transversely at 3 to 4 times the speed of 
the end that is sustaining the buckling force, and can 
inflict serious injury to or through an occupant’s head 
that is in its path.  Much of the tempered side glazing 
also fails when structural elements surrounding it 
buckles, opening avenues for partial or complete 
ejection.   

 
     While a quasi-static test can verify a strong roof’s 
strength, it is unlikely to show the dynamic failure 
mechanism of a weak roof, particularly if the load is 
applied in a direction that is not representative of the 
forces that the roof will encounter in an actual 
rollover.  If a roof’s structure were essentially elastic, 
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the correspondence between the quasi-static and 
dynamic test would be fairly good, but actual roof 
structures behave in a highly non-linear fashion, with 
major losses in strength when the windshield fails 
and when key structural elements buckle.  It is this 
behavior that may not be adequately demonstrated by 
a test such as FMVSS 216, even if the force criterion 
were raised substantially. 
 
     On the other hand, quasi-static testing at a more 
realistic angle could provide a better picture of a 
roof’s ability to resist the actual forces of a rollover 
impact with the ground.  Under these conditions, a 
force as low as 2.5 times the vehicle’s weight would 
be likely to ensure good rollover occupant protection.   

 
     We have confirmed that a roof that can sustain a 
load of 2.5 times the vehicle weight in a two-sided 
roof crush test at realistic loading angles can sustain 
loading from a dynamic rollover tests on the Jordan 
Rollover System without roof intrusion velocities that 
would inflict head or neck injuries.  Our analysis of 
NHTSA’s selected case files confirm, from an 
occupant protection perspective, what a quasi-static 
roof strength test must achieve.  If the agency does 
not substitute a dynamic rollover test for FMVSS 
216, it must at least confirm the effectiveness of the 
test procedure and criteria it proposes with a dynamic 
rollover test that measures the intrusion velocity at 
the occupants head. 
 
     It would be unscientific and unconscionable to 
promulgate a revised standard without confirming its 
effectiveness under dynamic conditions using one of 
the available dynamic test procedures to confirm the 
tests validity.  We have offered our Jordan Rollover 
System and our other test equipment for this purpose. 

 
ALTERNATIVES TO REGULATION 
 
     The imposition of an FMVSS is not the only 
mechanism for improving motor vehicle safety 
performance.  NHTSA has used the New Car 
Assessment Program (NCAP) with some success to 
improve frontal and side crash performance as well 
as rollover resistance of new vehicles.  The 
advantages of a consumer information program such 
as NCAP are that they (1) impose no requirements on 
automakers, (2) impose no lead time for achieving 
particular performance levels, (3) can specify 
multiple levels of safety performance rather than just 
a minimum, and (4) have been reasonably effective in 
encouraging manufacturers to strive for higher levels 
of safety performance.  
 

     It is unfortunate that manufacturers generally do 
not compete on safety in the absence of high quality, 
widely-disseminated consumer information.  There 
are some interesting exceptions, however.  Volvo has 
a somewhat deserved reputation for making safer 
vehicles.  Certain safety equipment, such as 
electronic stability systems and side curtain air bags, 
has been voluntarily offered as standard equipment 
on luxury vehicles and as optional on others.  Some 
equipment, such as side impact air bags and safety 
belt pretensioners, is not required but can help 
manufacturers meet some FMVSS.   
 
     Concern over product liability or bad publicity has 
apparently caused some manufacturers to include 
certain safety features or performance that goes 
beyond what is required.  Manufacturers, fearing bad 
publicity, formed a committee to write voluntary 
guidelines for crash compatibility between SUVs and 
passenger cars.  A similar committee on SUV 
rollover safety was promised, but was never formed. 
 
THE SCIENCE OF ROLLOVER OCCUPANT 
PROTECTION 
 
     A critical factor in the debates over what happens 
to occupants in rollovers and over whether and how 
occupants might be protected is the lack of a 
comprehensive attempt to apply scientific methods to 
these questions.  In fact, there has been little serious 
debate aimed at resolving these questions within a 
proper scientific forum. 
 
     Much of the research and testing that has been 
done within the industry, such as the development of 
and testing conducted with the Controlled Rollover 
Impact System (CRIS), has been aimed at trying to 
prove the thesis that a strong roof cannot improve the 
survivability of rollovers.  While the testing 
conducted by General Motors, generally referred to 
as the Malibu tests, has given us an important and 
valuable data source on the subject, it required a 
massive effort to get the company to release the 
detailed data and film from these tests.  Furthermore, 
some of the interpretation provided in scientific 
papers by those who conducted the tests has been 
misleading and highly controversial at best. 
 
     A major exception is the unpublished and 
(unfortunately) confidential work conducted by 
Volvo in its development of the XC90 utility vehicle.  
In essence, Volvo recognized the obvious: if there is 
no major impact between an occupant’s head and the 
vehicle roof, there can be no head or neck injury.  
From this principle, Volvo developed a stronger roof 
structure and restraint system, with rollover triggered 
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pre-tensioners that reduces the severity of, or 
prevents such contact.  
 
     NHTSA has conducted only limited testing and 
analysis to assess rollover occupant protection.  
However, some of this work has been inconclusive 
and its research design has been questionable (see 
discussion of recent NHTSA testing above).  
Furthermore, NHTSA has devoted little of its 
biomechanics resources to developing a well-
accepted neck injury criterion.  We have attempted to 
conduct research and testing to resolve these issues, 
but lack of funding has limited what we can achieve.  
The only other major institution that might have the 
resources to enter this debate, the Insurance Institute 
for Highway Safety, has neglected any significant 
research or testing in this field. 
     There have been papers presented in various 
meetings and journals discussing aspects of the 
question ranging from the biomechanics of head and 
neck injury to analyses of rollover crash data.  
However, even the refereeing of these papers and 
discussions following such presentations have not 
ensured that the best science on the subject has 
gained prominence and general acceptance.   
 
     Using the NHTSA [Blincoe] study as a basis, we 
estimate that the direct economic cost of rollover 
occupant injuries and fatalities is conservatively well 
over $20 billion (and the public’s willingness to pay 
for eliminating a majority of rollover casualties 
approaches $100 billion per year).  Thus, the 
potential for even a modest reduction in such 
casualties would justify a major investment in 
research, development and testing.  Once we have 
found reasonable, practicable performance goals, the 
cost of these losses would further justify a significant 
expenditure in improving the rollover occupant 
protection performance of motor vehicles.  It is a 
great tragedy – certainly equivalent to other major 
public health challenges – that our society has yet to 
make commitments to proper scientific resolution of 
these issues, and investments that would halt this 
unnecessary loss of life and limb. 
 
EVIDENCE IN THE RULEMAKING DOCKET 
  
     A major body of test data, research and other 
information exists that should be used to shape and 
support an amendment of FMVSS 216.  The authors 
have submitted massive amounts of information and 
analysis to the docket (NHTSA-1999-5572) to help 
the agency in this work.  Perhaps the most critical 
information was the following: 
• The General Motors Malibu tests from the 

1980s.  These fully instrumented FMVSS 208 

dolly rollover tests compare the performance of 
production 1983 Chevrolet Malibu sedans with 
the performance of similar vehicles that have had 
a strong roll cage installed within them.  Tests 
were conducted both with unrestrained Hybrid 
III dummies in the front seats and with dummies 
restrained by three-point belts that have cinching 
latch plates to limit excursion.  The extensive 
photographic documentation and instrumentation 
used in these tests provides an excellent source 
of detailed information on what happens in 
rollovers, and particularly on the effect of a 
strong roof on rollover occupant protection. 

• Extensive biomechanics research conducted on 
both cadavers and on Hybrid III dummies that 
gives good evidence on human neck injury 
tolerance and what injury criteria should be used 
for the Hybrid III in testing.  We have 
consolidated the results of these papers 
[Nusholtz, Nusholtz, Sances] and have 
determined that a head impact speed of between 
7 and 10 mph (which corresponds to a neck load 
in excess of 7,000 N on a Hybrid III dummy) is 
the threshold for cervical spine injury to a 
normal human being. 

• Numerous internal research and test documents, 
primarily from General Motors Corp. and the 
Ford Motor Co. that show that these companies 
understood far more about their vehicles’ 
performance under both quasi-static test 
conditions and actual rollovers than they 
revealed in their docket comments in FMVSS 
216 rulemaking.  In particular, there are 
documents showing that the strength of their 
roofs in FMVSS 216 tests was highly dependent 
on windshield integrity and that the strength of 
their roofs under the more lateral loading that is 
typical of far side roof impacts was substantially 
less than under the loading specified in FMVSS 
216.  Many of these documents have been 
included in the submissions by the authors to 
Docket NHTSA-1999-5572. 

 
CONCLUSIONS 
 
     Analyses of the NASS crash data can be combined 
with rollover test data to develop a realistic test for 
roof crush resistance and to determine what other 
countermeasures that would produce a substantial 
reduction in rollover occupant injuries.  The specific 
considerations we found in our analysis of the 
available data include the following: 
• An effective safety belt use reminder, as 

recommended by the Transportation Research 
Board of the National Academy of Sciences, 
Committee for the Safety Belt Technology 
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Study, should be part of any program of rollover 
occupant protection.  Of course, this would have 
benefits far beyond protection in rollovers.  

• The primary roof damage, and occupant head 
and neck injury occur on the initially trailing side 
of the vehicle where the roll angle of the force is 
greater than 25º.  Thus, a test conducted by 
simply increasing the force criterion in FMVSS 
216 will not accurately capture the critical aspect 
of roof performance under actual rollover 
conditions.  It is important to recognize that the 
roll angle at which a significant force is applied 
to the roof continues to increase as a weak roof 
contacts the ground and the roof collapses.  The 
Malibu tests have shown that strong roof tends to 
contact the ground for a shorter period of time so 
that the mean roll angle of the force is lower for 
a stronger roof.   

• A minimum requirement for roof crush 
resistance must test the roof at a pitch angle of 
10º and under conditions of initially trailing side 
roof impacts.  These impacts are at roll angles 
substantially greater than the 25º roll angle 
specified in the present FMVSS 216 standard.   

• A test conducted by simply increasing the angles 
in FMVSS 216 without making some provision 
to ensure that the force is applied primarily to the 
upper part of the roof will not accurately 
measure roof crush resistance.   

• Some attention must be given to the need for 
preserving the integrity of side windows 
(particularly the front side windows) in a 
rollover.  There is strong evidence from the 
Malibu rollover tests that tempered side glazing 
breakage can be reduced by a strong roof.  More 
attention in vehicle design to preserving the 
integrity of side glazing under rollover 
conditions will reduce both partial and full 
ejection of occupants in rollovers.  This would 
be particularly important for reducing partial 
ejection of responsible occupants who are 
wearing safety belts. 

• The excessive roof damage observed on light 
trucks strongly suggests that their roof geometry 
– width, flatness, and the distance of the corners 
of the roof from the vehicles’ principal axis of 
rotation – play a role in determining roof crush 
resistance even at the same force levels.  Thus, a 
test of roof crush resistance should take this 
geometry into account in some way.  Testing at 
an angle significantly greater than 25º may help 
to address this question. 

• A quasi-static test of roof crush resistance 
applied to a strong roof will give similar results 
regardless of the details of its application.  Thus, 

it is important that the test be designed in such a 
way that the weaker roofs of most contemporary 
light vehicles will fail, but strong roofs will 
crush relatively little – and will not collapse or 
buckle – under application of realistic forces.  In 
particular, the test should ensure that the 
windshield cannot be used as a major contributor 
to roof crush resistance if it will routinely fail in 
an actual rollover.    

 
     It is clear from the cases in the NASS file 
provided by NHTSA that vehicle roofs are 
performing very poorly under typical rollover 
conditions.  Some automakers, and particularly 
General Motors, have argued that head and neck 
injuries to occupants in rollovers are not related to 
roof crush.  GM Safety Executive Robert C. Lange, 
for example, recently said, “There is no relationship 
between roof strength and the likelihood of occupant 
injury given a rollover.” NHTSA has also suggested 
that ejected occupants would not be helped by having 
greater roof strength.  In the analysis presented in 
their 2001 notice [NHTSA (2)], the 13,374 “Ejected 
Seriously Injured Occupants in Light Vehicle 
Rollover Crashes” were essentially dismissed as if 
roof crush was not relevant to those injuries. 
 
     We strongly disagree with both of these 
conclusions.  The 273 NASS cases make the point 
that head and neck injury – particularly to restrained 
occupants – correlate highly with roof crush; and that 
a majority of such injuries occur on the initially 
trailing side.  Furthermore, both partial and complete 
ejections strongly correlate with roof crush and the 
consequent destruction of side glazing.  Rollovers 
involve crash energy management (absorption) rates 
that are an order of magnitude lower than the rates 
for survivable frontal and side crashes.  (The 
requirements of FMVSS 208 involve absorption of 
the kinetic energy of a 30 mph barrier impact, the 
energy of which is the square of the vehicle speed.  
FMVSS 214 defines the side impact requirement 
from a barrier moving at 33.5 mph, but with the 
energy absorption being somewhat lower because a 
rigid barrier is not involved.  A rollover involves roof 
impacts at speeds of less than 5 mph.)   If occupants 
can be contained within the vehicle and if the 
occupant compartment can keep its basic integrity, a 
good restraint system and roof padding should keep 
occupants’ heads from roof contacts that produce 
head and neck injuries. 
 
     If NHTSA wants to reduce injuries in rollovers, 
and intends to comply with Federal administrative 
law, it has ample evidence on which to propose 
amendments to its standards.  Compliance with 
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strong roof crush requirements will substantially 
reduce serious rollover occupant injuries and will not 
be particularly costly or difficult to meet.  There is 
little excuse for failing to understand and use the 
available evidence to propose effective amendments 
to its standards that will dramatically reduce rollover 
casualties. 
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Figure A1.  GM Memorandum on the role of windshield glazing in roof crush. 
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ABSTRACT 
 
     The objective of this study was to prioritize the 
variables that could be transmitted with an ACN 
(Automatic Crash Notification) signal.  The main 
purpose of transmitting these variables is to assist in 
early identification of those occupants with time 
critical injuries.  For the purposes of this study, all 
MAIS 3+ injuries were classified as time critical.  
The basis for prioritizing crash variables was based 
on their ability to identify MAIS 3+ injured 
occupants in the National Automotive Sampling 
System- Crashworthiness Data System (NASS/CDS) 
dataset.   
 
     In this study, multivariate models to represent 
crash events were developed based on historical crash 
data from the years 1997-2003.  The analysis 
established a relationship between crash attributes 
and crash outcomes for all passenger vehicles in the 
database. 
  
     The resulting analysis provided a ranking of crash 
variables in order of importance.  Crash severity 
(Delta-V) was found to be the most important 
variable for all planar crash directions.  The addition 
of other crash variables improved the accuracy of the 
injury prediction algorithm.   
 
     For frontal crashes important secondary crash 
variables include: 3-point belt usage, multi-impact 
crashes, occupant age and the presence of more than 
6” of intrusion.   For near-side crashes, the most 
important secondary variables were occupant age, 
narrow object crashes, and the presence of intrusion.  
For far side crashes, the most important secondary 
crash variables were 3-point belt usage and the 

occurrence of a narrow object crash.  Rollover was 
found to be a high risk event that predicted high 
injury risk independent of Delta-V if 3-point belts 
were unused.   
 
     The paper will show the relative importance of the 
crash and occupant variables by crash direction. 
 
INTRODUCTION 
 
     The emergence of Automatic Crash Notification 
(ACN) Systems provides the ability to rapidly 
determine the location of motor vehicle crashes.  
When a crash occurs that is severe enough to cause 
injuries, the ACN system automatically transmits 
GPS position data to a telematics service provider.   
The exact location of the crash is immediately 
determined by the service provider who, in turn, 
notifies the closest rescue center.  If the occupants of 
the crash involved vehicle can communicate verbally, 
the telematics service provider may interact with 
them to determine their emergency needs.  ACN 
systems have the potential to greatly reduce 
notification time and improve the accuracy of 
location data transmitted to rescue teams [1,2,3]. 
 
     Improved safety systems in motor vehicles are 
protecting crash victims from many of the injuries 
that are recognizable from physiological responses 
making the detection of residual injuries more 
difficult [4,5,6].  A growing challenge to acute care 
providers is the identification of those crash victims 
who suffer from time critical injuries.   
 
     Modern motor vehicles are equipped with sensors 
to measure a number of factors to permit decisions 
regarding the deployment of safety systems.  Much of 
the information used to deploy safety systems would 
also be useful in determining the risk of injury to 
occupants.   The information measured may vary 
from vehicle to vehicle.  However, it generally 
includes a measurement of the crash severity such as 
the change in velocity during the crash and the 
direction from which the vehicle was impacted.   
 
     Ongoing research first initiated by the National 
Highway Traffic Safety Administration (NHTSA) 
investigated methods to interpret crash attributes that 
could be recorded in the vehicle and transmitted with 
an ACN call to assist in identifying the crashes and 
crash victims that are most likely to suffer time 
critical injuries [7,8,9].   
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     The transmitted information would be examined 
by care providers and compared with injury 
experience in similar crashes to estimate the risk of a 
time critical injury and a series of injuries which may 
be present.  When the emergency crew arrives on 
scene, additional information can be obtained and 
transmitted. 
 
     Based on crash circumstances, the potential for 
occupant injury in the event of a motor vehicle 
collision depends on three key attributes. 

• the magnitude of loading experienced by the 
occupant 

• the means through which the load is 
transferred to the human body 

• individual characteristics of occupants 
which effect their tolerance for injury 

 
     To formulate an algorithm which estimates the 
potential for injury in the event of a collision, crash 
attributes must be selected which best characterize 
the conditions cited above.  The methodology used to 
interpret these crash conditions for prioritization of 
rescue services is called the URGENCY Algorithm.  
 
     Current Automatic Crash Notification Systems 
(ACN) are triggered following crashes severe enough 
to deploy airbag systems.  This is an approximate 
severity threshold.  If a notification of emergency 
services was made for every crash exceeding these 
thresholds, a percentage of the population requiring 
help would benefit from rapid notification of rescue 
and subsequently receive care.  At the same time, a 
group of occupants who were not severely injured 
may also receive care in the event that their crash 
exceeds this approximate threshold.  For many, high 
level rescue care may not be necessary at all. 
  
     It should be noted that additional characteristics 
regarding crash severity may be obtained by current 
ACN systems from verbal communications with 
crash involved occupants as well as on-lookers.  For 
this reason, it should not be assumed that rescue is 
dispatched for every ACN call exceeding airbag 
deployment thresholds.  For the purpose of this study, 
the prioritization of crash variables presented below 
assumes that no other information other than airbag 
deployment is available from which crash severity 
can be assessed. 
 
     For frontal crashes, the approximate severity 
necessary for airbag deployment corresponds to a 12 
mph deltaV for first generation airbag systems.  In 
recent model year vehicles, the threshold for airbag 
deployment could vary based on the use of 3-point 
belts as well as seating position and occupant size.  If 

an adult is properly seated and belted during a frontal 
crash, the threshold for airbag deployment may be 
higher due to decreased need for a supplemental 
restraint.  The deltaV may be approximately 16 mph 
or higher for frontal crashes.  Seat belt usage is an 
example of a factor which may influence the risk of 
serious injury in a crash.  For side impact crashes, the 
threshold for deployment may be as low as 7-8 mph.  
Using these approximations, a baseline estimate of 
injured occupants who would be correctly identified 
in the field can be made.   
 
     Table 1 below shows annual counts for injured 
occupants by crash mode.  Table 2 identifies the 
percentage of injured and non-injured occupants 
whose crashes fall above the approximated airbag 
deployment thresholds described above.  This data 
was derived from tow-away crashes in NASS/CDS 
from 1997-2003 where crash direction is known. 
 

Table 1.  Annual tow-Away Crash injuries by 
crash direction (NASS/CDS 1997-2003 average) 

 

Crash Mode 
MAIS3+  
Injured 

Non-
MAIS3+  
Injured 

Frontal 54,508  2,165,571  
Nearside 14,124  260,382  
Farside  7,025  257,386  
Rear 2,451  339,077  
Rollover (w/o 
planar deltaV) 

           
22,744  

          
336,443  

 
Table 2.  Injured and non-injured occupants at or 

above airbag deployment thresholds by crash 
direction (NASS/CDS 1997-2003 average) 

 

Crash Mode 
(cutoff 
value) 

MAIS3+ 
Injured  
Exceeding 
Cutoff DeltaV 

Non-MAIS3+ 
Injured  
Exceeding 
Cutoff DeltaV 

Frontal  
(16 MPH) 69.7% 22.5% 

Nearside 
(8 MPH) 98.8% 67.8% 

Farside  
(8 MPH) 98.9% 69.0% 

Rear 
(16 MPH) 78.9% 20.6% 

Rollover  0.0% 0.0% 
 
     The data shown in Table 2 serves as a baseline for 
this study.  Next, the usefulness of including 
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additional characteristics during the transmission of 
an ACN signal is quantified through a comparison 
with the accuracy of current technology.  
 
METHODOLOGY 
 
     The goal of this study was to quantify the 
frequency that today’s ACN systems would 
accurately distinguish occupants who need immediate 
medical attention from those who do not.  Additional 
parameters were identified that could be transmitted 
by future ACN systems to refine the criteria used to 
distinguish occupants in need.  The relative rate that 
occupants are correctly flagged as likely to be 
severely injured versus non-severely injured are 
presented with the inclusion of each of these 
additional variables. 
 
     This study addresses passenger vehicle occupants 
over the age of 16 who may have severe or time 
critical injuries following a crash.  This category 
includes occupants who sustained at least one or 
more AIS3 injury or those who were fatally injured 
during a crash due to trauma.  Throughout this text, 
these occupants will be referred to as MAIS3+ 
injured occupants. 
 
Source Data 
 
     Data including occupant injury severity as well as 
all details describing the crash event were derived 
from the National Automotive Sampling System- 
Crashworthiness Data System (NASS/CDS) [10].   
Within NASS/CDS, specific injuries sustained, 
including their severities, are recorded allowing for 
the direct association of crash conditions with crash 
outcomes as used in this study. 
 
     NASS/CDS case data has been collected since 
1988 by the National Center for Statistics and 
Analysis and is a sample of tow-away crashes that 
occur within the US.  The data is used to monitor the 
effectiveness of traffic safety programs and to 
provide a resource to understand the relationship 
between the type and seriousness of crashes and their 
associated injuries.  To qualify for inclusion, the 
crash must have a police report, be reported to the 
state, involve a “harmful event” (defined as property 
damage, personal injury, or both) and occur as a 
result of a non-stable situation deemed accidental 
(non-intentional, non-disease related or not due to a 
natural disaster). 
 
     Each investigated crash must involve a motor 
vehicle in transport on a public roadway and must 
involve at least one towed vehicle. At each sampling 

site the research team investigates a subset of police 
reported crashes.  One of 24 teams of crash 
researchers throughout the country investigates the 
each crash and collects all relevant data.  For this 
investigation, detailed review of police accident 
reports, hospital records, out-of-hospital care records, 
photographs of the vehicles, and the vehicles 
themselves are conducted. With the sampling 
process, the data are weighted to represent the 
nationwide incidence of crashes and resulting 
injuries.  Based on the probability of sampling, a 
weighting factor is assigned to each case so that its 
characteristics may be projected to the total 
population. 
 
Model Creation 
 
     A review of crash characteristics as well as 
occupant characteristics available within the 
NASS/CDS dataset was conducted to identify the 
most influential variables for crash severity 
assessment.  These characteristics were compiled 
based on findings from available literature as well as 
the real life experience of the University of Miami 
CIREN team during crash case collection since 1991. 
 
     In order to take into account multiple factors 
influencing crash severity and the likelihood of 
injury, multiple regression techniques were used.  
Since the outcome of interest could fall into one of 
two categories (MAIS3+ injured or non-MAIS3+ 
injured), binary logistic regression is ideally suited 
for the analysis.  In addition, certain high severity 
crash attributes like the occurrence of complete 
occupant ejection were assumed to indicate high 
probability of severe injury even in the absence of 
other crash factors.  
 
     Binary logistic regression relates the contribution 
of independent predictor variables (crash conditions) 
with dependant outcomes (injury).  Using the 
Principle of Maximum Likelihood, an estimate of the 
likelihood of the outcome (injury) is derived on a 
scale from 0 to 100% probability.  
 
     Equations 1-2 show the mathematical relationship 
between crash characteristics and injury outcome 
probability following logistic regression model 
creation.   The regression parameters including the 
Intercept, β1, β2… shown below are based on a least 
squares fit of existing historical crash data from 
NASS/CDS. 
 
Eq. 1: 

221 **)( factordeltaVInterceptw ββ ++=  
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     Each logistic regression model was trained using 
NASS/CDS 1997-2001 data.  2003 and 2003 datasets 
were used to evaluate the accuracy of the resulting 
models.  As an example, Table 3 below lists 
parameter estimates for a model relating the deltaV 
continuous variable deltaV to the likelihood of 
MAIS3+ injury.  This model assumes average values 
for all other crash factors which may influence the 
risk of injury.  
 

Table 3.  Logistic Regression model parameters 
including deltaV only by crash direction 

 
Crash Mode Parameter Estimate 
Frontal Intercept -4.2052 
  DeltaV 0.1157 
Nearside Intercept -4.0652 
  DeltaV 0.181 
Farside Intercept -4.5426 
  DeltaV 0.1384 
Rear Intercept -5.5143 
  DeltaV 0.1303 

 
     Figure 1 shows the resulting risk of MAIS3+ 
injury which may be calculated using Equations 1-2 
for crashes by deltaV.  DeltaV estimates the 
difference between pre-impact and post-impact 
velocity as a function of the damage of a vehicle 
involved in a crash.  Figure 1 shows that as deltaV 
increases, the risk of injury increases from 0 to 100% 
risk.  Crash direction influences these relative values 
considerably due to differences in available occupant 
protection, crush space and human tolerance to 
injury. 
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Figure 1. MAIS3+ injury risk by deltaV 
and crash direction 

 

     With the knowledge of additional parameters, 
logistic regression may be used to simultaneously 
interpret multiple pieces of crash data in addition to 
deltaV as shown above.  Logistic regression uses the 
method of least squares to simultaneously consider 
crash factors that may be influential.  As additional 
parameters that are influential to injury outcome are 
added to the model, the fit and predictive accuracy 
will increase.  This accuracy includes the correct 
classification of both injured and uninjured 
occupants. 
 
     Before the creation of each logistic regression 
model, all relevant crash attributes were reviewed for 
consistency and reconditioned when appropriate 
using SAS version 8.2. All regression models were 
created using SAS callable SUDAAN.  SUDAAN is 
a statistical package which allows for the analysis of 
complex sample data like NASS/CDS.  It allows for 
the correct interpretation of sample variances for 
multi-stage, clustered samples.  
 
     As previously mentioned, the binary outcome 
variable MAIS3+ was used in the analysis to 
distinguish injured from non-injured.  For this study 
MAIS 7 were considered unknown unless a fatality 
occurred.  These occupants were discarded from the 
analysis. Cases where missing values exist for any 
model variable are unusable for model training as 
well as testing and were therefore discarded as well. 
 
Criteria for the Recognition of Injured Occupants 
 
     For the purpose of this study, any occupant whose 
risk of injury exceeds 10% will be classified as 
potentially injured. This threshold was selected so 
that any potential improvements in data transmitted 
could be directly compared with the current 
performance of existing ACN systems.   
 
     As previously explained, current ACN systems are 
typically triggered at crash severities corresponding 
to the threshold for airbag deployment.  Figure 1 
indicates that the risk of MAIS3+ injury for frontal 
crashes at 16 mph (frontal airbag deployment 
threshold) is slightly less than 10%.  The goal of this 
study is to identify that additional crash parameters 
should help to refine a crash severity estimate 
currently based on a deltaV threshold alone.  This 
threshold corresponds to a 10% risk of MAIS3+ 
injury.  As model improvements are made with the 
addition of relevant crash characteristics, crashes that 
may be incorrectly classified above or below this 
threshold value will be better described and, in turn, 
more accurately categorized.  
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     As additional data is made available for crash 
severity assessment by ACN systems, the relative 
improvement to the classification of injured versus 
non-injured occupants can be easily evaluated using a 
similar threshold for ACN triggering.   
 
Crash Characteristics Evaluated 
 
     A review of relevant crash characteristics was 
conducted to identify factors which influence the risk 
of injury given that a motor vehicle crash has 
occurred.   The review is broken into four primary 
sections defining impact characteristics, crash 
outcomes in terms of vehicle performance, occupant 
attributes and the influence of restraint systems on 
injury severity.   
 
     These characteristics include impact speed or 
deltaV, crash direction, degree and location of 
vehicle damage.  Some of these characteristics can be 
measured by existing on-board vehicle sensors, 
however, verbal collection of many of these crash 
attributes is possible.  Additional information 
describing occupant characteristics and restraints 
used during an event provide further insight into an 
occupant’s likelihood for severe injury. 
 
     Below, a discussion of the importance of each 
variable is presented.  Additionally, relevant findings 
of other studies are presented in support of variable 
selection for further modeling. 
 
     DeltaV- Pre impact speed has been recognized as 
an indicator of injury severity due to its direct 
relationship with occupant loading during a crash. In 
order to estimate the change in vehicle speed that 
occurs during a crash, the delta velocity or deltaV is 
calculated by crash investigators. This parameter 
quantifies the magnitude of impact energy absorbed 
by a vehicle structure in the lateral and longitudinal 
directions during a collision. For this calculation, post 
crash vehicle measurements of deformation are used 
in conjunction with vehicle stiffness values and post 
impact trajectory to estimate the impact energy 
absorbed. Based on the mass of the vehicle, the 
energy absorbed may be used to estimate the pre-
impact vehicle speed or deltaV. 
 
     DeltaV in the longitudinal and lateral directions 
have been identified as the best general predictors of 
crash severity.  All calculations using deltaV are in 
MPH. 
 
     Crash Mode- The ability to manage the kinetic 
energy of a vehicle and occupant depends largely on 
the primary direction that decelerating forces are 

applied.  For example, frontal crush zones, seatbelts 
and frontal airbag systems help to manage energy 
along the longitudinal axis of the vehicle. Similarly, 
these features like seatbelts and frontal airbags do not 
provide significant protection or benefit for high 
severity lateral crashes. 
 
For this study, crash mode has been categorized using 
Collision Deformation Classification (CDC) data 
collected by NASS/CDS investigators.  Each mode is 
categorized as follows: 
 
Frontal:  (PDOF≥11 and PDOF≤1, Any Seating 

Position) or (PDOF=10 or 2 where 
General Area of Damage is Front) 

 
Nearside: (PDOF≥2 and PDOF≤4, Right Seating 

Position, General Area of Damage is 
Right) or (PDOF≥8 and PDOF≤10 and, 
Left Seating Position, General Area of 
Damage is Left) 

 
Farside: (PDOF≥2 and PDOF≤4, Left or Middle 

Seating Position, General Area of Damage 
is Right) or (PDOF≥8 and PDOF≤10 and, 
Right or Middle Seating Position, General 
Area of Damage is Left) 

 
Rear:   PDOF≥ 5and PDOF≤7 
 
     These crash categories were published and applied 
by NHTSA during the Final Economic assessment of 
the FMVSS Advanced Airbag Final Rule [11]. 
  
     3-Point Belt Use- The kinetic energy of the 
occupant, which is also proportional to his or her 
mass, must be similarly transferred or dissipated.  
The goal of energy absorbing restraint systems is to 
match the deceleration of the occupant closely with 
the controlled deceleration of the vehicle structure 
but also to absorb a portion of the occupant's kinetic 
energy such that their overall deceleration and force 
distribution falls below their threshold for injury. 
 
     The influence of safety belt usage on injury and 
fatality outcomes has been well documented.  In a 
2000 report by NHTSA, 3-point belt effectiveness 
was evaluated using the double-pair comparison 
method [12].  The study examined fatality counts for 
drivers and right front passengers where one, neither, 
or both occupants are wearing safety belts during a 
crash event. Fatality differences for the belted 
population vs. the unbelted population provide an 
accurate means to assess seatbelt effectiveness based 
on individual case outcomes.  Overall, the total 
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reported value for seatbelt effectiveness was 45.2% 
for all impact types combined. 
 
     Of particular interest is the variation in 3-point 
belt effectiveness for frontal, rear and rollover crash 
types when compared with nearside and farside 
crashes.  Findings of the NHTSA study identify that 
different mechanisms of injury occur by crash type.  
According to these findings, the contribution of belt 
usage varies in its influence of outcome based on 
impact direction and seating position. This data 
further supports the need for separate predictive 
models based on crash mode.  This approach takes 
into account considerable differences between 
occupant kinematics or loading and crash mode. 
  
     Other studies support the effectiveness estimates 
shown in the NHTSA study. Three-point belt usage 
was reported to reduce fatality risk by over 50% by 
Bedard et. al. for all crash modes combined [13]. 
 
     For the purpose of this study, any occupant (16 
years and older) whose manual belt use is coded as 
lap and shoulder is considered to be belted.  The use 
of automatic belts is considered belted as long as both 
lap and shoulder systems are used.   
 
     Rollover- Following ejections, the occurrence of 
rollover is the second most prominent crash attribute 
leading to occupant injury per occurrence.  Yet 
rollovers are far more numerous.  Occupant 
involvement in rollover crashes exceeds 350,000 
annually with 224,000 injured or killed during these 
events.  Of these, 200,000 occupants suffered minor 
to moderate injuries, 14,100 suffered from serious to 
critical injuries, and approximately 9,000 occupants 
are killed annually. Further, rollover crashes were 
found to constitute 2.2% of the crashes, but 33% of 
all costs due to injury [14]. 
 
     In some US counties, the independent use of 
rollover as a mechanism of injury meeting trauma 
criteria further supports its importance in the 
prediction of crash injury.  Based on NASS/CDS 
1997-2003 data, nearly 8% of unbelted occupants 
involved in a rollover crash sustained MASI3+ 
injuries.   
 
     A rollover crash event is defined as any crash 
involving one or more quarter turns about the roll or 
pitch axis of the vehicle.  When a rollover crash 
occurs in combination with a planar crash before or 
after the roll occurs, the risk of injury is compounded 
in proportion with each significant event that has 
occurred.  For the purpose of this study, if a planar 
crash event is coded as the highest severity event 

where the CDC indicates front, side or back damage, 
yet a rollover has occurred, the crash is classified as a 
planar event.  If no damage due to a planar impact is 
coded, and a rollover has occurred, the collision is 
considered a rollover.    
 
     Multiple Impacts- To correctly estimate the risk of 
injury during motor vehicle crashes, it is necessary to 
recognize when multiple impacts have occurred. By 
neglecting other impacts which may be considered 
less severe, an occupant’s total crash exposure and 
exposure to crash energy is not accurately 
established. 
 
     In order to accurately estimate the risk of injury as 
a result of a crash event, the primary direction of 
loading is fundamental. The correct classification of 
crash type has traditionally been based on the 
principle direction of force (PDOF) and general area 
of damage (GAD) for the most harmful event.  This 
event typically corresponds to the highest deltaV 
collision if multiple impacts occur.  If a second event 
occurs where its severity is considered less than the 
first, the added risk due to this second impact would 
often go unnoticed during most analyses. If this 
second event occurs in a crash direction which is 
different than the first (i.e. front then side), occupants 
would be exposed to a new set of risk factors 
between events. It is necessary to consider each 
distinct event which occurs during a crash to estimate 
injury potential. 
 
     Fay et. al. recognized that multiple impacts 
represent the greatest proportion of serious injury 
accidents in German data and the second highest 
proportion in UK data.  It was suggested that the 
effectiveness of restraint systems could decrease due 
to multiple impacts [15].    A 2002 study by Digges 
et. al. indicates that injury risk increases if multiple 
consequential events have taken place [16].   
 
     To address the occurrence of multiple impacts, 
models must account for this added risk.  Ideally, a 
deltaV value for each impact event could be analyzed 
to estimate injury risk by crash direction.  
Unfortunately, only the highest deltaV value is 
recorded for publicly available NASS/CDS cases.   
For this reason, a dichotomous variable indicating 
that more than one damage causing event has taken 
place is used. 
 
     Narrow Object Impacts- Impacts with narrow 
objects including posts, poles and trees are more 
likely to lead to serious injury due to an inability of 
the vehicle structure to safely absorb impact energy. 
With little structural interaction between narrow 
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objects and structural features of vehicles, greater 
crush depths and potential for compartment intrusion 
are significantly more likely. 
 
     A 1998 study by Pilkington found that pole 
crashes were six times more likely than other crashes 
to lead to fatality and three times more likely to lead 
to an injury when compared with car-to-car crashes 
[17].  Side impact crashes with posts and poles are 
particularly devastating due to limited crush space 
and close proximity of occupants to these intruding 
features. 
 
     During frontal collisions, narrow object impacts 
pose a significant threat to occupants due to short 
duration high severity decelerations of vehicle 
structures.  This more dangerous crash pulse results 
because narrow objects often do not interact with 
structural members designed to absorb impact 
energy.  Rather, poles and trees easily penetrate 
engine compartments until contact with the engine 
and other non-energy absorbing structures occurs. 
 
     Once this interaction takes place, the vehicle and 
occupant inside are rapidly decelerated.  This short 
duration, high magnitude deceleration often exceeds 
the expected performance of energy absorbing 
interior components designed to protect occupants. 
Injury often results under these conditions. 
 
     Intrusion- During collisions where intrusion into 
the occupant compartment occurs, the risk for serious 
injury greatly increases. In the event of a collision 
with a fixed or non-fixed object, the principle 
direction of force experienced by the occupant is 
often in a direction exactly opposite from the 
trajectory of intruding interior components. For this 
reason, the reduction in “flail space” is particularly 
important due to increased risk of contact with the 
component by the occupant. 
 
     This risk is especially evident in nearside crashes 
where little distance separates the occupant’s head, 
thorax and pelvis from potentially intruding 
structures. During frontal and rear crashes the 
likelihood that intrusion will occur is somewhat 
reduced; however, motion of the toepan, steering 
column, a-pillar, instrument panel and roof header 
toward the occupant can greatly increase chances of 
severe injury. 
 
     Within NASS/CDS, intrusion is coded in ranges 
of 1-3 inches, 3-6 inches, 6-12 inches, 12-18 inches 
and 18-24 inches.  This data is collected in 
centimeters equivalent to these ranges.  Because 
these classifications are not continuous, adapting 

them to a continuous scale is not straight forward. 
Further, the contribution of intrusion to injury 
potential for some crashes may have different 
implications for some crash modes versus others. For 
example, use of intrusion as a continuous variable for 
frontal and nearside collisions seems reasonable.  For 
farside and rear impact crashes, intrusion levels do 
not become critical until large values are reached.  
This behavior suggests different treatment of this 
variable based on crash direction. 
 
     In order to select the best cutoff criteria for 
intrusion for farside and rear crashes, the correlation 
of 6", 12" and 18" intrusion ranges were examined as 
they relate to outcome.  The result of this analysis 
indicates that intrusion greater than 12" should be 
used for farside and rear crashes to account for the 
possibility of occupant loading by intruding 
structures.  For frontal and nearside crashes, intrusion 
on a continuous scale is used. 
 
     Ejection- Each year 7,800 people are killed and 
7,100 are seriously injured due to partial or complete 
occupant ejections [18]. The majority of those fatally 
injured are unbelted and many are ejected during 
rollover crashes.  An investigation of rollover crashes 
and associated risk identified that 65 percent of 
rollover fatalities occur in the 8 percent of rollovers 
involving either complete or partial ejection.  A 1996 
analysis of state data by NHTSA identified that the 
relative risk of fatality is 72% less for non-ejected 
drivers versus those ejected and 68% less for non-
ejected front seat passengers versus those who are 
ejected. 
 
     Like rollover crashes, complete occupant ejection 
injury mechanisms automatically meet trauma criteria 
in most jurisdictions. Due to the great threat of 
serious injury for ejected occupants, knowledge of 
ejection occurrence is important to capture high risk 
occupants during even minor collisions. 
 
     Occupant Age- A number of studies have 
identified occupant characteristics which directly 
impact the seriousness of crash related injury. It has 
been established that the elderly driving population 
has a significantly higher risk of injury and 
subsequent complications compared with younger 
drivers [19,7,20,21].   Miltner et. al. recognized 
increased risk for abdominal, thoracic and extremity 
injury for the restrained elderly population in frontal 
crashes [22].  A 1997 study by Farmer et. al. found 
that occupants age 65 and older are three times as 
likely to be injured in all collisions compared with 
occupants 25 and younger [23]. 
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     Increased fatality risk for elderly populations has 
been shown in a number of studies including those by 
Evans, Miltner and Bedard.  The Miltner study 
reported a 30-45% increased fatality rate for 
occupants older than 59 when compared to those 
under 20. Finelli established that trauma mortality 
rates increased at age 55 (15% compared to 10% for 
those < 54 years of age) and doubled at age 75 
(20%).  Bedard reported an odds ratio of 4.98 for the 
driving population over 80 compared with those who 
are 40-49 years old.  Both Evans and Malliaris report 
fatality risk to increase linearly as a function of age 
while others suggest that the true nature of this 
relationship exhibits some non-linearity particularly 
for the very old. 
 
     For this study, occupants 16 years and older were 
included.  The study by Zhou et. al. indicated that 
occupants ages 16-35, 35-65 and 65 years and higher 
showed similar thoracic injury tolerances.  These age 
categories were considered to simplify age 
evaluations that may take place in the field; however, 
age used on a continuous scale provides a better 
estimate of increasing injury risk with age.  
 
     Occupant Gender- Occupant gender and its 
relationship with injury has been evaluated by many.  
Differences in the relative frequency of involvement 
by gender for each crash type and crash severity often 
mask the true nature of injury risk for males versus 
females.  An early study by Evans, using the double 
pair comparison method, provides a good indication 
of outcome differences seen by gender given that 
each group is exposed to the same crash environment.  
This study identified that fatality risk is 25% greater 
for females compared with males who are 15-45 
years old.   
 
     More recent findings by Bedard support those of 
Evans showing an increased fatality risk for female 
drivers with an odds ratio of 1.54 when compared 
with males for single vehicle crashes [13]. In the 
1997 study by Farmer, increased odds for AIS3+ 
injury were reported for nearside crash involved 
females while a decreased odds ratio was reported for 
far-side crash involved females. The far side findings 
were not shown to be statistically significant [23]. 
 
     Height and Weight- Mock et. al. investigated the 
combined effect of occupant body weight and height 
using the Body Mass Index (BMI).  This study 
identified an increased risk of mortality with 
increasing BMI during serious crash events [24]. The 
odds ratio for fatality was reported to be 1.013 for 
each kilogram increase in body weight using a 60 kg 
reference category.  An odds ratio of 1.037 was found 

for each unit increase in BMI (reference value 
BMI=20). BMI is calculated by dividing body weight 
in kilograms by the square of body height in meters. 
A BMI < 27 is considered normal, BMI > 27 and 
BMI < 31 is considered overweight while a BMI > 31 
is considered obese.  Findings of the Mock study 
support the concept that overweight and obese 
vehicle occupants are at a higher risk for injury than 
occupants with a normal body mass index.  
Augenstein et. al. identified increased risk for occult 
liver injury for obese occupants based on 
investigation of injury patterns for CIREN crash 
cases [5]. 
 
     Based on NASS/CDS analysis results, no 
conclusive evidence of the influence of BMI on 
injury was found when odds ratios for MAIS2+ and 
MAIS3+ injuries were reviewed. Unlike the odds 
ratio for injury, the fatality estimates comparing 
occupants who have a 
BMI > 31 and those having a BMI < 31, showed that 
the obese group had fatality odds 1.42 (95% CI 
1.393,1.449) times that of the non-obese group. 
 
RESULTS 
 
     During this study, crash factors that are not 
currently in use by ACN systems were evaluated to 
understand the degree to which they could improve 
accuracy of MAIS3+ injury recognition.  Changes in 
accuracy can be assessed by comparing the 
sensitivity and specificity for the baseline criteria 
including only a deltaV threshold by crash direction 
to potentially enhanced models including other crash 
attributes.  Those variables which directly increase 
the number of injured occupants recognized were 
prioritized ahead of those variables whose impact on 
increasing model specificity was more significant. 
 
     Model sensitivity is defined as the number of 
correctly identified injured occupants divided by the 
complete population of injured occupants. A 
sensitivity of 75% would indicate that three quarters 
of all those injured were correctly identified. While 
one quarter of the injured population were incorrectly 
flagged as uninjured. The specificity of a model 
indicates the percentage of a population which is 
correctly diagnosed as uninjured when they are, in 
fact, not injured. High sensitivity and high specificity 
are desirable characteristics for a predictive model. 
 
     Table 4 shows the baseline capture rates for a 
model including only deltaV, crash direction and 
knowledge of occupant seating position.  A 10% 
threshold for serious injury is applied here. 
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Table 4.  Baseline model performance by crash 
mode: includes deltaV, crash direction, seating 

position 
 

Crash 
Mode Sensitivity Specificity 
Frontal 63.0% 82.0% 
Nearside 92.1% 53.9% 
Farside 54.1% 85.4% 
Rear  41.6% 95.8% 
Rollover 0.0% 0.0% 

 
     An evaluation of models including baseline data 
(i.e. deltaV and crash direction) was conducted plus 
each of the following crash attributes individually.   
Each variable combination was applied against 
NASS/CDS data from 2002 and 2003 for frontal, 
nearside, farside and rear crashes. 
  
     Crash Attributes: 
 

3-Point Belt Usage 
Rollover Occurrence 
Complete Occupant Ejection 
Occupant Age 
Multiple-Impact Crash Events 
Narrow Object Collision 
Occupant Compartment Intrusion 

 
     Table 5 shows the performance of a model 
including deltaV, crash direction, occupant seating 
position and seatbelt usage.  The addition of 3-point 
belt usage to the baseline model showed the highest 
improvement in model sensitivity and specificity 
across all planar crash modes.  The addition of 
seatbelt usage was also critical for subsequent 
variables like rollover occurrence to be effectively 
interpreted. 
 

Table 5.  Baseline plus seatbelt usage model 
performance by crash mode 

 

Crash 
Mode Sensitivity Specificity 
Frontal 69.8% 84.2% 
Nearside 93.1% 55.4% 
Farside 73.2% 85.9% 
Rear  62.5% 95.9% 
Rollover 0.0% 0.0% 

 
 
     Due to the high rate of injury for rollover crash 
involved occupants, the occurrence of rollover was 
the next most influential variable in capturing 

MAIS3+ injured occupants.  As discussed above, 
unbelted occupants involved in rollover crashes make 
up a large percentage of the severe and fatally injured 
occupants for this mode.   Without knowledge of 
seatbelt usage, a rollover crash in the absence of 
other information does not exceed the 10% threshold 
for injury as applied in this study.  However, if 
seatbelt usage is known, the occurrence of rollover 
for an unbelted occupant identifies over 2/3 of the 
MAIS3+ injured occupants with a 73.3% specificity 
as shown in Table 6.  Current technology relies on 
verbal information to recognize that a rollover has 
occurred in the absence of a significant planar crash. 
 

Table 6.  Baseline, seatbelt usage and rollover 
model performance by crash mode 

 

Crash 
Mode Sensitivity Specificity 
Frontal 68.8% 85.1% 
Nearside 92.4% 60.2% 
Farside 64.3% 86.6% 
Rear  60.6% 96.3% 
Rollover 67.4% 73.3% 

 
     Table 7 shows the effect of monitoring and 
recording more than one significant impact event.   

 
Table 7.  Baseline, seatbelt usage, rollover and 
multiple impact model performance by crash 

mode 
 

Crash 
Mode Sensitivity Specificity 
Frontal 69.9% 84.4% 
Nearside 92.4% 60.2% 
Farside 64.3% 86.6% 
Rear  60.6% 96.3% 
Rollover 67.4% 73.3% 

 
     In Table 8 below, occupant age was introduced.  
The effect on improved model sensitivity and 
specificity is noticeable for all modes, however this 
information is not readily available from sensor 
systems currently used in vehicles.  This information 
can be derived from verbal communication between 
telematics service providers if occupants are present 
and alert following a crash. 
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Table 8.  Baseline, seatbelt usage, rollover, 
multiple impact and occupant age model 

performance by crash mode 
 

Crash 
Mode Sensitivity Specificity 
Frontal 70.8% 83.5% 
Nearside 96.8% 62.2% 
Farside 66.7% 88.6% 
Rear  62.7% 95.6% 
Rollover 67.4% 73.3% 

 
     The occurrence of a narrow object impact was 
added next.  Table 9 shows the relative effect on 
injured occupant capture rate with this variable.  Like 
occupant age, knowledge that a narrow object 
collision has occurred is not readily available from 
vehicle sensor information.  This data may be 
provided through verbal exchange with crash 
involved occupants or eyewitness reports.   Use of 
crash pulse may not be an effective way to derive 
crash partner (i.e. trees, poles, posts)   information at 
this time. 
 

Table 9.  Baseline, seatbelt usage, rollover, 
multiple impact, occupant age and narrow object 

impact model performance by crash mode 
 

Crash 
Mode Sensitivity Specificity 
Frontal 72.2% 84.1% 
Nearside 93.8% 65.5% 
Farside 79.7% 88.6% 
Rear  63.1% 96.4% 
Rollover 67.4% 73.3% 

 
     Occupant compartment intrusion was added next.  
The effect of compartment intrusion knowledge leads 
to an increase in sensitivity for side impact crashes 
while reducing the capture rate for frontal crash 
occupants. 
 

Table 10.  Baseline, seatbelt usage, rollover, 
multiple impact, occupant age, narrow object and 

intrusion model performance by crash mode 
 

Crash 
Mode Sensitivity Specificity 
Frontal 70.5% 87.1% 
Nearside 96.2% 71.5% 
Farside 79.8% 88.7% 
Rear  68.7% 95.8% 
Rollover 67.4% 73.3% 

 
     Next, knowledge that an occupant has been 
ejected was most influential in capturing additional 
injured occupants for each crash mode.  This 
information should raise rescue priority considerably, 
however knowledge of seatbelt usage and the 
occurrence of rollover effectively captures over 68% 
of the ejected population without direct knowledge 
that an ejection has occurred.  These occupants would 
be flagged as high risk rollover occupants due to non-
belt usage.   
 
     Table 11 identifies the improvement in model 
sensitivity and specificity based on knowledge of 
ejection. 
 

Table 11.  Baseline, seatbelt usage, rollover, 
multiple impact, occupant age, narrow object 

crash, intrusion and ejection occurrence model 
performance by crash mode 

 

Crash 
Mode Sensitivity Specificity 
Frontal 70.6% 87.9% 
Nearside 94.4% 73.1% 
Farside 81.2% 88.6% 
Rear  73.4% 96.1% 
Rollover 72.4% 71.2% 

 
DISCUSSION 
 
     The use of airbag deployment by crash direction 
as an approximate threshold for ACN system 
triggering currently provides a highly sensitive 
criteria for the recognition of MAIS3+ injured 
occupants.  Based on the information presented in 
Tables 1 and 2, nearly 61,000 (60.3% of total) tow-
away crash involved occupants who sustain MAIS3 
and higher injuries would be correctly identified each 
year based on this criterion alone.  This calculation 
assumes that all vehicles are equipped with ACN 
technology and no additional information is available 
from which to make rescue decisions.   
 
     Table 2 also indicates that this simplified filtering 
method is only 54% specific for frontal crashes and 
only 31% specific for nearside crashes.   This 
corresponds to a 16 mph deltaV for frontal and rear 
crashes and an 8 mph threshold for side impacts as 
evaluated.   
 
     In the absence of additional information, a large 
percentage of occupants will be classified as 
potentially injured when, in fact, they may not be.   If 
all vehicles were equipped with ACN technology, 
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and dispatch decisions were based only on 
transmitted data, over 910,000 (27% of all non-
MAIS3+ injured) tow-away crash involved occupants 
would exceed ACN system deployment thresholds 
each year without any AIS3 or higher injuries.  It 
should be mentioned that tow-away crash occupants 
make up only ¼ of the total crash population across 
all severities.  A large number of property damage 
crashes occur that were not included in this study.  
Without improved information describing crash 
events, an unnecessary waste of resources may result.   
 
     As the prevalence of ACN technology increases, 
greater numbers of these non-injured calls will take 
place if more accurate assessments of crash severity 
are not made.   Without using readily available crash 
information like the use of seatbelts, the occurrence 
of multiple impacts or that a rollover has occurred, 
ACN calls may not receive the highest priority 
necessary. 
 
     If each of the parameters listed in Table 11 were 
available for use during the dispatch of rescue, 
75,816 MAIS3+ injured occupants (75.1% of total) 
could be recognized remotely without the 
introduction of other information.  Even with these 
known parameters, 471,000 tow-away crash involved 
occupants would exceed ACN system deployment 
thresholds each year without any AIS3 or higher 
injuries. 
 
Use of Crash Information for Medical Treatment 
 
     So far, the primary focus of this text has been to 
highlight the potential benefit of transmitting an 
expanded set of crash attributes to remotely identify 
occupants in need.  However, in-hospital medical 
staff and rescue providers may also significantly 
benefit from additional information describing an 
occupant’s mechanism of injury.   This information 
may be valuable during on-scene triage of occupants, 
in preparation for occupants in transport to 
emergency rooms/trauma centers and during decision 
making for in-hospital diagnostic testing.  
 
     A subset of injuries, known as occult injuries, go 
undetected by rescue providers where no external 
signs of occupant trauma (i.e. external bleeding, 
lacerations, abrasions, bruises and broken bones) are 
observed on-scene or even during preliminary in-
hospital assessment. Without overt signs of trauma, 
occupants who have sustained these potentially life 
threatening and occult injuries could be improperly 
triaged to medical care facilities not equipped to 
diagnose or adequately treat these injured occupants.  

Also, life threatening delays in treatment may take 
place before some serious injuries are diagnosed.   
 
     Ongoing research by the 10 centers of NHTSA’s 
Crash Injury Research and Engineering Network 
(CIREN) has focused on the identification of occult 
injuries and crash characteristics that could be 
associated with them.  A series of injuries have been 
studied and documented in detail. 
 
     Among these is the occurrence of occult liver or 
abdominal injury common during some frontal and 
farside crashes.  Crash characteristics which lead to 
heart and aortic injuries were studied in detail.  These 
injuries are common during certain nearside crash 
events and severe injury risk was found to increase 
for the elderly and often lead to fatality if undetected 
and untreated.  During farside crash events involving 
unbelted occupants, severe head injuries are 
prominent.  Recognition that this injury mechanism 
may have occurred is important so that necessary 
diagnostic testing can be performed followed by 
treatment before irreversible damage occurs. 
 
     In an effort to improve recognition of serious 
injuries in the field and improve in-hospital medical 
care, the William Lehman Injury Research Center has 
compiled a series of crash descriptors in order to 
improve rescue care decisions and to help educate 
practitioners about these common injury 
mechanisms.   The pneumonic “SCENE” has been 
suggested to help rescue providers screen for crash 
conditions associated with certain occult injuries.  
 
These criteria are as follows: 
 
S teering wheel deformation- Lift the air bag and 
look for a bent steering wheel rim. Internal injuries to 
the abdomen, thorax may be likely. 
 
C lose proximity of the driver to the steering wheel-  
Occupants of small stature or large girth sitting close 
to the steering wheel are at greater risk of internal 
injuries particularly during frontal collisions with 
airbag deployment. 
 
E nergy of the crash- Twenty or more inches of 
vehicle crush indicate high crash forces that can 
cause serious internal injuries. 
 
N on-use of seat belts- Non-use of lap or lap/shoulder 
belts in combination with high energy events could 
result in multiple impacts within the occupant 
compartment and greater probability of internal 
injuries. 
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E yewitness reports including accounts of the object 
struck and the principle direction of crash force-  This 
data suggests that verbal reports, photos, and video 
images of the interior and exterior of the crash 
vehicle graphically conveys the severity of the crash, 
and can indicate the probability and type of internal 
trauma. 
 
CONCLUSIONS 
 
     Current ACN technology aids dispatch and rescue 
care providers to effectively identify and accurately 
locate occupants who may be injured in the event of a 
crash.  The introduction of additional crash 
parameters during the transmission and interpretation 
of crash characteristics has the potential to improve 
this recognition process significantly.  The following 
information has been identified as important for the 
recognition of seriously injured occupants: 
 

1. crash severity (deltaV) 
2. impact direction 
3. use of 3-point belts for each occupant 
4. occurrence of a rollover crash 
5. occurrence of multiple impact events 
6. age of occupants involved in the collision 
7. narrow object impact  
8. extent of compartment intrusion 
9. occupant ejection 

 
     If the use of 3-point belts, occurrence of rollover 
and the occurrence of multiple impact events is 
supplied in addition to the fact that an airbag has 
occurred, ACN systems could identify 73.1% of the 
MAIS3+ injured occupants with full deployment 
across the vehicle fleet.  This assumes knowledge of 
crash direction as well. 
 
     The inclusion of additional parameters as shown 
above would aid to improve this capture rate for 
injured occupants however this data may not be 
available through on-board vehicle sensors in the 
near term for use by remote dispatch personnel. 
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REDUCING ROLLOVER OCCUPANT INJURIES: HOW AND HOW SOON 
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ABSTRACT 
 

Public release of previously confidential 
Malibu test data and film [1] provides the basis for 
this review.  These are sixteen well-instrumented, 
definitive 32 mph dolly rollover tests of production 
Chevrolet Malibu sedans with unbelted Hybrid III 
dummies and eight with belted dummies (half of the 
cars in each group had roll cages to simulate strong 
roofs).  This paper analyzes and reinterprets this 
material to resolve the principal motivating research 
question: does a strong roof reduce the potential for 
rollover head and neck injuries?  Our findings are: (1) 
a rolling vehicle’s center of gravity rises and falls 
only about 10 cm during a rollover so that its vertical 
velocity at roof impact is never more than 2.5 m/sec; 
(2) the six dummies showing the highest head and 
neck forces were all seated on the far side of Malibus 
without roll cages; (3) these high head and neck loads 
occurred after onset of roof intrusion from rapid roof 
collapse and buckling, not from occupant diving; (4) 
average roof impact neck forces measured by near 
side dummies and by far side dummies seated under 
roofs that did not contact the ground all averaged 
3,300 to 3,600 N, and none was sufficient to cause 
serious injury; (5) the unrestrained Hybrid III dummy 
drop tests showed that neck loads of 7,000 N 
correspond to a 2.4 m/sec roof intrusion velocity 
while 3,500 N neck loads corresponds to a 1.1 m/sec 
intrusion velocity; (6) the windshields of the 
production vehicles broke early leaving weakened 
roof structures that deformed back and forth with 
subsequent roof impacts; and (7) the tempered side 
glazing of production Malibus broke far more 
frequently than in rollcaged vehicles facilitating 
partial or complete ejection.  The Malibu tests 
provide considerable insight into the potential 
countermeasures that could reduce rollover injuries. 
 
INTRODUCTION 
 
     In May 2004, General Motors finally released 
extensive data from the 1983-1990 Malibu tests [2,3] 
previously seen only in litigation.  These data provide 
the most comprehensive information on rollover, 
dummy dynamics, and head and neck injury potential 
as a function of roof strength and occupant restraint 
available at this time.  Because we question some 
aspects of the analyses conducted by the engineers 

who conducted the tests, we have conducted a 
detailed re-analyses of the Malibu data.   
 
     Two SAE papers, referred to as Malibu I and II, 
reported on the two test series of dolly rollover tests 
of 1983 Chevrolet Malibu sedans.  Malibu I was 
conducted in 1983 and reported in papers published 
in 1985.  In these tests, two unbelted Hybrid III 
dummies were in the driver and right front passenger 
positions in the Malibu sedans.  Four of these 
vehicles were production models, and four had strong 
roll cages installed in them that emulated a strong 
roof, substantially limiting roof crush.  Malibu II was 
conducted in 1987 and reported in 1990.  These tests 
were identical to the Malibu I tests except that they 
were conducted with lap and shoulder belted 
dummies where the belts had cinching latch plates. 
 
     These are the definitive tests for understanding the 
role of roof performance in occupant head and neck 
injury.  These dolly rollover tests demonstrate that: 
• The most severe neck injuries (i.e. the highest 

axial, shear, and moment neck loads) occurred to 
dummies seated on the far (initially trailing) side in 
roof impacts of production Malibus without roll 
cages.  Taking other evidence of human neck 
tolerance, only these six exceeded a conservative 
axial neck load criterion (7,000 N): all were in 
Malibus with production roofs.  These are shown in 
Figures 1 and 2 where the forces are converted to 
the head to roof contact velocity by photo-analysis 
to an accuracy of + or – 10%.  The highest HIC, 
2,820, occurred from a 20 mph buckling roof 
intrusion in Malibu I impact 1L3 in a production 
Malibu (a HIC above 1,000 is considered to be 
indicative of a high probability of serious head 
injury). 

• The center of gravity of a rolling vehicle does not 
rise or fall more than a few inches during a 
rollover.  Thus, the vertical velocity of the center of 
gravity of the vehicle at roof impact is low – 
virtually never more than 2.5 m/sec (5 mph).  This 
is a survivable impact speed for a human 
head/neck, particularly if there is padding in the 
roof as is now required by FMVSS 201.  The basis 
for this claim is the production and roll caged 
vehicle plots in Malibu I of the motion of the CG in 
the vertical, horizontal and rotational directions.  
We have previously shown that the vertical falling 
velocities of the sequence of near and far side roof 
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rollover impacts were similar and about 1 mph in 
production and about 3 mph in roll caged vehicles 
as shown in Figures 3 and 4 [4]. 

 

 
 
Figure 1.  Malibu I neck compression velocities. 
 

 
 
Figure 2.  Malibu II neck compression velocities. 
 
• The windshield of the production Malibus broke 

early in these rollovers and, as shown in film of the 
vehicle’s interior, the roof structure was deformed 
laterally back and forth several times as alternate 
sides of the roof struck the ground.  This shows 
that the residual deformation of the roof of a rolled 
vehicle does not generally represent the maximum 
intrusion for a vehicle that has rolled more than 
once, nor does it indicate the maximum intrusion 
velocity.   

• A stronger roof tends to reduce the trailing side 
loading forces. 

• The front door side windows (tempered glass) of 
the production vehicles virtually all broke out 
leaving avenues of partial or complete ejection for 
a number of the unrestrained dummies. 

• High head and neck loads are from rapid roof 
intrusion, not from the occupant diving into the 
roof. 

• The circumstances of a rollover involving roof 
collapse have been documented by GM and Xprts, 
LLC photo-analyses and GM electronic 
instrumentation in the Malibu II test series.  Table 
1 consists of data from four production vehicles’ 
roof to ground impacts in the Malibu II series 
where a restrained dummy suffered substantial 
neck loading. 

 

 
 
Figure 3.  Contact Velocities in a Production 
Malibu. 
 

 
 
Figure 4.  Contact Velocities in a Rollcaged 
Malibu. 
 
• The typical vehicle roll angle of impact at the time 

of high roof rail intrusion velocity and injury 
measures was about 210 degrees. Another source 
of high intrusion velocity was roof panel buckling 
when the vehicle was at about 180 degrees.  

• The typical vehicle roll angle of impact on the 
passenger side of these passenger side leading rolls 
was about 135 degrees. 
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• Based on unrestrained Hybrid III dummy drop tests 
a neck load of 7,000 N corresponds to a 2.4 m/sec 
(5.4 mph) impact/intrusion velocity while the 
average 3,867 N neck load of some 94 PIIs 
correspond to a 1.1 m/sec (2.4 mph) impact 
intrusion velocity. 

 
     In 1975, the lead engineer in these tests, Edward 
Moffatt, set forth the theory that occupant injury in 
rollovers was the result of diving into the roof rather 
than from the consequences of roof collapse or 
buckling.  In this, he was supporting a position that 
General Motors had taken in the early 1970s when it 
opposed promulgation of a strong roof crush standard 
by the Federal government.  The authors of the 
papers on the Malibu tests (who actually conducted 
the tests) claim that the Malibu tests demonstrated 
that high neck loads were a consequence of the 
occupant diving into the roof.  However, the newly 
released test data clearly shows that the peak neck 
loads occurred significantly after onset of roof 
intrusion, and typically when the roof intrusion 
velocity was highest, as shown in Figure 5.  Quotes 
and conclusions from the original paper will be 
referenced and discussed in view of the newly public 
information. 
 
A REINTERPRETATION OF MALIBU I 
 

     The following quotations, from the Abstract of 
“Rollover Crash Tests – The Influence of Roof 
Strength on Injury Mechanics,” SAE 851734, 
October 1985, present General Motors’ views on how 
head and neck injuries are inflicted in rollovers.  This 
paper reports on dolly rollover tests of four 
production and four roll caged 1983 Chevrolet 
Malibus.  All of the front outboard seated dummies in 
these tests were unrestrained. 

 
Table 1. 

Characteristics of an automobile rollover 
illustrating the conditions during injurious 
impacts in Malibu II.  Time lag is the time 

between roof touchdown to peak neck load and 
the speed is the traveling speed at touchdown. 

 
PII Neck 

Load 
(N) 

Time 
Lag 
(ms) 

Speed 
(mph) 

Roll 
Angle 

at 
Neck 
Load 

Vehicle 
Pitch at 

Neck 
Load 

3L2 10,900 28 22.1 
±2.2 

210º  5º 

3L3 12,000 30 20.0 
±2.1 

1+ 
210º 

7º 

4L2 7,600  28 21.9 
±3.2 

1 
+225º 

3º 

7L4 13,200 5 + 
12 

6.7 
±.8 

3 
+190º 

10º 

 
Figure 5.  Head impact velocity and timing of GM selected impacts. 
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“… High head/neck loads were measured when the 
head contacted a part of the car experiencing a 
large change in velocity, often that part of the car 
which struck the ground.” (SAE 851734, p. 181) 
 
“… The results of this work indicate that roof 
strength is not an important factor in the mechanics 
of head/neck injuries in rollover collisions for 
unrestrained occupants. … There was no reduction 
in the incidence or severity of head/neck injuries in 
the roll caged cars compared with the standard roof 
vehicles. The roll caged vehicles incurred less glass 
breakage.” (SAE 851734, p. 181) 

 
     In these tests only two roof impacts resulted in a 
“large change in velocity” of the far side roof: 
impacts (1L3 and 4L4). Both were in production roof 
vehicles.  Another head-to-ground impact 
accompanied by a “large change in velocity” (4L2) 
was to an ejected occupant (one of eleven partially or 
completely ejected occupants).  None of these, out of 
a total of 54 measured impacts, occurred in vehicles 
with roll cages. 
 
     The other 51 dummy impacts had head or neck 
loads averaging less than half of these three and 
occurred at an average impact velocity of 2.6 mph.  
The three serious injury measures, in two of four 
production vehicle rollovers, are more than would be 
representative of the frequency of serious to fatal 
injuries in the U.S. vehicle population of the time as 
indicated by National Accident Sampling System 
(NASS) data. 
 
     Although not mentioned in the paper, GM 
recorded roof intrusion velocities of approximately 
20 mph for 1L3 and approximately 3.1 m/sec (7 mph) 
for 4L4.  The neck load from ground contact for 4R2 
was also approximately 3.1 m/sec.  As with the other 
11 ejections, it was the result of side window 
breakage (18 out of 20 side and rear windows broke 
in production Malibus from ground contact while 
only 5 of 20 broke in roll caged cars).  
 
     The appropriate conclusion is that there were two 
high head/neck loads from a rapid roof intrusion on 
the trailing side and one high neck load from a near 
side partial ejection and ground contact in production 
vehicles while there were none in roll caged vehicles. 
The test engineers recorded a total of 50 other minor 
head impacts (none of which would have resulted in 

serious injury).  These head impacts included 10 
other near side partial ejections; one total ejection 
and one head impact on the unpadded roll bar).  
Except for the ejections, these low injury potential 
impacts were about equally distributed among 
production and roll caged cars. 
 
Dummy Head Impacts 1L3 and 4L4 
 
     In the same Malibu I paper, GM presented an 
explanation of two particular head impacts with high 
injury measures. 
 

“In impacts 4L4 and 1L3 the left dummy head was 
against the roof panel in an area which struck the 
ground. …It was not the displacement of the roof 
relative to the seat but, rather, the increased area of 
contact between the roof panel and the ground 
which defined this specific injury mechanism.” 
(SAE 851734, p. 193) 

 
     Figures 6 and 7 show a sequence of frames from 
the photographic documentation of 1L3 and 4L4 that 
demonstrate that the injury mechanism was, in fact, 
the roof displacement.. 
 
     Figure 6 shows Malibu I Impact 1L3 in a 
sequence of interior views (at 4 ms timing per frame) 
of the driver dummy during roof intrusion of 12 
inches at 20 mph velocity taking place over 32 ms.  
This roof intrusion produced a HIC of 2,820 to the 
dummy that is against the roof (from centrifugal 
force) and driven inward and towards the seat 
cushion.  Notice the checkered seat back reference is 
stationary so that the path of the head can be 
followed by the sequence of yellow dots which locate 
the dummy’s chin. 
 
     Figure 7 shows the Malibu I Impact 4L4 sequence 
of interior 4 ms frames of the driver being struck by a 
traveling buckle in the roof panel moving from the 
passenger side towards the driver side.  The loading 
occurs in frame 6 when the neck is seen compressed 
and the dummy is subsequently driven towards the 
seat. 
 
     Shown below in Figures 8 and 9 are the vehicles 
at rest showing the extent of lateral roof crush to the 
vehicles in these tests. 
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Figure 6.  A sequence of frames from Malibu I, Impact 1L3. 
 

 
 
Figure 7.  A sequence of frames from Malibu I Impact 4L4. 
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A REINTERPRETATION OF MALIBU II 
 
     The following quotations present General Motors’ 
views on various aspects of occupant injury in 
rollovers.  They are from “Rollover and Drop Tests-
The Influence of Roof Strength on Injury Mechanics 
using Belted Dummies,” SAE 902314, November 
1990.  This paper reports on dolly rollover tests 
conducted with four production and four rollcaged 
1983 Chevrolet Malibus.  All of the front outboard 
seated dummies in these tests were restrained by 
lap/shoulder belts that had cinching latch plates. 
 
Neck Loads and the Neck Injury Criterion 
 
     The engineers who conducted the Malibu tests 
stated: 
 

“In order to compare the injury mechanics in the 
roll caged vehicles with those of the standard roof 
vehicles, it was necessary to make a judgment as to 
which were the significant impacts to the head and 
neck.” … The performance of the two types of 
vehicles were studied by comparing the number of 
“potentially injurious impacts” measured by the 
dummies. (SAE 902314, p. 191, emphasis added) 
 

     GM states that the conclusions about injury should 
be based on injury potential, but theirs are not.  
Rather, GM elected to use an unrealistically low neck 
injury criterion of 2000 N.  Such an impact would be 
produced by striking the head at only 2 mph (a very 
slow walking speed) which they said would produce 
“Potentially Injurious Impacts.” 
 

 
 
Figure 8.  Malibu I Test 1 vehicle at rest with 
residual driver side intrusion. 
 
The Advantage of a Strong Roof 
 
     The GM engineers concluded: 
 

“The roll caged vehicles did not have any increased 
level of protection over the standard roof vehicles 
in these tests.  The number of potentially injurious 
impacts for the roll caged vehicles was 28 
compared to 26 for the standard roof vehicles.  The 
average neck load measured in the roll caged 
vehicles was 3318 N compared with 3688 N in 
standard roof vehicles.” (SAE 902314, p. 194) 

 

 
 
Figure 9.  Malibu I Test 4 vehicle at rest with 
residual front seat intrusion and tenting. 

 
     The following chart, Figure 10, of Malibu II 
shows that even using their reasoning, as the 
potentially injurious neck injury level is raised to 
6,000 N the number of injuries was substantially 
lower in roll caged vehicles.  This chart was 
generated by GM, but was not included in the paper. 
 

 
 
Figure 10.  GM’s analysis of axial neck loads from 
the Malibu II test series. 
 
     The potential for injury comes not only from axial 
compression.  When considering the trailing side 
occupant (the driver in the Malibu tests), the tables of 
Figure 11, show the substantially higher risk of injury 
from lateral bending moments, lateral shear forces, 
A-P Shear forces and A-P Moments in production as 
compared to rollcaged vehicles. 
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Kinematics of Rollovers 
 
     The GM engineers correctly observed that the 
passenger side of the roof contacted the ground first, 
followed by the driver side.  They also observed: 

 
 “The difference in leading rail deformation 
between production and roll caged roofs resulted in 
the roll caged car rolling higher above the ground.” 
(SAE 902314, p. 105)  

 

 

 

 

 
 
Figure 11.  The numbers of impacts in which neck 
shear and bending moments exceed various limits 
in the Malibu II tests.  (Reproduced from GM 
documents from the Malibu tests.) 
 

“As its trailing rail approached the ground, this 
change in elevation, combined with the vehicle 
geometry, usually resulted in the trailing rail lightly 
striking or missing the ground in the roll caged car, 
whereas, for the production car, it usually struck 
the ground with greater severity.  This slight 
change in elevation on the inverted vehicle resulted 
in a substantial increase in the velocity and 

duration of the roof to ground impact of the trailing 
roof rail of the production vehicle as compared to 
the roll caged vehicle.” (SAE 902314, p. 105) 

 
“In these tests, slight differences in the vehicle 
height above the ground resulted in major 
differences in the frequency and severity of the 
trailing roof rail impacts.” (SAE 902314, p. 105) 
 
“This higher frequency and severity of neck loads 
to the driver dummy in production vehicles was the 
result of the increased number and severity of 
trailing rail-to-ground impacts as explained 
previously in the vehicle kinematics section.” (SAE 
902314, p. 106) 

 
     We found it interesting that a secondary advantage 
of a strong roof – and one that perhaps should be 
considered when determining the benefits of strong 
roofs – is that it reduces the severity of ground 
impacts.  However, a more important advantage of a 
stronger roof is that it reduces the frequency and 
severity of the trailing side roof impact loading, 
intrusion, intrusion velocity and therefore injury 
potential.  In the FMVSS 216 test of the production 
Malibu, the average strength-to-weight ratio (SWR) 
of the trailing side as measured by our survey tool, 
was only 0.6:1 [5].  The roll caged Malibu had a 
SWR in excess of 7:1 in the FMVSS 216 test. 
 
     Figure 12 is a sequence of frames of the Malibu II 
Test 3 video showing the trailing side structure and 
driver dummy’s head and shoulders. It has been 
annotated with the sequential location of the 
intersection of the roof rail and B-pillar. The numbers 
1, 3, 5, 7 and 8 show the roof after near side impacts 
while 2, 4, 6, and 9 show the roof after far side 
impacts. In this 3½ roll event, the trailing B-pillar 
rebounds elastically as well as from restoring forces 
from near side impacts. At position 8, just before the 
vehicle came to rest on its roof, the roof has virtually 
been restored to its original position. This behavior 
shows that residual roof crush, as used in statistical 
studies (without a detailed investigation of individual 
cases), can be misleading. 
 
Comparisons between Production and Roll caged 
Roof Performance  
 
     The GM Engineers selected Malibu II impacts 
3L5 (production) and 2L1 (rollcaged) for 
comparison.  Specifically, they said:  
 

“To analyze the effect of roof strength on neck 
loading, comparable driver dummy impacts were 
identified. The last one-half roll of test 2 (roll 
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caged) and test 3 (production) showed very similar 
roof-to-ground impacts, with the production car 
having significant roof crush. In the roll caged car 
which had no roof deformation, the driver dummy 
had an axial neck load of 5600 N.  In the 
production roof vehicle, which had approximately 
280 mm of roof crush, the driver dummy had an 
axial neck load of 4,700 N. In both instances the 
dummies were in very similar positions, the roof-
to-ground impacts were of similar severity, with 
the ground impact velocities of 6.2 mph for the roll 
caged car and 6.8 mph for the production car. The 
neck loads were also similar despite the roof crush. 
Photo analysis of this impact reveals that the neck 
load measured by the dummy occurred when the 
roof hit the ground and the dummy head was on the 
inside of the roof panel.” (p. 106) 

“The roof crush which is seen in the films is 
actually the vehicle body moving closer to the roof, 
which occurred after the peak force on the neck; 
consequently, this deformation had no effect on the 
severity of the head-to-roof impact. Figure 12 from 
Malibu paper (here shown as Figure 13) illustrates 
that the dummy neck loads occurred prior to 
vehicle roof crush.” (SAE 902314, p. 106) 

 
“The PII’s with relatively higher neck loads in the 
production roof tests were studied using film 
analysis in conjunction with instrumentation data 
to determine when the loading was experienced by 
the dummy. This analysis confirmed that the peak 
load occurred at the roof to ground impact prior to 
the roof deformation.” (SAE 902314, p. 106) 
 
 

 
 
Figure 12.  Malibu II Test 3 sequence of the intrusion position of the trailing side roof. 

 
     The pair 3L5 and 2L1 are not the only ones that 
can reasonably be compared. But GM’s photo 
analysis of the potentially injurious impacts (the first 
page of which is shown in Figure 14) and the 
summary charts of all analyzed impacts, Figure 15, 
show that the roof crush that produced the neck load 
occurred after a significant delay from the adjacent 
A-pillar ground contact: on average about 27 ms. 
after the roof began to crush. 
 
     To analyze the effect of roof strength on neck 
loading, many comparable driver dummy impacts 
were identified in addition to 3L5 v 2L1. Of the 10 

analyzed by GM (See Figures 5 and 14) they include 
3L3 v 6L1 and 7L4 v 2L1. GM deliberately chose a 
pair that had the same low neck load to suggest that 
there is no added protection from a strong roof 
vehicle. 
 
     The second roll of test 3 (3L3) and test 6 (6L1) 
showed very similar roof-to-ground impacts, but the 
production car suffered substantial roof crush from 
that roof impact. In the roll caged vehicle, which had 
no roof deformation, the driver dummy had an axial 
neck load of 2,800 N. In the production roof vehicle, 
which had 225 mm of roof crush, the driver dummy 
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had an axial neck load of 12,000 N. In both instances 
the dummies were in very similar positions, the roof-
to-ground impacts were of similar severity. The neck 
loads however were vastly different because of the 
difference in roof intrusion velocity which was 6.3 
m/sec (14 mph as determined from the initial slope of 
the roof crush versus time graph) for test 3 but only 
2.2 m/sec for test 2; and roof crush which was 23 cm 
(9 inches) for test 3 but less than 3 cm for test 6 (see 
Figure 16, 17, and 18). 
 

 
 
Figure 13.  (Figure 12 in the Malibu II paper.)  
Roof Crush and Neck Loads versus Time from a 
GM Comparison between 3L5 (production) and 
2L1 (roll caged). 
 
     Photo analysis of these impacts reveals that the 
production vehicle neck load measured by the 
dummy occurred approximately 26 ms after the roof 
hit the ground and the dummy head was on the inside 
of the roof panel.  The first four inches of high speed 
roof crush intrusion, which is seen in the films, 
occurs before the peak force on the neck.  The 
maximum (or residual) deformation had no effect on 
the severity of the head-to-roof impact.  Figure 16 
illustrates that the high dummy neck loads occurred 
after the initial four inches of high speed intrusion but 
before the maximum roof crush. 
 
     The last roll of test 7 (7L4) and test 2 (2L1) 
showed very similar roof-to-ground impacts, with the 
production car having substantial roof crush.  In the 
roll caged vehicle, which had no roof deformation, 
the driver dummy had an axial neck load of 5,000 N 
(which would not produce serious injury).  In the 
production roof vehicle, which had 225 mm (9 
inches) of roof crush, the driver dummy had an axial 

neck load of 13,200 N.  In both instances the 
dummies were in very similar positions, the roof-to-
ground impacts were of similar severity.  The neck 
loads however were vastly different because of the 
difference in roof intrusion velocity which was 6.3 
m/sec (from the buckle moving from right to left) for 
test 7, and 1.4 m/sec for test 2; and roof crush which 
was 23 cm for test 7, and 3 cm for test 2. 
 

 
 
Figure 14.  The first page of the 2L1 set of the 10 
sets of photo analysis. 
 

 
Figure 15.  The summary chart of the 10 photo 
analysis showing that there is a significant delay 
between the beginning of crush (A-pillar 
touchdown) and peak neck load. 
 
     Photo analysis of these impacts reveals that the 
production vehicle neck load measured by the 
dummy occurred approximately 200 ms after the near 
side roof hit the ground and a roof panel buckling 
wave (what GM called a contact patch in Malibu I, 
but did not mention in Malibu II) struck the dummy’s 
head which was pressed against the inside of the roof 
panel.  The first four inches of high speed roof crush 
intrusion, which is seen in the films, occurs before 
the peak force on the neck; although the maximum 
(or residual) deformation had no effect on the 
severity of the head-to-roof impact. Figures 19, 20 
and 21 illustrate that the high dummy neck loads 
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occurred after the initial four inches of high speed 
intrusion but before the maximum roof crush. 
 
     In the case of impact 7L4, the GM engineers 
opined: 
 

“Figure 13. [Impact 7L4, shown as figure 22 here] 
… First the load on the dummy neck is the result of 
the dummy head stopping against the roof when 

the roof is against the ground. When the dummy 
head stops, the dummy torso continues to move 
toward the head, causing high axial forces in the 
neck. The neck measurements indicate that the 
peak of the force pulse occurred approximately 10 
ms after the adjacent roof panel struck the ground, 
which was before any significant roof crush 
occurred.” (SAE 902314, p. 106) 

 

 
 
Figure 16.  A sequence of frames from Malibu II Impact 3L3. 

 
Impact 3L3 6L1 

Roll Angle 217° 225° 
B-Pillar 

Displacement 
16.7 in 0 in 

Peak Neck Load 12,000 N 2,800 N 
Vehicle Rotation 

Rate 
407°/sec 500°/sec 

B-Pillar Velocity 10.7 mph 0 mph 
 
Figure 17.  Comparison of Malibu II Impacts 3L3 
(Production) and 6L1 (Roll caged). 
 
     We have redrawn their Figure 13 from the Malibu 
II paper as Figure 23 here to reflect detailed 
measurements of right and left B-pillar acceleration, 
the interior intrusion and intrusion velocity. With the 

original film there is sufficient resolution to track the 
motion of the roof directly above the dummy’s head. 
 
     The load on the dummy neck is the result of the 
dummy head being contacted by the deformation of 
the roof panel from the near side ground contact and 
intrusion.  That contact also forms a traveling buckle 
in the roof panel starting on the near side and 
traveling across the vehicle roof to merge with the 
trailing side contact and intrusion. The traveling 
buckle has an amplitude of about 4 inches and is off 
the ground and intrudes on the dummy head at 12 
mph, causing the peak neck load over about 12 ms. 
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Figure 18.  Roof Crush and Neck Loads v. Time for Impacts 3L3 (prod.) and 6L1 (roll caged). 

 

 
 
Figure 19.  Nine frames from impact 7L4 with timing referenced. 
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Impact 7L4 2L1 
Roll Angles 176° 184° 
B-Pillar 
Displacement 

9.8 in 0 in 

Peak Neck 
Load 

13,200 N 5,600 N 

Vehicle 
Rotation Rate 

172°/sec 184°/sec 

Vehicle 
Horizontal 
Velocity 

6.7 mph 6.5 mph 

 
Figure 20.  Comparison of Malibu II Impacts 7L4 
(Production) and 2L1 (Roll caged). 
 
     The GM engineers did not consider the pitched 
roof A-pillar being in contact with the ground and, as 
a consequence of the lateral compression of the roof 
panel, forming a traveling buckle that intrudes 
rapidly into the compartment.  The continuation of 
the trailing side roof intrusion then drives the dummy 
toward the seat, after the neck injury.  The traveling 
buckle is very much like the panel motion in Malibu I 

4L4, that the GM authors called a “contact patch” as 
we explained earlier.  Figure 24 depicts the sequence 
of sample frames shown in Figure 22, starting at the 
near side contact, then the three frames during which 
the buckle compresses the neck at an intrusion speed 
of 12.2 mph and the merging of the buckle with the 
far side roof crush driving the dummy towards the 
seat.   
 
Drop Test Results – Vehicle Kinematics 
 
     As an additional part of the Malibu test series, the 
engineers dropped vehicles onto their roofs with 
standing pelvis (pedestrian) dummies restrained in 
them.  They concluded, “The roll caged vehicles had 
no perceptible crush on impact.” (SAE 902314, p. 
109)  They added, “Overall, in these drop tests, roof 
crush did not appear to adversely affect the neck 
loads to the unbelted or belted dummies which were 
seated in the area of impact. 
 
 

 

 
 
Figure 21.  Roof Crush and Neck Loads v. Time for Impacts 7L4 (prod.) and 2L1 (roll caged).  The roof 
displacement in 7L4 is measured over the driver dummy’s head. 
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Figure 22.  Figure 13 of the Malibu II paper. 
 
     Figure 25 from the roll caged drop test 
demonstrates that at touchdown, indicated by the 
flash, the roll caged vehicle drops two inches (as 
shown by the arrow) while deforming the crown of 
the roof at the dummy head contact point prior to the 
roll caged structure engaging the ground.  As a result 
the production and roll caged vehicles performed 
identically (with the same dummy). 
 

 
 
Figure 23.  7L4 redrawn to reflect the correct 
timing perspective and the timing of the B-pillar 
accelerometer traces. 
 

Malibu II Impact 7L4 Roof Displacement and Compressive 
Neck Load vs. Time
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Figure 24.   The motion of the roof above the driver dummy’s head relative to a reference line. 
 
     Although not stated in the paper, the dummies 
used in these tests were standing, not seated pelvis 
dummies (with the probable exception of the belted 
driver in the production vehicle drop test).  A 
subsequent test conducted by one of the authors with 
the same vehicle, with a production belted human and 
a seated pelvis dummy in a rigid roll caged vehicle 
showed a major difference in neck loading, Figures 
26 and 27. 
 
 
 

The Mechanism of Neck Injury 
 
     The Malibu II data show clearly that: 
• During a rollover, the vehicle drop height is 

insufficient to cause a neck injury.  The impact 
speed of the head with the vehicle roof when the 
roof does not collapse is less than a normal human 
walking speed. 

• The mechanism of neck injury in rollovers is roof 
crush where the low falling speed of the occupant 
is substantially exacerbated by the rapid intrusion 
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of the collapsing roof to produce excessive neck 
loads. 

• The results of Figure 10 show that even using their 
methodology, as the potentially injurious neck 
injury level is raised to 6,000 N, the number of 
potentially injurious impacts would be substantially 
lower in roll caged vehicles.  In fact, if the cut off 
were raised to 7,000 N, a value that is shown by 
Hybrid III biomechanics research to be a threshold 
for dummy neck injury, there would have been no 
potentially injurious impacts in the roll caged 
vehicles. 

 

 

 
 
Figure 25.  Sequence of photos from roll caged 
Malibu drop test.   
 
     Despite this evidence, the engineers who 
conducted these tests insisted that: 

 
“Neck loads resulted from “diving” type impacts 
where the head stops and the torso momentum 
compresses the neck, with the magnitude 
proportional to the impact velocity” (SAE 902314, 
p. 111) 
 

     In both of the GM Malibu papers, the authors 
present a theory that the occupants have high neck 

loads because they are diving into the ground as the 
vehicle rolls.  In their view, the injury occurs when 
the roof comes into contact with the ground and the 
occupant’s head, which is in close proximity to the 
roof, also strikes the ground through the roof.  As a 
consequence, the vertical motion of the occupant’s 
head is stopped.  The claim is that at that point the 
occupant’s body is still moving downward and 
imposes an injurious force on the neck because the 
neck is compressed between the head and the body.  
This is similar to what happens to a person who dives 
into a shallow pool. 
 

 
 
Figure 26.  One of the authors (Friedman) and a 
Dummy in a 5.4 mph Malibu Drop Test in which 
roof crush was precluded. 
 

 
 
Figure 27.  A comparison of data from Seated vs. 
Standing Dummies and a human subject. 
 
     GM’s theory may at first glance seem reasonable, 
but at the time a strong roof strikes the ground, the 
motion of the occupant’s head (and body) is mostly 
horizontal.  Thus, the speed with which the 
occupant’s head strikes the ground (through the roof) 
is about the same as the falling velocity of the CG (3 
mph) and is insufficient to cause a diving type injury.  
 
     The Malibu Figures of 16 and 19, above, taken 
from the package shelf behind the rear seat offer no 
perspective of the fore and aft position of the dummy 
head.  In reality the dummy neck is stiff compared to 
a human and gives the impression that the head does 
not bend.  In rolling, with a Malibu cinching latch 
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plate belt a human person typically does not ‘dive’ 
into the roof (provided the rate of roll is sufficient) 
but is certainly not tightly in the seat at all times. 
 

 

 
 
Figure 28.  A human volunteer wearing a seat belt 
in the “Wonder Wheel”[6] that is rolling through 
360 degrees.  The occupant of this rotating fixture 
does not experience diving into the roof because 
his motion is essentially circular so that when the 
occupant’s head is nearest to the ground, it is 
traveling parallel to the ground. 
 
     We have illustrated this point with the “Wonder 
Wheel,” a device that simulates the motion of a 
rolling vehicle cab but with no roof crush or intrusion 
velocity.  A human volunteer test subject is shown in 
Figure 28.  His head moves to about the middle of the 
roof rail (even without vehicle pitch) and rises and 

falls about 4 inches (in relation to the vehicle interior) 
during the rollover sequence.   
 
CONCLUSION 
 
     The Malibu tests were well-designed and 
conducted, and provided a wealth of excellent data 
and film that has provided considerable insight into 
the mechanisms of occupant injury in rollovers.  
Furthermore, these tests show the value of a strong 
roof as a countermeasure to prevent severe head and 
neck injuries in rollovers.   
 
     It is unfortunate that the engineers who conducted 
these tests misinterpreted the results and that General 
Motors refused for two decades to release the raw 
data so that other scientists could review the validity 
of their interpretation.  The consequences were that 
proper peer review of this work was impossible, and 
that the misinterpreted results were used to delay the 
provision of adequate rollover protection in new 
vehicles.   
 
     It is critical that other scientists conduct further 
review of this data to ensure that all scientists and 
engineers in the auto safety community understand 
and derive a consensus on the importance of strong 
roofs for rollover occupant protection. 
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ABSTRACT 
 
     Researchers analyzed the National Automotive 
Sampling System/Crashworthiness Data System 
(NASS/CDS) 1998-2002 to examine the 
characteristics of single and multiple impact crashes. 
In addition to a statistical analysis, individual cases 
were studied to determine factors that contributed to 
injury risk.  
 
     Multiple impact crashes (MICs) make up 42 
percent of all tow-away crashes that occurred on US 
roadways between 1998 and 2002. The risk for high-
severity injuries is about 1.5 times greater in MICs 
than single impact crashes in moderate and high-
range delta velocities. The average delta velocity 
values of single impact crashes (SICs) and MICs are 
similar in all tow-away crashes. Impact speeds for 
MICs resulting in MAIS3+ (Maximum Abbreviated 
Injury Scale: level 3 or greater) injuries are lower 
than that for SICs. A frontal crash followed by a 
second frontal crash occurs most often, followed by 
near-side/near-side and front/near-side multiple 
impact crashes.  
 
     After the initial investigation of MICs, belted 
drivers became the focus of this study, because the 
kinematics of unrestrained occupants is often too 
complicated. The most harmful category is front 
followed by front MICs for the population of belted 
drivers analyzed.  
 
     Based on case reviews, the researchers found that 
multiple impact crashes could be better described by 
separating them into two categories – incidental and 
consequential. For the incidental cases, only one 
impact was influential in the injury outcome. In 
consequential cases, both impacts were 15 mph (24 
km/h) or greater delta velocity. Cases with higher 
severity secondary impacts were also classified as 
consequential.  
 
     The following were associated with increased 
injury severity in consequential MICs: more than  
 
 

 
 
 
 
 
 
 
 
 
one injurious impact; initial injury exacerbated by the 
second impact; the first impact caused the occupant 
to be out of position for subsequent impacts; crumple 
zones exhausted by the first impact; safety devices 
deployed during the first impact making them 
unavailable for subsequent impacts.  
 
     The frequency and injury risks for each 
combination of MICs are shown in this paper.  
 
INTRODUCTION 
 
     A multiple impact crash is one in which a vehicle 
undergoes two or more impacts during a single crash 
sequence. Neither the initial impact nor the 
subsequent impact(s) is limited in any direction, 
sequence, or impacted object. After the initial 
investigation, the data analysis portion of this 
research considers only multiple impact crashes that 
do not involve rollover, where the drivers were not 
ejected, and where the drivers were belted. This 
population of multiple impact crashes will be referred 
to as “MICs”. The population of crashes that involve 
only one impact will be referred to as single impact 
crashes or “SICs”.  
 
     Several recent statistical studies of multiple 
impact crashes have been published (Digges, 2003 
and Lenard, 2004).  The purpose of the present study 
is to build on the past statistical analysis and 
introduce in-depth reviews of accident cases 
involving multiple impacts in order to better 
understand these crashes. 
 
     From 1998 through 2002, approximately 
5,333,129 multiple impact, tow-away crashes 
occurred on U.S. roadways, based on NASS/CDS 
data. This is approximately 42 percent of all tow-
away crashes. These crashes contributed 43 percent 
of all drivers’ MAIS3+ injuries and 47 percent of all 
driver fatalities. The fatality equivalent is almost 
11,000 lives per year (all occupants). The average 
yearly cost of this phenomenon is about $37 billion.  
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     The economic impact and human toll of multiple 
 impact crashes is significant, therefore further 
research, analysis, and testing are needed to 
adequately address this issue. 
 
ANALYSIS OF MULTIPLE IMPACT CRASHES 
 
     The researchers queried the NASS/CDS database 
to tabulate how often each direction of impact 
occurred during the first and second impacts. This 
query includes those crashes involving two or more 
impacts, but only the first and second most 
significant impacts were considered.  
 
     The “most significant impact” indicates the most 
severe impact whether it is the first, second or any 
other subsequent impact. The “other significant 
impact” indicates the second most severe impact. In a 
crash where the first and the third events are the most 
significant, the second event is not considered in the 
discussion to follow. Most MICs (59 percent) consist 
of two impacts while the remaining (41 percent) 
represent two or more impact MICs.  
 
     Table 1 shows the distribution of the 5.3 million 
multiple impact crashes by crash direction of the first 
and second significant impacts. The side impacts 
have been separated according to their direction. The 
near category indicates the impact was on the driver’s 
side. The far category indicates the impact was on the 
passenger’s side.  
 

Table 1. 
Percent Frequency of  

Collision Sequence for All MICs 
 

Total
front near far rear

front 16% 12% 11% 6% 45%

near 4.0% 6.0% 4.0% 1.0% 15%

far 5.0% 4.0% 8.0% 1.0% 18%

rear 20% 0.5% 2.0% 1.0% 24%
45% 23% 24% 9%

1s
t I

m
pa

ct

2nd Impact

 
 
     The most frequent first impact is the frontal 
impact at 45 percent of the total. The most frequent 
second impact is also a frontal impact at 45 percent. 
A rear impact, as the first impact, followed by a 
frontal impact (rear-front) is the most frequent 
collision combination at 20 percent. This collision 
sequence is a typical rear-end collision followed by a 
frontal impact. The front-front, at 16 percent, is next 
most frequent. The least frequent collision sequence 
is the rear-near MIC at 0.5 percent. 
 

     The researchers used the same method to find the 
frequency of MIC collision sequences with regard to 
restrained drivers. The population of MICs with 
restrained drivers from 1998 to 2002 is 3.2 million. 
Belted drivers became the main focus of the research 
because often times the mechanics of an unrestrained 
occupant in multiple impacts is too difficult to 
analyze. Table 2 shows the percent frequency 
outcomes for collision sequence in this population.  
 

Table 2. 
Percent Frequency of Collision Sequence  

For Belted Drivers 
 

Total
front near far rear

front 17% 13% 11% 7% 48%

near 5.4% 6.5% 4.1% 0.68% 17%

far 5.3% 4.5% 8.2% 1.2% 19%

rear 15% 0.61% 0.73% 0.63% 17%
42% 24% 24% 9%
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     The collision sequence occurring most often in 
this dataset is the front-front collision at 17 percent. 
This category is followed by the rear-front (15 
percent), front-near collisions (13 percent) and front-
far collisions at (11 percent). 
 
     The total number of MAIS3+ injured and belted 
drivers in MICs is 89,125 (973 unweighted). Table 3 
is the corresponding percent frequency by MIC 
collision sequence for this population. The front-front 
sequence is most common (20 percent) when 
MAIS3+ injuries result. Next is near-near (15 
percent), front-far (13 percent) and front-near (11 
percent). The near-near category is seventh most 
common in frequency for belted drivers, but second 
most common in resulting MAIS3+ injuries.  
 

Table 3. 
Percent Frequency of MAIS3+ Injured and Belted 

Drivers by Collision Sequence 
 

Total
front near far rear

front 20% 11% 13% 3.9% 48%

near 8.5% 15% 9.2% 2.1% 35%

far 4.3% 2.4% 7.5% 0.4% 14%

rear 2.2% 0.2% 0.2% 0.2% 3%
35% 28% 30% 7%
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     The total number of AIS3+ (Abbreviated Injury 
Scale: level 3 or greater) injuries for belted drivers in 
MICs is 129,168 or 48 percent of all AIS3+ injuries. 
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 Figure 1 shows the breakdown by body region for 
MICs and SICs.  
 
     MICs result in more than one-half of the serious 
head injuries reported for belted drivers. The trunk 
and extremities make up close to one-half of the 
serious injuries in each body region. These findings 
are remarkable in that MICs are 42 percent of the 
total crash population, but result in almost one-half, if 
not more, of the reported serious injuries. 
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Figure 1. Percent Frequency of AIS3+ Injuries by 
Body Region For Belted Drivers - NASS/CDS 
1998-2002. 
 
Risk of Injury  
 
     Risk is a calculation that reveals the chances that 
something will occur given certain conditions. For 
instance, the risk of injury in a frontal crash is the 
total number of injuries sustained in a frontal crash 
divided by the total number of occupants who were 
exposed to a frontal crash. 
 
     The researchers calculated the risk associated with 
tow-away single and multiple impact crashes where 
the driver was belted and no rollover or ejection 
occurred. Almost 2 (± 0.34 percent) out of 100 
drivers involved in an SIC will sustain an MAIS3+ 
injury. Over 4 (± 1.1 percent) out of 100 drivers 
involved in an MIC will sustain an MAIS3+ injury. 
For this population, the trend shows that the risk of 
an MAIS3+ injury in an MIC is higher than that in an 
SIC.  
 
     The relative risk for MAIS3+ injuries in this 
populations is 2.2, indicating that a driver is 2.2 times 
more likely to sustain an MAIS3+ injury in an MIC 
compared to an SIC.  
 
     Figure 2 shows the belted drivers’ risk of AIS3+ 
injuries by body region for both MICs and SICs. 
Note that the risks for the head and the trunk in MICs 
are both statistically significantly higher than those 
for SICs. Although multiple impact crashes occur 

less frequently on U.S. roadways, they represent a 
higher risk of serious injury than single impact 
crashes. 
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Figure 2. Risk of AIS3+ Injuries by Body Region 
For Belted Drivers - NASS/CDS 1998-2002. 
 
     Table 4 shows that of the 16 MIC categories, the 
greatest risk of MAIS3+ injury to belted drivers is in 
the near-rear MIC at 11 percent. This is followed by 
rear-far (9.7 percent), near-near (8.3 percent), and 
near-front (7.9 percent). Three of the top four risk 
categories have a near-side component. Risks for 
each collision sequence and the associated 
confidence intervals are shown in Table 4.  
 

Table 4. 
Risk of MAIS3+ by Collision Sequence  

For Belted Drivers  
with Associated Confidence Interval 

 

F  N  F a r  R  

F 5 .2 %  
( ± 2 .9 % )

5 .6 %  
(± 1 .7 % )

5 .3 %  
(± 2 .1 % )

2 .0 %  
(± 1 .4 % )

N  7 .9 %  
( ± 6 .1 % )

8 .3 %  
(± 3 .6 % )

7 .6 %  
(± 4 .6 % )

1 1 %  
( ± 1 1 % )

F a r  3 .9 %  
( ± 2 .9 % )

4 .8 %  
(± 2 .0 % )

4 .3 %  
(± 2 .5 % )

4 .1 %  
(± 5 .0 % )

R  0 .5 2 %  
(± 0 .2 6 % )

3 .2 %  
(± 2 .8 % )

9 .7 %  
(± 9 .9 % )

1 .8 %  
(± 2 .8 % )

2 n d  I m p a c t
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     For the sake of comparison, Table 5 shows the 
risks associated with SICs for belted drivers with 
MAIS3+ injuries. A near-side impact poses the 
greatest risk at 3.8 percent and is lower than that of 
10 MIC categories.  



______________________________________________________________________________________ 
Bahouth - 4 

Table 5.  
Risk of MAIS3+ by Collision Sequence  

For Belted Drivers in SICs  
with Associated Confidence Intervals 

 
Front N ear Far Rear

2 .2% 3.8% 1.9% 0.4%

±0.5% ±1.4% ±0.81% ±0.26%  
 
Delta Velocity  
 
     The researchers divided the MICs and SICs from 
NASS/CDS 1998-2002 into three groups of delta 
velocity values: <15 mph (24 km/h); 15-25 mph (24-
40 km/h); 25+ mph (40+ km/h). The MIC cases were 
subdivided according to the most severe delta 
velocity. For instance, if the case consisted of a 12 
mph (19 km/h) first impact and a 17 mph (27 km/h) 
second impact, it was categorized as a 15-25 mph 
(24-40 km/h) case. For comparison to the SIC, the 
researchers chose the higher delta velocity, the 
predominant delta velocity, of the MIC. Figure 3 
shows the risk of MAIS3+ injury distribution over 
the delta velocity ranges for both MICs and SICs for 
belted drivers.  
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Figure 3. RISK of MAIS3+ Injuries to Belted 
Drivers by Delta Velocity - NASS/CDS 1998-2002. 
 
   In all three delta velocity categories, the risk is 
greater in MICs than in SICs. The difference in risk 
of MAIS3+ injury between SICs and MICs is not 
statistically significant, though for belted drivers the 
trend shows that MICs typically pose a greater risk 
for high-severity injuries than SICs.  
 
Impact Speed 
 
     The impact speed is a reconstructed value of 
vehicle speed at the time of collision. The researchers 
queried the impact speed of SICs and MICs in 
NASS/CDS 1998-2002 where the impact speed was 
below 90 mph (145 km/h) to eliminate extremely 
high and questionable impact speeds.  

     The average impact speed for SICs was 33 mph 
(53 km/h) whereas that for the most significant 
impact in MICs was 44 mph (71 km/h). Note that in 
this query the researchers only considered MICs for 
which there were two documented delta velocities, 
because the confidence and accuracy of the impact 
speed is greater with two known values for delta 
velocities. 
 
     The impact speed of MICs is generally 10 mph 
(16 km/h) faster than that of SICs. Although this is 
based on a limited number of cases, it could imply 
that multiple impact crashes are higher energy events 
than single impact crashes. 
 
     The researchers also determined the percent 
frequency of impact speeds where the injury level 
was MAIS3+. Most high-severity injury multiple 
impact crashes lie in the 30-40 mph (48-64 km/h) 
range. The remaining crashes are in the 40+ mph 
(64+ km/h) range in this MAIS3+ category. The 
majority of the high-severity injury SICs are in the 
40+ mph (64+ km/h) impact speed range. Figure 4 
shows the distribution of impact speeds for this 
MAIS3+ grouping. 
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Figure 4. Percent Frequency of Impact Speeds: 
SIC vs. MICs for MAIS3+ crashes. 
 
     The average impact speed was 53 mph (83 km/h) 
for SICs whereas that for the most significant impact 
in MICs (with at least two known delta velocities 
documented) was 46 mph (74 km/h). In this MAIS3+ 
grouping, the SICs require higher impact speeds than 
the MICs to result in MAIS3+ injuries. This implies 
more severe crash characteristics in MICs than SICs, 
as they are resulting in the same injury severity but at 
a lesser impact speed. 
 
HARM  
 
     The unit cost of crash injuries has been published 
by NHTSA (DOT HS 809 446).  These unit costs can 
be used to calculate the total annual cost for injuries 
of all severities that are associated with any category  
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of crashes (Fildes, 1996). The total yearly HARM (a 
metric for quantifying costs of injury associated with 
motor vehicle crashes) for all MIC categories is more 
than $37 billion. See Table 6 for HARM values in all 
MIC categories. The highest HARM values are in the 
front-front, front-far, front-near, and near-near 
categories. Relative to the number of occupants 
exposed to these crashes, the cost of multiple impact 
crashes outweighs that of single impact crashes by 
more than $3,200 per occupant exposed every year.  

 
Table 6. 

HARM by MIC Category 
 

S eq u en ce H A R M S eq uence H A R M
F F 4 .0$    N F 1 .2$    
F N 3 .1$    N N 3 .0$    

F F a r 3 .4$    N F ar 1 .6$    
F R 1 .0$    N R 0 .2 2$  

F a rF 1 .3$    R F 1 .1$    
F a rN 1 .4$    R N 0 .0 8$  

F arF ar 1 .6$    R F ar 0 .3 4$  
F a rR 0 .2 6$  R R 0 .1 0$   

 
CLINICAL CASE REVIEWS 

 
     Injuries resulting from SICs and MICs are 
documented and readily available in the NASS/CDS 
data. For MICs, however, the data is not clear as to 
when during the multiple impact collision each of the 
injuries was sustained. 
 
      Perhaps all of the significant injuries were 
sustained during the initial impact, therefore implying 
the subsequent impacts were minor. Or the reverse 
could be true. Either way, the NASS/CDS database is 
not constructed in such a way that one can query 
when (during which impact) the injuries occurred.  
 
     For this reason, the researchers conducted a 
clinical review of numerous multiple impact crashes 
to determine when the injuries occurred. The goal 
was to better decipher the problems inherent in 
multiple impact crashes. See “Characteristics and 
Crash Factors Producing High-Severity Injuries in 
Multiple Impact Crashes”, reference [1], for detailed 
information regarding these clinical reviews.  
 
     The team reviewed a group of 50 NASS/CDS 
cases and 13 Crash Injury Research and Engineering 
Network (CIREN) cases in detail. Cases were 
selected for review if the vehicle did not rollover, if 
the driver was belted and not ejected, and if the two 
most significant events were either of a frontal or 
near-side nature. The crash may have contained 

impacts to other sides of the vehicle, but the team 
required that the two most significant impacts involve 
the front or near-side (in any combination thereof). 
This limitation served to narrow the research scope.  
 
     The crashes were broken down into two phases: 
most significant impact and other significant impact. 
This assignment enabled the reviewers to look at only 
the two highest injury-causing impacts, as there were 
more than two impacts in some crashes.  
 
     In addition, the researchers characterized and 
referred to the two impacts under review as the first 
and second significant impacts. This is different than 
the most significant impact and the other significant 
impact in that either could have been the first or 
second impact. 
      
     After reviewing the documented injuries, vehicle 
inspection data, vehicle inspection photographs, and 
scene diagrams, the researchers determined the injury 
mechanism. Subsequently, they determined the 
timing of injury, that is, during which significant 
impact the injury was sustained.  
 
     The clinical reviews revealed five properties of 
multiple impact crashes.  
 
� A crash with multiple impacts may result in 

injuries due to more than one impact.  
� Injuries sustained during the first impact can 

be exacerbated during subsequent impacts.  
� After the first impact, an occupant is likely 

moved out of position prior to the 
subsequent impact(s).  

� The vehicle’s crumple zones, intended for 
occupant protection, are exhausted during 
the first impact and are therefore unavailable 
for subsequent impacts.  

� Occupant protection devices, such as 
airbags, may be depleted after the initial 
impact, and therefore are unavailable for 
subsequent impacts.  

 
CONSEQUENTIAL VERSUS INCIDENTAL 
MICs 
 
     The clinical case reviews led the researchers to 
expand the definition of multiple impact crashes. In 
some instances, the data showed that the first impact 
either caused injury or in some way influenced the 
injury incurred during the second impact.  In other 
cases, the researchers found that only one of the 
significant impacts had any noteworthy bearing on 
the injury outcome. Perhaps the first impact caused 
the injury, but the second impact was a minor side 
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slap that did not influence the injury outcome in any 
way. Clearly these examples are both multiple impact 
crashes, but now the question arises: Do both impacts 
influence the injury outcome? 
 
     The researchers conducted a review of more than 
100 additional NASS/CDS multiple impact crashes 
from 1998 through 2002. The purpose was to find a 
way to further define or classify the multiple impact 
crashes. The researchers subdivided the MIC crashes 
into two classifications based on the characteristics of 
the crashes themselves: incidental and consequential 
multiple impact crashes.  
 
     An incidental MIC (IMIC) is defined as a single 
collision sequence in which the subject vehicle incurs 
more than one impact but only one of those impacts 
is influential in the injury outcome. Following is an 
example of an IMIC.  
 
     A vehicle incurs a front-near impact with 
respective delta velocities of 15 mph (24 km/h) and 5 
mph (8 km/h). The frontal collision deploys the 
airbag and forces the belted driver toward the front of 
the vehicle. The driver sustains bilateral tibia and 
fibula fractures and left radius/ulna fractures as a 
result of the frontal impact. The occupant is no longer 
in a pre crash position. The near-side impact is to the 
left rear fender at a 5 mph (8 km/h) delta velocity. No 
injuries are incurred during the second collision. This 
example shows that although the collision had 
multiple impacts, the injury outcome was dependent 
upon only one of the impacts. 
 
     A consequential MIC (CMIC) is defined as a 
single collision sequence in which the subject vehicle 
incurs more than one impact and where at least two 
of those impacts influenced the injury outcome. The 
impacts may influence the injuries in a number of 
different ways. An example of a CMIC follows.  
 
     A collision involves an 18-year-old female driver. 
She is belted and the driver’s frontal airbag deploys 
during the first of three impacts. The first impact is a 
frontal impact at 30 mph (48 km/h) stretching across 
the front of the vehicle. This is followed by a minor 
impact to the left rear fender. The final impact is a 
frontal, 15 mph (24 km/h) delta velocity impact to a 
pole. The injuries sustained in the collision include 
four AIS1 abrasions; five AIS2 lacerations; 
contusions; concussions or fractures; and one AIS3 
orbit fracture.  
 
     This collision is classified as a CMIC because of 
the high delta velocities and the injuries sustained. 
The nose and orbit fracture were likely sustained 

during the third impact. At that point the airbag had 
already been deployed and deflated as it was 
exhausted during the first impact. Had the airbag 
been available during the first and the third impacts, 
the injuries would have likely been mitigated.  
 
    Two predictors of consequential multiple impact 
crashes were uncovered in the case reviews. If the 
crash had either of the following characteristics, it 
could be considered a CMIC:   
� At least two delta velocities are >15 mph 

(24 km/h) 
� The second impact is more severe than the 

first 
 
     The following charts (Figures 5-8) show the risk 
of an MAIS3+ injury for a belted driver in CMICs 
and IMICs. They are separated by first impact 
direction. Near-near collisions pose the highest risk 
to this population. This is different from MICs in 
general where near-rear MICs pose the highest risk.  
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Figure 5. Risk of MAIS3+ Injury to Belted Driver 
in CMIC and IMIC – Front Impact First. 
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Figure 6. Risk of MAIS3+ Injury to Belted Driver 
in CMIC and IMIC – Near Impact First. 
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Figure 7. Risk of MAIS3+ Injury to Belted Driver 
in CMIC and IMIC – Far Impact First. 
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Figure 8. Risk of MAIS3+ Injury to Belted Driver 
in CMIC and IMIC – Rear Impact First. 
 
     Table 7 lists the risk of MAIS3+ injuries per 
CMIC and IMIC categories in addition to the 
frequency of MAIS3+ injuries associated with those 
risks and collision sequences. 
 

Table 7. 
Risk and Frequency of MAIS3+ Injuries in 

CMIC/IMIC Categories 
 

CMIC
# of 

Injuries IMIC
# of 

Injuries
FF 5.5% 2611 3.1% 3786
FN 3.4% 439 1.4% 2356
Ffar 4.4% 587 3.6% 4607
FR 0.5% 150 0.7% 689
NF 2.4% 742 8.5% 4086
NN 11.0% 225 7.9% 6693
Nfar 8.6% 554 9.0% 2247
NR 0.8% 39 2.7% 175
FarF 4.1% 1348 1.9% 1417
FarN 4.5% 771 1.2% 943
FarFar 2.5% 460 2.3% 2389
FarR 0.2% 5.7 2.8% 152
RF 0.5% 467 0.5% 904
RN 0.0% 0 0.0% 0
Rfar 6.4% 53.1 1.5% 53.0
RR 0.0% 0 1.7% 51  

     CMICs emerged as the foremost component of 
multiple impact crashes, and therefore should be 
underscored and considered for further study. Where 
the IMICs could be classified as a single impact crash 
due to the insignificance of one of the impacts, 
CMICs are viewed as more noteworthy because they 
comprised the very safety problems inherent to 
multiple impact crashes. 

 
FINDINGS AND CONCLUSION 
 
     The researchers defined and characterized 
multiple impact crashes, establishing a number of 
important findings: 
 
� Multiple impact crashes make up 42 percent 

of all tow-away crashes that occurred on 
U.S. roadways in 1998 through 2002. 

� The average yearly HARM value associated 
with MICs is $37 billion, which averaged 
over 42 percent of the total HARM per year 
for SICs and MICs combined.  

� The majority of impact speeds of MICs are 
10 mph (16 km/h) higher than those for 
SICs. Impact speeds for MICs resulting in 
MAIS3+ injuries are lower than that for 
SICs suggesting that delta velocities do not 
distinguish a high-severity/high-injury MIC 
from those of low severity. 

� Front-front MICs occur most often with 
belted drivers, followed by near-near and 
front-near crashes. The most harmful 
category is front-front MICs. 

 
The researchers divided MICs into two categories: 
incidental (IMIC) and consequential (CMIC): 

 
� An IMIC is a single collision sequence in 

which the subject vehicle incurs more than 
one impact but only one of those impacts is 
influential in the injury outcome. 

� A CMIC is a single collision sequence in 
which the subject vehicle incurs more than 
one impact and where at least two of those 
impacts influence the injury outcome. 

� A crash is likely considered a CMIC if two 
delta velocities are 15 mph (24km/h) or 
greater or if the second impact is a higher 
severity than the first impact.  

� Near-near CMICs pose the highest risk of 
MAIS3+ injury to belted drivers at 11 
percent. 

      
     This research addressed the phenomena of 
multiple impact crashes and how their characteristics 
relate to high-severity injury outcomes. The  
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researchers showed that in general, the risk of injury 
associated with MICs is higher than that of SICs. The 
study presents MICs as an occupant safety problem 
worthy of additional consideration by industry, 
regulators, and clinicians.  
 
     More specifically, the research shows that belted 
drivers, the population for whom the most occupant 
protection is designed, are at a greater risk in these 
MICs than those in SICs. The greater risk, coupled  
with the fact that $37 billion (in HARM) is associated 
each year with MICs, is enough to justify further 
research and countermeasures development for 
occupant protection in multiple impact crashes. 
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ABSTRACT 
 
This paper evaluates the risk of side crash injury for 
far side occupants in Australia and the United States.  
The study was based on the analysis of Australian 
data drawn from the Monash University Accident 
Research Center (MUARC) In-depth Data System 
(MIDS) and U.S. data extracted from the National 
Automotive Sampling System / Crashworthiness 
Data System (NASS/CDS).   Over 100 cases of 
Australian far side struck occupants were examined 
from the MIDS database, and over 4500 cases of U.S. 
far side struck occupants were investigated from 
NASS/CDS 1993 - 2002.   For both data sets, the 
analysis was restricted to three-point belted 
occupants of cars, light trucks, and vans.  The paper 
evaluates the risk of far side impact injury as a 
function of struck body type, collision partner, delta-
V, crash direction (PDOF), occupant compartment 
intrusion, and injury contact source.  Injury risk is 
evaluated using the maximum injury severity for each 
occupant, by injury severity for each body region, 
and by Harm, a social cost measure. The goal of this 
study was to develop priorities for developing far 
side impact injury countermeasures which would be 
effective in both countries.   
 
INTRODUCTION 
 
The primary objective of both side impact research 
and side impact regulation to date has been to protect 
occupants located on the struck side of a passenger 
vehicle. However, occupants of the non-struck, or far 

side, of the vehicle are also at risk of injury (Digges 
and Dalmotas, 2001).  The mechanism of far side 
impact injury is believed to be quite different than 
that for near side impact injury.  Far side impact 
protection may require the development of different 
countermeasures than those which are effective for 
near side impact protection. 
 
In early 2004, an international consortium of 
universities and crashworthiness research groups, led 
by the Monash University Accident Research Centre 
(MUARC), began to examine the problem of far side 
impact injury risk (Fildes et al, 2005).   The goal of 
this research program is to investigate far side impact 
injury to occupants of passenger cars, light trucks and 
vans.  The specific objectives of the project are to 
establish an improved understanding of the 
biomechanics of far side impact injury, develop a test 
procedure for evaluating the potential of injury in a 
far side impact, and explore new countermeasure 
approaches for far side impact injury prevention.  
This paper presents some of the first findings of this 
project. 
 
OBJECTIVE 
 
The goal of this study is to determine the risk of 
injury from far side impact crashes in Australia and 
the United States.  The specific objectives are to 
determine the priorities for injury countermeasure 
development, and to characterize those impact 
conditions which lead to far side impact injury as a 
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first step toward the development of a far side impact 
test procedure.   
 
APPROACH 
 
The analysis presented in this paper was based on the 
examination of Australian data drawn from the 
MUARC In-depth Data System (MIDS) and U.S. 
data extracted from the National Automotive 
Sampling System / Crashworthiness Data System 
(NASS/CDS) files from 1993 - 2002.   
 
DATA SOURCES 
 
The MUARC In-depth Data System (MIDS) is 
comprised of in-depth accident investigation data 
from four crashed vehicle studies conducted by the 
MUARC: the Crashed Vehicle File (CVF) collected 
from 1989 – 1993; the study funded by FORS (now 
the Australian Transport Safety Bureau, ATSB) to 
evaluate ADR69 and conducted from 1995 – 2000, 
the Holden Crash Investigation project (1993 
onwards) and the current Australian National Crash 
In-Depth Study (ANCIS)1 from 2000 onwards. 
 
The MIDS database contains weights which, when 
applied to individual cases, permitted national 
estimates of traffic crash injury in Australia.  The 
MIDS weighting system uses key crash parameters 
that when used in combination result in 4032 possible 
covariate patterns, in order to adequately capture 
crash and injury characteristics. Principal variables 
for the weighting system are: Year of vehicle 
manufacture (pre/post-1990); Impact direction (e.g., 
front, left, or right side of vehicle); Seating position 
of occupant; Single vehicle crash or multiple vehicle 
crash; Speed zone (categories: ≤60, 70-90, 100+ 
km/h); Head injury AIS ≥ 3; Chest or Abdominal 
injury AIS ≥ 3; Lower extremity AIS ≥ 3. The year of 
manufacture is included as advances in vehicle safety 
have progressed rapidly, and, while crude, serves as a 
reasonable cut-point as the Australian fleet is on 
average 10 -12 years of age. The expected number of 
crashes in each of the 4032 covariate patterns was 

                                                           
1 The ANCIS partners include the Federal Department of 
Transport and Regional Services; Autoliv Australia; Ford 
Motor Company Australia Ltd.; Holden Ltd.; Mitsubishi 
Motors Australia Ltd.; Motor Accidents Authority of New 
South Wales; National Roads and Motorists’ Association, 
Royal Automobile Club of Victoria Ltd.; Roads & Traffic 
Authority (New South Wales); Transport Accident 
Commission (Victoria); Toyota Motor Corporation; and 
VicRoads. The Federal Chamber of Automotive Industries 
and the Australian Automobile Association (AAA) are 
included as Observers. 
 

calculated for all fatality crashes in Australia and 
Victorian crash statistics for a three year period 
(1999-2001) with Victorian crashes adjusted and 
multiplied to approximate and equal, respectively, the 
Australian serious, minor and non-injury crashes. 
Weights were determined by expressing expected 
number of occupants per covariate pattern divided by 
the number of matching occupants in the MIDS. 
Analysis was conducted with and without weights 
applied. 
 
NASS/CDS is a sample of 4,000 to 5,000 crashes 
investigated each year by the U.S. National Highway 
Traffic Safety Administration (NHTSA) at up to 27 
locations throughout the United States.  For a crash to 
be included in NASS/CDS, at least one of the 
vehicles in the accident had to be towed from the 
scene.  Each case in NASS/CDS has corresponding 
weights which allow for computation of national 
estimates of traffic crash injury outcome. 
 
FAR SIDE IMPACT DATA SET  
 
The analysis which follows focuses exclusively on 
occupants of passenger vehicles subjected to far side 
impact.  The analysis was limited to passenger cars, 
light trucks, and vans subjected to a side impact.  For 
this study, side impact was defined to be a crash in 
which the general area of damage in the most harmful 
event was to the left or right side of the car.  Any 
cases in which the vehicle rolled over were excluded.   
 
A far side occupant was defined to be either an 
outboard occupant on the opposite side of a crash or a 
center seated occupant.  For impacts to the driver side 
of the car, for example, a front seat passenger would 
be considered to be on the far side of the car.  
Likewise, for impacts to the front passenger side of 
the car, the driver would be considered to be the far 
side occupant.   Only occupants that were restrained 
by a three-point safety belt were included in the 
study.  
 
As shown in Table 1 and Table 2, these selection 
criteria resulted in a final sample of 107 Australian 
cases and 4,518 U.S. cases of far side struck 
occupants.  10 of the Australian cases and 281 of the 
U.S. cases were seriously injured occupants.    
Seriously injured occupants were defined to be 
occupants with a maximum injury severity of AIS 3 
or greater.  Both files contained a small number of 
fatally-injured occupants which were included in the 
Harm calculation but not analyzed separately.  In 
addition to the unweighted number of cases, these 
tables also present weighted counts of the number of 
occupants in each injury severity category.  The 
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weighted numbers were developed using the 
multipliers included in both MIDS and NASS to 
permit national estimates of injury in their 
corresponding countries.  All analyses which follow 
were performed with weighed accident data. 
 

Table 1. Number of Australian Belted Far Side 
Struck Occupants – MIDS 

 
 Weighted Unweighted 
Occupants 
 

5,894 107 

Seriously Injured 
Occupants  (AIS3+) 

39 10 

Fatalities 
 

4 1 

 
 
Table 2. Number of  U.S. Belted Far Side Struck 

Occupants – NASS/CDS 1993-2002 
 
 Weighted Unweighted 
Occupants 
 

2,386,633 4,518 

Seriously Injured 
Occupants  

21,982 281 

Fatalities 
 

5,175 80 

 
One analytical challenge of this study was how to 
combine the Australian and U.S. data.  The U.S, far 
side impact data set is many times larger than the 
corresponding Australian data set.  Our approach was 
to use the Australian and U.S. data to compare and 
contrast the higher level characteristics of the far side 
impact problem, e.g. body region priorities for injury 
reduction.  The larger U.S. data set was then used to 
determine the detailed injury mechanisms of far side 
impact injury.  At the time of this paper, the number 
of cases from the MIDS database was too small to 
perform a similar analysis with Australian data alone.   
 
MEASURING SOCIAL COST WITH HARM 
 
Our study used the Harm metric to measure the social 
cost of traffic accidents. The Harm metric was first 
developed by Malliaris et al (1982) as a means of 
balancing number of injuries with the severity or cost 
of an injury.   Using the Malliaris Harm metric, each 
AIS level has a prescribed social cost.   This social 
cost includes both medical costs and indirect costs 
such as loss of wages.  For each injured person, the 
Harm is the social cost which corresponds to their 
maximum AIS injury level. 
   

This original Harm metric was a remarkable new 
method of injury assessment, but had two 
weaknesses.  First, social cost is not a function 
exclusively of AIS level.  The social cost of injury 
varies by body region as well as by injury severity.  
For example, an AIS 3 head injury has a higher social 
cost than an AIS 3 leg injury.  Second, the original 
Harm metric assigned a cost to only the injury of 
highest severity.  This approach can underestimate 
the total social cost of a person who suffers multiple 
injuries as multiple injuries can aggravate the total 
threat to a crash victim’s life.   
 
Fildes et al (1994) developed an improved Harm 
metric which addressed these two issues.  The 
improved method assigns a social cost to each injury, 
and sums these costs to estimate a total social cost of 
injury.  In this study, Costi, the social cost of an 
injury i as defined by Fildes et al (1994) was used as 
a measure of social cost.  Costi is a function of the 
injury severity as measured by the AIS scale, and the 
body region which has been injured.  The cost 
components include not only treatment and 
rehabilitation costs but also all other costs to society 
such as loss or wages and productivity, medical and 
emergency service infrastructure costs, legal and 
insurance costs, legal and insurance charges, family 
and associated losses and allowances for pain and 
suffering.   
 
Our study uses a variation of the Fildes method for 
computation of Harm.  In some cases, there may be 
multiple injuries to a single body region.  In our 
methodology, the maximum injury to a single body 
region is used when assigning costs as costs are 
typically assigned to treat a single body region not 
individual injuries of that body region.  The costs 
proposed by Fildes et al (1994) were normalized to 
cost of a fatality and are presented in Table 3. 
 
 
COMPARISON OF AUSTRALIAN AND U.S.  
FAR SIDE CRASHES 
 
The traffic safety environments in Australia and the 
United States share many common vehicle types and 
similar safety regulations, but also differ in several 
important aspects.  Differences in fleet composition, 
driver seating position, and rural-to-urban driving 
mix may have an influence on the priorities for 
countermeasure development.  Our initial step in the 
analysis was to compare and contrast the risk of far 
side impact injury in Australia and the United States.   
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Table 3.  Average Cost per Injury (Normalized to the Cost of a Fatal Injury) 

 

 INJURY SEVERITY 
BODY Minor Moderate Serious Severe Critical Maximum Unknown 
REGION (AIS = 1) (AIS = 2) (AIS =3) (AIS = 4) (AIS = 5) (AIS = 6)  
External 0.0045 0.0250 0.0698 0.1135 0.1646 1.0000 0.0045 

Head 0.0063 0.0295 0.1213 0.2796 0.9877 1.0000 0.0045 

Face 0.0063 0.0295 0.1213 0.1601 0.3277 1.0000 0.0045 

Neck 0.0063 0.0295 0.1213 0.1601 0.3277 1.0000 0.0045 

Chest 0.0045 0.0250 0.0698 0.1135 0.1646 1.0000 0.0045 

Abdomen 0.0045 0.0250 0.0698 0.1135 0.1646 1.0000 0.0045 

Pelvis 0.0045 0.0250 0.0698 0.1135 0.1646 1.0000 0.0045 

Spine 0.0045 0.0250 0.1631 1.4054 1.6804 1.0000 0.0045 

Upper 
Extremity 

0.0063 0.0433 0.1026       0.0045 

Lower 
Extremity 

0.0045 0.0433 0.1303 0.1926 0.3277   0.0045 

 
 
 
 
Figure 1 and Figure 2 present the relative injury risk 
of near and far side impact for Australia and the U.S.  
As illustrated in Figure 2, a side struck occupant in 
the U.S. has a nearly equal probability of being 
seated on the near or far side of the vehicle.  
Approximately half of the side struck occupants were 
on the near side, and half were on the far side.  In 
Australia, however, the MIDS database predicts a 
very different distribution.  60% of side struck 
occupants were on the near side of the car and the 
remaining fraction were on the far side of the car.   
 
On the other hand, the ratio of near side to far side 
occupant injuries was very similar in both countries. 
Both the Australian and the U.S. accident data show 
that near side impact carries a significantly higher 
injury risk.    Near side crashes accounted for 
approximately 80% of the seriously injured side 
struck persons in Australia and 78% in the U.S.   
Near side struck occupants incurred 76% of the side 
impact Harm in Australia, and 71% of the side 
impact Harm in the U.S.  
 
Far side struck occupants have a significant risk of 
injury in both Australia and the United States.  As a 
fraction of all occupants who experienced a side 
impact, far side struck occupants accounted for 
approximately 20% of the seriously injured persons 
and 24-29% of the Harm. 
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Figure 1.  Distribution of Australian Near vs. Far 

Side Impact Injuries for 3-Pt Restrained 
Occupants 
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Figure 2.  Comparison of U.S. Near and Far Side 
Impact Injuries for 3-Pt Restrained Occupants 
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As seen in Figure 3, the distribution of far side 
impact injury by body region is very similar in both 
Australia and the U.S.  Head injuries accounted for 
approximately one-fourth of all Harm, the largest 
fraction of total Harm.  The largest differences in 
injury outcome were for the chest and the spine.  The 
chest incurred 13% of all Harm in the U.S. and only 
7% of all Harm in Australia.  Spine injuries 
accounted for 15% of all Harm in Australia, but only 
10% of Harm in the U.S.  Protection of the head, 
chest, and spine are priorities for countermeasure 
development.  These three body regions accounted 
for approximately half of all the Harm attributed to 
far side impact in both countries. 
 
Injuries to the upper and lower extremities combined 
for approximately 40% of the far side impact Harm in 
both countries – a surprisingly large fraction.   These 
injuries may be due to the flailing motion of the 
limbs as the occupant is thrown across the car in a far 
side impact.  One difference between NASS and 
MIDS should be noted here:  in the MIDS database 
pelvic injuries were grouped with the abdominal 
injuries while in NASS/CDS pelvic injuries were 
grouped with lower extremity injuries.   
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Figure 3.  Distribution of Far Side Impact Harm 
by Body Region – Australia vs. United States  

 
In both Australia and the U.S. the distribution of 
Harm by seating location was very similar.  As 
shown in Figure 4 and Figure 5, in both Australia and 
the U.S. drivers composed just under three-fourths of 
the far side struck occupants and incurred just over 
three-fourths of the Harm.  Front passengers 
accounted for approximately 20% of the far side 
struck occupants, and 14-20% of the Harm.  Rear 
passengers comprised only 7% of the total far side 
struck occupants and only 3-6% of the Harm.  A test 
procedure which focuses on the front seat occupants 
would capture over 90% of the Harm. 
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Figure 4.  Australian Far Side Injuries to Belted 

Occupants by Seating Position 
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Figure 5.  U.S. Far Side Injuries to Belted 

Occupants by Seating Position 
 
The composition of the Australian and U.S. 
passenger vehicle fleets are very different.  The 
Australian fleet is primarily composed on passenger 
cars.  The U.S. fleet is characterized by a growing 
segment of light trucks and vans (LTVs) now 
estimated to account for 40% of registered light 
vehicles and 50% of all light vehicle sales in the U.S.  
The LTV category includes pickup trucks, sport 
utility vehicles, vans, and minivans.    
 
Reflecting this fleet composition, the Australian 
dataset contained only passenger car data.  The U.S. 
dataset however contained cases of both car and LTV 
occupants involved in far side impact.   Figure 6 
presents the distribution of injuries by struck body 
type in the U.S.  Approximately three-fourths (76%) 
of the side struck occupants in the U.S. were drivers 
or passengers of a car.  The remaining persons were 
occupants of an LTV.  A far side impact is much 
more dangerous for a car occupant than for the 
occupant of a light truck or van (LTV).  Although car 
occupants accounted for 76% of side struck persons 
in the U.S., car occupants accounted for 83% of the 
seriously injured persons and 84% of the Harm.  
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Figure 6.   U.S. Far Side Impact Injuries by Body 

Type of Struck Vehicle 
 
Finding that a substantial proportion of the far side 
harm in the U.S. is incurred by LTV occupants, we 
next examined whether car and LTV occupants might 
require different injury countermeasures. As seen in 
Figure 7, the Harm distributions for car and LTV 
occupants are not identical.  Nevertheless, the head, 
chest, and spine are still the most urgent targets for 
Harm reduction.  For both car and LTV occupants, 
the largest contributor to Harm was head injuries.  
Chest injuries resulted in much more Harm for car 
occupants (14%) than for LTV occupants (10%).  In 
contrast, upper and lower extremity injuries were 
somewhat more important for LTV occupants than 
for car occupants. Injuries to the arms and legs 
accounted for 44% of LTV occupant Harm, but only 
36% of car occupant Harm.    
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Figure 7.   Distribution of Serious Injuries by 

Type of Struck Vehicle Type and Body Region 
Injured in the U.S. 

 
The distribution of Australian and U.S. far side 
injuries by striking vehicle were next evaluated to 
determine the influence of differing fleet 
composition.   As shown in Table 4, however there 
were too few cases in the Australian data to 
disaggregate the data to this level.   This table does 
however show that the primary striking vehicle was a 

passenger car or a passenger car-derivative denoted 
as Ute below. 
 

Table 4. Number of Australian Belted Far Side 
Struck Occupants – MIDS 

 
Weighted Unweighted Striking 

Vehicle or 
Object 

Occupants AIS3+ Occupants AIS3+ 

Car / UTE 
   

3,892  
   

28  63 5 

4WD 
   

264  
   

-   5  

Van 
   

91  
   

-   3  
Hvy Truck 
/ Bus 

   
169  

   
-   4  

Other 
Vehicle 

   
1,063  

   
-   6  

Pole 
   

139  
   

2  11 2 

Tree 
   

251  
   

9  14 3 
Other 
Object 

   
26  

   
-   1  

 
Total  5,894   39             107  

   
10  
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Figure 8.   Distribution of Far Side Injuries by 
Striking Vehicle Type in U.S. 

 
The analysis presented in Figure 8 depicts the 
distribution of far side injuries as a function of the 
striking vehicle type in the U.S.  Several studies have 
showed that light trucks and vans are incompatible 
with cars in traffic collisions [Summers et al, 2001; 
Gabler and Hollowell, 1998; IIHS, 1998].  The 
incompatibility is particularly an issue when the 
striking vehicle is an LTV and the struck vehicle is a 
passenger car.  This observation is confirmed in 
Figure 8.  The striking vehicle for over half of the 
side struck occupants was a passenger car, yet this 
collision partner accounted for only 37% of the 
Harm.  In contrast, 27% of the occupants were struck 
by an LTV, but these collisions resulted in 35% of 
the Harm.  Particularly dangerous, but fortunately 
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rare, were collisions with ‘Other’ vehicles – a 
category which includes heavy trucks, buses, and 
motorcycles.  Collisions with fixed objects, e.g. trees 
and poles, accounted for 16% of the side struck 
occupants and 18% of the Harm. 
 
IMPACT CONFIGURATION 

Impact speed, impact angle, and impact location are 
important parameters which must be identified in 
order to design a test procedure to evaluate far side 
impact injuries.  This section provides an analysis of 
the accident data which investigates the impact 
configuration of a far side crash.  Because of the 
small number of Australian cases, the analysis which 
follows is based exclusively upon U.S. accident data. 
 
Figure 9 presents the distribution of far side injuries 
by total delta-V of the struck vehicle.  Total delta-V 
is the resultant change in velocity, and includes both 
the lateral and longitudinal components of delta-V.  
The median total delta-V for all far side struck 
occupants was 15 km/hr.  Half of the Harm occurred 
for total delta-V less than or equal to 24 km/hr. The 
median total delta-V for occupants with a maximum 
AIS injury level of 3 or higher was 32 km/hr.   
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Figure 9.   Distribution of Far Side Impact 

Injuries by Total Delta-V 
 
Figure 10 examines the distribution of far side 
injuries by lateral delta-V of the struck vehicle.  The 
median lateral delta-V for all far side struck 
occupants was 12 km/hr.  Half of the Harm occurred 
for total delta-V less than or equal to 22 km/hr. The 
median lateral delta-V for occupants with a 
maximum AIS injury level of 3 or higher was 28 
km/hr.   
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Figure 10.   Distribution of Far Side Impact 

Injuries by Lateral Delta-V 
 
For near side struck occupants, intrusion into the 
occupant compartment is known to increase the 
severity of impact injury.  The effect of intrusion is 
not as obvious, however, for far side struck 
occupants.  Our analysis used the SAE collision 
deformation extent, recorded by NASS crash 
investigators, as a measure of intrusion.  As shown in 
Figure 11, the SAE collision deformation 
classification scheme divides the struck side of the 
car into nine zones.  The boundary between the fifth 
and sixth zone corresponds to the centerline of the 
car.    
 
As shown in Figure 12, 60% of all far side struck 
occupants were exposed to crashes with a damage 
extent involving only the first and second zones.  
This figure shows that serious injuries are strongly 
correlated with damage extent.  Almost no serious 
injuries were observed for damage extent limited to 
the first two zones.  However, 60% of the serious 
injuries were incurred by occupants of a vehicle with 
a damage extent to zones 3 or 4.   However, as 
damage extent is also correlated with delta-V, it is 
unclear from this figure if the injury was a result of 
intrusion or simply a higher inertial loading. 
 

 
Figure 11.   Side Crash Damage Extent 
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Figure 12.   Distribution of Injuries by Damage 

Extent 
 
Figure 13 presents the distribution of injuries by 
principal direction of force (PDOF).  Zero degrees is 
the front of the struck car, 180 degrees is the rear of 
the struck car and 90 degrees is normal to the side of 
the struck car.  In NASS, PDOF normally ranges 
from 0 to 360 degrees.  For a side impact, a PDOF 
ranging from 0 to 180 degrees would correspond to a 
right side impact, while a PDOF ranging from 180 to 
360 degrees would correspond to a left side impact   
Note that for this analysis, the PDOF for both left and 
right side impacts have been collapsed into a set of 
values ranging from 0 to 180 degrees.  Hence, a 
direction of force perpendicular to the side of either 
the left or right side of the vehicle would correspond 
to an angle of 90 degrees.     
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Figure 13.   Distribution of Far Side Impact 

Injuries by Principal Direction of Force 
 
As shown in Figure 13, the most likely principal 
direction of force in far side impacts was 60 degrees.  
A principal direction of force of 60 degrees, +/- 15 
degrees, accounted for 60% of the seriously injured 
occupants, and 45% of the Harm.  Little injury was 
observed either for PDOF below 30 degrees or for 
PDOF which exceeded 90 degrees.   
 
Figure 14 shows the definition of impact region used 
in this analysis.  The NASS categories Y (front 2/3 of 

the car side), P (center 1/3 of the car side), Z (rear 2/3 
of the car side), and D (distributed), all involve 
impact to the occupant compartment.  An impact to 
the occupant compartment may result in intrusion 
which is known to increase the injury severity for 
near side struck occupants.  Intrusion may also affect 
the injury outcome for a far side struck occupant.      

 
Figure 14.  Side Crash Impact Locations 

 
Figure 15 shows that the front 2/3 of the vehicle was 
the most likely damage location for the vehicles in 
our sample.  Impacts to this region also accounted for 
the largest fractions of seriously injured occupants 
(42%) and Harm (39%).   Collisions which involved 
the occupant compartment were observed to be result 
in a disproportionate amount of serious injuries and 
Harm.  The side damage locations P, Y, Z, and D in 
the figure above accounted for 66% of the side struck 
occupants, but 86% of both the seriously injured 
occupants and the Harm. 
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Figure 15.   Distribution of Far Side Impact 
Injuries by Location of Impact 
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INJURY SOURCES 

The following charts present the distribution of far 
side injuries by injury source.  These figures identify 
potential targets for the development of 
countermeasures to prevent or reduce the severity of 
far side injuries.  Because the number of AIS3+ cases 
in each category can be very small when 
disaggregating the data in this way, these figures 
report injuries at the AIS 2 level and higher.  Harm 
was computed using only injuries of severity AIS 2 
and greater. 
 
As shown in Figure 16, the leading sources of head 
injury were contact with the right interior, roof, 
center panel, and right roof rail.  Twenty per cent of 
the head Harm results from contact with the right 
interior surfaces of the vehicle.  Because the head is 
free to flail about in the vehicle, we also note that 
unlike other, more constrained body regions, the head 
suffers impact with a large number of different 
contact sources.   
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Figure 16.   Distribution of Head Injuries by 

Injury Source 
 
As shown in Figure 17, the leading sources of chest 
injury were contact with the seat back, the belt 
webbing or buckle, the right interior, and other 
occupants. Almost half of the AIS 2+ injuries result 
from contact with the seat back of the vehicle.  
Analysis of high speed video of side impact crashes 
reveals that in a side impact the near side seat is 
frequently deformed out of position and into the 
trajectory of a far side occupant.  Injuries induced by 
the safety belt or buckle accounted for approximately 
one-fourth of AIS 2+ injuries.  As shown in Figure 
18, most of the serious chest injuries occurred as a 
result of impacts with a PDOF of 60 degrees. 
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Figure 17.   Distribution of Chest Injuries by 

Injury Source 
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Figure 18.   Distribution of Serious Chest Injuries 

(AIS 3+) by PDOF 
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Figure 19.   Distribution of Abdominal Injuries by 

Injury Source 
 
As shown in Figure 19, 86% of the AIS 2+ injuries 
and 73% of the Harm were the result of abdominal 
contact with either the safety belt or buckle.  These 
data suggest that current safety belt designs appear to 
interact very poorly with the abdomen of far side 
struck occupants.  Analysis of high speed video of 
side impact crashes suggests that some of these 
abdominal injuries could also be the result of contact 
with the center console.   Because the center console 
is so much stiffer than the abdomen, it is possible that 
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impacts with the center console are not always 
apparent to accident investigators.   
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Figure 20.   Distribution of Serious Abdominal 

Injuries (AIS 3+) by PDOF 
 
 
CONCLUSIONS 
 
This paper has evaluated the risk of injury from far 
side impact crashes in Australia and the United 
States.  Our analysis was based upon an examination 
of injury outcomes of 107 occupants drawn from the 
Australian MIDS database, and over 4500 occupants 
extracted from the U.S. NASS/CDS 1993-2002 crash 
investigations database.  All cases were three-point 
belt restrained occupants of passenger cars, light 
trucks and vans who were exposed to a far side 
impact.   
 
The goal of this study was to establish priorities for 
injury countermeasure development.  Specific 
conclusions are as follows: 
 
• Far side struck occupants have a significant risk 

of injury in both Australia and the United States.  
As a fraction of all occupants who experienced a 
side impact, far side struck occupants accounted 
for approximately 20% of the seriously injured 
persons and 25-29% of the Harm. 

 
• Protection of the head, chest, and spine are 

priorities for countermeasure development in 
both Australia and the United States.  These 
three body regions accounted for approximately 
half of all the Harm attributed to far side impact. 

 
• Injuries to the upper and lower extremities 

combined for approximately 40% of the far side 
impact Harm in both countries – a surprisingly 
large fraction.    

 
• Nearly half of all AIS 2+ injuries to the chest 

were the result of contact with the seat back.  

Analysis of high speed video of side impact 
crashes reveals that in a side impact the near side 
seat is frequently deformed out of position and 
into the trajectory of a far side occupant.   

 
• The accident data suggest that improvement of 

safety belt loading should be a priority for both 
abdominal and chest injury reduction. Injuries 
induced by the safety belt or buckle accounted 
for approximately one-fourth of AIS 2+ chest 
injuries.  Particularly surprising was the finding 
that 86% of the AIS 2+ abdominal injuries were 
the result of contact with either the safety belt or 
buckle.  Future studies will investigate whether 
some of these abdominal injuries may be the 
result of undetected contact with the center 
console. 

 
As a first step toward the development of a far side 
impact test procedure, the analysis used U.S. data to 
investigate the impact conditions which lead to far 
side impact injury.  Specific findings are as follows: 
 
• The median lateral delta-V for occupants 

exposed to far side impact was 12 km/hr.  The 
median lateral delta-V for Harm was 22 km/hr 
while the median lateral delta-V for serious 
injuries was 28 km/hr.   

 
• A principal direction of force of 60o was most 

likely to be associated with serious injury.  A 
PDOF of 60o +/- 15o was experienced by 60% of 
the seriously injured persons and resulted in 45% 
of the Harm. 

 
• A vehicle or fixed object striking the occupant 

compartment of a subject vehicle was most likely 
to produce far side injuries.  Impacts involving 
the occupant compartment accounted for 86% of 
the seriously injured persons and 86% of the 
Harm.  Early indications are that this may be due 
to the effect of intrusion on the far side occupant. 
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ABSTRACT 
A cooperative research project with the 

National Highway Traffic Safety Administration 
(NHTSA) was conducted to evaluate the capability of 
a Tubular Thoracic Cushion (TTC) airbag concept to 
significantly reduce rib deflections for the SID-IIs 
dummy in the Insurance Institute for Highway 
Safety’s (IIHS) side-impact barrier test. 

 
The concept of the TTC airbag was to 

efficiently distribute a majority of the crash force to 
the pelvis, which is more able to tolerate forces from 
side-impact crashes.  The characteristic of the airbag 
to develop tension when deployed appeared to offer 
additional opportunities for occupant restraint in the 
IIHS side-impact environment. 

 
Computer analysis confirmed that an approach 

of interposing an inflatable cushion between vehicle 
occupants at the ribs and a vehicle’s intruding side 
structure may be problematic when attempting to 
limit rib deflection, particularly for small-stature 
occupants.  
 

NHTSA analysis of NCAP side-impact tests 
suggested that pelvic lead (pelvic loading prior to the 
loading of the rib cage) lessens severity of thoracic 
injury [1]. Simulations of the IIHS side-impact 
barrier test utilizing this approach of pelvic lead with 
the TTC device showed reductions in rib deflection 
to a 5th percentile female dummy when airbag 
inflation was limited only to the pelvis region.  
 

Due to the characteristic of the TTC airbag to 
develop tension when deployed, a strategy of 
applying an inboard lateral "pre" load to the pelvis 
region of the SID-IIs dummy prior to intrusion was 
developed. This further reduced rib deflection in 
dynamic simulations and was validated in dynamic 
sled testing. The tensioning characteristic of the TTC 
airbag concept demonstrated pre-loading the pelvis of 
an occupant in the IIHS side-impact environment 
provided significant reduction in injury risk.  

 

BACKGROUND 
 Side-impact crashes represent the most 
hazardous crash mode of all planar crashes. Based on 
1999 US NASS data, the frequency of these crashes 
comprises approximately one fifth of all planar 
crashes. However, 1999 US FARS data indicates 
more than a third of all occupants fatally injured are 
disproportionately represented in side-impact 
collisions.  

There are several reasons why side-impact 
collisions have the highest injury potential over 
frontal impact crashes. Unlike frontal crashes, side 
crashes involve considerably less crush space 
between the point of impact from the striking vehicle 
and the struck passenger [2]. Consequently, this very 
limited crush space increases the protection 
requirements on the vehicle side-structure, interior 
padding, and other countermeasures such as side 
airbags. 

 
During a side-impact crash, the door of the 

struck vehicle intrudes into the passenger 
compartment with the velocity of the striking vehicle. 
The occupant in the struck vehicle remains 
motionless relative to the intrusion until the distance 
between the occupant and the intruding door come 
together and the door accelerates the occupant. The 
struck vehicle is accelerated as a result of the 
stiffness of the side structure. The intrusion of the 
door is complete when the velocity of the door is 
equal to the velocity of the vehicle. Later in the crash 
event, the velocity of the occupant becomes greater 
than the intrusion velocity and the occupant separates 
from the intrusion. However, the highest risk of 
injury is likely to occur much earlier in the crash 
event [3]. 

 
Changes to U.S. Vehicle Fleet 
 

A significant shift in the United States' vehicle 
fleet composition appears to be greatly increasing the 
hazards associated with side-impact crashes [3].  This 
shift is due to increased popularity of sport utility 
vehicles, vans and light trucks. 
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Side-impact crashes of light vehicles, i.e. 
passenger cars and multi-purpose vehicles (MPV's) 
result in approximately 9,800 fatalities and over 
1,020,000 injuries each year (1996 FARS and GES). 
This corresponds to about 30% of vehicles involved 
in tow away crashes.  Also, over 43% of the fatalities 
and 37% of the serious injuries (MAIS 3) in U.S. 
light vehicle side-impact crashes are in side impacts 
where an MPV is the striking vehicle (based on a 
yearly average from the current U.S. crash 
environment (1988-1996 NASS/CDS and FARS). 

 
Based on analysis of Canadian field accident 

data and crash testing, 67% of passenger car 
occupants injured at the AIS 3 or greater level, 
sustained their injuries in impacts where the striking 
vehicle was an MPV [4].  Additionally, it was 
observed that female occupants were over-
represented among seriously injured occupants. 
 

These recent real-world changes in the vehicle 
fleet have shown to present technical challenges in 
protecting occupants in this more difficult 
circumstance.  The hood heights of MPV's such as 
sport utility vehicles typically correspond with the 
head of an occupant seated in a passenger car.  This 
situation exposes the occupants in a passenger car to 
the risk of serious head injuries in a side-impact.  
However, risk of torso injury to the occupant in the 
passenger car also increases as a result of the 
proximity of the hood height of the MPV.   
 

The side-impact test program developed by 
the Insurance Institute for Highway Safety (IIHS), 
addresses this real-world scenario. The basis for this 
side-impact test program is illustrated in figure 1.  

 

 
Courtesy of IIHS 
 
Figure 1. IIHS test demonstration for consumer 
information side crash test 

The design of the IIHS side-impact test is to 
assess the protection afforded to both the head and 
torso of small-stature occupants in passenger cars 
struck in the side by MPV's.  Results from tests 
conducted on a variety of vehicles equipped with and 
without side airbags has shown the test to be a 
significant challenge for vehicle manufacturers to 
demonstrate satisfactory performance especially for 
torso protection. 
 
INTRODUCTION 

 
There are several approaches to side-impact 

protection for passenger vehicles. These generally 
include vehicle intrusion stiffness, interior geometry, 
and inflatable devices and padded structures capable 
of absorbing the impact energy.  

 
Minimal improvements in reducing intrusion 

velocity are possible through stiffening the vehicle 
structure, however; sufficient thoracic protection is 
not likely without additional countermeasures to meet 
the requirements in the IIHS side-impact scenario. 

 
Investigation into potential safety benefits of 

padding using constant crush force energy absorbing 
materials for thoracic protection in side impacts have 
been studied over several decades [5]. Some analysis 
indicates 15-30% potential reduction of thoracic 
injury risk for selected material characteristics as an 
upper bound [6]. Another study has shown 
approximately 10% effectiveness for padding in the 
door and armrest as an injury countermeasure in side 
crashes [5]. However, reducing the risk of injury to 
the chest and abdomen in the IIHS situation with 
padding countermeasures appears more difficult. 

 
Side Airbag Functions 
 

Most types of side airbags are designed to 
establish early contact between the door and 
occupant. This interaction with the airbag accelerates 
the occupant before the intruding door contacts the 
occupant. These airbags are designed to distribute the 
contact forces over a large area of the rib cage to 
avoid localized loads and reduce the overall risk of 
thoracic injuries.  A critical challenge of an airbag 
design is to inflate the airbag with sufficient pressure 
to accelerate the occupant from the intrusion while 
appropriately cushioning the occupant to minimize 
the risk of rib fractures.  

 
Loading the pelvis prior to contact with the 

thorax is a favorable occupant kinematic and is often 
referred to as  “pelvic lead.” This occupant motion is 
indicative of reduced injury risk to the thorax [1] [3]. 
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As such, a strategy of distributing greater contact 
load to the pelvis region appears appropriate due to 
higher loading tolerance of the pelvis (Injury 
Assessment Reference Value 4kN per IIHS 
evaluation) compared to rib structures. Therefore, 
padding in the door itself is often used to push the 
pelvis region to accelerate the occupant with the 
lowest possible risk. Some side airbags cover not 
only the thorax but also the pelvis region to minimize 
potentially injurious loads to the thorax and 
abdomen. 

 
The interior door trim contour is another 

important design consideration in addressing the risk 
of injury in side-impact. The Institute’s experience in 
the development of their side-impact program has 
identified the abdomen as a critical area of concern 
[3].  This is an interesting finding, considering that 
injuries to the spleen are common in serious side 
impacts. The deformed door can protrude more 
significantly at the armrest, which can increase the 
risk of abdominal injury. Some airbag designs fill 
these irregular contours to provide a large flat contact 
zone between the intrusion and occupant to avoid 
localized loads and minimize the risk of abdominal 
injuries.   

 
Airbag Deployment Timing 
 

One of the single most important deployment 
characteristics necessary for inflatable devices to 
mitigate injury in side-impact crashes has to do with 
the timing of the airbag. Side collisions require a 
much faster airbag reaction time compared to frontal 
collisions [7]. This is due to the limited distance and 
time to sense the crash and insert the airbag between 
the occupant and intruding structure. Therefore, 
deployment time of an airbag is critical, especially in 
more severe side-impact crashes. 

 
Analysis of thoracic dummy responses from 

test results in some IIHS side impact tests show more 
than 42 mm of rib deflection for a SID-IIs dummy 
after 25 milliseconds after initiation of barrier impact. 
This magnitude of rib deflection represents a 50% 
risk of AIS3+ injury. NHTSA identifies 42mm of rib 
deflection represents  
 
PROJECT DESCRIPTION 

 
A cooperative research project with NHTSA 

was established to evaluate the capability of a 
Tubular Thoracic Cushion (TTC) concept airbag with 
a contracting characteristic that offered possibilities 
to significantly reduce rib deflections of the SID-IIs 
dummy in IIHS side-impact environment.  The 

project was divided into two major tasks. The first 
task consisted of computational analyses intended for 
design development of the concept airbag. The 
second major task for the research project included 
dynamic tests of prototypes airbags for model 
validation and evaluation of concept feasibility.   
 
Model Development 
 

The primary occupant-simulation software 
used to evaluate various design iterations of the 
concept airbag was MADYMO (Mathematic 
Dynamic Modeler).  A full-scale crash test identified 
in the IIHS database (1999 Pontiac Grand Am, test 
#CS01009) was used for developing the baseline 
computer model. The model was used to simulate the 
IIHS Grand Am test and then apply the airbag design 
iterations based on occupant dynamic responses. The 
Grand Am vehicle configuration was equipped 
without deployable side-impact countermeasures. 
The vehicle test was selected without side airbags to 
eliminate the complications of other inflatable 
countermeasures and so design iteration could be 
based on occupant response interaction with the 
vehicle’s intrusion profile. 
 

This multi-step process consisted of creating a 
baseline model correlated to the occupant responses 
measured in the IIHS test. Various airbag designs 
were created and implemented into the baseline 
model, and iterated on the designs until occupant 
response goals were achieved. 

 
A modeling technique called Prescribed 

Structural Motion (PSM) was used to recreate door 
intrusion.  This technique assigns motion to the nodes 
of an FEM structure according to 3-D displacements 
in time.  Since the IIHS test procedure includes 
digitized FARO data of the outer door panel pre and 
post-test, the door intrusion was recreated by 
assigning displacement of FEM nodes from the pre-
test coordinates to the post-test coordinates. Figure 2 
illustrate the outer door mesh at the pre and post-test 
conditions in the model. 

 
Figure 2. PSM of outer door structure in 
MADYMO  
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Outer door motion was prescribed for all 
nodes in the representative mesh. Only the nodes 
along the perimeter of the inner door mesh were 
prescribed to transfer this motion to the inner door.  
This allowed the inner door panel to deform 
independently from the outer door based on material 
properties assigned to the inner door surface.  The 
baseline MADYMO model was completed by 
defining contact between the occupant and door, 
assigning generic material properties to the inner 
door surface, and prescribing motion with a rough 
approximation of intrusion rate. The baseline model 
was simulated and the occupant responses in the 
model were compared to the IIHS test results.   
 

Occupant responses used to correlate the 
MADYMO model and IIHS results included: rib 
deflection and velocity, pelvic force and acceleration, 
and shoulder force and deflection.  Initial model 
results showed the magnitude and timing of these 
responses needed adjustment to match the IIHS test 
results.  Model input parameters used to match 
occupant responses included, outer door intrusion 
rate, inner door material properties, seat attachment 
deformations, and friction coefficients 
 
Problem Definition & Injury Metrics 
 

Before performing model iterations on the 
airbag designs, it was necessary to establish injury 
metrics to measure the effectiveness of each design.  
An extensive review of the IIHS test data showed 
severe rib deflection and rib deflection rate above 
injury tolerance levels for the 5th female occupant. 
Crushing injuries in a chest impact tend to be 
characterized by extensive rib fractures before soft 
tissues are involved [8]. Consequently the primary 
injury metric used to evaluate effectiveness of the 
airbag design in preventing thoracic injury was rib 
deflections. 

  
The 5th female occupant seated height exposes 

her to increased risk of abdominal rib deflection due 
to the location of the armrest in the Grand Am 
vehicle.  This situation is reflected in the data as the 
lower abdominal ribs show greater deflection 
(~56mm) than the thoracic ribs (~41mm) and 
correspond to the armrest location.  All rib 
deflections exceeded the injury assessment reference 
value (IARV) of 34mm for the thoracic ribs and 
32mm for the abdominal ribs.  Therefore, an airbag 
solution would need to be designed to reduce loading 
to all the ribs and minimize the affects of the 
intrusion at the abdominal ribs.  

 

Other occupant responses, such as pelvic force 
and shoulder displacement and force, and spinal 
acceleration were monitored to ensure injury risks 
were not induced in other body regions due to the 
TTC designs.  
 
Occupant Response Comparison 

 
The SID-IIs dummy utilizes five independent 

ribs to measure rib deflections during side impacts.  
The top three ribs represent the thoracic region while 
the bottom two represent the abdominal region.  

 
The process of establishing a satisfactory 

baseline simulation consisted of correlating known 
input variables and comparing occupant response 
values between the IIHS test data and model 
simulation. In the IIHS test, individual rib deflection 
and velocity responses in the thoracic region were all 
similar in magnitude and timing.  Abdominal rib 
deflections and velocities were also similar, but of a 
higher magnitude than the thoracic ribs due to the 
impact from the armrest.  Table 1 shows the 
magnitude of rib deflection and the time of initial 
contact between the inner door and occupant for both 
the IIHS test and MADYMO model.  The difference 
in impact severity between the thoracic and 
abdominal regions prompted separate comparisons of 
each body region between the model and the test. 
 

Table 1. 
Comparison of peak occupant responses and 

initial contact timing in IIHS test and MADYMO 
simulation  

 
IIHS Test MADYMO Peak Occupant 

Response Value Time 
(sec) 

Value Time 
(sec) 

Thoracic Rib 
Deflection (mm) 

41 0.021 34 0.023 

Abdominal Rib 
Deflection (mm) 

56 0.018 52 0.022 

Shoulder Force (N) 2310 0.019 2090 0.018 

Pelvic Force (N) 3300 0.019 3340 0.025 

 
The initial TTC design activities were 

conducted in a simulated dynamic environment and 
were important that an acceptable correlation 
between the baseline model and real-world IIHS data 
was achieved.  It was then determined the baseline 
MADYMO correlation for timing and magnitude of 
the occupant responses in multiple body regions was 
satisfactory for the TTC design effort.  
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DESCRIPTION OF AIRBAG CONCEPT 
 

The TTC is a seat-based airbag that utilizes a 
contracting feature of its design.  The TTC design is 
contoured around the occupant’s pelvis and lower 
back to an attachment point on the inboard seatback 
structure as shown in figure 3.  

 

 
 
Figure 3. Model of TTC with seated occupant 
 

Upon inflation, the tubular airbag increases in 
diameter while significantly shortening its length. 
This contracting characteristic can develop 
significant axial tension between its end attachments, 
which is used to provide significant occupant 
restraint in side-impact crashes.  

 
AIRBAG DESIGN DEVELOPMENT   
 

The capability of MADYMO to accurately 
simulate airbag deployment characteristics and 
represent the IIHS dynamic impact event proved 
ideal for optimizing the TTC design for improved 
restraint performance.  Multiple design iterations 
were investigated including optimizing airbag 
coverage, attachment locations, vents, shapes and 
inflator characteristics.  

 
A prototype TTC was fabricated and attached 

to a test fixture then deployed with an inflator. The 
pressure response from this test was used to define 
the properties of the inflator function and material 
properties of the simulated TTC.  The model 
correlation of the deployment results is shown in 
figure 4. 
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Figure 4. Model correlated to deployment test 
data  
 
DESIGN SOLUTION 
 

All previous TTC design iterations utilized 
approaches that interposed the inflatable cushion 
between vehicle occupants at the ribs and a vehicle’s 
intruding side structure. This approach was unable to 
sufficiently minimize rib deflections within IARV’s. 
Methods of augmenting additional pelvis interaction 
while limiting rib interaction demonstrated 
substantial performance benefits. Nevertheless, these 
approaches were not within the goals of the IARV 
requirements.  

 
However, another approach was investigated 

to better utilize the tensioning characteristic of the 
contracting TTC feature. A design iteration was 
developed that consists of an TTC airbag applying a 
lateral "pre-load' to the pelvis region of the occupant. 
To accomplish this, the TTC is attached at the front 
of the seat bottom as previous designs while the rear 
attachment is routed across the seat back and attached 
to the inboard seatback structure. 

 
When the TTC is inflated, the tubular airbag 

contracts between its attachments to create tension. 
As the TTC contracts to form a straight line between 
it’s end attachments, an inboard force is applied 
against the occupant’s pelvis to accelerate the 
occupant inboard and away from the intruding door. 
This strategy facilitated inboard movement of the 
occupant to minimize interaction with vehicle 
intrusion. A mockup of the TTC is shown in figure 5. 
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Figure 5. TTC mockup located with pelvis region 
 
  Thoracic and abdominal peak rib deflections 
were significantly decreased with the final TTC 
design iteration. Comparisons of the SID-IIs rib 
deflection responses in crash test simulations with 
and without the TTC are shown in figures 6 and 7.  
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Figure 6. Comparison of thoracic rib deflection 
for IIHS simulations with and without TTC  
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Figure 7. Comparison of abdominal rib deflection 
for IIHS simulations with and without TTC 
 

PRELOADING THE PELVIS INDEPENDENT 
OF INTRUSION 
 

The timing of the pelvic response for the 
baseline test condition was compared to a pelvis-only 
airbag to identify timing differences when the 
interaction from the intruding door structure contacts 
the dummy.  The timing of load applied to the pelvis 
by the pelvis airbag occurs at approximately 14 
milliseconds. This contact timing with the pelvis 
airbag is earlier than the baseline due to the thickness 
of the airbag. This comparison is shown in figure 8. 
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Figure 8. Difference in pelvis response timing for 
pelvis-only airbag and baseline condition  
 

The pelvis force response time shown in 
figure 9 illustrates a dramatically earlier pelvis 
response with the TTC than the pelvis only airbag by 
approximately 9milliseconds. The inflated airbag 
thickness of the TTC was the same for the test with 
pelvis only airbag. Therefore, the earlier response 
was apparently a result of the contracting feature of 
the TTC that applied a inboard lateral "pre-load' to 
the pelvis region of the occupant.   
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Figure 9. Timing of TTC pre-loading pelvis  
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PROOF OF PRE-LOAD CONCEPT 
 

The strategy of pre-loading the occupant 
facilitated inboard movement of the occupant, which 
minimized interaction with vehicle intrusion in the 
model simulation. Actual deployment testing of the 
TTC was then conducted on a rigid seat fixture to 
validate the model’s prediction of pre-loading an 
inboard motion of the occupant. 

 
Prototypes of the TTC were fabricated and 

tested with a seated dummy occupant.  A 50th 
percentile Hybrid III male dummy was chosen for 
testing on a surrogate driver’s side seat. Tri-axial 
pelvic acceleration was measured to determine the 
affect of the TTC loading on the pelvis was not 
injurious. A Grand Am seat was modified to 
accommodate TTC attachment locations on the front, 
bottom of the seat pan and inboard seatback structure.  
The upper portion of the TTC was placed behind the 
seatback cushion to investigate its ability to function 
with cushion interaction.  The TTC was routed 
behind the lower back, over top the lap belt and fixed 
to the front mount point. High-speed video cameras 
were placed around the test setup to capture the 
dummy’s kinematic responses during deployment. 
The overall setup of the static deployment evaluation 
in a surrogate seat is shown in figure 10. 

 

 
 

Figure 10. Hybrid III dummy in seat fixture 
 

The TTC was deployed as designed.  Time-to-
position was evaluated from the video to be 
approximately 4 milliseconds when the TTC 
coverage was over the pelvis region. Review of the 
pressure response in figure 11 indicates very little 
pressure in the airbag during the first 4 milliseconds 

due to the remote location of the pressure transducer 
within the airbag. 

 

0

3

6

9

12

15

18

0.000 0.005 0.010 0.015 0.020 0.025
Time (sec)

A
cc

el
er

at
io

n 
(G

)

0

50

100

150

200

250

300

P
re

ss
ur

e 
(k

P
a)

Resultant pelvis 
acceleration 

TTC 
pressure

 
 
Figure 11. Timing of pressure response of TTC 
and pelvis acceleration for Hybrid III dummy  

 
Maximum pelvis acceleration occurred very 

quickly due to rapid inflation of the relatively small 
inflatable volume of the airbag.  The pelvis 
acceleration is due to the inboard movement of the 
TTC since there wasn’t any door or intrusion for the 
airbag to react against and contact with the dummy. 
The peak acceleration occurred approximately 
4milliseconds, which corresponds to the time-of-
position of the TTC in the video analysis. Peak 
resultant acceleration was less than 13Gs indicating a 
minimal injury risk to the lower body during static 
deployment.  

 
The static deployment test with the 50th male 

dummy demonstrated the TTC was capable of 
moving an occupant inboard as shown in figure 12. 
Reference lines are used in the figure to highlight the 
relative positions of the dummy before and after 
deployment of the TTC. Alignment of the target on 
the dummy’s chest was used to observe inboard 
motion. Motion at the pelvis region was likely more 
substantial than movement observed at the chest 
target. Nevertheless, this test validated the computer 
model’s prediction of inboard motion of an occupant 
without interacting with intrusion. The timing 
response with the TTC in the test further supported 
timing of occupant interaction in the computer 
model. 
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Figure 12. Video of inboard movement of Hybrid 
III dummy in seat fixture 
 

TTC performance and airbag survivability 
would need to be evaluated in an actual dynamic 
environment under comparable impact conditions to 
an IIHS test.  
 
DYNAMIC EVALUATION OF ITTC 

  
Although the baseline modeling effort yielded 

a strongly correlated dynamic simulation upon which 
to design the TTC, concept validation required full 
dynamic testing.   

 
Dynamic sled testing was designed to allow 

for repeatable testing at an impact severity equivalent 
to the full scale IIHS test.  The goal was to generate 
similar rib responses to the baseline model and then 
evaluate the effectiveness of the TTC in reducing 
these rib deflections in a dynamic environment.  
 
Sled Test Setup 
 

A test apparatus was fabricated to allow the 
occupant to accelerate into a rigidly mounted Grand 
Am door at an appropriate acceleration pulse in order 
to evaluate the TTC in a dynamic environment. The 
occupant was restrained in a sliding seat mounted 
atop a sled that was allowed to move towards the 
door upon impact. This setup provided a repeatable 
test that could utilize the same door trim for multiple 
tests. 

The door was reinforced with welded plates 
inside the door to support the inner door trim. The 
reinforced door structure would provide consistent 
material response and contoured geometry so that 
multiple tests could be maintained for each test.  The 
height and fore-aft position of the door was 
positioned relative to the seated location of the SID-
IIs dummy.  Accuracy of the relative position 
between the armrest and SID-IIs abdominal ribs was 
equivalent to the IIHS test and the computer model 
setup. Figure 13 shows the SID-IIs in the dynamic 
sled test setup.  
 

 
 
Figure 13. Sled test setup with SID-IIs dummy in 
seat fixture  
 

A rigid seat was fastened to a sliding base to 
allow lateral movement of the occupant towards the 
door upon impact. This motion of the seat towards 
the door structure simulated intrusion of a vehicle 
crash.   

 
A baseline test without the TTC was 

conducted to compare with results from tests 
conducted with the TTC. 
 
Sled Test Results 
 

Occupant kinematics of the dummy in the 
baseline sled test was similar to the dummy 
kinematics in the test with the TTC with the notable 
exception of limited motion of the pelvis towards the 
door fixture.  The dummy moved laterally into the 
rigid door fixture and against the inner door panel as 
the sled decelerates for each of the two tests.  The 
dummy in the baseline test interacts with the door 
structure in a relatively upright position exposing the 
ribs to considerable deflection as shown in figure 14. 
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Figure 14. Video frames of baseline sled test 
without airbag 
 

However, a space created by the TTC between 
the dummy’s thoracic/abdominal region and the door 
structure can be seen in the video frame shown in 
figure 15. 

 

 
 
Figure 15. Video frames of baseline sled test with 
TTC airbag 

 
The kinematic difference of the dummy in the 

TTC test reflected loading of the pelvis prior to 
contact of the thorax/abdomen with the door. This 
resulted in a favorable occupant kinematic, which 
reduced the rib deflection responses in the dynamic 
test. Also, the strategy of loading the pelvis with the 
TTC actually reduced the pelvis force as predicted in 
the computer model.  

 
Thoracic rib deflections were significantly 

greater in the baseline test than the test with the TTC.  
The maximum thoracic rib deflections in both tests 
were the upper thoracic ribs. The maximum rib 
deflection in the baseline test was 37mm compared to 
30mm for the test with the TTC.  All of the rib 
deflection responses are shown in figure 16.   
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Figure 16. Comparison of thoracic rib responses 
in the sled test with and without the TTC 

 
The responses of the rib deflections in the 

baseline test compared to the test with the TTC 
represented a reduction of 21%, 72%, and 31%, for 
the upper, middle, and lower thoracic rib deflections 
respectively.  The reduced thoracic rib deflections 
with the TTC indicated a realistic improvement 
attributable to the airbag system. 

 
However, the data from the baseline test 

indicated a much more severe impact on the occupant 
than expected, as shown in figure 17.   
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Figure 17. Comparison of abdominal rib 
responses in the sled test with and without the 
TTC 

 
The upper abdominal rib deflection in the 

baseline test was 53mm while the lower abdominal 
rib potentiometer was deflected to its maximum 
amount of 65mm. The maximum abdominal rib 
deflection in the test with the TTC was the upper 
abdominal rib, unlike the maximum deflection 
occurring at the lower abdominal rib in the baseline 
test.  This represented a 40% improvement between 
the maximum rib deflections for the upper abdominal 
rib in the test with the TTC compared to the 
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maximum deflection for the lower abdominal rib of 
the baseline test.   

 
Although the baseline occupant responses 

indicated an impact severity greater than expected, 
results supported the potential improvement in using 
the TTC to reduce occupant loading in a dynamic 
impact scenario.  The TTC functioned as designed by 
preloading the pelvis prior to door impact, applying 
an inboard lateral force to the occupant inboard, and 
thus reducing the severity on the thorax and 
especially the abdominal region.  Although pelvic 
loading was not a primary injury concern throughout 
this project, the sled testing demonstrated the 
capability of the TTC to significantly reduce peak 
lateral pelvis forces.  Table 2 is a comparison of the 
peak occupant responses and percent difference for 
the tests with the TTC and baseline dynamic sled test. 
 

Table 2. 
Response comparison of maximum occupant 

responses for baseline and TTC sled tests  
 

Occupant 
Response 

Baseline TTC % Diff 

Upper thoracic rib 
deflection (mm) 

37 29 -21% 

Middle thoracic rib 
deflection (mm) 

22 6 -72% 

Lower thoracic rib 
deflection (mm) 

13 9 -31% 

Upper abdominal 
rib deflection (mm) 

53 49 -8% 

Lower abdominal 
rib deflection (mm) 

65 39 -40% 

Pelvic force (N) 2900 1200 -59% 
 
 
DISCUSSION 
 

Computer analysis confirmed that an approach 
of interposing an inflatable cushion between vehicle 
occupants at the ribs and a vehicle’s intruding side 
structure may be problematic when attempting to 
limit rib deflection, particularly for small-stature 
occupants. However, computer modeling of the TTC 
airbag have shown to affirmatively load the 
occupant's pelvis inboard from intrusion during IIHS 
crash test simulations and subsequently mitigated the 
effects of contact and interaction between the 
occupant’s rib and the intruding vehicle structure.  

 
A significant reduction in thoracic and 

abdominal rib deflection as a result of the inboard 

pelvis interaction with the TTC airbag was later 
demonstrated in very severe dynamic sled tests 
intended to simulate the IIHS side-impact condition. 
Review of the kinematic response of the SID-IIs 
dummy in the sled test showed noticeable space 
created by the TTC between the dummy’s 
thoracic/abdominal region and the door structure, 
which minimized the interaction with the simulated 
intrusion.  

 
The effect of the deployment timing was 

illustrated in computer models by comparing the 
pelvic force time history for the lateral preload 
system of the TTC and more typical functions of 
side-mounted airbags, which represents more 
mainstream designs of current side airbag systems. 
The inboard lateral preload to the occupant by the 
TTC would seem to work as well only if the 
deployment timing of the TTC were sufficiently rapid 
in order to offer the demonstrated potential increased 
performance benefit.  

 
Peak pelvis acceleration responses measured 

in actual static deployment testing occurred very 
quickly due to rapid inflation of the relatively small 
inflatable volume of the TTC airbag.  The inboard 
pelvis acceleration of a dummy was created without a 
door surface to react against as would be required by 
typical side airbags. The peak acceleration created by 
the TTC airbag occurred approximately 
4milliseconds, which corresponds to the time-of-
position of the TTC in the video analysis. This rapid 
inflation would be advantageous in real-world side-
impacts by quickly positioning the TTC prior to door 
intrusion. 

 
The current TTC development involved 

evaluation of design iterations in a simulated 
dynamic environment.  MADYMO was used 
extensively as the initial tool for optimizing TTC 
performance and will likely continue, to a lesser 
degree, to be used to guide design decisions for 
concept feasibility 

 
CONCLUSIONS 
 

Feasibility of significantly reducing rib 
deflection in the IIHS test by preloading the pelvis 
only, independent of vehicle intrusion, has been 
demonstrated with a TTC airbag device. Tests with 
the TTC design at various component and system 
levels have validated the computer model predictions. 
Potential benefits due to timing advantage of the TTC 
in this severe crash environment appear attainable as 
shown in figure 18. 
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Figure 18. Potential benefit due to TTC timing  
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ABSTRACT 

The aim of this study was to examine the relative 
effectiveness of two booster seats for use by children 
across a wide age span, from around 3 years to 10+ 
years. The study was part of a broad research 
program to identify suitable child restraint systems 
(CRS) to fit a large sedan vehicle to maximise 
protection in a crash. Dummies were restrained in the 
rear seat of a vehicle buck in three restraint 
configurations with boosters: (i) with a standard adult 
lap-sash seatbelt, (ii) with a seatbelt plus H-harness 
and crotch strap, or (iii) with a seatbelt plus H-
harness with the crotch strap disengaged (to simulate 
the effects of real-world misuse conditions), and a 
fourth condition (iv) with an adult seatbelt only. 
Boosters were fitted in the vehicle with two different 
anchorage systems: a standard seatbelt and a system 
including a retrofitted rigid ISOFIX attachment and 
top tether. HyGe sled tests were conducted to 
simulate a 64 km/h offset deformable barrier frontal 
impact with a change in velocity of around 71 km/h. 
Preliminary investigations were also conducted using 
side impact simulations with a change in velocity of 
around 15 km/h. Overall, the booster seats for both 
the 6 year old dummy and the 3 year old dummy 
when a (with harness and crotch strap) provided 
superior crash protection than use of the adult 
seatbelt. For tests when the H-harness was used to 
restrain the dummy, use of the crotch strap was 
critical in eliminating ‘sub-marining’. The research 
highlighted the potential for serious injury with 
misuse of child harness systems and identified 
several areas for design improvement of booster 
seats. 
 

INTRODUCTION 

Motor vehicle crashes are one of the leading causes 
of child death and acquired disability (NHTSA, 
2002). Recent figures for the State of Victoria in 
Australia show that between 1998 and 2002, an 
average of 148 children aged 10 years and younger 
were killed or seriously injured each year in car 
crashes. This equates to around 900 child injuries or 
deaths per year in Australia. Of those killed or 
injured, 62 per cent were aged 5 to 10 years; 32 per 
cent were aged 1 to 4 years; and six per cent were 
under 12 months of age. This suggests that a 
significant effort is warranted to reduce child 
occupant injury, particularly in the 5-10 year old age 
group.  

Child restraint systems (CRS) for vehicles are 
designed to provide specialised protection for child 
occupants of vehicles in the event of a crash. Recent 
estimates of CRS effectiveness have suggested that 
they may reduce injury by approximately 70 percent 
compared with unrestrained children (Mackay, 2001; 
Webber, 2000). Adult seatbelts, on the other hand, 
are not designed for children. Hence, it is not 
surprising that although children wearing adult 
seatbelts are better protected (53 percent less likely to 
be seriously injured) than children who are 
unrestrained, children in appropriate CRS or booster 
seats are 60 percent less likely to be seriously injured 
than children wearing adult seat belts (Durbin, 2001). 
In an in-depth study of Australian fatal crashes 
involving child occupants, Henderson (1994) 
reported a 26 percent reduction in MAIS2+ injuries 
for those restrained in a CRS over a seat belt.  

The effectiveness of child restraint systems, however, 
is critically dependent on correct installation of the 
restraint in the vehicle, correct harnessing of the child 
in the restraint, and use of the appropriate restraint 
for the child’s size and weight. Incorrect and 
inappropriate fitment and use of restraints may 
reduce or nullify safety benefits (Henderson, 1994; 
Paine & Vertsonis, 2001).  

Australian legislation pertaining to child restraint use 
requires that children less than one year must be 
restrained in an approved, properly fitted and 
adjusted CRS. However, the law relating to use of 
child restraints by older children is less definitive and 
states that children over one year must be in either an 
appropriate child restraint or use a suitable seat belt 
(National Transport Commission, 2000). In the 
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absence of more clear guidelines for CRS use, the 
responsibility largely rests upon parents to determine 
what type of restraint is ‘appropriate’ for their child. 
Notwithstanding this shortcoming in the legislation, 
usage rates of child restraints in Australia are 
relatively high. An observational study conducted in 
Australia in 1994 estimated that usage rates exceeded 
95 percent (Henderson, Brown & Paine, 1994). 
However, the survey techniques used to obtain these 
estimates do not allow for accurate estimates of 
correct installation and appropriateness of restraint 
for the child’s height and weight (Paine & Vertsonis, 
2001). Hence, although compliance estimates are 
high, these figures belie reported error rates in CRS 
use, as discussed below. 

While CRS manufacturers provide adequate 
instructions for fitment, it is generally acknowledged 
that installation and use of child seats and boosters is 
somewhat complicated and prone to error. Indeed, 
studies show that inappropriate use and misuse of the 
fitment of CRS is widespread (Glanvill, 2000; Paine, 
1998; Paine & Vertsonis, 2001; Wren, Simpson, 
Chalmers, & Stephenson, 2001). In a recent survey of 
parental attitudes and behaviours in relation to child 
restraints, Glanvill (2000) reported a number of gaps 
in knowledge about correct use of child restraints, the 
risks associated with incorrect installation, and of 
children travelling in restraints that are inappropriate 
for their size. 

It is important that as children grow, they use a 
restraint that is appropriate for their size (particularly, 
height and weight) (Winston, Durbin, Kallan & Moll, 
2000). A number of researchers have reported that a 
relatively high proportion of children who grow out 
of a CRS suitable for young children move directly 
into an adult seat belt rather than using a booster seat 
(Winston et al., 2000; Ramsey, Simpson & Rivara, 
2000). Durbin reported that booster usage rates in the 
United States varies across this age range, from 33 
percent amongst 4 year olds to 10 percent for 8 year 
olds (2000). More recent U.S. figures show that 
booster usage amongst children in the weight range 
18.6-22.7 kg (41-50lb) has increased from 5 percent 
in 1999 to 17 percent in 2002 (Winston, Chen, 
Arbogast, Elliott & Durbin, 2003). The authors note 
that these improvements in usage rates suggest the 
success of a number of community, corporate and 
government campaigns to promote appropriate 
restraint for children. 

In Australia, there have been recent efforts to address 
appropriate CRS usage, particularly for boosters 
amongst older children, aged 4-10 years (Charlton, 
2004). Anecdotal evidence suggests that few children 

at the upper end of this age range use boosters, 
although no recent data exist for usage rates for this 
specific age group. In the absence of more definitive 
legislation regarding appropriate CRS for older 
children, we have sought alternative solutions to 
promote the use of boosters for children up to 10 
years. One possible approach is to offer a restraint 
system that takes children from toddler age to booster 
age in one child restraint system. This could be 
thought of as a hybrid child seat/booster, which 
would function as a forward-facing child seat with an 
H-harness for younger children and as a booster 
when used with a seatbelt only for older children. 
While a small number of restraints of this kind are 
currently available on the market in Australia, none 
have been subjected to vigorous crash testing and 
none have been developed with ISOFIX anchorage 
systems which are currently under consideration for 
the Australian Standards on CRS (AS1754). With 
these developments in mind, the current study aimed 
to examine the relative effectiveness of selected 
boosters, used as hybrid child seat/boosters, that 
would be suitable for children across a wide age 
span, from around 3 years, when a forward-facing 
CRS with harness would be suitable, to 10+ years, 
when conventional boosters with seatbelts, or adult 
seatbelts only may be appropriate. Of particular 
interest was the effectiveness of the boosters 
compared with a standard adult seatbelt. In addition, 
we considered the crash effectiveness of selected 
boosters when used with a harness with the crotch 
strap disengaged (to simulate the effects of real-world 
misuse conditions); 
 

METHOD 

Two child booster seats were tested. These are 
referred to in the paper as Booster A and Booster B 
and are designed for children in the weight range 14-
26 kg and 15-36 kg respectively. Four tests were 
conducted: Three with booster seats with either a (i) 
standard adult lap-sash seatbelt, (ii) a seatbelt plus H-
harness and crotch strap combination (H+C), or (iii) a 
seatbelt plus H-harness with the crotch strap 
disengaged from the lap part of the seatbelt (H-C) (to 
simulate real-world misuse conditions). (iv) A fourth 
test restrained the dummy in an adult lap-sash 
seatbelt only.  
In the case of tests (ii) and (iii), where the booster 
was used as a forward-facing restraint (with harness) 
suitable for a toddler, both ISOFIX and top-tethers 
were retrofitted. This modification is in line with 
proposed changes to the AS1754 which apply to this 
type of restraint (but not required for boosters). The 
ISOFIX anchorage system comprised two connectors 
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that were attached in a rigid fashion to the base of the 
booster seat. The connectors were then attached to 
the vehicle at two prototype ISOFIX anchorage 
points, which were welded to the sedan buck and 
located at the junction between the vehicle seat 
cushion and seat back. 
 
Booster A was selected on advice from the local 
manufacturer. Booster B was a European import, 
selected because of the wide side wings around the 
head and adjustable height of seat back; 
characteristics thought to be important in crash 
protection. 
 
HyGe sled tests were conducted using a large sedan 
vehicle buck. The booster seats were fitted in the 
right or left side rear seating positions in a simulated 
offset deformable barrier frontal impact with an 
impact speed of 64 km/h. A limited number of side 
impact simulations (near-side) were also conducted 
representing an impact speed of around 15 km/h. 
New seatbelts and booster seats were used in each 
test and the rear seat belt anchor points were 
reinforced to withstand numerous tests. The front 
seats were positioned mid-way between full forward 
and the 95th percentile positions and the front 
seatback angle was 25º from vertical. 
 
Kinematics from Hybrid III 6 year old and 3 year old 
dummies were used for frontal tests and from a TNO 
P6 6 year old dummy for side impact tests. A sub-set 
of these measures are reported in this paper. These 
are Peak Head Acceleration values and Neck Injury 
Criteria (Nij), which were computed from the neck 
axial forces and flexion bending moments. High-
speed digital video footage was captured from two 
on-board cameras for each test. The digital images 
were analysed using digitising software to estimate 
the maximum head displacement (mm). These 
measures were computed as the distance travelled by 
the centre of gravity of the dummy head from the 
commencement of the test to its point of maximum 
forward motion in the horizontal plane. In side 
impacts, maximum lateral head displacement was 
measured both for the initial (impact) phase as well 
as the rebound phase of the test. Video recordings 
were inspected by two independent observers for 
evidence of contact with the vehicle interior (and 
other contact points) and ‘sub-marining’. Sub-
marining is an undesirable effect in which the 
dummy slides pelvis first, forward and under the 
harness/seatbelt. Since there were no discrepancies in 
observer judgements, a single measure of these data 
is presented.  
 

Due to the limited biofidelity of the child dummies 
and the lack of biomechanical knowledge about 
injury mechanisms in infants and young children, 
dummy kinematics were compared across restraint 
systems rather than against specified criteria. 

RESULTS  

The results are presented in two sections: First, a 
comparison frontal test results of the restraint types 
suitable for older children using a 6 year old dummy. 
In this section we compare performance of the two 
boosters with each other and with an adult seatbelt 
only. Side impact tests for the two boosters are also 
compared. In the next section we compare the results 
of frontal tests for restraint types suitable for younger 
children using a 3 year old dummy. Comparisons 
were made between the two boosters with ISOFIX 
anchorages and top tethers and used with a full H-
harness (with and without a crotch strap). In addition, 
the boosters are compared with an adult seatbelt only. 
 
Comparison of restraint systems with a 6 year old 
dummy  
 
Figure 1 shows the peak acceleration of the head for 
tests with the 6 year old dummy. Peak Head 
Acceleration was highest for the 6 year old dummy 
restrained in a seatbelt only (89g). Head acceleration 
values for Booster A and Booster B with the standard 
seatbelt were not notably different (62g and 60g, 
respectively). The head acceleration results suggest 
that both boosters provided a considerably superior 
level of protection to a seatbelt.  

Figure 1. Peak Head Acceleration for tests with 
HIII 6 year old dummy  
 
Neck injury (Nij) values were calculated from the 
axial forces and flexion bending moments, providing 
a composite neck injury indicator. While no direct 
comparisons are made with the conventional injury 
threshold of 1.0 (FMVSS 208), the higher the Nij 
value, the higher the potential for neck injury. As 
shown in Figure 2, the pattern of results for Nij across 
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restraint types mirrors the results for head 
acceleration. That is, the highest neck injury value 
was recorded with use of the adult seatbelt only. The 
two boosters used with the conventional seatbelt 
restraint did not differ notably (0.82 and 0.75 for 
Boosters A and B, respectively). Taken together with 
the Peak Head Acceleration measures, the results for 
neck injury suggest that use of the adult seatbelt only 
offers the weakest level of occupant protection for 
the 6 year old dummy. 

Figure 2. Nij Tension Flexion for tests with HIII 6 
year old dummy  
 
Analysis of the maximum forward motion of the 
dummy head showed similar patterns for boosters 
with seatbelts (see Table 1). Interestingly, the 
restraint of the 6 year old dummy in a seatbelt only, 
provided better restraint of head motion than the two 
boosters which did not differ notably from each 
other. This is likely to be due to the added mass of 
the booster behind the dummy, contributing to its 
forward momentum. Despite the increased forward 
motion, inspection of the video recordings showed 
that the dummy head was well clear of the rear of the 
front seat in each of the three tests and, importantly, 
none of the restraint systems permitted the dummy’s 
head to contact the vehicle interior or the dummy’s 
knees. The seatbelt guides also maintained the sash 
and lap belts in a good position over the dummy’s 
shoulder and pelvis throughout the tests.  
 
Table 1. Summary measures for frontal tests with 
6 year old dummy 

Restraint  
Type  

Max Head 
Excursion Impact 

Phase (mm) 
Head 

Contact 
Seatbelt only 530 No 
Booster A   

Seatbelt 850 No 
Booster B   

Seatbelt 800 No 
 

Results for the side impact tests with the TNO P6 
dummy are summarised in Table 2. Peak Head 
Acceleration values were the same across the two 
restraints (24g). Similarly, head excursion during 
impact did not differ (360mm and 330mm). Despite 
its considerably wider side wings around the head, 
Booster B failed to contain the dummy head during 
the rebound phase and the amount of head motion 
was considerably greater than for Booster A (680mm 
and 260mm, respectively). In crash configurations 
with multiple rear seat occupants, this could place the 
Booster B occupant at risk of an occupant-to-
occupant collision. Given the very low head 
acceleration values, it could be argued that head 
contact was not problematic. However, it is noted 
that this result occurred in a relatively low crash 
speed; hence, it would be prudent to repeat the test at 
high crash speeds and with multiple rear seat 
occupants. 
 
Table 2. Summary of dummy measures for side 
impact tests with 6 year old dummy 

Restraint  
Type  

Head 
Accel 
Peak 
(g) 

Max Head 
Excursion 

(mm) 
Imp   Rb 

Head 
Contact  

Booster A     
Seatbelt 24 360 260 No 

Booster B    
Seatbelt 24 330 680 No 

 
 
Comparison of restraint systems with a 3 year old 
dummy  
 
Figure 3 shows the Peak Head Acceleration values 
for tests with the 3 year old dummy. The head 
acceleration for Booster A, used with harness and 
crotch strap, was 10g higher than for Booster B tested 
in the same configuration (78g and 68g, 
respectively). In addition, when used with the harness 
and crotch strap, both boosters performed better than 
the test in which the 3 year old dummy was 
restrained in a seatbelt only (102g). Notable increases 
in Peak Head Acceleration were evident for the 
boosters plus harness combination when the crotch 
strap was disengaged. Indeed, in the case of Booster 
A, these ‘misuse’ simulations yielded head 
acceleration values that were comparable to the 
seatbelt only condition. 
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Figure 3. Peak Head Acceleration for tests with 
HIII 3 year old dummy  
 
Results for Nij Tension Flexion for tests with and 
without a crotch strap followed a similar pattern to 
the head acceleration values as discussed above (see 
Figure 4), with higher neck injury values observed 
when the crotch strap was disengaged. Interestingly, 
Nij values for the seatbelt only condition did not 
differ from the boosters with the harness and crotch 
strap. 

Figure 4. Nij Tension Flexion for tests with HIII 3 
year old dummy  
 
Results of analyses of the video data are summarised 
in Table 3. The maximum forward motion of the 
dummy head at the time of impact did not vary 
greatly across restraint types (range was 386 – 443 
mm). There was no evidence of head contact with 
either the vehicle interior or with the dummy’s knees. 
However, sub-marining was evident for both boosters 
when the crotch strap was not engaged. 
 
 
 
 
 
 
 
 
 
 
 

Table 3. Summary measures for frontal tests with 
3 year old dummy 
 

Restraint 
Type  

Max Head 
Excursion 

Impact 
Phase (mm) 

 
Head 
Contact Sub-

Marine 
Seatbelt only 443 No No 
Booster A     

Seatbelt/H+C 426 No No 
Seatbelt/H-C 401 No Yes 

Booster B     
Seatbelt/H+C 386 No No 
Seatbelt/H-C 397 No Yes 

 
Figures 5 and 6 show the post-test dummy position 
for frontal tests for Booster A. Figure 5 shows the 
dummy restrained with a harness and crotch strap, 
remaining well positioned at the end of the test. 
Figure 6 demonstrates the sub-marining effect that 
resulted when tested with the crotch strap 
disengaged. Booster B with harness and crotch strap 
disengaged also resulted in the same sub-marining 
effect. As demonstrated in Figure 6, without the 
crotch strap, the dummy slides forward and under the 
lap portion of the adult seatbelt. This effect is likely 
to place the occupant at serious risk of injury. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Frontal test for Booster A with seatbelt 
and harness with crotch strap  
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Figure 6. Frontal test for Booster A with seatbelt 
and harness with the crotch strap disengaged 
 

CONCLUSIONS 

This study aimed to explore the suitability of two 
boosters for use with children across the age range 
for which toddler child seats and boosters would be 
appropriate. The motivation for this was that if 
parents were offered a single seat (a hybrid child 
seat/booster) that could take the child through the 
transition from forward-facing restraint to booster, 
that this might promote greater use of boosters 
amongst older children and reduce the complexity of 
decisions about what restraint might be appropriate 
for a child once they ‘graduate’ from the forward-
facing child seat. 
 
The results demonstrated that the two boosters 
selected for this study provided a suitable option for 
children represented by the 3 year old and 6 year old 
dummy. Based on head acceleration and neck injury 
measures, these restraint systems provided superior 
protection to that of an adult seatbelt. Importantly, no 
head contact was observed with the vehicle interior 
during any of the tests. 
 

Of some concern, however, was the considerable 
lateral motion of the dummy and failure to contain 
the head during the rebound phase in the side impact 
test for Booster B. In contrast, Booster A restrained 
the 6 year old dummy in a good position throughout 
both impact and rebound phases. The result for 
Booster B was somewhat surprising given its 
considerably larger side wings and higher back.  
These findings need to be explored further at higher 
impact speeds. 
 
An important finding was that when the H-harness 
was used to restrain the 3 year old dummy, correct 
use of the crotch strap was critical in eliminating 
‘sub-marining’. The effect of sub-marining places the 
occupant at serious risk of injury to the neck region, 
including vital airways, blood vessels and spinal 
cord. This finding raises serious concerns, given the 
relative ease with which the crotch strap can be 
disengaged by a child occupant during a trip, or not 
engaged with the lap portion of the adult seatbelt 
when fitting the child into the restraint.  
 
The simulated misuse errors highlight the need for a 
crotch strap connection mechanism that cannot be 
easily disengaged. Ideally, this might be a mechanism 
similar to that used in the integrated 6-point harness 
provided in forward-facing restraints for toddlers. If 
the same booster is to be used with a seatbelt for 
older children, the design would need to allow for 
such an integrated harness to be removed. 
 

Several other areas for design improvement should be 
explored further. For example, it will be important to 
develop a design feature that would allow the 
ISOFIX connectors to telescope into the child seat 
when used as a booster seat for older children. 
Alternatively, it is possible that the ISOFIX 
anchorages could offer a desirable method of 
attachment for both booster configurations. In 
addition, there is a need to consider the child restraint 
and rear seatbelt restraint as an integrated system. For 
example seatbelt pretensioners and belt load limiters 
should offer desirable solutions. 
 
Limitations 
 
The validity of these outcomes is constrained by the 
limited biofidelity of the dummies. It would be 
expected that the human body, being less stiff than a 
dummy, would be subjected to greater excursions and 
hence is more likely to contact the vehicle interior in 
the event of a crash. While the Hyge sled tests 
presented here provide useful information about the 
interaction of both dummy and restraints in a real 
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vehicle, they do not demonstrate the likely effects of 
intrusions, particularly in a side impact crash. Further 
research is needed to examine intrusion effects using 
full-scale vehicle crash tests. In addition, it would be 
prudent to conduct more tests to gain a full set of data 
across the various restraint types in side impact and 
also to verify the repeatability of key test outcomes.  
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ABSTRACT 

Low Speed Vehicle (LSV) use on public roads is 
currently experiencing a tremendous increase in 
usage in the United States. There currently exists a 
debate concerning the impact these vehicles will have 
on our roadways and the occupant injury exposure 
resulting from their usage. Of particular controversy 
are the potential safety benefits and trade offs 
associated with the use of seat belts in LSV’s and 
golf cars. 

In an effort to create uniform safety guidelines 
for these vehicles the United States National 
Highway Traffic Safety Administration (NHTSA) 
has created a new category of “Low Speed Vehicle” 
(LSV) to regulate small, 4-wheeled motor vehicles, 
other than a truck, with top speeds of 20 to 25 miles 
per hour.  Any vehicle capable of exceeding 25 mph 
would fall under the Federal Motor Vehicle Safety 
Standards for passenger cars. LSV’s, which include 
modified personal neighborhood vehicle (PNV), 
neighborhood electric vehicles (NEV) and golf cars, 
having a maximum speed greater than 20 mph, but 
not greater than 25 mph, fall under the Federal Motor 
Vehicle Safety Standard No. 500 (49 CFR 571.500). 
At present, golf cars with a maximum speed of less 
than 20 mph are not required to comply with the LSV 
standard but are still subject to state and local 
regulation. 

 Vehicle dynamic and occupant kinematics 
studies conducted by the authors indicate that golf 
cars moving at speeds as low as 11 mph are capable 
of rapidly producing the lateral accelerations 
necessary to quickly eject an unbelted occupant even 
with the hip restraints provided by most golf car 
manufacturers. The testing included a variety of 
LSV’s and golf cars ranging from a typical golf car 

with a top speed of 11 mph to an advanced LSV 
capable of reaching a top speed of 25 mph. In all 
cases the unbelted occupants were ejected in J-turn 
maneuvers while the belted occupants remained in 
the original seat.  This study demonstrates that the 
safety benefits of seat belts in these vehicles are 
significant and should be required as safety devices 
when operated on roadways. 

 
INTRODUCTION 

The usage of LSV’s and golf cars on public 
roadways is currently experiencing a rapid growth. 
The phenomena started in the early 1990’s in various 
resort and retirement communities across the United 
States. The city of Palm Desert, California was a 
pioneer in recognizing the rising use of  LSV’s and 
golf cars on their public roadway and the potential 
safety problems it could present to its citizens. In 
1993 the city took the initiative to pass minimum 
safety requirements for the use of LSV’s and golf 
cars on their roadways. Some of the vehicle safety 
requirements included front and rear turn signal 
indicator lights, headlights, rear lights, brake lights, 
mirrors, red reflectors and safety belts. The 
requirement for safety belts was controversial due the 
fact that almost all of the golf cars available did not 
have safety belts as original equipment and it was the 
position of the National Golf Car Manufacturers 
Association (NGCMA), which represents the original 
equipment manufacturers of 95% of all golf cars 
manufactured and distributed in the United States, 
that seat belts are more of a safety detriment to the 
occupant than beneficial. It was the position of the 
NGCMA that a vehicle without a rollover protection 
system (ROPS) required that the occupants have the 
ability to jump from a moving car during a rollover 
event. The city of Palm Desert nevertheless went 
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forward with and maintained the seat belt 
requirement. 
 

In 1997 NHTSA proposed a new category of 
motor vehicle be established called “Low Speed 
Vehicle”(LSV) [1]. Initially it was proposed that an 
LSV would be any vehicle, other than a motorcycle, 
whose top speed does not exceed 25 mph. The new 
class of vehicles would be equipped with certain 
basic items of motor vehicle safety equipment, 
including seat belts, in lieu of complying with the 
Federal motor vehicle safety and bumper standards 
that would apply if the vehicles were categorized as 
passenger vehicles. NHTSA indicated at this time 
that it did not intend to regulate “golf carts” that have 
a top speed of less than 15 mph and are used to carry 
golfers on golf courses, though “golf cars” that are 
used to carry golfers on golf courses and that had a 
top speed that exceeds 15 mph but not 25 mph would 
be a motor vehicle. The agency had concluded that a 
golf cart with a maximum speed that does not exceed 
15 mph is a vehicle that is not primarily 
manufactured for use on public roads and is therefore 
is not a motor vehicle. The agency went on to state 
“that if a golf cart manufacturer decides to increase 
the maximum speed capability of its golf carts to 
above 15 mph in response to the decision in some 
states to increase their speed thresholds in their 
definitions of “golf carts” and to allow such vehicles 
to operate on certain public roads, it seems evident to 
NHTSA that such a manufacturer intends its vehicles 
to be used on public roads as well on golf courses” 
[1]. NHTSA was faced with the dilemma of 
attempting to avoid the regulation of “golf carts” 
whose sole use was for carrying golfers on golf 
courses and anticipating their eventual use of public 
roadways due to the increasing number of state and 
local laws specifically anticipating their use. It was 
decided at that time that NHTSA would create a new 
Federal motor vehicle safety standard called Standard 
No. 100 Low Speed Vehicles and that the proposed 
speed bracket for this class of vehicles would be 
between 15 and 25 mph. Among other requirements a 
seat belt of Type 1 or Type 2 would be required. 
 

Subsequent to NHTSA’s proposed rulemaking a 
final rulemaking was made changing the standard to 
FMVSS 500 and with a significant change in the 
lower speed threshold from 15 to 20 mph. This 
change of the speed threshold was made due to a 
representation by the NGCMA. It was the 
understanding of NHTSA at the time of proposed 
rulemaking that an appropriate dividing line between 
golf cars manufactured for golf course use and those 
manufactured for both on-road use and golf course 
use was 15 mph. Subsequent to NHTSA’s proposed 

rulemaking NGCMA informed NHTSA that 1% of 
Club Car’s  fleet cars (golf cars designed solely for 
use on golf courses and sold to golf courses)  and 
75% of their personal cars (cars designed for use on 
golf courses and public roads) have a top speed of 
over 15 mph. Based on this new information NHTSA 
decided a better dividing line between vehicles 
designed for use on the golf course and vehicles 
designed for on road use was a minimum top speed 
of 20 mph. Subsequent to this decision NGCMA 
notified NHTSA the information regarding Club Cars 
was incorrect and that, in fact, Club Car does not 
design any fleet cars (golf cars designed solely for 
use on golf courses and sold to golf courses) to travel 
over 15 mph, nevertheless NHTSA left the final 
bracket at 20 to 25 mph. 
 

The decision as to whether or not seat belts 
should be required was investigated by NHTSA 
during this rulemaking. NHTSA decided to examine 
the city of Palm Desert’s Golf Cart Transportation 
Plan. This transportation plan included the 
requirement of safety belts and this requirement 
appeared to not have any negative impact with regard 
to occupant safety over the years since its 
implementation. However, it was noted by NHTSA 
during its proposed rulemaking that the NGCMA 
viewed the seat belt requirement as “antithetical to 
the personal safety of drivers and occupants of golf 
cars” [2] and cited ANSI/NGCMA Z 130.1-1993 [3] 
which required a ROPS for any golf car containing 
seat belts. NGCMA also commented that seat belts 
enhance the risk of injury or even death if the 
occupant is restrained in the vehicle by a seat belt 
assembly upon rollover. NGCMA went on to explain 
golf cars are equipped with a standard hip or hand 
hold restraint located towards the outside of the seat. 
This restraint, according to NGCMA, does not 
prevent the occupant from jumping or leaping out of 
the golf car to avoid injury if the golf car is about to 
rollover. For this reason, in lieu of seat belt 
requirement for golf cars, the NGCMA believes a 
hand hold or hip restraint should be required as set 
forth in ANSI/NGCMA Z 130.1. NHTSA also 
investigated golf car injury statistics found in the 
Consumer Product Safety Commission’s National 
Electronic Injury Surveillance System (NEISS). 

In its final ruling NHTSA concluded that “the 
conjecture by some commenters that it would be 
valuable to be able to jump out of an LSV are 
unsubstantiated speculation that is especially 
unpersuasive given the volume of data showing that 
ejection is extremely dangerous and that seat belts are 
remarkably effective at preventing ejection” [2]. The 
agency concluded that it is desirable to require seat 
belts in LSV’s. 
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NHTSA emphasized in its ruling that it has not 
decided or implied that vehicles with a top speed of 
less than 20 mph should not be subject to any safety 
regulation by state or local authorities. Moreover, 
since the agency is not treating those vehicles as 
passenger motor vehicles, its standard setting 
activities cannot pre-empt any state or local 
regulation. State and local jurisdictions may continue 
to adopt such equipment requirements as they deem 
appropriate for vehicles, including golf cars, with a 
maximum speed of 20 mph or less. 
 

Thus, with NHTSA’s final ruling it left the local 
communities to decide what safety devices it would 
require for golf cars with a top speed of less than 20 
mph. A significant portion of the golf cars currently 
on the road today were previously leased through 
golf courses and subsequently turned over to 
dealerships for sale and rent to the general public. 
These relatively inexpensive vehicles are seeing a 
surge in demand as the popularity of golf cars on 
public roadways increases. The current situation has 
left local communities with a dilemma on how to 
regulate these golf cars. On one hand the NGCMA 
has notified them that they would not endorse the use 
of seat belts on their golf cars and yet parents are 
wondering how to put their children in the golf cars. 
Furthermore, some authorized golf car dealerships in 
California are proceeding to install seat belts in golf 
cars with a top speed of less than 15 mph even 
though the NGCMA recommend against it. 
 

Research into the hip restraint effectiveness 
found standard on most golf cars today appears to be 
non-existent as does research into the safety benefits 
and potential detrimental effects of seat belts in golf 
cars. Current existing standards such as the 
ANSI/NGCMA Z 103.1-1993 [3] and the SAE 
Surface Vehicle “J” 2358 Standard [4] appear to be 
almost identical with both standards not 
recommending belts for golf cars with a top speed of 
under 20 mph. With this recommendation though is 
the statement “that the person operating the vehicle 
be qualified and trained in the proper operation of the 
vehicle” [4].  For general public use, however, 
expecting that the “operator be qualified and trained 
in the proper operation of the vehicle” doesn’t seem 
to be appropriate nor realistic. The basis for the 
determination of not recommending seat belts for 
golf cars with a top speed of less than 20 mph cannot 
be determined.  
 
 

 

BACKGROUND 

Literature and research searches conducted by 
the authors revealed a dearth of information 
regarding golf car and LSV performance and restraint 
effectiveness. In fact, fewer than four papers were 
located concerning golf car related injuries. This is 
consistent with the findings completed by NHTSA. 
One paper, authored by Passaro et al, [5] is the most 
complete investigation into injuries associated with 
golf car use on public roadways. The paper’s research 
was conducted in the North Carolina community of 
Bald Head Island and included interviews with the 
injured parties in an effort to ascertain the specific 
circumstances of each event and to ensure the injury 
was related to occupants involved in the usage of golf 
cars as transportation. The golf cars involved in the 
reported accidents involved the four-passenger type 
and none had seat belts. The mean top speed for the 
cars was reported to be 14 mph with two having a top 
speed of 18 mph. Twenty-two occupants were 
included in the case series. It was determined from 
the investigations that of the twenty-two people in the 
case series fifty-nine percent (59%) were injured 
following being ejected from a moving car and all 
reported injured parties were passengers. Children 10 
years of age and younger were involved in thirty-two 
percent (32%) of the cases. It was also reported that 
fifty-nine percent (59%) of the injuries were 
sustained to the head or face and ranged in severity 
from scalp laceration to skull fracture. The 
conclusions of this study recommended installation 
of appropriate occupant restraints should be seriously 
considered. 
 

The only vehicle dynamics testing found in 
literature was testing completed by NHTSA in their 
report titled “Inspection and Testing of Low Speed 
Vehicles”[6]. The vehicles evaluated were the 
Bombardier and GEM neighborhood electric vehicles 
and a Yamaha gasoline powered golf car. The tests 
conducted included 1) measurement of the c.g. and 
static stability factor (SSF) for each vehicle, 2) 
measurement of lateral stability in a constant 50 foot 
radius turn, and 3) straight line braking on both a 
high coefficient surface and low coefficient surface. 
The reported SSF’s for the unloaded Bombardier, 
GEM and Yamaha were reported to be 1.4, 1.0 and 
1.3 respectively. The reported SSF’s in the loaded 
condition for the Bombardier, GEM and Yamaha 
where found to be 1.2, 0.86 and 0.88 respectively.  
The study concluded that an LSV with a static 
stability factor below 1.0 with two occupants could 
probably tip easily in a tight turn at 20 mph.  The 50 
foot turning radius reported relative stability for the 
Bombardier and relative instability for the Yamaha, 
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though it should be noted the throttle linkage was 
adjusted on the Yamaha to achieve 20 mph during the 
testing. The stability on the GEM at 20 mph could 
not be determined.  

 
Injury statistics for golf cars can be found 

through the Consumer Product Safety Commission’s 
National Electronic Injury Surveillance System 
(NEISS). The system allows a search for injuries 
involving various product codes and one of the codes 
available is “golf carts”. NEISS is a probability 
sample of hospitals in the U.S. and its territories that 
have at least six beds and an emergency department. 
Patient information is collected nightly from each 
NEISS hospital for every patient treated in the 
emergency department for an injury associated with 
consumer products. National estimates are made of 
the total number of product related injuries treated in 
U.S. hospital emergency departments based on the 
NEISS data collected from these hospitals. Each 
incident contains a brief description of the event and 
circumstance surrounding the injury producing event. 
The authors have obtained and filtered the data for 
the years 1993-2003 for occupants contained in a golf 
cart. The summary of reported injuries for golf cart 
occupants can be seen in Figure 1. As seen in Figure 
1, there were 67,017 total estimated injuries for  
occupants riding in a golf cart over this time period. 
Of this total 52% were due to occupants falling from 
a moving cart.  Examining the data regarding the 
injuries to those occupants that fell from the moving 
cart (34,484 occupants) indicated that approximately 
35% of those individuals (11,976) sustained head 
injuries over this time period. This data also indicates 
a steady increase in the estimated number of head 
injuries occurring each year, as shown in Figure 2.  

 

 

Figure 1 – NEIS data for golf car occupants,  
1993-2003 

   

 

Figure 2 – NEISS data for occupants sustaining a 
head injury 

 
TEST PROCEDURES 

Four vehicles were obtained for testing, three of 
the vehicles can be categorized as golf cars (top 
speed less than 20 mph) and one can be categorized 
as a Low Speed Vehicle (LSV – top speed less than 
25 mph). Each vehicle would be run through a series 
of tests as follows: 
 
1. Acceleration test with driver only (both 

directions on track) 
2. J-Turn test (straight approach followed by a 

counter-clockwise steering maneuver) with a 
belted driver and dummy passenger in a belted 
and unbelted condition. 

3. In-line brake tests with a belted driver and 
dummy passenger in a belted and unbelted 
condition. 

 
The test vehicles are depicted in Figures 3 

through 6.  The vehicles have designated seating 
positions for two or four occupants and all came 
equipped with either lap belts (Type 1) or 
lap/shoulder seat belts (Type 2) as original equipment 
or had been installed by the dealership. The dummy 
utilized in the series of test is a 50th percentile 
Alderson dummy. 
 

Two methods of collecting performance data for 
the tests were employed.  A triaxial array of 
accelerometers (IC Sensors 3031-050) was affixed to 
the vehicle’s approximate static center of gravity.  
The accelerometers attached to the test vehicles were 
gain adjusted for a ±10 g range.  All accelerometer 
data were collected following the general theory of 
SAE Recommended Practice: Instrumentation for 
Impact Test - J211/1 Mar95.  The axis systems were 
in accordance with SAE J1733 Information Report 
with the positive X, Y and Z axes forward, rightward 
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and downward, respectively. All accelerometer data 
were collected at 1000 Hz and filtered using a SAE 
Class 60 filter (TDAS Pro, Diversified Technical 
Systems, Inc., Seal Beach, CA).  In addition to 
accelerometer data, vehicle performance data were 
measured using a GPS-based system (VBOX, 
Racelogic Ltd., Buckingham, England).  Three-
dimensional speed and positional data were collected 
at 100 Hz. 

 

  

Figure 3 – Test vehicle 1, 2002 Ford Think 

  

Figure 4 – Test vehicle 2, 2003 Club Car 

  
Figure 5 – Test vehicle 3, 1998 EZGO golf car 

  

Figure 6 – Test vehicle 4, 2000 EZGO golf car 

 

TEST RESULTS 

Vehicle test results from the GPS-based VBOX 
system can be found in Table 1.  The results include 
top speed, peak acceleration and acceleration to peak 
velocity.  The peak acceleration for this data is the 
average of the sustained peak acceleration and not a 
single peak acceleration value.  The acceleration to 
peak velocity is the average acceleration from the 

initiation of movement until the peak velocity was 
attained.  

 

Table 1. 

VBOX Acceleration Test Results 
Cart Test Top Speed (mph)

Peak Acceleration 
(g)

Acceleration to 
Peak Velocity (g)

1T 1_1 12.47 0.15 0.08
1_2 12.77 0.16 0.10

1D 1_3 24.10 0.26 0.08
1_4 24.20 0.27 0.07

2 2_1 16.60 0.19 0.07
2_2 dl dl dl

3 3_1 11.50 0.23 0.05
3_2 12.88 0.37 0.04

4 4_1 14.30 0.26 0.11
4_2 14.50 0.28 0.12
4_3 14.50 0.27 0.13
4_4 14.40 0.30 0.13  

 
Accelerometer data for all the tests can be found 

in Tables 2 through 4. Table 2 shows the peak 
accelerations for the top speed tests.  Table 3 presents 
the average peak sustained lateral acceleration 
attained when completing the J-turn maneuver. The 
J-turn tests resulted in an average peak lateral 
acceleration of approximately 0.7 g’s with a turning 
radius of approximately 14’. In each of the unbelted 
occupant tests the passenger dummy was ejected over 
the hip restraint and onto the ground whereas each of 
the belted occupant tests resulted in the occupant 
remaining within the confines of the passenger’s seat.  
The resulting occupant kinematics from each test is 
located in Appendix A. The results of braking tests 
for each LSV and golf car are shown in Table 4.  The 
values in Table 4 represent the average peak 
deceleration values.  In braking test 1_7 the unbelted 
passenger dummy came out of the seat and struck it’s 
head on the windshield header, as seen in Figure 7. 

 
 
 

 

Figure 7 – Dummy occupant head strike on 
windshield header 
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Table 2. 

TDAS Acceleration/Top Speed Results 
Cart Test Peak Acceleration (g)

1T 1_1 0.20
1_2 0.19

1D 1_3 0.31
1_4 0.31

2 2_1 0.23
2_2 0.24

3 3_1 0.33
3_2 0.42

4 4_1 0.30
4_2 0.33
4_3 0.33
4_4 0.33  

Table 3 

TDAS J-Turn Lateral Acceleration Tests 

Cart Test
Average Peak Lateral 

Acceleration (g)

1 1_5 0.67
1_6 0.70

2 2_3 0.67
2_4 0.64

3 3_3 0.63
3_4 0.56

4 4_5 0.74
4_6 0.65  

Table 4 

TDAS Braking Results 
Cart Test

Average Peak 
Deceleration (g)

1 1_7 0.88
1_8 0.87

2 2_5 0.53
2_6 0.52

3 3_5 0.54
3_6 0.47

4 4_7 0.46
4_8 0.44  

 

CONCLUSIONS 

The research contained in this paper provides a 
part of the critical data required for agencies (both 
national and state) and local communities to make 
informed decisions regarding their LSV/golf car 
transportation plans. Previous decisions in some 
communities relied on simply anecdotal evidence and 
testimony.  
 

The data from the testing supports the 
implementation of rules and regulations requiring 
seat belts in LSV’s and golf cars which are to be 
utilized on roadways by the general public, regardless 
of whether or not their top speed is less than 20 mph. 
The potential for ejection is significantly higher for 
an unbelted occupant during a cornering maneuver as 
opposed to a rollover event, even for vehicles with a 
maximum speed of only 11 mph. The potential for a 
rollover event decreases at the lower speeds, thereby 
significantly decreasing the theoretically detrimental 
effects that a belted could present over an unbelted 
occupant. The theory that an occupant is better off 
jumping from a moving cart on a roadway is simply 
speculation and fails to consider, among other 
factors, the age and health of the occupants. 
Observations made from the J-turn tests demonstrate 
how ineffective the hip restraints become to an 
unbelted occupant due in part to the forward 
migration of the occupant resulting from the 
longitudinal accelerations occurring during the turns. 
The high slip angle on the front wheels not only 
produce high lateral accelerations but also significant 
longitudinal accelerations. During this forward 
migration the high lateral accelerations tend to pull 
the occupant up and over the hip restraint which acts 
as tripping mechanism. This trip orients the ejected 
occupant into a head first dive into the ground as 
shown in Figures 8 and 9. The ejection process 

    
 

Figure 8 – Ejected occupant kinematics resulting from the J-turn maneuver during test 1_5 
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occurred rapidly with the time from initiation of the 
turn to the ejected occupant contacting the ground 
averaging between approximately one and two 
seconds. Thus, an unanticipated turn presents little 
time for an occupant to brace themselves prior to 
ejection. Additionally, in the case of vehicles that 
have rear facing seating positions, the exposure to an 
unanticipated turn and therefore ejection is 
significantly increased.  It should be noted that during 
the J-turn steer inputs the driver of the vehicle noted 
little difficulty controlling the vehicle during the 
entire duration of the turn. It should be also be noted 
that the lower speed vehicles have a significantly 
lower tendency to roll over and in fact if the vehicle 
did roll the energy dissipated getting the vehicle to  
the roll position would likely only produce a ¼ roll. 
This scenario would limit the protection offered by a 
ROPS. Furthermore, a rollover event presents a 
scenario in which an occupant is likely to be injured, 
potentially seriously, regardless of whether they are 
belted or not belted in the vehicle. The theory that 
injuries will be mitigated by allowing the occupants 
to jump from a moving LSV or golf car during a 
rollover, thereby justifying the lack of belts, cannot 
be supported by this research. 
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Figure 9 – Ejected occupant kinematics resulting from the J-turn maneuver during test 4_5 
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Figure A1 – Test 1_5 ejection of unbelted occupant during J-Turn maneuver 

APPENDIX A 
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Figure A2 - Test 1_6 retention of belted occupant during J-Turn maneuver 
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Figure A3 – Test 2_3 ejection of unbelted occupant during J-Turn maneuver 
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Figure A4 – Test 2_4 retention of belted occupant during J-Turn Maneuver 
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Figure A5 – Test 3_3 ejection of unbelted occupant during J-Turn maneuver 
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Figure A6 – Test 3_4 retention of belted occupant during J-Turn Maneuver 



Long 14 

 
 

 

 

 

 
 
 

Figure A7 – Test 4_5 ejection of unbelted occupant during J-Turn Maneuver 
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Figure A8 – 4_6 retention of belted occupant during J-Turn Maneuver 
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ABSTRACT 
 
    Besides primary driving task, we used to have 
additional actions, for example, operating some 
buttons and looking for something. Such secondary 
actions have been the major cause of accidents. 
Using a driving simulator the effect of the physical 
workloads on driving performance was examined for 
two traffic situations. From the experimental results, 
the driving performance was influenced by the body 
movements caused by the physical workloads and the 
effects were verified by computational driving model 
in the case of the emergency avoidance. 
 
INTRODUCTION 
 

A wide range of driver support system has been 
proposed and a number of operations for these 
devices are increased[1][2][3]. Besides primary 
driving task, we used to have various actions, for 
example, we operate some buttons and look for 
something. These actions are necessary for drivers to 
drive comfortably in everyday life. However 
maneuverability will become narrow by these body 
movements. There are several researches that 
quantified the manipulability of the steering 
influenced by traffic situation and the sitting 
posture[4][5]. In this research, we refer to such 
secondary body movements as physical workloads. 
We investigate effect of the physical workloads on 
driving performance. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The physical workloads are classified by a 

distance from normal driving position to the target 
and the operational strategy for reaching. The targets 
are hazard switch, something on the passenger’s seat 
and dash board as examples. The strategies can be 
classified into three categories as follows: i) 
stretching one's hand to the target after looking at the 
target, ii) glancing at the target without changing 
hand’s position, iii) stretching one's hand to the target 
without looking at the target. There are nine physical 
workloads as combination of three targets and three 
strategies in this paper. 

First of all, driver model with the physical 
workload is derived in order to investigate the effect 
of the physical workload on driving performance. 
Secondly, in experimental I, we measure a lane 
keeping ability while curved road running with the 
physical workloads using driving simulator. In order 
to quantify the physical workload causing the car 
deviation from the center line, body movements are 
measured by a motion capture system to evaluate the 
grade of the physical workloads. Moreover eye 
movements of drivers are also measured. In 
experimental II, we evaluate the avoidance ability 
using steering with the physical workloads in the 
emergency situation. Finally, we try to explain the 
results of experiment II by the proposed driver 
model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1.  Driver Model with Physical Workloads. 
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DRIVER MODEL  
CONSIDERING PHYSYCAL WORKLOADS 
 
    The driver model consists of a course generator, 
response, and a dead time (see Figure 1). The course 
generator is first order lead element to foresee and 
estimate the car position. The response is first order 
lag element to drive the car considering body 
position. They are defined as following equations. 
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where τ is a dead time. The variables Teye and Tbody 
denote time constant for the course generator and the 
response, respectively. The variables keye and kbody 
means a gain for the response. As the whole, we 
adopt a driver-vehicle model that keeps a distance 
between the target lateral position and estimated 
lateral position to the minimum (see Figure 1 and 2). 
The equation (4) denotes the driver-vehicle model. 
The physical workloads that are looking aside and 
body movement cause lack of visual information and 
decrease in manipulability of the steering wheel, 
respectively. Thus we suppose that these workloads 
change the parameters of lead and lag elements, 
respectively. 
    In the physical workloads, there are various 
tasks that driver stretches one’s arm to the targets. 
The manipulability becomes narrow by reaching ones 
arm. The targets of the physical workloads are 
classified by distance from the normal driving 
 
 
 
 
 
 
 
 
 
 
 

position to the target (see Figure 3) ; 
a) Hazard Switch 
b) A Something on the Passenger’s Seat 
c) Dash Board 

On the other hand, there are three strategies on the 
physical workloads while driving; 
    i) Eyes and Body : Stretching one’s hand to the 

target with looking at the target. 
    ii) Eyes Only : Glancing at the target without 

stretching one’s hand to the target. 
    iii) Body Only : Stretching one’s hand to the 

target without looking. 
In the experimental I, there are nine physical 
workloads tasks as combination of three targets and 
three strategies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
EXPERIMENT OF LANE KEEPING 
 
Experimental Procedure 
 

We measure a lane keeping ability while curved 
road running with the physical workloads using a 
driving simulator (see Figure 4). The experimental 
course in the simulator is a curve with the radius of 
300 [m], because the car deviation of lateral position 
is longer in the curve than in the straight. Subjects 
drive along the counterclockwise curve at 60 [km/h]. 
In order to quantify the physical workload causing 
the car deviation from the center line, body 
movements are measured by a motion capture  
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Figure 2.  Predictive Control. 

Figure 3.  Targets of Physical Workloads. 
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system. Measured seven points are chin, both 
shoulders, elbows, and wrists. Eye movements of 
drivers are also measured. 
    The physical workloads in the experiments are 
nine kinds of tasks as shown above. In more detail, 
the strategy i) Eyes and Body is a repetition of 
stretching one’s hand to the target after looking at the 
target at one’s discretion. The strategy ii) Eyes Only 
is a repetition of looking at the target at one’s 
discretion. The strategy iii) is a repetition of 
stretching one’s hand to the target looking forward. 
    The seven points of the body, eye movements, 
and the deviation of car lateral position are measured 
for 30 minutes. Five subjects of 20 to 23 years old 
are employed. Every task is measured twice. The 
subjects have enough practice to measure the driving 
performance. 
    As the estimation, three indices are defined as 
below. The car deviation index D, the eye movement 
index E, and the body movement index B are defined 
as following equations; 
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where n is sampling number measured at 30 [Hz]. 
The variables di, θxi, θyi, xB

i, yB
i, and zB

i denote 
deviation of car lateral position, horizontal and 
vertical eye directional angles, and positions of 
measured points by the motion capture in Cartesian 
coordinates at the i-th sampling, respectively. Every 
asterisked variable means standard value at the 
normal driving posture. 
 
Experimental Results 
 
    Figure 5 (a) shows the correlation between the 
car deviation index D and the eye movement index E. 
There are less correlation between B and D for 
strategy i) and ii). This means that the eye 
movements do not influence on the car deviation so 
much. 
    Figure 5 (b) and (c) show the correlation 
between the car deviation index D and the body 
movement index B for the right and left wrist, 
respectively. There are high correlation between D 
and E for the strategy iii) Body Only. The correlation 
ratio between B and D of the left wrist is higher than 
that of the right wrist for the strategy iii). This means  
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Figure 4.  Experimental Setup. 

Figure 5.  Relationship between Car Deviation and Eye Movement, Body Movement. 
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that the left wrist movement according to the 
physical workloads influences the car lateral 
deviation. There are not high correlations between D 
and B for other body movement indices of the point. 
    Moreover in order to clarify the relationship 
between the body movements and the steering wheel 
angle, we investigate the cross correlation among 
them. Figure 6 shows the time history of the steering 
angle and the left wrist position for each strategy, 
respectively. Figure 7 shows the cross correlation of 
the steering wheel against the left wrist position for 
net area in Figure 6, respectively. In the every figure 
in Figure 6, the positive value represents right 
direction for the steering angle and the distance from 
the steering wheel to the left wrist, respectively. In 
Figure 6 (a), there is no correlation between them for 
the target a) Hazard Switch. In the situation of the 
target b) Passenger’s Seat, there is a tendency that the 
subject steers for modification when start to returning 
one’s left hand to the steering wheel. The timing of 
the adjusting steering is later in the task of the target 
c) than in the task of the target b). Accordingly, it is  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
understood that the manipulability has changed by 
the distance from the left hand to the steering wheel 
position. 
 
EXPERIMENT OF STEERING AVOIDANCE 
 
Experimental Procedure 
 
   In this section, we evaluate the avoidance ability 
using steering with the physical workloads. The 
situation is supposed the urgent case of sudden car 
emergency from left side of the straight street (see 
Figure 8 (a)). The long straight street includes six 
crosses. There is a car that may run into the street at 
the center of the short straight street among the 
crosses. One car among five cars runs into the road. 
As shown in Figure 8 (b), when own car runs through 
the line A, a car approaches from Point P and stop 
beside the street (Point Q). A car runs into the street 
suddenly at one of the every five P-Q line at random 
when own car runs through line B. The distance from 
line B and line P-Q is 20 [m]. Own car runs at 

Figure 6.  Time History of Left Wrist Position and Steering Angle. 

Figure 7.  Cross Correlation between Left Wrist Position and Steering Angle. 
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constant 60 [km/h]. Driver can avoid only by the 
steering toward to coming lane. The targets of 
physical workloads are same as previous experiments. 
The physical workload strategy is supposed as one 
condition of iii) Body Only. Six subjects of 20 to 23 
years old are employed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Experimental Results 
 
    Figure 9 shows the time series of averaging 
steering angles, after own car runs through line B. As 
a comparison, the series of No Task is illustrated in 
the figure. When a car runs into the street, drivers 
steer to the right for the avoidance. From the figures, 
there are overshoots of the steering angle after the 
avoidance compared with the case of No Task. The 
amount of overshoots becomes larger in order of the 
strategy i), ii), iii). This means that the 
maneuverability of the steering wheel becomes 
narrower according to the grade of the physical 
workloads.  
 

Verification by the Driver Model 
 
    We verified the results of the avoidance 
experiments by the driver-vehicle model. Supposing 
the variables τ and Teye in the equation (4) are 
constant, the variables of time constant and lag 
elements of every physical workload of targets are 
determined by the phase of a peak of cross 
correlation figures. The input trajectory is 
approximated by a sine curve. Figure 10 shows the 
simulation’s results. According to the distance from 
the target to the steering wheel, the adjusting amount 
of steering wheel after the avoidance was increased. 
These tendencies coincide with the experimental 
results of the emergency avoidance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.  Outline of Steering Avoidance.

Figure 9.  Steering Angle in Emergency Avoidance 
Compared with No Task. 

-1

-0.5

0

0.5

1

0 5 10

St
ee

rin
g 

A
ng

le
 [r

ad
]

Time [s]

Time [s]

Time [s]

(a) Hazard Switch

(b) Passenger’s Seat

(c) Dash Board

-1

-0.5

0

0.5

1

0 5 10

-1

-0.5

0

0.5

1

0 5 10

St
ee

rin
g 

A
ng

le
 [r

ad
]

St
ee

rin
g 

A
ng

le
 [r

ad
]

No Task

(b) Experimental Condition

(a) One Scene of  Steering Avoidance

P Q

A

B

120 [m]

20 [m]

Own Car

A Car Runs into 
Street

A Car Approaches 
and Stops

 



Asao 6

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CONCLUSIONS 
 
    Using a driving simulator the effect of the 
physical workloads on driving performance was 
examined for two traffic situations. We constructed 
the driver-vehicle model with the physical workloads. 
Second,  to  invest igate  the  decl ine of  the 
maneuverability of the steering wheel with the 
physical workloads, we carried out the experiments 
of the lane keeping and the emergency avoidance.    
The conclusions of this paper are as follows: 
(1) The driver model was consisted of the course 
generator and the body response according to the 
physical workloads. The course generator is first 
order lead element to foresee and estimate the car 
position. The characteristic of the body response is 
modeled by first order lag element considering to the 
specific target. 

(2) As the results of lane keeping experiment, there 
are high correlations between the car deviation index 
and the body movement index of the left wrist 
position. Moreover it is clarified that the adjusting 
steering had been later than the movement of the left 
wrist, in order of the target a) Hazard Switch, b) 
Passenger’s Seat, c) Dash Board.  
(3) Experimental results of emergency avoidance, it 
is clarified that there are the overshoots of the 
steering angle after the avoidance. 
(4) We studied the steering angles by the simulation, 
according to the delay of the steering angles against 
the left wrist movements as mentioned above (2). As 
the results, there are the overshoots of the steering 
angles after the avoidance coincident with the 
experimental results. 
    As a future work, we will study the more 
suitable model parameters based on the experiments 
with much more subjects and confirm the feasibility 
of their approach. 
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ABSTRACT 

 
Cellular solids are largely used in many 

structural applications to absorb and dissipate energy, 
due to their light weight and high energy absorption 
capability. 

The appropriate design of mechanical pieces 
made of structural foams must be done on the basis of 
the kind of impact, the energy involved and the 
maximum admissible stress. In the design 
development it is of highest importance the choice of 
the proper type of foam at the proper density level. 
This is based on stress-strain behaviour that can be 
predicted by means of test curves and models. 

The parameters of two cellular solids models for 
EPP, PUR, EPS and NORYL GTX foams have been 
identified by means of experimental compression 
tests at different densities. The Gibson model and a 
modified version of this model have been considered: 
the fitting of these models are compared also with the 
Rusch model and a modified version of the Rusch 
model. 

The considered models are directly derived from 
theoretical micro-mechanical assumptions while the 
parameter values are identified by means of the 
available experimental data.  

Model parameters depend on the foam density 
and a mathematical formulation of this dependence is 
identified. 

The formulas of the density dependence of the 
model parameters permits the identification of all 
foams made starting from the same solid material and 
with the same micro-structure by means of a 
minimum set of experimental tests. At the same time 
the availability of a large quantity of experimental 
data allows to reach a higher confidence level for the 
model parameters values. 

The identified laws that describe parameters 
against density, for a certain type of foam, could be 
used in order to assist the design of the absorber and 
to find the optimum density for the specific 
application. 

 

1. INTRODUCTION 
 
The increasing request of more performing and 

safer vehicles has given great importance to cellular 
solid materials in automotive industry. This kind of 
materials is successfully used in vehicles in order to 
minimise the weight of structural components and to 
improve the safety through the absorption of impact 
energy in crash events. 

In this second type of application cellular solids 
are used to absorb impacts between vehicle and 
external obstacles and the consequent internal 
impacts of the passengers against the body structure 
of the vehicle. In both cases cellular solid 
components should be designed in order to control 
the deceleration of the impacting parts (vehicle or 
passengers) and in order to limit its maximum value. 
For this aim cellular solids are very functional and 
permit the design of a component to meet the exact 
requirements for a specific impact. The mechanical 
characteristics can be modulated in a continuous way 
acting on the density and on the micro-structure 
besides on the constitutive material: it is possible to 
integrate the design of the proper mechanical 
characteristics with the design of shape and 
dimensions of the component. 

This functionality implies more complexity in 
design computation. It could be very onerous to 
characterise and identify all cellular solids which can 
be used for a specific application and it could be 
onerous to analyse the behaviour of each of them. 

For design purposes a unified modelisation of a 
larger set of materials identified with less 
experimental testing could be very helpful. A unique 
model for cellular solids made of the same 
constitutive material and for a wide range of density 
could be used to direct the choice of the optimal foam 
density for defined impact energy absorption. 
Moreover it can be used in FEM crash simulations in 
order to analyse the behaviour of different foams, 
also experimentally not tested. The aim of this work 
is the analysis and development of these features on 
cellular solids modelisation. 
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Experimental testing on four types of foams have 
been analysed and different models have been 
identified and compared by means of these 
experimental data. 

The variation of model parameters with foam 
density has been studied in order to develop 
parameters-density laws to be integrated in each 
model. 

 
2. EXPERIMENTAL TESTS 

 
Static uniaxial compression tests, made 

according with ASTM D1621-94 (Standard Test 
Method for Compressive Properties of Rigid Cellular 
Plastics) have been performed on different kinds of 
foams at different densities: 

• Expanded polypropylene foams (EPP) tested at 
five different nominal densities with a wide 
range of variation: 31, 45, 70, 106 and 145 
g/dm3. 

• Expanded polystyrene foams (EPS) tested at 
four different nominal densities, but the range 
of variation is relative narrow: 40, 50, 60 and 
70 g/dm3. 

• Expanded polyurethane foams (PUR) tested 
only at two different densities: 70 and 100 
g/dm3. 

• Noryl GTX foams, tested at two different 
densities: 50 and 75 g/dm3. 

All specimens were cubic with 50 mm side, 
except for the expanded polystyrene specimens which 
were cylindrical with a diameter of 100 mm and 
height of 35 mm. Each specimen was previously 
weighted and measured in order to calculate its 
effective density. The tests consist of the compression 
of the foam specimen between two rigid steel plates 
at a constant relative velocity of 60 mm/min, which 
corresponds to a strain rate of 2×10-2 s-1. The 
maximum stroke chosen is 90% of the initial 
thickness. A hydraulic universal testing machine 
(DARTEC 9600) was used; the piston displacement 
and the force were measured at an appropriate 
sampling frequency. For each nominal density of 
each kind of foam at least three repetitions of the 
compression test were performed. 

 
 3. CELLULAR SOLIDS MODELS 

 
Cellular solids models can be divided in two 

categories: phenomenological model and micro-
mechanical models. The phenomenological models 
aim to reach the best fit with the experimental 
mechanical behaviour without direct relationship 
with the physics of the phenomenon. The micro-
mechanical models are based on the analysis of the 

deformation mechanisms of the micro-cell structure 
under loading. 

The micromechanical Gibson model and a 
proposed modified Gibson model have been 
identified for all tested materials. Their fitting 
capability has been compared with the 
phenomenological Rusch model and a modified 
Rusch model already identified for the same foams in 
[6]. 

 
3.1 Gibson Model 

 
The most known and widely used micro-

mechanical model is the Gibson model (Gibson, 
Ashby [1]) in which the stress-strain compression 
curve is split into three parts (elastic, collapse and 
densification) and analytical relationship are 
obtained. The behaviour is mainly controlled by the 
relative density of the foam with respect to the solid 
base material. 

The formulations of the three regions are: 
- Linear elastic region: 

 
 εσ E=  (1a)  

 if yieldσσ ≤  (1b) 

 
 - Plateau region: 
 

 yieldσσ =  (2a) 

 If ( )m
Dyield D /11 −−≤≤ εεε  (2b) 

 
 - Densification region: 
 

 

m

D

D
yield D ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

−
=

εε
εσσ 1

 (3a) 

 if ( )m
D D /11 −−> εε  (3b) 

 
The model has five parameters and each of them 

can be calculated by means of author’s dedicated 
formulas based on the micro-mechanics of foam 
deformation. In this work the parameters have been 
identified on the basis of the experimental curves so 
that the identified values can be compared to the 
theoretical ones. The parameters E, σyield and εD are 
considered density dependent, while D and m should 
be density independent. 

 
3.2 Modified Gibson Model 

 
The original Gibson model has been modified in 

order to test the possibility to improve its fitting 
capability. A sloped linear model is proposed instead 
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of a constant stress model for the modelling of the 
plateau region. The equation (2a) is substituted by the 
following expression: 

 

 εσσ hyield +=  (4) 

 
This modification implies the identification of 

two parameters instead of a single one for this region, 
and a total of 6 parameters for the whole model. 

The strain value of the intersection between the 
plateau region and the densification region can not be 
expressed explicitly as in the original Gibson model: 
it must be found numerically. 

 
3.3 Rusch Model and Modified Rusch Model 

 
A simpler and effective phenomenological model 

is the Rusch model (Rusch [2], [3] and [4]). It had 
been extensively tested in previous works of the 
authors (Avalle, Belingardi, Ibba [6]) and it 
demonstrated a good fitting capability combined to 
some advantages in the identification process with 
respect to the Gibson model. 

A modification of the model had also been 
proposed in order to improve the fitting capability in 
the densification region. Both models had been 
identified in [6] for the same foams analysed here. 

The Rusch model is a phenomenological model 
having a simple formulation, described by the sum of 
two power laws: 

 

 nm BA εεσ +=  (5a) 
 with 10 << m , ∞<< n1  (5b) 

 
ε is engineering strain and is considered positive 

in compression. The first addendum is used to fit the 
elastic-plateau region, while the second addendum is 
used to model the densification region. The 
parameters A and B are considered density dependent, 
while m and n are not. 

The modified version of the Rusch model, 
proposed in [6], had been developed in order to 
improve the fit in the densification region. The 
second addendum is modified in order to have a 
vertical asymptote at the physical limit of 
compression strain: 

 

 
n

m BA ⎟
⎠

⎞
⎜
⎝

⎛

−
+=

ε
εεσ

1
 (6a)  

 with 10 << m  and ∞<< n1  (6b) 
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Figure 1.  Comparison between the models 
identified with the least squares method using the 
squared errors and the normalised squared 
errors. Five densities of EPP foams have been 
identified at the same time. 
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Figure 2.  Amplitude of the confidence interval 
versus strain. 

 
4. IDENTIFICATION METHOD 

 
Two procedures of parameters identification 

have been used in order to identify the material 
parameters, for each model: 

1. The whole set of parameters of the models are 
identified for each experimental curve 

2. Only the density dependent parameters are 
identified for each experimental curve, while 
the density independent parameters are 
identified on the whole set of curves together 

The second identification procedure is more 
interesting because it allows to separate the density 
influence from the other material parameters and to 
evaluate their dependence from the density itself. The 
least squares method has been used to identify the 
material parameters. However, it gave poor results 



Avalle 4 

when applied to the not weighted sum of the square 
errors, especially in the case of second procedure of 
identification. In fact, it suffers the over-weighted 
influence of the high density foams and vice versa. 
This is due to the fact that the gaps between 
experimental stress and model predicted stress of the 
low density foams are always low compared to the 
gaps of the higher density foams. Considering that 
the second kind of identification is obtained through 
the minimization of the sum of the square errors of all 
foam density curves, it is clear that the variation of 
the total sum due to the variation of the parameters of 
the low density foams is very little compared to the 
variation of the total sum due to the same relative 
variation of the parameters of the high density foams. 

The identification based on plain sum of the 
square errors is too loose for low density foams at 
low strain (and stress). Therefore, the fitting has been 
performed by weighting the errors with the value of 
the experimentally measured stress. Hence, the sum 
of the normalised square errors (SNSE) to be 
minimised is: 

 

 

∑ ⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛ −
=

i isper

iisperSNSE

2

,

mod,,

σ
σσ

(7) 
 

where σsper,i and σmod,i are the experimental stress 
and the model predicted stress respectively, 
corresponding to the same strain. 

The normalised squares minimization procedure 
brings a better fit of the elastic and plateau regions 
although a slightly worse fit is obtained in the 
densification region (Figure 1). 

The choice of the procedure based on the 
normalised least squares is justified by technical and 
statistical reasons. 

In impact applications, the foam should absorb a 
defined quantity of energy with fixed maximum 
displacement and stress level. This goal can be 
achieved by taking advantage of the linear and 
plateau region: from a design point of view the 
prediction of the energy involved in the plateau 
region has a primary role. The use of the foam in the 
densification region is unlikely because the foam 
would absorb energy with rising stress and quickly 
rising tangent stiffness. Moreover different densities 
of the same type of foam could result in large 
differences of the plateau stress, so in the global 
identification of all model curves it is advantageous 
to evaluate the gaps between the experimental curves 
and the model curves in a relative way: the errors 
should be proportional to the stress level of each 
curve. 

From a statistical point of view the lack of fit of 
the model must be evaluated weighting the effect of 
the variance of experimental data. The confidence 
intervals of the experimental stress values as function 
of the strain has been calculated by means of three 
repetitions of a test on the same foam. Figure 2 shows 
the remarkable quality of the fit in the elastic and 
plateau region and the enlargement of the confidence 
intervals only in the densification region. 

 
5. COMPARISON OF MODELS 
PERFORMANCE 

 
Performance of models can be visualised 

graphically by means of the stress-strain curves of 
identified models and experimental data. In Figures 3 
and 4 the Gibson model and the modified Gibson 
model curves of the EPP at 70 g/l are shown, while in 
Figures 5 and 6 the Rusch model and the modified 
Rusch model identified in [6] for the same material 
are shown. All models seem to fit satisfactorily the 
experimental curves with an advantage for the 
Gibson type models. The difference between model 
stress and experimental stress (error) plotted as 
function of the strain is a better way to compare the 
fitting characteristics of models: these curves are 
shown for the same foam and the same models. 

The identification has been performed with 
method 2 described in the previous paragraph. For 
this reason the fitting on each single curve is a little 
bit penalised by the need to have a unique identified 
value of the density independent parameters for the 
whole set of tested foams of the same type. 

A quantitative comparison of the global fitting 
capability of the models has been performed by 
means of the total sum of the normalised square 
errors for each kind of foam (Fig. 7-10). The 
modified version of the Gibson model shows always 
the best fitting. 

 
6. MODELS OF THE DENSITY EFFECT 

 
The identified models have been further analysed 

in order to obtain the relationship between material 
density and model parameters and to develop laws 
describing this source of variation. In the Gibson 
model, as a micromechanical model, this relationship 
is an assumption of the model itself, which can be 
eventually verified by comparison with the 
parameters values identified by experimental data. 
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Figure 3. Experimental stress-strain curve of the 
EPP 70 g/l and the corresponding identified 
Gibson model curve. 
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Figure 4. Experimental stress-strain curve of the 
EPP 70 g/l compared to the modified Gibson 
model with the identified parameters. 
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Figure 5. Experimental stress-strain curve of the 
EPP 70 g/l compared to the Rusch model with the 
identified parameters. 
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Figure 6. Experimental stress-strain curve of the 
EPP 70 g/l compared to the modified Rusch model 
with the identified parameters. 
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Figure 7.  Comparison of the total sum of 
normalised square errors of the models identified 
for EPP foams. 
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Figure 8.  Comparison of the total sum of 
normalised square errors of the models identified 
for EPS foams. 
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Figure 9.  Comparison of the total sum of 
normalised square errors of the models identified 
for PUR foams. 
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Figure 10.  Comparison of the total sum of 
normalised square errors of the models identified 
for Noryl GTX foams 

 
6.1 Gibson Model 

 
The Gibson model includes the density effect on 

parameters as a consequence of the micromechanical 
deformation mechanisms which are on the basis of 
the model itself. It does not need experimental data in 
order to quantify it: the micromechanical theory is 
used. 

This feature of the Gibson model is useful when 
few experimental data on the density effect are 
available. On the other hand the availability of some 
experimental data on foamed materials at different 
density levels should be useful to better fit the 
effective density effect. For this aim the structure of 
the Gibson parameters-density laws have been 
maintained but its parameters have been identified 
through the experimental data. 
Elastic Modulus 

In case of open cell foams the variation of the 
elastic modulus with density is modelled by Gibson 
with the following relation: 

 

 

2

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
≈

SSE

E

ρ
ρ

 (8) 

 

E, ES, ρ  and Sρ  are the elastic modulus of the 

foam, the elastic modulus of the solid material of 
which the foam is made, the density of the foam and 
the density of the solid material respectively. 

The equation can be written with a parameter to 
be identified by means of the elastic moduli already 
identified for each tested foam density: 

 

 2ρECE =  (9) 
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In this relation the parameter C contains the ratio 
of the elastic modulus to the square density of the 
solid material corrected by a factor which permits to 
reach a better fit of the experimental data. 

The experimentally identified elastic moduli for 
each specimen, the proposed relation, identified by 
means of these data, and the original Gibson relation 
are shown and compared in Figures 11-14 for each 
type of foam. Identified CE values are in Table 1. 
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Figure 11.  Gibson model for the EPP foams: 
identified elastic moduli, theoretical parameter-
density relation and identified relation. 
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Figure 12.  Gibson model for the EPS foams: 
identified elastic moduli, theoretical parameter-
density relation and identified relation. 
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Figure 13.  Gibson model for the PUR foams: 
identified elastic moduli, theoretical parameter-
density relation and identified relation. 
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Figure 14.  Gibson model for the Noryl GTX 
foams: identified elastic moduli, theoretical 
parameter-density relation and identified relation. 

 
Yield Stress 

For open cell foams with plastic collapse 
behaviour the variation of the plastic collapse stress 
with density is modelled by Gibson with the 
following relation: 

 

 
2

3

3.0 ⎟⎟
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SyS

y

ρ
ρ

σ
σ

 (10) 

 

yσ  and ySσ  are the plastic collapse stress of 

the foam and the yield stress of the solid material 
respectively. As made for the elastic modulus the 
equation can be written in the following form: 

 

 2

3

ρσ yy C=  (11) 

 
The parameter can be identified through the 

experimentally identified plastic collapse stress for 
each tested foam. The identified plastic collapse 
stresses and the identified previous relations are 
shown in Figures 15-18 for each type of foam. 
Identified Cy values are in Table 1. 
Densification Strain 

For the densification strain parameter Gibson 
proposes the equation 

 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

S
D ρ

ρε 4.11  (12) 

 
This is not derived directly from 

micromechanical mechanisms; it is defined with a 
semi-empirical approach, so that the value 1.4 can be 
substituted by a constant to be identified: 

 

 ρε DD C−= 1  (13) 
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The identified densification strains and the 

identified previous relations are shown in Figures 19-
22 for each type of foam. Identified CD values are in 
Table 1. 
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Figure 15.  Gibson model for the EPP foams: 
identified plateau stress parameters, theoretical 
parameter-density relation and identified relation. 
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Figure 16.  Gibson model for the EPS foams: 
identified plateau stress parameters, theoretical 
parameter-density relation and identified relation. 
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Figure 17.  Gibson model for the PUR foams: 
identified plateau stress parameters, theoretical 
parameter-density relation and identified relation. 
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Figure 18.  Gibson model for the Noryl GTX 
foams: identified plateau stress parameters, 
theoretical parameter-density relation and 
identified relation 
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Figure 19.  Gibson model for the EPP foams: 
identified desification strain parameters, 
theoretical parameter-density relation and 
identified relation. 
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Figure 20.  Gibson model for the EPS foams: 
identified densification strain parameters, 
theoretical parameter-density relation and 
identified relation. 
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Figure 21.  Gibson model for the PUR foams: 
identified densification strain parameters, 
theoretical parameter-density relation and 
identified relation. 
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Figure 22.  Gibson model for the Noryl GTX 
foams: identified densification strain parameters, 
theoretical parameter-density relation and 
identified relation. 

 
Table 1. 

Identified coefficients of the density dependence 
laws of the Gibson model. The values suggested by 

Gibson are in brackets. 
 

foam 
CE 

(Gibson) 
Cy 

(Gibson) 
CD 

(Gibson) 

EPP 
1.01e-3 

(1.33e-3) 
3.83e-4 

(3.38e-4) 
6.25e-4 

(1.47e-3) 

EPS 
3.44e-3 

(2.00e-3) 
1.37e-3 

(3.09e-4) 
1.56e-3 

(1.33e-3) 

PUR 
3.24e-3 

(1.11e-3) 
1.05e-3 

(9.17e-4) 
9.96e-4 

(1.17e-3) 

Noryl GTX 
5.04e-3 

(1.82e-3) 
9.46e-4 

(4.11e-4) 
1.48e.3 

(1.27e-3) 
 

Density Independent Parameters 
The parameter D and m are considered density 

independent and Gibson suggests the values D=2.3 
and m=1±0.4 for the plastic collapse foams. 

In this work a unique value of each parameter 
has been identified directly from the experimental 
data of the whole set of tested foams of the same 

type. The identified values for each kind of foam are 
shown in Table 2. 

 
Table 2. 

Identified density independent parameters. 
 

foam D m 
EPP 1.01 1.29 
EPS 1.34 0.73 
PUR 2.73 1.07 

Noryl GTX 0.84 0.73 
 
 

6.2 Modified Gibson Model 
 
As for the original Gibson model the parameters-

density laws for the modified Gibson model have 
been identified and compared with the theoretical 
Gibson laws. In this case a new parameter is 
analysed: the slope of the plateau stress. The 
identified coefficients of the density dependence laws 
are in Table 3. 
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Figure 23.  Linear density dependence law of the 
slope h parameter identified for the EPP foams. 
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Figure 24.  Linear density dependence law of the 
slope h parameter identified for the EPS foams. 
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Figure 25.  Linear density dependence law of the 
slope h parameter identified for the PUR foams. 
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Figure 26.  Linear density dependence law of the 
slope h parameter identified for the Noryl GTX 
foams. 

 
The identified values of this parameter for the 

tested foams are highly dispersed at higher density 
values and for certain type of foam. In same cases 
they are not significant. This could be caused by the 
fact that the plateau region is limited for higher 
density foams till to be completely excluded from the 
model. The identified value for an EPP specimen at 
145 g/l is nearly zero: the model in this case shows a 
shift from the linear region directly to the 
densification region. The same thing happens for all 
Noryl GTX foams where the plateau region is 
completely unused and its slope remains at the 
initially assigned value: this is confirmed by the 
identical behaviour of the Gibson model and the 
modified Gibson model for this type of foam. 

Because of this behaviour a density dependence 
law is difficult to be defined for this parameter and a 
simple linear law has been identified. The identified 
curves for each kind of foam are shown in Figures 
23-26. 

 
7. MODELS AS A DESIGN TOOL 

 
Test results can be shown in different forms 

depending on the foam characteristics to be studied 
and the design purposes. The effects of the foam 

density have been underlined as the first design 
parameter to be chosen. 

Force-displacement and stress-strain curves, 
directly derived from the experimental data, show the 
capability of cellular solids to absorb a high quantity 
of energy maintaining a nearly constant level of stress 
in the so called plateau region, but they do not allow 
directly selecting the foam density suitable to the 
designed maximum stress and energy amount to be 
absorbed. The energy versus stress curves are more 
useful to this aim. 

 
Table 3. 

Identified coefficients of the density dependence 
laws of the modified Gibson model. 

 
foam CE Cy CS CD 

EPP 1.02e-3 3.70e-4 7.80e-3 7.10e-4 

EPS 3.51e-3 1.14e-3 1.05e-2 1.20e-3 

PUR 3.22e-3 9.46e-4 3.62e-3 8.97e-4 

Noryl 
GTX 

5.04e-3 9.46e-4 1.57e-5 1.48e-3 

 
The use of an efficiency coefficient is an even 

more interesting solution to show the optimal impact 
loading conditions for defined foam. The efficiency 
of foam in impact absorption is defined as the ratio of 
the absorbed energy to the maximum stress value: 

 

 
maxσ

W
Efficiency =  (14) 

 
Each foam should be used on the impact energy 

and maximum stress value defined by its maximum 
efficiency conditions [5-6]. 

The proper foam density has to be chosen in 
order to reach the maximum efficiency on the basis 
of the defined impact energy to be absorbed and the 
maximum acceptable stress level. It has to be noted 
that the foam density with the maximum efficiency 
for the defined application, corresponds to the foam 
density which reaches the maximum absorption of 
energy with the defined maximum level of stress or, 
likewise, to the foam density which need the 
minimum stress level to absorb the defined impact 
energy. 

Energy-stress curves, for the EPP foams, and 
efficiency-stress and efficiency-density curves, for all 
tested materials, are shown in Figures 27-35. The 
experimental diagrams that express a given quantity 
as function of the density result in a set of test points 
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and not in continuous curves. It is not feasible to 
examine the density at too many levels. 

Modelling can be used to simplify the foam 
selection. The identified models with its parameters-
density laws bring a general model of all possible 
foams obtained from the same constitutive material 
and same microstructure. This allows predicting the 
mechanical behaviour of foam of any density with a 
minimum set of experimental tests. 

Moreover, modelling allows evaluating the 
energy-stress, energy-density, stress-density, 
efficiency-stress and efficiency-density curves for 
any maximum level of stress or absorbed energy. The 
efficiency-density curves of all tested foams at a 
defined stress value have been drawn over the 
experimental data in previous diagrams. These curves 
clarify the possibility of the models to precisely 
evaluate the optimal foam density even at the limits 
of the experimental domain or between two relatively 
different experimental values of the density. 

By means of the identified modified Gibson 
model and with the help of automated routines, 
various diagrams have been constructed in order to 
help foam component design. If the stress limit 
(acceleration limit) is the main objective of the 
design, density versus stress curves are to be used. 
These model-based curves are shown in Figure 36 for 
the tested materials. These curves bring out the foam 
density value that allows for the maximum efficiency 
while maintaining a defined maximum stress. These 
diagrams lead to the choice of the optimal density, 
but do not show the energy involved: the dimensions 
of the foam have to be chosen with an energy 
diagram. 

A diagram which incorporates all the design 
parameters must contain more curves. For example, 
several specific absorbed energy versus density 
curves for a wide range of maximum stress values 
combine all information about a specific kind of 
foam. This kind of diagrams have been constructed 
on the basis of the modified Gibson model and are 
shown in Figures 37-40 for each analysed type of 
foam. 

The modified version of the Gibson model 
compared to the original Gibson model has 
demonstrated to be more suitable to be used in 
numerical procedures for the construction of 
proposed design diagrams. It has the advantage to be 
strictly increasing and consequently to have a unique 
strain value for a defined stress. On the contrary the 
original Gibson model has an undefined value of 
strain corresponding to the plateau stress and it can 
cause problem in numerical procedures definition. 
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Figure 27. Specific energy-stress experimental 
curves for the EPP foams. 
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Figure 28.  Experimental efficiency-stress curves 
for EPP foams. 
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Figure 29.  Experimental efficiency points at a 
defined stress of 0.75 MPa and model curve for 
EPP foams. 
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Figure 30.  Experimental efficiency-stress curves 
for EPS foams. 
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Efficiency-Density for a maximum stress =1,5 MPa
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Figure 31.  Experimental efficiency points at a 
defined stress of 1.5 MPa and model curve for 
EPS foams. 
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Figure 32.  Experimental efficiency-stress curves 
for PUR foams. 
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Figure 33.  Experimental efficiency points at a 
defined stress of 1.5 MPa and model curve for 
PUR foams. 
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Figure 34.  Experimental efficiency-stress curves 
for Noryl GTX foams. 
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Figure 35.  Experimental efficiency points at a 
defined stress of 1.25 MPa and model curve for 
Noryl GTX foams. 
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Figure 36.  Modeled optimal density versus 
maximum stress curves for all tested foams. 
 
8. CONCLUSIONS 

 
All analysed and identified cellular solid models 

fit well the experimental curves of the four kinds of 
foam tested. The Gibson Model and the modified 
version of this model show a better fitting capability 
compared to the Rusch model and the modified 
Rusch model. The identification, by means of 
optimisation procedures, has been slower because of 
the three different formulations for each stress-strain 
region. 
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Figure 37.  Modeled (modified Gibson) specific 
absorbed energy versus density curves for 
different stress level and envelope of their 
maximum for EPP foams. 
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EPS foams
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Figure 38.  Modeled (modified Gibson) specific 
absorbed energy versus density curves for 
different stress level and envelope of their 
maximum for EPS foams. 
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Figure 39.  Modeled (modified Gibson) specific 
absorbed energy versus density curves for 
different stress level and envelope of their 
maximum for PUR foams. 
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Figure 40.  Modeled (modified Gibson) specific 
absorbed energy versus density curves for 
different stress level and envelope of their 
maximum for Noryl GTX foams. 

 
The micro-mechanical density dependence laws 

of the Gibson model have been identified by means 
of the experimentally obtained parameters for 
different densities of the same type of foam. These 
laws have been compared to the simplified relations 
suggested by Gibson and in some cases have shown 
to be significantly different. 

The density dependence laws have been 
identified also for the modified Gibson model. For 
the newly introduced parameter, the slope of the 
plateau region, a linear density dependence law has 
been considered. 

The density dependence laws combined with the 
foam models permit complete modelling of a certain 
type of foam on a wide range of density, by testing 
very few values of density. This is useful for an 
effective choice of the proper foam density for a 
specific application. Energy diagrams, efficiency 
curves (shown in [5]) and any other kind of diagrams 
that describe the effect of density could be obtained 
by means of the modified Gibson model and few 
experimental tests. This kind of modelling has shown 
to be an efficient tool in optimal design of impact 
absorbers for passive safety of vehicles. 
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ABSTRACT 
 
In the last years the European Community funded 
several projects, whose general aim was to improve 
the safety of road users. Among them, the 
“Enhanced Coach and Bus Occupant Safety” 
(ECBOS) Project was set up in order to study 
improvements in current regulations and propose 
new standards for the development of safer buses 
and coaches. 
For what concerns the rollover protection (ECE66 
Regulation), one of the main suggestions, proposed 
by the partners of the ECBOS project [1], is to take 
into account the presence of the passengers on 
board both in the numerical and in the experimental 
homologation tests. An additional mass in the 
vehicle increases the energy assumed to be 
absorbed by the structure in order to pass the test. 
That could lead the bus manufacturers to increase 
the strength of the vehicle super-structure in order 
to obtain a deformation level below the limits 
stated in the ECE66 regulation. 
A numerical study was performed to evaluate how 
an increment of the super-structure strength, that 
ensures the vehicle to pass the homologation test 
with the passengers onboard (i.e. to avoid 
intrusions into the residual space defined by the 
regulation), affects the injury risk for the 
passengers themselves. To perform such a kind of 
study, it is essential to model the interactions of the 
passengers with the coach inside environment 
accurately. One of the most important components 
that greatly influence the movement of the 
passengers inside the vehicle is the seat. For that 
reason, a detailed hybrid model (Mulibody – FE) of 
a seat was developed based of a real coach seat, 
whose data were provided by a seat manufacturer. 
Two configurations were analysed, changing the  
restraint system (two-point and three point belt). 
The injury risk for passengers was evaluated 
calculating the most significant injury parameters 
and criteria (HIC, TTI, VI, etc.). 
 
 
 
 

INTRODUCTION 
 

Passenger transport in terms of buses and 
coaches is very safe nowadays. Statistical 
comparisons with other means of transport show 
evidence for the high safety level of buses and 
coaches, which is much higher than that of cars, 
being comparable with that of trains or even 
airplanes. Despite the high safety rating, particular 
serious bus and coach accidents still occur and 
arouse public attention casting doubt on the 
positive safety image of these vehicles. In the 
European Community approximately 20000 (4%) 
buses and coaches are currently involved in 
accidents with personal injuries each year [2]. More 
than 30000 persons are injured due to those 
accidents and about 200 occupants suffer fatal 
injuries. Among the bus and coach accidents, one 
of the most dangerous is surely the rollover of the 
vehicle. 

The ECBOS project, started on January 2000 
and ended on June 2003, was sponsored by the 
European Community to suggest improvements in 
current regulations and propose new regulations 
and standards for the development of safer buses 
and coaches. Seven partners from six European 
countries were involved in the project. As outcome 
of the project a list of suggestions for new 
regulations and written standards were jointly 
proposed by the partners in order to decrease the 
incidence and the severity of occupant injuries and 
social suffering which occur as a result of bus and 
coach accidents. 
 
ROLLOVER PROTECTION 
 

Buses and coaches are transport means for 
which in Europe the regulation is not at the 
moment so strict as for cars. The high cost of the 
single vehicle makes the manufacturers unwilling 
to perform full vehicle tests like car crash-tests.  
For what concerns the rollover of a bus or a coach, 
the point of reference is the UNECE regulation no. 
66 (ECE66) [3]. The same requirements of this 
regulation are included in the European Directive 
2001/85/EC [4]. The ECE66 applies to single 
decked vehicles constructed for the carriage of 
more than 16 passengers, whether seated or 
standing, in addition to the driver and crew. This 
regulation set the uniform provision concerning the 
approval of large passenger vehicles with regard to 
the strength of their super-structure. “Super-
structure” means the parts of a vehicle structure 
which contribute to the strength of the vehicle in 
the event of a rollover accident. 
In order to obtain the approval, the super-structure 
of the vehicle shall be of sufficient strength to 
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ensure that during and after it has been subjected to 
one of the test methods: 

• no displaced part of the vehicle intrudes 
into the residual space  

• no part of the residual space projects 
outside the deformed structure 

“Residual space” means the volume within the 
passenger compartment which is swept when the 
transverse vertical plane shown in figure 1 is 
moved in along the vehicle longitudinal axis. 
 

 

Figure 1.  Residual space as defined in the ECE 
66 Regulation. 

Each type of vehicle can be verified according to 
one of the following methods at the discretion of 
the manufacturer or according to an alternative 
method approved by the competent authority: 

• a rollover test on a complete vehicle 
• a rollover test on a body section or 

sections representative of a complete 
vehicle 

• a pendulum test on a body section or 
sections 

• a verification of strength of super-structure 
by calculation 

"Body section" means a section containing at least 
two identical vertical pillars on each side 
representative of a part or parts of the structure of 
the vehicle. 
It is important to remark that in the homologation 
tests, proposed by the ECE66 regulation, the 
vehicle is verified without considering the presence 
of the passengers on board. 
 
NUMERICAL MODEL 
 

A numerical model able to describe the 
behaviour of an M3 vehicle structure during a 
rollover was developed [5-8] through the multibody 
(MB) approach using MADYMO software. 

 

Figure 2.  Bay section MB model. 

 The model (figure 2) was built according to a 
real bay section (figure 3) used by the Cranfield 
Impact Centre (CIC) to perform experimental tests 
within the ECBOS project [9]. 

 

 

Figure 3.  CIC bay section (courtesy of CIC). 

The general design of the bay section was 
taken from a typical existing ECE66 approved 
coach design. The bay section design used two 
complete body rings (i.e. one ring consists of two 
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window pillars, roof cross beam and floor cross 
beams). These two rings were connected via 
longitudinal beams at floor, waist and roof level. 
The bay section had one row of seats. The data 
about the bay section geometry and the materials 
characteristics were provided by CIC, together with 
the results of two experimental rollover tests. These 
results were used to check the behaviour of the 
model and to validate it [5,6]. 

The seats were modelled thought a simplified 
structure made up of three bodies (seat base, seat 
back and head rest) [5,6].  
 
MB SEAT MODEL 
 

In order to study the consequences of a 
rollover on the passengers the movement of the 
occupants inside the vehicle must be described 
accurately. For this purpose it is necessary to set up 
a seat model able to represent the behaviour of a 
real seat during a rollover event properly. Therefore 
a detailed MB seat model was developed according 
to a real seat (figure 4) produced by Lazzerini, an 
Italian seat manufacturer of the Grammel group, 
one of the most important European seat producers. 
The information necessary to build the model was 
provided by the manufacturer itself. 
 

 

Figure 4.  Seat for M3 class coaches. 

 
Seat frame 

 
The manufacturer provided the data about the 

frame of a double seat usually mounted on M3 
class vehicles. This frame is made up of three 
components: 
1. The linking element between the seat and the 

side wall of the coach (figures 5 and 6) 
2. The seat leg on the aisle side (figures 7 and 8) 
3. The transversal rods supporting the seats 

(figures 9 and 10) 
 

 

Figure 5.  Linking element. 

 

 

Figure 6.  Linking element fitted. 

 

 

Figure 7.  Seat leg. 
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Figure 8.  Seat leg fitted. 

 

 

Figure 9.  Transversal rods. 

. 

 

Figure 10.  Transversal rods fitted. 

 
The first component is made up of three parts 

welded together. The parts with holes connect the 
seat to the coach side wall through two bolts while 

the horizontal plate bears the seat frame. In the seat 
leg two bolts in the lower side plate connect the 
seat to the coach deck. A second welded plate holds 
the housing for the vertical column. A beam is 
positioned inside the column to increase the 
bending stiffness of the structure. The upper part of 
the seat leg is shaped properly to house the 
transversal rods of the frame, which bear the seat. 

The two transversal rods are connected at the 
aisle side to the seat leg and at the window side to 
the horizontal plate of the linking element. The 
connection is made by two blocking plates clamped 
by bolts. 
 
FE model of the seat frame 

 
In a rollover the seat frame is usually 

deformed in the transversal direction beyond the 
elastic limit of the material. 

In order to build the MB model of a structure 
submitted to an elastic-plastic collapse it is 
necessary to know in advance the deformed shape 
of the structure for the applied loads and its non 
linear stiffness characteristic. In this way it is 
possible to know the collapse points of the 
structure, in which the proper kinematic joints will 
be positioned, and the strength characteristic 
assigned to them [10]. Starting from the data 
provided by the manufacturer, the FE model of the 
seat frame was developed with the aim of studying 
how this structure collapses during the rollover of 
the vehicle. The three components of the seat were 
modelled with four nodes shell elements, while the 
welding was modelled with rigid beam elements 
connecting together the nodes of the components in 
the welded areas. For what concerns the 
connections between the three elements, due to the 
very high stiffness of the links, they were modelled 
as completely rigid. 

 

 

Figure 11.  Deformed seat frame. 
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FE simulations of the seat under-frame collapse 
 
In the FE simulations, carried out through 

MADYMO, a displacement field reproducing what 
happens during a rollover was applied to the seat 
frame. Looking at the deformed shape of a bay 
section after a rollover test (figure 11), it is possible 
to notice that the displacement of the seat frame is 
caused by the rotation of the side wall around the 
plastic hinge which develops in the lower part of 
the window pillars. To reproduce that in the 
simulations the nodes around the holes of the side 
plate at the bottom of the seat leg (figure 12) were 
rigidly constrained to the inertial reference system. 

 

 

Figure 12.  FE model boundary conditions: seat 
leg. 

Furthermore the nodes belonging to the 
horizontal plate at the bottom of the leg (figure 12) 
were constrained so that they couldn’t go down 
(negative Y direction) due to the presence of the 
vehicle floor. 

 

 

Figure 13.  FE model boundary conditions: 
linking element. 

The nodes around the holes in the linking 
element (figure 13) were constrained to a reference 
system rotating around the X axis.  

Two different situations were simulated. A 
positive rotation (figure 24) to model what happens 
to the seat at the impact side and a negative rotation 
(figure 15) to simulate what happens to the seat 

opposite the impact side. 
 

 

Figure 14.  Deformed shape of the seat on the 
impact side. 

 

 

Figure 15.  Deformed shape of the seat opposite 
the impact side. 

 For what concerns the seat on the impact side 
the deformed shapes obtained from the simulations 
are shown in figures from 16 to 18. It is possible to 
locate three collapse points. The first point is in the 
clamps of the linking element (figure 16) and the 
second one is at the top of the column in the seat 
leg (figure 17). The last point is in the side plate at 
the bottom of the seat leg (figure 18) which went 
up during the deformation process.  

 

 

Figure 16.  Deformed shape of the linking 
element on the impact side.  

 
For the seat opposite the impact side the 

deformed shapes are shown in figures from 19 to 
21. In this case too there are three collapse points. 
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Figure 17.  Deformed shape of the upper part of 
the seat leg on the impact side. 

 

 

Figure 18.  Deformed shape of the lower part of 
the seat leg on the impact side. 

 
The first two points are similar to the ones of 

the seat on the impact side, i.e. in the clamps of the 
linking element (figure 19) and at the top of the 
column in the seat leg frame (figure 20). The third 
point developed in a different location than in the 
previous case. As the seat leg can’t go down due to 
the presence of the vehicle floor, the structure 
collapsed in the lower part of the vertical column 
(figure 21). 

 

 

Figure 19.  Deformed shape of the linking 
element opposite the impact side. 

 
 
 

 

Figure 20.   Deformed shape of the upper part of 
the seat leg opposite the impact side. 

 

 

Figure 21.  Deformed shape of the lower part of 
the seat leg opposite the impact side. 

 
As a consequence the global behaviour of the 

seat frame can be described by concentrating the 
deformations of the structure in three points (figure 
22) where the plastic hinges develop while the 
remaining parts of the structure can be represented 
as two rigid members. The non-linear strength 
characteristic of the seat frame in terms of resistant 
moment versus relative rotation of the two rigid 
members around point 2 is shown in figure 23. This 
curve was calculated from the FE simulations by an 
energy balance. 
 

 

Figure 22.  Deformation points of the seat frame. 
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Figure 23.  Seat frame non-linear characteristic. 

 
Seat MB model 

In the seat model development both 
techniques, MB and FE, were used. With the FE it 
was possible to describe the geometry of the seat in 
a more accurate way than with simple MB surfaces 
like planes, ellipsoids and cylinders. In particular 
the seat cushion, the seat back, the armrests, the 
footrests, the plastic parts in the seat back and the 
seat leg were modelled by shell elements (figure 
24). The material used to model these components 
was a rigid one (NULL MATERIAL in 
MADYMO) without inertial properties. 

 

 

Figure 24.  MB seat model with FE contact 
surfaces. 

The layout of the MB part of the seat model is 
shown in figure 25. Each seat component (seat 
cushion, seat back, etc.) is described by one rigid 
body whose inertial properties were calculated 
from the data provided by the seat manufacturer. 
The bodies are connected together by kinematic 
joints in an open branch chain. Joints 1 are revolute 
joints which allow the rotation of the seat back 
around the transversal axis of the seat (Y axis). The 

strength characteristic of these joints were 
experimentally measured and provided by one the 
ECBOS project partners [11]. Joint 2 is a revolute 
joint, with the rotation axis parallel to the X 
direction, allowing the deformation of the seat 
structure in the transversal direction (Y direction). 
The strength characteristic of this joint was 
extracted from the FE simulations described in the 
previous section (figure 23). Each FE surface (seat 
cushion, seat back, etc.)  is rigidly connected to the 
corresponding body. 

 

 

Figure 25.  Layout of the MB seat model. 

Therefore the FE components act as rigid 
surfaces whose role is to define the geometry for 
the contact interaction of the seat with other bodies 
like dummies, pillars, etc. The mass and the 
stiffness properties were described by the MB 
parts. 

The links between the seat and the bay section 
structure were modelled by four point restraints, 
two at the window side and two at the aisle side 
(figures 26 and 27). 

 

 

Figure 26.  Link between the seat model and the 
bay section mode: window side. 
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Figure 27.  Link between the seat model and the 
bay section mode: aisle side. 

 
The point restrain is a link between two points 

belonging to different bodies with a strength 
characteristic (linear or non- linear) in each 
principal direction (X, Y and Z). For what concern 
the window side (figure 26), the point restraints 
connect the body representing the external cushion 
to a body in each window pillar, while on the aisle 
side (figure 27) they connect the body of the seat 
leg to the central body of the bay section. 

The strength characteristic in the X direction, 
corresponding to the forward and backward 
movement of the seat, was experimentally 
measured and provided by one of the ECBOS 
project partner [11]. In the other two directions 
very high strength characteristics were assigned in 
order to avoid, in those directions, the movement of 
the seat relative to the bay section structure. The 
values of these strength characteristics were 
calibrated after some test simulations. 
 
INTERIORS MODEL 
 

In order to perform a realistic evaluation of 
the injury risk for passengers in a rollover event it 
is very important to correctly model the interactions 
between the passengers and the internal component 
of the vehicle. From statistical study performed 
within the ECBOS project the main interior 
components, which are cause of injury for the 
passengers, are the window pillar, the side window, 
the luggage rack and the seat [12]. For this reason, 
in addition to an improved seat model, in the MB 
bay section model some plane were added to 
represent the luggage racks and the side windows. 
To describe the contact interaction between the 
passengers and the interior components the 
following contact characteristics were assigned to 
the internal surface of the bay section: 

 
• Dummy head – side window 
• Dummy head – window pillar 

• Dummy head – luggage rack 
• Dummy – seat back 
• Dummy  – seat cushion 
 
These characteristics were obtained from 

experimental tests carried out within the ECBOS 
project [11,13]. 
 
INFLUENCE OF THE SEAT 
 

As described above, a detailed new seat model 
was introduced in the MB bay section model in 
order to obtain a better description of the 
interactions between the passengers and the interior 
environment during the rollover.  

A study was performed to evaluate how an 
improved description of the seat behaviour affects 
the results of the simulations in term of loads acting 
on the body of the passengers and injury 
parameters. To that end two rollover simulations 
with an EUROSID-1 dummy model seated in 
position 3 (near the aisle on the impact side) were 
carried out using the MB bay section model 
equipped with the improved seat model. In the first 
simulation the dummy was restrained with a two-
point belt, while in the second one it was restrained 
with a three-point belt (figure 28). 

 

 

Figure 28.  Dummy model with 3-point belt. 

 
The loads and the injury parameters calculated 

in such simulations were compared with the ones 
obtained through the same MB bay section model 
equipped with a simplified seat model [5]. The 
comparison is reported in table 1 for a passenger 
restrained with a two point belt and in table 2 for a 
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passenger restrained with a three point belt. 

Table 1. 

Comparison of the body loads and injury 
parameters for a two-point belted passenger 

with different seat models. 
 

 
Simplified 
seat model 

Detailed 
seat model 

Head acceleration 
(m/s2) (CFC1000) 1841 2619 

HIC (CFC1000) 1701 2751 
Force lower neck 
(N) 

4187 5750 

Moment lower 
neck (Nm) 

142 151 

Force lower 
lumbar (N) 

7285 5340 

Moment lower 
lumbar (Nm) 

254 177 

Force pubic 
symphysis N) 

7285 3701 

Femur Left force 
(N) 

1457 1129 

Femur Right force 
(N) 

1475 640 

 

Table 2. 

Comparison of the body loads and injury 
parameters for a three-point belted passenger 

with different seat models 
 

 
Simplified 
seat model 

Detailed 
seat model 

Head acceleration 
(m/s2) (CFC1000) 

339 567 

HIC (CFC1000) 78 319 
Force lower neck 
(N) 

1776 1811 

Moment lower neck 
(Nm) 

113 135 

Force lower lumbar 
(N) 

4089 3433 

Moment lower 
lumbar (Nm) 216 198 

Force pubic 
symphysis N) 

4089 2500 

Femur Left force 
(N) 

1695 939 

Femur Right force 
(N) 

1624 694 

 
The comparison of the results shows that the 
improved description of the seat deformation 
during the rollover makes it possible to simulate in 
a more detailed way the load distributions on the 
passenger. In particular the loads, and the injury 
parameters consequently, in the lower part of the 

body (lumbar, pubic symphysis and legs) are lower 
with the detailed seat model than with the 
simplified seat model. On the contrary the loads 
and injury parameters on the higher part (head and 
neck) of the body are higher with the detailed seat 
model than with the simplified seat model. 
Furthermore with the improved seat model the 
loads acting on the legs are quite different while 
with the simplified model the loads are nearly the 
same. As the impact is on the left side it is 
reasonable to expect higher loads on the left femur 
as happens with the improved seat model.  
 
ECE66 ROLLOVER TEST WITH 
PASSENGERS 
 
Effect of the additional mass 
 

As remarked previously, in the tests of the 
ECE66 regulation the presence of the passengers on 
board is not taken into account. As in this 
regulation no prescriptions are stated about restraint 
systems to be used on buses and coaches, the 
assumption behind this document is that unbelted 
passengers do not affect the energy absorbed by the 
structure during a rollover. 

During a rollover only a part of the total 
passengers mass is coupled to the structure, this 
part depends on the kind of restraint system that 
constrains the passengers. Within the ECBOS 
project some studies [9] were performed to assess 
the mass of the occupant that is effectively coupled 
to the structure during the ECE66 rollover test. The 
results of such studies are reported in table 3. 
 

Table 3. 

Mass of the occupant coupled to the structure 
during an ECE66 rollover test 

 

 
mass coupled to 

the structure 
Unrestrained passenger 20 % 
2-pint belted passenger 70 % 
3-point belted passenger 90 % 

 
A study was performed to evaluate how the 

presence of the passengers onboard affects the 
deformation of a bus structure in a rollover event. 
Using the MB bay section model, four different 
rollover test simulations were carried out: 

 
• Rollover test without passengers 
• Rollover test with four unrestrained 

passengers onboard 
• Rollover test with four lap-belted 

passengers onboard 
• Rollover test with four 3 point-belted 

passengers onboard 
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In order to simulate the presence of the 
passengers onboard, a ballast mass was placed on 
each seat and rigidly connected to it as shown in 
figure 29. Taking as reference a 50%ile EuroSID-1 
dummy, the inertial properties of the ballast masses 
were assigned according to the percentage reported 
in table 3, while the centre of gravity of the mass 
was positioned in the same location of the centre of 
gravity of the dummy positioned on the seat. 

 

 

Figure 29.  MB bay section model with ballast 
masses. 

The rollover tests were carried out following 
exactly what stated in the ECE 66 regulation.  

 

 

Figure 30.  Measurement points of the residual 
space intrusion 

During the simulations the distance between 
the structure and the residual space, defined as 
prescribed by the ECE 66 regulation, was measured 
in order to check if any displaced part of the 
structure intruded into the survival space. This 
distance was evaluated with respect to two different 
points of the residual space as shown in figure 30. 
The time histories of the distance between the 
structure and the above mentioned points of the 
residual space for the four tests are shown in 
figures 31 and 32. 
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Figure 31. RS top distance. 
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Figure 32.  RS bottom distance. 

 
The results reported in the figures show that 

the presence of the passengers on board affects the 
deformation level of the structure in a rollover. As 
expected the deformation raises by increasing the 
percentage of the passenger mass coupled to the 
structure. Even in case of unrestrained passengers, 
it was calculated an increment of the structural 
deformation.  
 
Increment of the structural strength 
 

Increasing the mass in the vehicle causes an 
increment of the structural deformation in the 

RS TOP 

RS BOTTOM 
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rollover test. Therefore, if the presence of the 
passengers on board is considered in the 
homologation test, the energy assumed to be 
absorbed by the structure in order to pass the test 
increases. As a consequence a structure that fulfils 
the ECE66 rollover test requirements with no 
passengers on board, may not pass the same test if 
the presence of passengers is taken into account. 

Taking as reference the rollover test carried 
out without passengers (‘empty’ plot in figures 31 
an 32), the strength of the super-structure was 
incremented up to obtain with the passengers on 
board (ballast masses) the same minimum distance 
between the structure and the residual space as in 
the reference condition. To achieve an increment of 
the super-structure strength the window pillar 
strength characteristic in the MB model was 
multiplied by a factor greater than one. 

The time history of the distance between the 
structure and the residual space for the three  tests, 
empty (reference condition), belted passengers in a 
structure with reference strength and belted 
passengers in a structure with increased strength, 
are shown in figures 33 and 34. 
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Figure 33.  Structure-residual space distance for  
2-point belted passengers. 
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Figure 34.  Structure-residual space distance for  
3-point belted passengers. 

INJURY RISK FOR PASSENGERS 
 

As discussed previously, if the presence of 
passengers on board is taken into account, it is 
necessary to increase the structure strength in order 
to obtain the same level of deformation as in the 
condition without passengers. Therefore a structure 
that fulfil the ECE66 rollover test requirements 
with no passengers on board, may need to be 
reinforced by increasing the strength characteristic 
of the window pillars to pass the a test with 
passengers on board. However a stronger structure 
often means a greater level of accelerations and 
forces on passengers. In order to evaluate the 
influence on the injury risk for passengers of an 
increment of structure strength, some simulations 
of an ECE66 rollover test with a passenger model 
on board were performed. In such simulations the 
ballast mass in position number 3 (near the aisle on 
the impact side) was replaced by the numerical 
model of a EUROSID-1 dummy while the other 
seats were still occupied by ballast masses. For 
each restraint system (two-point belt or three-point 
belt) used for the dummy, two different 
configurations were analysed (table 4). 

Table 4. 

Tested configurations 
 

Dummy restraint 
system 

Super-structure strength  

Reference 
Two-point belt 

Increased 
Reference 

Three-point belt 
Increased 

 
In the first one, the reference (not reinforced) 

super-structure was tested, while in the second one 
the super-structure was reinforced so that the same 
maximum deformation (minimum distance between 
the structure and the residual space) was obtained 
as in the rollover test of the empty bay section. 

For each simulation the most significant 
accelerations and loads on the passenger and injury 
parameters level were calculated. The results are 
shown in table 5 for the two-point belt condition 
and table 6 for the three-point belt condition 

For a passenger seated in position 3 restrained 
with two-point belt the increment of structure 
strength, necessary to obtain with the passengers on 
board a level of deformation similar to the one of 
an empty bay section, yields a significant increment 
of the accelerations and loads on the passenger and 
leads to higher levels of injury parameters. The risk 
of injuries to head, thorax and pubic symphysis 
injuries rises considerably. On the other hand, for 
the same passenger restrained with a three-point 
belt the accelerations, the loads and the injury 
parameters are quite the same even if the strength 
of structure was increased. This happens because 
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the three-point belt better restrains the occupant to 
the seat avoiding, during the rollover, the impact of 
the passenger with the structure as discussed in [5]. 

 

Table 5. 

Body loads and injury parameters for a two-
point belted passenger 

 

 
Reference 
strength 

Increased 
strength 

Head acceleration 
(m/s2) (CFC1000) 

1841 2873 

HIC (CFC1000) 1701 2886 
Force lower neck (N) 4187 7074 
Moment lower neck 
(Nm) 

142 175 

Upper rib acceleration 
(m/s2) (CFC180) 650 795 

Middle rib acceleration 
(m/s2) (CFC180) 

658 777 

Lower rib acceleration 
(m/s2) (CFC180) 

676 773 

TTI (FIR100) 44 43 
Force lower lumbar 
(N) 

7285 8337 

Moment lower lumbar 
(Nm) 

254 276 

Force pubic symphysis 
(N) 

7285 8337 

 

Table 6. 

Body loads and injury parameters for a three-
point belted passenger 

 

 
Reference 
strength 

Increased 
strength 

Head acceleration 
(m/s2) (CFC1000) 

339 342 

HIC (CFC1000) 78 91 
Force lower neck (N) 1776 1745 
Moment lower neck 
(Nm) 

113 118 

Upper rib acceleration 
(m/s2) (CFC180) 

417 375 

Middle rib acceleration 
(m/s2) (CFC180) 

315 319 

Lower rib acceleration 
(m/s2) (CFC180) 

294 295 

TTI (FIR100) 31 32 
Force lower lumbar 
(N) 

4089 3750 

Moment lower lumbar 
(Nm) 

216 193 

Force pubic symphysis 
(N) 4089 3750 

 

CONCLUSIONS 
 

The work performed within the ECBOS 
project showed that the current regulation about 
passenger safety in the rollover an M3 class coach 
should be improved. The presence of passengers on 
board should be taken into account in the 
regulation. Moreover it is necessary to describe 
accurately the structural behaviour of the seat 
during the rollover as the correct description of the 
seat deformation is fundamental in order to 
evaluate properly the movement of the passenger 
inside the vehicle. A correct assessment of the 
passenger movement is necessary to evaluate 
properly the loads and the injury risk for 
passengers.  

The performed simulations showed that an 
increment of the mass in the vehicle causes greater 
deformations in case of rollover. Therefore a 
structure that fulfils the ECE 66 rollover test 
requirements with no passengers on board, may not 
pass the same test if the presence of passengers is 
taken into account. That may lead to build stronger 
structures to fulfil the requirement of no intrusion 
into the survival space stated in the regulation. 

 The calculations showed that a more rigid 
structure may cause higher levels of injury on 
passengers if an inadequate restraint system is 
adopted. For this reason an improved regulation 
about safety in the rollover of a M3 class coach 
should include the adoption of restraint systems on 
board together with homologation tests in which 
the additional mass of passengers is taken into 
account. In particular three-point belts should be 
prescribed as such kind of restraint system offers, 
on the average, a good level of protection in 
rollover events. 

As general outcome of this work and of the 
work performed within the ECBOS project, it is 
very important to highlight the necessity to update 
the safety levels of coaches and buses to the ones 
reached in the automotive field. Therefore, also for 
buses and coaches, dynamic tests with dummies on 
board should adopted to evaluate the safety level of 
the vehicles. Moreover, not only a limit to the 
structure deformations (survival space), but also 
restrictions to the loads and the accelerations 
(injury parameters) on occupants should be 
prescribed to obtain the vehicle homologation 
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ABSTRACT 
 
Head injuries are one of the main causes of death or 
permanent invalidity in everyday life. 
The main purpose of the present work is to build 
and validate a numerical model of human head in 
order to evaluate pressure and stress distributions in 
bones and brain tissues due to impact. 
Geometrical characteristics for the finite element 
model have been extracted from CT and MRI 
scanner images, while material mechanical 
characteristics have been taken from literature. The 
model is validated by comparing the numerical 
results and the experimental results obtained by 
Nahum in 1977.  
The proposed numerical model is promising even if 
some quantitative differences with the experimental 
results can be found due to the fact that all the inner 
organs are considered as a continuum (without 
sliding interfaces or fluid elements) and due to the 
geometrical difference between the head used in 
the experimental test and the head used as reference 
to build the numerical model. 
The protecting action of the ventricles and of 
several membranes (dura mater, tentorium and 
falx) has been evaluated taking into account known 
injury mechanisms. 
 
INTRODUCTION 
 
Head injuries are one of the main causes of death or 
permanent invalidity in everyday life, especially 
among young people. Head injuries do not occur 
only on road accidents, but also during sport or 
work activities. During many years scientists have 
been trying to explain pathologies due to cerebral 
trauma searching for injury mechanisms, 
psychophysic consequences and possible 
treatments. In the last fifty years the consequences 
of head trauma have been studied also from a 
biomechanical point of view through the use of 
mathematical models. 
Currently the parameter used in order to quantify 
the severity of a head damage as a consequence of 
a collision is the Head Injury Criterion (HIC). This 
parameter has been widely criticized. Its main 
limits are related to the fact that only linear 
accelerations are taken into account and that it 

should be used only when impacts against rigid 
surfaces are analyzed. Instead, several studies 
[1,2,3] concerning cerebral lesions demonstrates 
the influence and the importance of many other 
mechanical aspects as, for example, the angular 
accelerations and contacts responsible of stress and 
pressure distributions inside the cranium. 
An effective way to predict several different head 
injuries (skull fracture, contusions, hemorrhage, 
diffuse axonal injury...) is the implementation and 
application of a finite element human head models 
validated by means of results obtained in 
experimental tests. Head models can be used to 
study the possibility of injury due to an external 
load (See figure 1). 
 

Figure 1.  Block diagram representing injury 
sequence model. 
 
Accelerations and forces are applied to the head 
model that tries to reproduce the behavior of a real 
human head in terms of internal mechanical 
responses. Injury mechanisms found by scientists 
(especially medicine doctors) for different 
biological tissues allow to estimate the possibility 
and severity of injuries due to the evaluated internal 
responses. 
Different authors have proposed FEM models of 
human head during last years. 
One of the first three dimensional model has been 
developed by Nahum, Smith and Ward in 1977 [4] 
in order to reproduce the experimental tests carried 
out on corpse heads. In this model the brain has 
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been modeled by means of 189 eight node brick 
elements while dura mater, falx and tentorium 
membranes have been modeled by means of 80 
four node shell elements. A linear-elastic behavior 
has been adopted to model tissue mechanical 
properties. 
A few FEM models of the human head have been 
proposed starting from this, each one characterized 
by several improvements: 
- more realistic geometrical data due to the use of 
diagnostic medical instruments as Computer 
Tomography (CT) scans or Magnetic Resonance 
Images (MRI) , 
- introduction of different tissues and anatomical 
parts previously not present, 
- more complex material models, 
- higher number of elements due to the increased 
computational capabilities. 
In 1993 Ruan, Khalil and King [5] developed a 
model of human head with 6080 nodes and 7351 
elements where the scalp, the cranium, the cerebro 
spinal fluid (CSF), the dura mater and the brain 
were represented. In this model a visco-elastic 
behavior was introduced for the brain tissue. This 
model is known as the first version of the 
WSUBIM (Wayne State University Brain Injury 
Model) and has been continuously improved. In 
1995 Zhou, Khalil and King [6] built a model with 
17656 nodes and 22995 elements representing: the 
scalp, the cranium, the grey matter, the white 
matter, the brainstem, the CSF, the ventricles, 
venous sinuses, the dura mater, the falx, the 
tentorium, the parasagittal bridging veins and the 
facial bones. In one of the last versions (WSUBIM 
2001) proposed by Zhang, Hardy, Omori, Yang and 
King [7] the number of elements grew up until 
245000. 
In 1996 Willinger et al. [8] proposed a head model 
focusing his attention on CSF and made some in 
vivo experimental tests to find its mechanical 
properties. The same author in 1997 developed a 

model with Kang and Diaw [9,10] where a elastic-
brittle constitutive law has been introduced to 
describe the mechanical behavior of the bone and 
to simulate fractures. 
In 1997 Claessens et al. [11] developed a model of 
human head where the elements of the skull and the 
brain tissues have been separated by introducing a 
sliding interface. 
In 2001 Kleivin and von Holst [12] proposed a 
parametric model to evaluate the influences of 
geometrical dimensions on impact response. They 
introduced particular formulations to model the 
brain tissue and to simulate the sliding interface 
between brain and skull. 
Papers found in literature have been analyzed in 
collaboration with several doctors leading to the 
conclusion that the presence of some inner 
elements as the ventricles and the veins and of the 
differentiation between grey and white matter 
should be investigated with more attention in order 
to improve the knowledge of injury mechanisms. 
The objective of the present work is the 
development and the validation of a finite element 
model of human head to be used to evaluate the 
intracranial pressure and stress distribution due to a 
frontal impact, with particular attention toward the 
protective effects of some inner organs as 
membranes and ventricles. 
 
MODEL DESCRIPTION 
 
The geometrical model of the head has been build 
by taking advantage of CT scan  and MRI images. 
More than 160 CT scan images corresponding to 
sections at a 1.25mm distances of a 31 year old 
patient with a cranium trauma without serious 
cerebral consequences have been used to build the 
internal and external surfaces of the cranium and 
the facial bones. Surfaces describing the inner soft 
tissues, as the ventricles, have been taken from 
MRI images of another patient scaled and adapted 
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Figure 2,3.  Frontal and perspective view of the head model. 
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to the surfaces obtained by the CT scan images. 
CT scan images in the DYCOM format have been 
manipulated by using the software AMIRA. 
Triangulated surfaces in the STL format have been 
imported in PARASOLID and transformed in 
analytical surfaces for a better manipulation with 
the meshing code. 
 
Finite Element Model 
 
The finite element model (fig. 2-5) has been 
obtained by using Hypermesh 5.1. A continuous 
model has been adopted and contact elements 
between organs have not been defined. 
The proposed numerical model is characterized by 
the following components: 
• an external layer of brick elements with a 6mm 

thickness to represent the scalp, 
• three layers of eight node brick element (two 

external layers of compact bone and one internal 
layer of cancellous bone) to represent the cranial 
bones, 

• shell elements with only inertial contribution to 
describe the facial bones, 

• four nodes shell elements to describe the dura 
mater, the falx and the tentorium membranes, 

• eight node brick elements to describe the CSF, 
• tetrahedral elements to model the brain tissues, 
• tetrahedral elements to model the ventricles. 

Dura mater has been obtained from the internal 
surface of the skull, while falx and tentorium have 
been built manually based on anatomical images. 
Cerebro spinal fluid has been obtained with a 2 mm 
offset from membrane surfaces. A layer of CSF 
surrounds all membranes and the brain. Internal 
surfaces of the CSF have been used as external 
surfaces for the brain volume. 
The overall model is composed of 55264 elements 
and about 26000 nodes. 

 
Tissues’ Mechanical Property 
 
It is very difficult to estimate the mechanical 
properties of the different tissues used in the model. 
They are very variable, depending on the 
experimental tests used to evaluate them. In this 
work literature data have been considered. For 
some parameters an average value of different 
literature values has been used, while other 
parameters have been adapted to the model. 
All the tissues, except the brain, have been modeled 
with a linear-elastic behavior. The mechanical 
properties of the different components of the FEM 
model are summarized in table 1. 
Mechanical properties used to model the scalp are 
ρ=1200 Kg/m3, E=16.7 MPa and ν=0.42. This 
values have been used in WSUBIM [5], in the 
model by Zhou et al. [6] and in the model proposed 
by Willinger-Kang-Diaw [9,10]. 
A lot of experimental tests have been done by 
different authors in order to evaluate the bone 
mechanical properties. It has been chosen to adopt 
the same values used in Willinger et al. [9,10] to 
model the cranium bones. For the compact bone it 
has been used a Young modulus E=15000MPa, a 
Poisson ratio ν=0.21 and a material density 
ρ=1800Kg/m3. 

For the cancellous bone it has been chosen a Young 
modulus E=4500MPa, a Poisson ratio ν=0.01 and a 
material density ρ=1500Kg/m3. Mechanical 
stiffness properties of the facial bones are not 
relevant for the proposed model and only inertial 
properties have been considered. The material 
density of the facial bones has been evaluated in 
order to keep a realistic mass. 
For membranes, it as been found a general 
agreement in using the values (E=31.5MPa, 
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Figure 4,5.  Coronal and axial section of the head model. 
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ν=0.21, ρ=1133kg/m3) obtained by Nahum et al. 
and used in their FEM model [4]. 
CSF surrounding the membranes and filling the 
lateral ventricles has been modeled using a linear-
elastic material with a ‘fluid’ option. In this case 
the element loses its ability to support shear stress 
and only compressive hydrostatic stress states are 
possible. For the fluid option the bulk modulus (K) 
has to be defined as the Young modulus and the 
Poisson ratio are ignored by the computational 
code. With the fluid option fluid-like behavior is 
obtained where the bulk modulus K is given by: 
 

               
)21(3 ν−

=
E

K                       (1). 

 
and the shear modulus is set to zero. The 
mechanical properties introduced in (1) are not well 
defined. The bulk modulus K varies in literature 
from 4.76MPa in Zhou et al. [6] to 2125 MPa in 
Willinger et al. [9,10]. Considering a value of the 
Young modulus E=0.012MPa and of the Poissons 
ratio ν=0.49 (nearly uncompressible material) a 
bulk modulus K equal to 0.2MPa has been obtained 
[8]. The CSF material density has been set to 
ρ=1040kg/m3. 
The brain tissue has been modeled by using a 
visco-elastic material model with shear relaxation 
behavior described by: 
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where: 

G ∞ = long-time (infinite) shear modulus, 
G0 = short-time shear modulus, 
β = decay coefficient, 
t = time. 
Considering the first [8] and the second [9,10] 
model proposed by Willinger the decay coefficient 
β varies from β=0.035ms-1 to β=0.145ms-1, the 
short-time shear modulus G0 from G0=528 KPa to 
G0=49KPa and the long-time (infinite) shear 

modulus G ∞  from G ∞ =168KPa to G ∞ =16.7KPa. 
According to a previous model developed in our 
department [13] it has been chosen to set up the 
bulk modulus equal to 5.625MPa, the decay 
coefficient β  equal to 0.145ms-1, the short-time 
shear modulus G0 equal to 490KPa and the long-
time (infinite) shear modulus G

∞
 equal to 167KPa. 

A material density value of ρ=1140Kg/m3 has been 
used for brain tissues. A total mass value of about 
1.4Kg has been obtained: it is acceptable 
considering the cerebrum weight (1.2÷1.5Kg), the 
pons and medulla oblungata weight (50÷75g) and 
the cerebellum weight (about 150g). 
 

Table 1. 
Material characteristics. 

Tissue 
Material 

model 

ρ 

(kg/m3) 

E 

(MPa) 
ν 

Compact 

bone 

Linear 

elastic 
1800 15000 0.21 

Cancellous 

bone 

Linear 

elastic 
1500 4500 0.01 

Facial bone 
Linear 

elastic 
4500 10000 0.3 

Brain Visco-elastic 1140   

CSF 
Linear 

elastic 
1040 0.012 0.49 

Ventricles 
Linear 

elastic 
1040 0.012 0.49 

Scalp 
Linear 

elastic 
1200 16.7 0.42 

Dura mater 
Linear 

elastic 
1133 31.5 0.45 

Tentorium 
Linear 

elastic 
1133 31.5 0.45 

Faulx 
Linear 

elastic 
1133 31.5 0.45 

 
Simulations have been solved using dynamic finite 
element code LS-DYNA. 
 
Boundary Conditions 
 
The model has been considered as free in 
correspondence of the neck because the impact 
phenomenon is too fast to be influenced by neck 
constraints. 
Experimental tests carried out by Nahum in 1977 
[4] have been taken into consideration in order to 
set up the loading condition and to validate the 
numerical model. In these tests pressurized corpse 
heads have been frontally hit by means of a metal 
impactor. In particular, test number 37 has been 
considered as reference due to the geometrical 
similarities between the impacted head used in the 
test and the proposed FEM model.  
The impact force and the pressure distribution in 
correspondence of the frontal area of the skull and 
of the posterior-fossa subarachnoid space have 
been considered as reference parameters for the 
validation. 
Experimental tests also consider the pressure 
distribution on the frontal, occipital and parietal 
lobes. These data have not been considered 
because of the difficulty to find the exact 
corresponding area on the FEM model, whose 
position depends on the unknown layout of the 
cranial sutures. 
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The impactor has been modeled by the finite 
element method. It is characterized by the same 
mass (5.6kg) as in the experiment 37 and has 
been covered with a layer of elements with an 
elasto-plastic behavior. Contact between 
impactor and scalp has been defined as 
surface/surface contact in LS-DYNA code by 
using a static and dynamic friction coefficient 
equal to f=0.2. 
Several mechanical parameters have been 
maintained constant in all simulations while 
others have been changed, in a significative 
range, to find a better correlation with 
experimental tests. 
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Figure 6.  Impact force behavior. 
 
The impact force behavior obtained by Nahum, 
related to the impact energy that has to be absorbed 
by head tissues, has been used as the first reference 
response to be reproduced with the numerical 
model.  
Impactor mechanical properties influence the 
behavior of the impact force: the impactor speed 
influences mainly the peak value while the 
mechanical properties of the covering layer of the 
impactor control the time length and the shape of 
the force impulse. 
In order to obtain the same peak of impact force, 
the impactor speed has been decreased from the 
real value of 9.6 m/s to a value of 7.0 m/s. This 
value is quite different from the experimental 
one used by Nahum in the analyzed experimental 
test  (-27.5%) and it is probably due to 
differences in geometry, mass and stiffness 
distribution and to energy absorption 
mechanisms that are present in human tissues 
and have not been considered in the proposed 
numerical model. This difference became more 
relevant if kinetic energy of impactor is 
considered (-47%). 
By setting up the impactor speed at V=7.0m/s, the 
best correspondence between numerical and 
experimental impact force behavior (see figure 6) 
has been obtained by using the mechanical 
properties of the impactor and of the covering layer 
shown on table 2. 
 

Table 2. 
Mechanical characteristics of impactor. 

Tissue 
Material 

model 

ρ 

(kg/m3) 

E 

(MPa) 
ν 

Impactor Rigid 5304 210000 0.3 

Covering 

layer 

Elasto-

plastic 
1050 1500 0.3 

 
RESULT ANALYSES 
 
Impact force has a peak value of F=7.56kN, nearly 
the same obtained by Nahum (7.9kN), and also the 
general behavior is quite similar (see figure 6). 
Once the correct impact force has been obtained, 
the mechanical responses of the proposed 
numerical model have been evaluated and 
compared to those obtained by Nahum in the 
experimental tests. In particular the influence of the 
value of some mechanical properties used to model 
the brain tissues and the CSF has been studied. 
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Figure 7.  Frontal pressure behavior. 
 
Different analyses have been carried out with 
different values of the bulk modulus for the CSF 
material and of the bulk modulus and of G0 for 
brain material. The initial values chosen have been 
taken as reference and multiplied for a range of 
values varying between 0,1 and 10. 
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Figure 8.  Posterior fossa pressure behavior. 
 
Figure 7 and 8 show the numerical and the 
experimental pressure value evaluated in the frontal 
area of the cranium and in the posterior fossa for 
different values of the multiplying factors 
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(summarized in Table 3). The pressure has been 
evaluated as an average value on four elements. 
 

Table 3. 
Multiplying factor for material characteristics 

in different analyses. 
 CSF bulk Enc. bulk Enc. G0 
Reference 1 1 1 
An. 4 1 0.2 2 
An. 5 0.5 0.2 2 
An. 7 0.5 0.3 2 
An. 8 0.75 0.3 1.5 
 
The general behavior is similar in both cases but 
there are differences concerning the peak values, 
especially for the posterior fossa pressure. Even 
with different values of the mechanical 
characteristics it has not been possible to obtain a 
significative improvement. This does not seems to 
be due to a wrong value in these mechanical 
parameters but to a lack of the model that seems to 
need the introduction of elements with a damping 
and/or retaining action for the brain tissues. 
One of the main problems could be the 
modelization of the CSF. A structural analysis 
without fluid elements cannot correctly simulate 
the fluid damping and the fluid-dynamic migration 

of the CSF in different areas during impact 
although the very short duration of the 
phenomenon . 
The activation of the fluid option for elastic 
elements improves the results by introducing a 
damping factor that reduces pressure oscillations 
but it is not sufficient to obtain accurate 
quantitative results. 
Even if on the basis of some experimental tests [14] 
the bulk modulus has been evaluated equal to 
2125MPa (nearly uncompressible) we have 
obtained better results (fig. 7,8) considering the 
brain compressible (bulk modulus less than 
5.625Mpa). This is probably due to the fact that the 
compressibility assigned to the brain allows to take 
into account the mechanisms of movement of the 
CSF through the occipital foramen and of the blood 
flow of the inner vascular system that influence the 
history of the intracranial pressure during impacts. 
Figures 9-17 shows the pressure distribution on a 
median sagittal section. A gradual transition from 
compression in the frontal zone to tension in the 
occipital zone can be observed. This is due to 
inertia forces that push the brain against the frontal 
portion of the skull and pull it from the occipital 
portion leading to large stresses in the connecting 
tissues between brain and bone. After the first 
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Figure 9-17.  Pressure distribution on a sagittal section during impact. 
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bounce the brain return in the equilibrium position 
(about T=6.3ms) and the pressure distribution 
comes back to normality but the relative velocity 
between brain and skull, due to different inertial 
properties, creates the countercoulp effect when the 
brain is compressed towards the occipital zone 
(about T=7.3ms). 
The analysis of the pressure distribution in different 
moments allows also to study the load transfer 
mechanism from the impacted area of the skull to 
the brain. In particular it is worth to notice the time 
delay of the mechanical responses in bone tissues 
and in the brain: high pressure values are reached 
in the bone about 1.8ms after impact while brain is 
still floating in the CSF and maximum values of 
pressure are reached after about 4.4ms in brain 
(figure 9-17.). 
 
Influence of Ventricles and Membranes 
 
Several medical studies have demonstrated the 
protecting effect of the ventricles and the 
membranes inside the cerebral mass. Some 
simulations have been done to investigate this 
behavior with the proposed model. 

At first, attention has been focused on ventricles. 
The intracranial pressure distribution obtained by 
using the proposed model has been compared with 
that obtained by eliminating the ventricles. 
Ventricles elimination has been obtained by 
assigning to the corresponding elements the same 
mechanical properties of the surrounding brain 
tissues. 
Pressure distribution in the frontal area of the skull 
and in the posterior fossa is not significantly 
different from that obtained by using the complete 
model. Otherwise relevant differences can be found 
in areas corresponding to ventricles surfaces (fig. 
18) where peak pressure are strongly increased 

(about +300%) showing their protective effect in 
brain’s central area. 
Attention has then been focused on membranes. In 
this case elements corresponding to dura mater, 
falx and tentorium have been deleted. The absence 
of membranes leads to higher pressure peaks 
(+17% in the frontal zone and +18% in the 
posterior fossa, fig. 19) confirming also for these 
tissues an important protective effect. 
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 Figure 19.  Pressure behavior with and without 
membranes. 
 
 

 
The mechanical effect of membranes has been 
taken into consideration also by Claessens [11]. 
Also in his paper an increasing value for pressure 
distribution can be found eliminating membrane 
tissues. 
 
Brain Injuries 
 
Shear stress distribution has been analyzed on a 
median sagittal section and on a coronal section of 
the brain. Injuries concerning the brainstem and 
diffuse axonal injury (DAI) are usually related to 
the presence of large shear stresses. 

          (a) 

          (b) 
Figure 18.  Pressure distribution in correspondence of ventricles after 3, 5 e 7ms (a) if they are modeled 
with brain material and (b) if they modeled with CSF material. 

[GPa]
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On the sagittal section maximum values of shear 
stress can be found at first in correspondence of 
corpus callosum, while later in correspondence of 
brainstem (fig. 20-22). Medical studies indicate this 
two tissues as the most affected by DAI. Some 
shear stress concentration can also be found in 

correspondence of the falx border, but this could be 
due mainly to the numerical model that does not 
allow sliding between tissues. 
A high value of shear stress can also be seen in the 
coronal section in correspondence of the brainstem. 
This area keeps being stressed for the greatest part 
of the impact phenomenon, also when all other 
tissues are almost relaxed (fig. 23-24). This 
behavior confirms the hypothesis that the brainstem 
is like a pivot for brain movements and may be 
seriously damaged by shear stresses. 
 
CONCLUSIONS 
 
A FEM model of human head has been built to 
study injury mechanism due to impacts. 
The use of images obtained by TC or MRI scanners 
revealed fundamental to obtain a realistic geometry 
to be used as a starting point for the numerical 
model. Unfortunately it is not always possible to 
obtain the necessary TC or MRI images of the 
same head to build all the surfaces needed for the 
numerical model. In fact, in most cases, these 
medical analyses are focused on a particular 
pathology and there are some tissues that are put in 
evidence and other that are not visible. 
The mechanical properties of several tissues to be 
used are not well known. In this work literature 
data have been considered to define the mechanical 
properties. For some parameters an average of 
different literature values has been used, while 
other parameters have been modified during the 
validation phase. 
Some mechanical parameters have been kept 
constant in different simulations while others have 
been changed, in a significative range, to find a 
better correlation with experimental tests. Impact 
force intensity obtained by Nahum has been used as 
reference value to be obtained with the numerical 
model. Impactor speed has however been varied 
from the real value of 9.6 m/s to a value of 7.0 m/s 
to obtain the same peak of impact force. This 
difference is probably due to differences in 
geometry and in mass and stiffness distribution 
between head used in Nahum experiments and our 
model. 
Good results have been obtained for the impact 
force and the pressure distribution behavior while 
there have been difficulties in simulating pressure 
behavior in posterior fossa. The same problem has 
been encountered also by others authors and is 
probably due to the material model adopted to 
simulate the cerebrospinal liquid. Using a 
continuous mesh and an elastic material with a low 
stiffness value (with fluid option), it is possible to 
simulate the “floating” effect of brain inside the 
cranium but not the motion of fluid in the 
subarachnoid space and the ventricles. The 
solutions, as already proposed by Claessens [11], 
could be a coupled analysis with fluid-solid 
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Figure 20-22.  Shear stress distribution on sagittal 
section. 
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Figure 23-24.  Shear stress distribution on coronal 
section. 
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interaction or a contact interface between brain and 
dura mater to allow tissue sliding, as proposed by 
Kleiven and Von Holst [12]. 
Importance of some tissues introduced in this 
model for injury prevention has been investigated. 
In particular tentorium and falx structural stiffening 
function with respect to soft tissues has been 
pointed out. An important pressure absorbing 
capability of the ventricles has also been put in 
evidence.  
The highest values of shear stress have been found 
in area where DAI lesions are usually found. They 
seem to be also responsible for injuries to 
brainstem and corpus callosum. 
The model could be improved from an anatomical 
point of view, for example by introducing the 
bridge veins or the brain tissue differentiation 
between white matter, grey matter, cerebellum and 
brainstem behavior. Improvements could be 
reached by introducing more complex material 
models like, as an example, the real fluid behavior 
of the CSF or the fracture criterion for skull bones. 
These considerations agree with some medical 
studies and more qualitative conclusions could be 
drawn with more experimental or clinical data. A 
close collaboration with doctors is considered as 
fundamental to obtain clinical data and information 
necessary to build more accurate models, to 
validate them and for a better comprehension of 
injury mechanisms. 
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ABSTRACT

Millions of cars on the road today have Event Data
Recorders (EDRs). A small percentage of cars
currently have EDR data downloaded, typically hours
or days after a motor vehicle crash (MVC).  However,
real time use of EDR data at the crash scene has the
potential to save lives by providing additional
quantitative information to emergency medical services
(EMS) personnel in order to enhance the decisions
they make on how and where to transport seriously
injured persons (scene triage).

This paper presents the results of a population-based
statewide study of all individuals involved in a specific
type of fatal level crash for an entire year.  (This paper
reports on a subset of  crashes from a statewide study
of all fatal crashes for one year.)   Based on the data
collected for each victim of the crash, triage criteria
were recorded and then compared to the victim’s
actual type of transport, (ground ambulance vs. air
medical), injury severity, outcome, and hospital type
(e.g., community hospital or trauma center).   

The triage criteria collected for these crashes,
including “mechanism of injury” criteria, (e.g., speed
of crash), were then compared to data possible to
collect from EDRs to determine how often EDR data
could potentially be used to complement and
potentially enhance triage decision making.   A key
decision that must be made at the scene of a serious
crash is whether or not the severity of the crash or
injuries would warrant a request for air medical
transport to a trauma center (instead of ground
ambulance transport to a community hospital).  For the
study group 16% were transported to a trauma center
by ground, 11% by air.

From the study results, the paper discusses how the
statewide use of quantitative real time EDR data could
potentially enhance current triage guidelines.

INTRODUCTION

The medical literature shows trauma victims’
outcomes are influenced by triage decisions made at
the scene of the injury or crash.[1-4]  Trauma victims’
outcomes, (particularly for the most severely injured
victims),  have been shown to vary with use of
different types of transport (e.g., ground vs. air medical
ambulance) and different levels of hospitals (e.g.,
community hospitals vs. trauma centers).[5-14]   In
another paper related to this study by the authors,  the
outcomes of crash victims were found to vary by 2:1
depending on the crash victim’s “pathway” through
the medical system. [in publication process]

A number of large population-based state and federal
crash data bases contain detailed information about
various characteristics of crashes, however, the
utilization of medical system resources by crash
victims is not their focus and therefore, it is not
generally documented at all or in detail.[15,16]  In
addition, these data bases do not attempt to collect any
information about what triage criteria may have been
used at the scene of a crash to decide how and where to
transport a crash victim for emergency medical
treatment.  

In order to determine what triage criteria may be
associated with the type of emergency transport or
hospital care crash victims actually received, it is
necessary to conduct special studies..[17-20]

This paper reports part of the results from a statewide
study of all persons involved in fatal level crashes for
one year in Massachusetts.  This study provides a
population-based “snapshot” of the physiological,
anatomical, mechanism of injury and special
conditions triage guidelines matched to crash victims.
This is one in a series of papers and presentations that
present findings from the overall study;  two papers
have been published to date. [21,22]
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Table 1  Massachusetts Motor Vehicle Crashes, CY 1996

Number ofNumber ofPopulationGroup
PersonsCrashes

217,373187,963Operator & Police ReportedI.

Crashes, All Injury Levels

126,547106,359Police Reported Crashes,II.

All Injury Levels

3,8523,286Police Reported Crashes,III.

Maximum of Serious Injury

Police Reported Crashes,IV.

940392Maximum of Fatal Injury*

Police Reported Crashes,V

Maximum of Fatal Injury*

729272for Occupants of Passenger

Cars, Vans & Light Trucks

*Died within 30 days of crashNotes

In addition, the paper identifies which of the
mechanism of injury (MOI) triage criteria,  (e.g., “high
speed crash”),  may be possible to translate into
appropriate engineering terms, and capture from
existing, (or future), EDRs.  At the time of this study,
Massachusetts had the lowest MVC death rate in the
US (one half the US rate).[16]  The Massachusetts’
rate was also one of the lowest in the world. [27]

Real-time use of the crash information from EDRs at
the scene has the potential to enhance the triage
decisions made by EMS personnel and save lives.   In
theory, the quantitative information from the EDR, in
combination with assessments of vital signs, level of
consciousness and anatomic injuries at the scene,  can
assist the decision-making process regarding how, (by
ground or air ambulance), and where, (community
hospital or trauma center), to send crash victims for
optimal care.  The authors and their colleagues have
made multiple presentations related to this topic to
national EDR groups.[23-26]

METHODS

This paper reports on a subset of a statewide,
population-based study that tracked all victims (n=940)
of fatal level crashes (n=392) through the medical
system from the scene of a crash.  Fatal crashes were
defined as those that had at least one person die from
crash-related injuries within 30 days of the crash.

This paper’s  study population includes the 729 victims
of 338 crashes who were occupants of passenger cars,
vans and light trucks because these are the types of
passenger vehicles that currently have, or may have in
the future, EDRs.   Non-occupant crash victims, (i.e.,
pedestrians, cyclists, motorcyclists, etc.), were
excluded from this study.  Table 1 shows the
relationship of the study population to the state data
overall. 

Tracking crash victims required linkage of multiple
statewide data sources, including crash, air medical,
inpatient hospital and vital statistics.[16,28-31]
Statewide ground ambulance, emergency department
or trauma registry data bases did not exist at the time
of the study.  Paper records were collected and
reviewed, including police and reconstruction reports,
ground ambulance runs, and media reports.

All available documentation (electronic and paper) was
reviewed to match each of the seriously or fatally

injured crash victims involved in the 338 crashes to the
appropriate triage criterion included in an air medical
transport triage guideline developed by the state of
Massachusetts and/or the trauma center triage
guidelines developed by the American College of
Surgeons (ACS).

The Massachusetts Department of Public Health
(MDPH) and statewide Helicopter Utilization Review
Committee (HURC) adopted recommended Air
Medical Triage Guidelines in 1997.  We
retrospectively applied these guidelines to 1996 crash
victims to try to identify patients who may have
qualified for air medical transport from the scene of a

crash.  A copy of the MDPH air medical triage
Guideline is included in a previous paper.[21]  All
references in this paper to air medical transport mean
helicopter emergency medical services (HEMS), rather
than fixed wing.

The ACS developed and published a Field Triage
Decision Scheme that is used to help identify patients
who may be severely injured enough to require
transport to a trauma center. [32]

Both the HURC and ACS guidelines have multiple
sections with individual components in each section.
These sections and components are described later.  In



Garthe  3

Table 2  Study Population: Persons Involved in Fatal Level
n = 272 Crashes

Persons
PercentNumberInjury Level

15%109Fatal injury, Dead at Scene

25%182Fatal Injury, Transported from Scene

19%142Serious Injury (Incapacitating)

59%433Subtotal, Serious & Fatally Injured*

13%97Non-incapacitating injury

7%54Possible injury

19%137No injury

1%8Severity unknown, or unknown if injured

41%296Subtotal for Less than Seriously Injured

100%729Grand Total

Notes
*For the Serious & Fatal Group, 364 (84%) died or became inpat

All persons not dead at the scene were transported by EMS

Totals may not add to 100% due to rounding

this paper we have shown each of the components
separately.  Although some of the triage components
are designed by MDPH or ACS to be used in
combination, the fact that a crash victim met at least
one triage criteria component indicates that they may
have potentially qualified for a high level of emergency
care.

All references in this paper to trauma centers mean
American College of Surgeons (ACS) Level I trauma
centers. At the time of this study,  Massachusetts did
not have a statewide trauma system nor did it have any
ACS Level II or Level III trauma centers.

In a note accompanying its triage guidelines, the ACS
acknowledges that systems of medical triage are
inherently imperfect in classifying injured patients and
can result in both over-triage (minimally injured
patients taken to trauma centers) and under-triage
(severely injured patients taken to non-trauma centers).
[32]  The ACS states: “In most systems, an under-
triage rate of 5-10 percent is considered unavoidable
and is associated with an over-triage rate of 30-50
percent.

An over-triage rate of up to 50% may be required to
maintain a minimum level of under-triage in a
community.” This was included in the 1993 revision of
the ACS book “Resources for Optimal Care of the
Injured Patient, (the version in effect at the time of the
study), and repeated in the 1999 version, which is still
in effect.[32,33]

Although over-triage rates in the range of 30-50%
sound large, because they are being applied to the top
of the injury pyramid, they result in relatively small
numbers to distribute over a statewide trauma system
over a year.  ACS points out: “It is estimated that
because of the small number of patients who really
need to be in trauma centers, the impact of patient flow
on an individual institution will be minimal, should
this degree of over-triage exist.” [32]

The seriously or fatally injured crash victims were
matched with all applicable triage guideline
components.  By tracking the pathway of each person
through the state’s medical system, their transport type
and destination hospital were known.  From this
information it was possible to compare their actual
utilization of air medical or trauma center services to
the guideline criteria.  It was also possible to calculate
what numbers of patients would have represented a 30-

50% over-triage rate, as noted by the ACS (as a
reasonable system-wide goal).

The mechanism of injury (MOI) triage criteria
components,  for example,  “high speed crash”, that
are included in the triage guidelines were compared to
the data that is currently (or potentially) possible to
collect from EDRs.  This was done to determine if
EDR data, collected at the scene of the crash in real
time, could provide additional objective, quantitative
data that might enhance triage decision making.  We
also examine the population of study victims that
might have potentially benefitted from the EDR data.

RESULTS

Population Characteristics

The injury level distribution of the  study population is
shown in Table 2.  Two hundred and ninety-six or
41% of the crash victims were either uninjured or
sustained minor injuries (including a small number of
unknowns).   Only eight of these lower-severity
patients were found to meet any of the triage criteria,



Garthe  4

Table 3  Crash Types and Principal Impacts
For Serious and Fatally Injured Persons

Multiple Vehicle
PeopleCrashesCrash Type

27%11820%55Head On

14%6216%43Angle

1%41%2Sideswipe

4%174%12Rear End

0%20%1Unknown

47%20342%113Subtotal

Single Vehicle
PeopleCrashesPrincipal Impact

30%13136%99Frontal

6%256%15Right Side

4%196%15Left Side

0%21%2Rear

1%41%4Undercarriage

5%233%8Unknown

6%266%16No Impact

53%23058%159Subtotal

100%433100%272Total

Note: Totals may not add to 100% due to rounding

or were actually transported to trauma centers.  From
the data linkage results, none were subsequently
admitted as inpatients or died.  The remainder of the
results therefore pertain to the Serious and Fatally
injured group shown in the Table.

The Serious and Fatal Group consists of 272 crashes
and 433 victims who were either seriously or fatally
injured and were considered to be likely candidates for
either air medical transport and/or trauma center care.
As noted on the table, a high percentage of these crash
victims, (84%), subsequently died or were admitted as
inpatients.  This group contains all occupants of
qualifying vehicles that could possibly be saved in

trafficway reported crashes Statewide for the study
year. 

Several previous (unpublished) studies by the authors
for the State of  Massachusetts Governor’s Highway
Safety Bureau have shown that the use of the rating
“serious injury” by the police (for victims of non-fatal,
as well as, fatal crashes) was accurately associated with
transport to a hospital for care. (As is the case in this
study as well.)  However, there is variation in how
police rate injuries throughout the country and the
Massachusetts situation may not be extensible to other
states.

Type of Crashes (n= 272)

Table 3 shows the crash aspects and types for the 272
crashes organized by those involving  multiple or
single vehicles.  The majority (58%) of crashes involve
one vehicle and an average of 1.4 people per crash.

Multiple vehicle head on (20%) and single vehicle
frontal (36%) crashes account for the majority of
crashes 56%.  The next largest percentage (16%) is
multiple vehicle angle contacts and (12%) for single
vehicle side impact crashes.

Restraint Use and Air Bag Deployment (n=433
crash victims)

Due to limitations in data entry to its electronic crash
file, the state was unable to accurately record belt use
and air bag deployment information in its statewide
electronic files for 1996.  However, the authors were
able to review paper documents, and record this
information for the 433 crash victims in the study.  
Table 4 shows that the percentages of
unknown/unrecorded values for seat belt use and air
bag deployment (at the occupant’s seat position) were
29% and 63%, respectively.

Triage Criteria Available and Met by Seriously and
Fatally Injured Crash Victims (n=433)

The specific triage criteria used by EMS personnel for
each of the 433 persons is not known.  Documentation
of any type of EMS “triage checklist” was not
submitted to the MDPH.    However, as a proxy for
what information, (at a minimum), may have been
possible to use to support the scene triage decision, all
of the electronic and paper data for each crash victim
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Table 4  Belt Use and Air Bag Deployment
n=433For Serious and Fatally Injured Persons

Position
at Occupant's Seat
Air Bag Deployed

Used
Belt Restraints

12%5018%76Yes

25%10954%233No

1%511%48Unknown

62%26918%76Not Recorded

100%433100%433Total

Note: Totals may not add to 100% due to rounding

was reviewed and matched to the MDPH air medical
and ACS trauma center trauma triage guidelines. 
This approach provided an overview of the information
that was available from the existing data sets to
support the triage decisions.  

Table 5 shows a brief description of each triage criteria
component and how often it was judged to have been
“met”, “not met” or “unknown” for each person. It is
important to note that each seriously or fatally injured
crash victim could have met zero, one or multiple
triage criteria.   The triage criteria are organized into
sections: Operating Condition (in this case, multiple
casualties), Mechanism of Injury (MOI), Physiological
measures (first set of vital signs), Anatomic injury
measures (not a focus of this study) and Other (age,

pre-existing medical condition).  “Non-triage criteria”
refers to the victims who suffered traumatic cardiac
arrest and therefore had a low chance of either
surviving transport or reaching a trauma center.  Some
guidelines recommend these individuals not be
transported by air.

Results for the Anatomic Measures group are not
shown in Table 5 because they were  very limited. 
The source of the anatomic injury descriptions
generally was the text notes included on the police
reports (the vast majority of victims did not have
ambulance patient care reports available).  Although
more information about anatomic injuries was
available for the subset of crash victims who were
admitted as inpatients, (from their hospital discharge
diagnoses),  this level of detail would not necessarily
have been evident at the scene (prior to hospital

diagnostic tests results being available).  However,
none of the crash victims had an anatomic measure as
their only triage criterion; in the few situations where
they were documented by the police, other criteria had
already been met. Therefore, the overall results are not
impacted by the absence of the anatomic components
for the study group.

Some triage criteria were interpreted both specifically
and broadly, for example, when “high speed crash”,
(ACS defines this as >40 mph), was judged to be
“met”, it was a combination of the police at the scene,
or police crash reconstructionists documenting a crash
speed estimated at >40 mph.  However, if no other
detail was available, and the police described the fatal
crash as  “high speed” this was accepted as having
“met” criteria, as well.

The most important findings about the 433 seriously
and fatally injured crash victims from  Table 5 are:

-nearly all,  96%, met at least 1 triage criteria
(including 4% of crash victims who suffered
traumatic cardiac arrest) - despite limitations
in the available data. Given the high
percentage, 84%, of this group who either
died or were admitted as inpatients, the
prediction that nearly the entire group met
triage seems reasonable.

- a small proportion, 4%, did not appear to
meet any of the triage criteria

- physiological measures were unknown or
not available for 74% - these are important
measures, but often were not available for this
study.  However, it is important to note that
in the cases when these variables were
documented, the crash victim met the triage
criteria.  In other words, for the subset of
these victims who had physiological data
available, all of them met the triage
guidelines and they all would have been
likely to qualify for at least trauma center
care, (and possibly air medical, as well,
depending on time/distance issues), based on
this information alone.  This finding is
consistent with prior studies.[17,18]
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Table 5  Triage Guideline Criteria: Percentage of Group Meeting Criteria    n=433

UnknownNot MetMetGroup

OPERATING CONDITION
0%71%29%Multiple Casualties

3 or more Seriously / Fatally Injured in Crash

MECHANISM OF INJURY
Vehicle Level - Apply to all persons in a specific vehicle

1%11%88%Major Auto deformity e.g. >20" ACS

4%50%47%High speed crash e.g. >40 mph ACS

6%63%32%Intrusion into passenger compartment e.g. >12" ACS

0%79%21%Death in same passenger compartment.

0%79%20%Rollover ACS

Person Level - Factors that apply to individuals
1%82%17%Occupant ejected from vehicle.

2%92%6%Prolonged extrication ACS

0%95%5%pinned or crushed by vehicle

1%94%5%>12" Intrusion at Occupants position

1%98%2%Trapped in burning vehicle

0%98%2%Steering wheel deformed

PHYSIOLOGICAL MEASURES - First Set of Vital Signs
Blood Pressure <90

74%<1%25%GCS <=12

Respiration <10 or >30 

ANATOMIC MEASURES - Evident at Scene
See Text

OTHER
0%73%27%Age greater than 55 or less than 10.

--6%Significant Pre-Existing Medical Condition

For those reaching inpatient status only

NON TRIAGE CRITERIA - Evident at Scene
4%Cardiac arrest subsequent to blunt trauma

TOTAL PERSONS MEETINGS TRIAGE

92%Met at Least 1 Triage Criteria

4%Met at Least 1 Criteria, but had blunt trauma cardiac arrest

4%Persons not meeting any of the Triage Criteria

Note: Totals may not add to 100% due to rounding
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Table 6  Transports to Trauma Centers

Persons
PercentNumberLocation

24%106Dead at Scene

16%70Scene Ground to Trauma Center*

11%48Air Medical to Trauma Center*

48%209Other

100%433Total
Notes: *Includes dead on arrival transports

Other group includes 129 deaths

Totals may not add to 100% due to rounding

The top six triage criteria most often met by the
seriously and fatally injured crash victims were:

- Major auto deformity 88%
- High speed crash 47%
- Intrusion into passenger compartment

(Any location) 32%
- Age >55 or <10 years 27%
- Physiological (BP, GCS, respiration) 25%
- Death in same passenger compartment 21%

The top six mechanism of injury (MOI) triage criteria
most often met were:

- Major auto deformity 88%
- High speed crash 47%
- Intrusion into passenger compartment

(Any location) 32%
- Death in same passenger compartment 21%
- Rollover 20%
- Ejection 17%

Although the Physiologic measures have the greatest
predictive power, the MOI measures have low
unknown rates - which makes the idea of using them -
via EDR data - to enhance triage attractive.

Medical System Utilization by Seriously and Fatally
Injured Crash Victims (n=433)

Table 6 shows the aggregate medical system utilization
for the 433 crash victims.  One hundred and six (24%)
died at the scene and did not receive further medical
transport or intervention.  Forty-eight (11%) were
taken directly from the scene by air medical helicopters
to Level I trauma centers.  Seventy (16%) were taken
directly from the scene by ground ambulances to Level
I trauma centers.  Therefore, a total of 118 (27%) were
taken from the scene to  Level I trauma centers, via
either ground or air medical transports.

Two hundred and nine crash victims were not taken to
a trauma center from the scene.  Of this group,  129
subsequently died.

Potential Over- or Under-Triage and Population
that May Benefit from Scene EDR Data

Keeping in mind that the State did not have a
statewide triage guideline operating in the study year
(it’s air medical guideline is being retrospectively

applied), 96% of the serious and fatal group are
candidates for transport to a trauma center, while 27%
were actually transported to a trauma center.  The
difference of 69% - 315 persons- is the group whose
transport might be influenced by additional
quantitative data.  

One might expect to see some of the 30-50% ACS over
triage in transports from the 296 persons with injury
severities in Table 2 lower than serious.  A 30% over
triage would be 130 persons. However, as mentioned
previously, eight of these 296 lesser injury level
victims were transported to a trauma center.  There is
no indication of any over triage.

Of the persons who were not transported to a trauma
center, 129 died.  This is the group where a potential
exists to save lives; and additional objective
information might make a difference.  For
Massachusetts in the study year, 129 deaths was 31%
of all trafficway deaths reported; so it is a substantial
fraction. 

If EDR data contributed to decisions that resulted in
the survival of an additional 20-40 crash victims from
this group, that would have the effect of further
reducing the (already low) death rate in Massachusetts
by 5-10%.
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Other than “death in same passenger compartment”
many of the MOIs shown in Table 5 can be
“translated” into engineering terms that represent
variables that could be collected by EDRs.

Table 7 provides examples of EDR variables that
might be collected to obtain the key mechanism of
injury information in a more objective and quantitative
manner. 

Key variables used by crash researchers to estimate the
severity of a crash and the risk of serious injury include
delta V, crash pulse, and principal direction of force.
In the past, crash investigators have calculated this
information as part of crash reconstructions conducted
some period of time (e.g., hours or days) after the
crash.  EMS personnel currently are only able to
“guess” crash speeds and vehicle crush or intrusion as
rough proxies for crash severity.  With scene access to
the vehicle “black box” or EDR data, more objective
crash severity information could be used to estimate
the risk of serious injury by EMS personnel.  Of
course, the engineering data downloaded from the
EDRs would have to be converted into a format that is
easy for EMS personnel to understand,  interpret and
utilize quickly.  A rapid, non-contact download
method with passive power would be desirable for this
purpose.  Similar technology is used in transit system
faire cards and car electronic key systems.

Table 7.
 Examples of Use of EDR Data for Triage

Mechanism
of Injury Current source EDR source
High speed “guess-estimate” del t a  V,   crash

pulse
Crush/intrusion “guess-estimate” delta V, crash pulse
Rollover observation rollover sensor
Ejection observation seat sensors 
Multiple casualties observation seat sensors 
Airbag deploy observation deploy trigger
Belt use observation belt sensor

Although some of the variables in Table 7 may seem
inherently obvious, EMS personnel arrive at some
scenes to find victims lying on the ground who either
were removed, (on their own or by bystanders) or
ejected, from the vehicle.  Therefore, their seating
position and restraint use would not be possible to
directly observe, either.  In addition, when EMS
personnel arrive at the scene, they may find vehicles at

rest in a normal upright position that actually had
rolled 360 degrees (or multiples of 320 degrees) during
the crash event.

As noted in Table 3, the majority of crashes (58%)
involved one vehicle and averaged 1.4 people per
crash.  This suggests that it generally would not be
difficult for EMS personnel to “match” the right victim
to the right vehicle and its associated EDR data, even
if the victims are discovered outside the vehicle(s).
However, for some  victims of serious or fatal crashes,
prolonged extrication is required to free them from the
vehicles - in this study, it was specifically mentioned
for 6% of the victims (However, this percentage may
be low, because it is not clear if any extrication
information would have been recorded for the trapped
victims who are dead at the scene). 

Risk of injury algorithms could be developed for
simple use by EMS personnel at the scene that relied
on EDR information for each crash victim, such as,
severity of crash variables (crash pulse, delta V, etc.),
as well as, seating position, restraint use (seat belts, air
bags, etc.), and ejection/rollovers flags, etc.   These
algorithms could be refined over time as more “real
world” crash injury data and outcomes became
available.  The algorithms would be designed to be
used at the scene by EMS personnel to complement
their patient assessments of physiological status and
anatomic injury, as well as, other important factors.

As noted earlier, restraint use and air bag deployment
were often unknown/unrecorded (29% and 63%,
respectively), for the seriously and fatally injured crash
victims.   EDR data could provide an objective source
of restraint use and air bag deployment for all
occupants, by seating position.  Clinicians, and injury
severity algorithms, factor in restraint and air bag
deployment information when assessing or predicting
the risk of particular types of life-threatening injuries.

As noted earlier, 20% of crash victims were occupants
of vehicles that rolled over - an EDR sensor potentially
could capture this information. 17% of crash victims
were ejected; EDR data potentially could help identify
(or confirm)  this mechanism of injury, as well.

Future studies could also determine if, under certain
circumstances in severe crashes, using EDR data from
one car in a two vehicle collision is reasonable to
support any key triage decisions for injured persons in
the other car that did not have an EDR.   This would

Triage Criteria vs. Possible Output from EDRs
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Table 8  Dead at Scene Crashes with Possible Delayed Disco
Seriously & Fatally Injured Person

PersonsCrashesGroup

6%256%15Possible Delayed Discovery,
may have affected scene death

9%378%23Possible Delayed Discovery,
but catastrophic injury*

10%4422%61Dead at Scene Crash, No Apparent
Delay in EMS notification

76%32764%173All Other Crashes
no Deaths at Scene

100%433100%272Total
Notes *Reasons include killed instantly due to massive trauma;

Trapped in, or under, vehicle which burst into flames,

Airbag did not deploy (no notification event)

Totals may not add to 100% due to rounding

be a potential issue until 100% of the fleet actually had
EDRs.

Review of Crashes with Scene Deaths to Identify
Possible Delays in EMS Notification (n=99)

To address the question of whether any of the scene
deaths possibly may have been related to delays in
EMS notification, detailed information on all 99
crashes with scene deaths was reviewed.  The scene
deaths are those most likely to benefit from technology
such as Automatic Crash Notification (ACN).  The
study scene crashes included, for example,
unwitnessed, late night crashes involving a single
vehicle running off the road with one or two occupants
who may have been too severely injured or isolated to
summon help.    Table 8 shows 15 crashes where scene
deaths possibly may have been related to delays in
EMS notification. This represents 4% of the statewide
392 fatal crashes.

This may indicate the potential extent of benefits
related to automatic crash notification (ACN). A
number of papers discuss the potential benefits of
ACN, but the initial focus of ACN generally is on
crashes occurring in remote areas that are less likely to
be witnessed. [34,35]   However, it was not part of this
study to determine if a vehicle’s ACN system, (e.g.,
antenna or other components), could have survived
and functioned after such severe crashes or if cell
phone coverage existed in the areas of the state where
the ACN may have been needed.

Also, this study did not try to ascertain how often
injured crash victims may have been conscious, and
therefore, capable of using a cell phone to summon
EMS vs. rely on an ACN system for assistance.

An additional 23 crashes with possible delays in EMS
notification were associated with catastrophic injuries
likely to cause instantaneous death, so outcomes would
not have been changed by earlier EMS notification.

The remaining 61 crashes with deaths at the scene did
not include documentation suggesting delays in EMS
notification.

DISCUSSION

Based on the available data, many more people appear
to qualify for transport to a trauma center than

received it.  There is no evidence of a pattern of over-
triage of crash victims to either air medical transport
or trauma centers for the study population.

The data indicates that physiological data is important
for triage, and that its accurate collection should be the
first priority.  Nearly 100% of the victims meeting
physiological criteria were transported to trauma
centers.  However, the elevated unknown rate for this
information makes the use of MOI data from EDRs
look attractive as a possible complement. 

The potential appears to exist to use downloaded data
from the current generation EDRs at the scene of
serious/fatal crashes, in combination with the patient
assessment, to help EMS personnel triage crash
victims.  Discussion of how this potentially could be
accomplished and technical issues that would need to
be addressed for scene use are included in other
documents. [23,24,25,26]

Another advantage to EDR data is that it does not
require the EMS personnel to “write down” additional
data, they would simply download the data and convert
it into an appropriate format.  Therefore, data
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completeness on a statewide basis, may be easier to
achieve, at least for the fatal level crashes. NHTSA has
initiated some efforts to try to collect EDR data for its
FARS, SCI  and CIREN data bases (but not for real
time medical use, at the scene of crashes, on a
statewide basis).[36,37].

Additional studies are needed to determine if existing
EDR data, if downloaded at the scene of crashes, and
coupled with patient assessments, could potentially
provide additional objective information about the
severity of the crash and occupants’ risk of life-
threatening injury that would influence triage
decisions.

Consistent with this study, others have concluded that
physiologic and/or anatomic trauma triage criteria are
more powerful predictors of  air medical transport and
increased hospital resource utilization and/or injury
severity than mechanism of injury alone or in
combination with these measures [12,17-20]

Based on the literature and this study’s findings, it
appears it would be extremely difficult to convince a
state like Massachusetts to deploy high level EMS
services based on mechanism of injury EDR data
alone, at this time.

CONCLUSIONS

During the year studied, Massachusetts had the lowest
MVC fatality rate in the US.  

No “gold standard” exists for the appropriate
percentages of victims of fatal level crashes that should
receive air medical transport and/or trauma center
treatment from the scene of a crash. However, the
Massachusetts data showed for a population of the
most seriously and fatally injured crash victims,
(occupants of passenger cars, vans and light trucks),
that 96% retrospectively appear to have met triage
criteria, but 11% and 16%, respectively,  received air
and ground transport from the scene to a trauma
center.  

The study population contained all the victims whose
lives theoretically are possible to save (from the
qualifying vehicles) for the study year.  Of the 209
persons not transported to a trauma center, 129
expired.  This comprised 31% of the statewide
trafficway deaths for the study year.  On that basis, a
potential to save lives by enhancing triage appears to

exist.  The study results support the  rationale for the
medical and engineering community to work together
to add a “black box” for EDR data to trauma triage
decision trees.

The study points out opportunities to use EDR data to
enhance triage in two important, but different ways.
First, possible “real time medical use” at the scene of
a crash, in combination with patient assessments, to
help support triage decisions, and second, for statewide
evaluations of EMS system response to fatal level
crashes in order to enhance response over time.

The study population consists of only very serious
crashes.  Consequently, it cannot predict the “false
positives” that might occur using EDR data to enhance
triage in lower severity crashes.  This requires further
study.

The findings of this study are based on a census of only
the most severe crashes and are not extensible to all
crashes in the state.  In addition, the findings for
Massachusetts are not generally extensible to the US
overall.  Comparative studies of similar data from
other states, provinces or countries would be very
useful.   
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ABSTRACT 
 
The research reported in this paper is a follow-on to a 
five year research program conducted by General 
Motors in accordance with an administrative 
Settlement Agreement reached with the US 
Department of Transportation.  In a subsequent 
Judicial Settlement, GM agreed fund more than $4.1 
million in fire-related research over the period 2001-
2004.  The purpose of this paper is to provide a 
public update report on the projects that have been 
funded under this latter research program, along with 
results to date.  This paper is the fourth in a series of 
technical papers intended to disseminate the results of 
the ongoing research. 
 
The projects and research results to be reported in 
this paper include the following: 
 

1. Comprehensive analyses and synthesis of 
data/research from studies sponsored by 
GM/DOT, MVFRI, and NHTSA 

2. Statistical Analysis of Vehicle Fires 
3. Analysis of data systems to assess 

possibilities for evaluating egress and fire 
penetration times, including times for first 
responder rescue and fire propagation. 

4. An analysis of fire occurrence and rollover 
rates in national data systems. 

5. Failure evaluation of a compressed 
hydrogen storage tank 

6. 42-volt electrical system fire safety issues 
 
The paper briefly summarizes the projects and reports 
the significant findings from each. 
 
This paper documents six current research programs 
on fire safety technology.  These programs involve 
analysis of field data, testing, and alternative fuel 
systems.  This paper also provides a brief synthesis of 
data and research conducted under a previous 
GM/DOT research program.   
 
INTRODUCTION 
 
On March 7, 1995, the U.S. Department of 
Transportation (DOT) and General Motors 
Corporation (GM) entered into an administrative  

 
 
 
 
 
 
 
 
agreement, which settled an investigation that was 
being conducted by the National Highway Traffic 
Safety Administration (NHTSA) regarding an alleged 
defect related to fires in GM C/K pickup trucks 
[NHTSA 1994 and  2001].  
 
Under the GM/DOT Settlement Agreement, GM 
agreed to provide support to NHTSA's effort to 
enhance the current Federal Motor Vehicle Safety 
Standard (FMVSS) No. 301, regarding fuel system 
integrity, through a public rulemaking process.  GM 
also agreed to expend $51.355 million over a five-
year period to support projects and activities that 
would further vehicle and highway safety.  Ten 
million dollars of the funding was devoted to fire 
safety research [NHTSA 2001].  This project is 
referred to as the GM/DOT Settlement research 
program.   
 
Subsequent to the GM/DOT Settlement, GM agreed 
to fund an additional $4.1 million in research related 
to impact induced fires.  This latter research project 
was included under the terms of a judicial settlement.  
The fuel safety project objectives are defined by the 
White, Monson and Cashiola vs. General Motors 
Agreement dated June 27, 1996 [Judicial District 
Court, 1996].  All research under the project will be 
made public for use by the safety community. The 
purpose of this paper is to provide a public report on 
the projects that have been recently funded under this 
research program, along with results to date.   
 
 
ANALYSIS AND SYNTHESIS OF FIRE 
RESEARCH 
 
The GM/DOT Settlement research program in motor 
vehicle fire safety has been analyzed and synthesized 
by a team of fire experts led by FM Global.  Of 
particular interest has been the analysis of eleven 
crashed vehicle burn tests.  These tests subjected 
crashed vehicles to under-hood and spilled fuel fires 
of an intensity that could be possible after a crash.  
Eight of the tests explored the fire growth and spread 
under a variety of baseline conditions.  Three tests 
were primarily for the purpose of evaluating 
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countermeasures to increase the time for fire to 
penetrate the occupant compartment.   Among the 
baseline tests there were three vehicles that had been 
subjected to rear crash tests.  One was a passenger 
car, one was a minivan, and the other an SUV.  These 
vehicles were subjected to pool fires under the rear of 
the vehicle.  The other four baseline tests were 
vehicles that had been subjected to frontal crash tests. 
One of these was a passenger car subjected to a pool 
fire under the vehicle in the rear. The others were 
subjected to under-hood fires with ignition sources 
either at the battery location or by the ignition of 
sprays and pools of mixtures of hot engine 
compartment fluids from a propane flame located in 
and below the engine compartment.  
 
Three additional tests were conducted to evaluate 
countermeasures.  The effectiveness of a fire 
retardant treatment of the HVAC unit was evaluated 
by tests of engine compartment fires in 2 vehicles 
with frontal damage.  One of the vehicles was tested 
with the treatment and the other without.  The other 
countermeasure was an intumescent coating on the 
underbody of the vehicle.  The SUV pool fire 
baseline test was replicated to evaluate this 
countermeasure. 
 
A list of the tests and vehicles is as follows: 
 

1. 1996 Dodge Caravan-front crash and fire 
started in the engine compartment;  

2. 1996 Plymouth Voyager-rear crash and fire 
started by igniting the gasoline pool under 
the vehicle;  

3. 1997Chevrolet Camaro-rear crash and fire 
started by igniting gasoline pool under the 
vehicle;  

4. 1997Chevrolet Camaro-front crash and fire 
started in the engine compartment;  

5. 1997 Ford Explorer-rear crash and fire 
started by igniting gasoline pool under the 
vehicle;  

6. 1997 Ford Explorer- front crash and fire 
started by igniting gasoline pool under the 
vehicle; 

7. 1998 Honda Accord-rear crash and fire 
started by igniting gasoline pool under the 
vehicle;  

8. 1998 Honda Accord-front crash and fire 
started in the engine compartment;  

9. 1999 Chevrolet Camaro- FR HVAC- front 
crash and fire started in the engine 
compartment;  

10. 1999 Chevrolet Camaro-non-FR HVAC 
control-front crash and fire started in the 
engine compartment; 

11. 1999 Ford Explorer undercarriage coated 
with intumescent paint–rear crash and fire 
started by igniting gasoline pool under the 
vehicle.  

 
An in-depth analysis of these tests has been published 
[Tewarson, 2005; Tewarson 2005]. The objectives of 
the analysis were to investigate the ignition and flame 
spread behaviors of engine compartment fluids and 
polymer parts, to assess time to flame penetration 
into the passenger compartment and to assess the 
creation of untenable conditions in the passenger 
compartment. 
 
The analysis found significant differences between 
the flame penetration times into the passenger 
compartment in the front and rear crashed vehicle 
tests.  In the rear crashed vehicle burn tests with 
ignition of gasoline pools under the vehicle, flame 
penetration time into the passenger compartment 
varied between 0.5 to 3.0 minutes. For the front 
crashed vehicle burn tests with ignition in and under 
the engine compartment, flame penetration time into 
the passenger compartment varied between 10 to 24 
minutes. 
 
Once the flame penetrates the passenger 
compartment, the environment rapidly becomes 
untenable.  In some burns, the passenger 
compartment became untenable before flame 
penetration.  The untenable conditions were due to 
heat exposure (burns) and exposure to fire products 
(toxicity and lethality).  The time between flame 
penetration and untenability of the passenger 
compartment varied from minus 2.5 to plus 3.2 
minutes. 
 
In general, polymeric parts in the engine and 
passenger compartments burn as molten pool fires 
with high release rates of heat, CO, smoke, and other 
toxic compounds, typical of ordinary polymers. Pool 
fires of the molten polymers are the major 
contributors to the vehicle burning intensity and 
contribute towards the penetration of flames into the 
passenger compartment. The fire retardant treatments 
of the polymer parts that were tested in the program 
proved ineffective in delaying fire penetration into 
the passenger compartment. 
  
Additional testing has been conducted by Biokinetics 
and Associates, Ltd. to evaluate under-hood 
temperatures of different classes of vehicles 
[Fournier, 2004]. The results showed considerable 
difference between the maximum temperatures of 
different vehicles when operated under load.  In a 
standardized uphill test, the maximum temperature 
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measured on the exhaust manifold varied from a low 
of 241 oC for a minivan to a high of 550 oC for a 
passenger car.  
 
 
STATISTICAL ANALYSIS OF VEHICLE 
FIRES 
 
An earlier paper reported on an analysis of data from 
the Fatal Accident Reporting System (FARS) to 
determine fire frequency in fatal crashes (Digges 
2003, Friedman 2003, Friedman 2005).  The study 
examined fires in vehicles 1-4 years old.  The 
analysis indicated that fatality rates by most harmful 
event have declined by 72.3% for cars and 79.7% for 
LTVs between the late 1970’s and the early 1990’s.  
Since 1990, the fire rate for all classes of vehicles has 
remained fairly constant.     In 2000, the fire rate in 
fatal crashes was 5.14 fires/MVY for passenger cars 
and  6.39 fires/MVY for light trucks.  
 
More recent FARS analysis [Fell, 2004, Bahouth 
2005] has focused on identifying the crash modes 
that are most frequently involved in fires. Data for 
the combined years 1994 to 2003 were examined.  
For those years, the average annual number of fatal 
crashes with fire involvement was 1,596.  Fire was 
the most harmful event for an average of 432 fatally 
injured occupants each year.  Among these fatally 
injured occupants approximately 23% were also 
coded as being entrapped. 

FARS does not record crash direction.  However, the 
location of principal damage is coded.  In this coding, 
rollovers with damage from impacts with fixed 
objects or with other vehicles are coded according to 
the location of the damage.  If the damage comes 
from ground contact, the crash is classified as a non-
collision.  Consequently, most rollovers are classified 
as non-collision.  For the fatal population with fire as 
the most harmful event, the distribution by damage 
areas is shown in Figure 1.   

Figure 1 also shows the distribution of vehicle 
damage for crashes with both fire and entrapment 
where fire was the most harmful event.  Note that 
only 23% of the crashes with fire as most harmful 
event also had entrapment.  For the crashes with both 
fire and entrapment, 98.8% were coded as also 
having disabling deformation.  Disabling deformation 
is the most severe of the three deformation categories 
available in FARS. 

Most harmful event applies to the vehicle - not the 
persons in the vehicle.  Therefore, one can not 
assume that the most harmful event for a vehicle was 

the cause of any death or injury for any specific 
individual within the vehicle. 

Figure 1 shows that  over 60% of the fires and 
entrapments with fires occur with frontal damage.  
There is not much difference between the frequency 
of fire between the left and right side damage.  Rear 
damage appears to have the highest entrapment rate. 
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Figure 1.  Percentages of Crashes with Fire as the 
Most Harmful Event and Percentages of Crashes 
with both Fire as the Most Harmful Event and 
Entrapment by Vehicle Damage Area 
 
To gain further insight into crashes with fires, the 
NASS/CDS (National Automotive Sampling System 
/ Crashworthiness Data System) was examined 
[Bahouth 2005]. This project analyzed 531 crashes in 
which there was an occurrence of fire.  This 
represented 78,000 (weighted) vehicle fire 
occurrences over an eight year period from 1994 
through 2002. Of these cases, about 49% of the fires 
were minor and 51% major, based on weighted data.  
A “major” fire is classified a fire with external origin 
that spreads into the  passenger compartment or a fire 
that originates inside the passenger compartment and 
spreads. A “minor” fire is defined as one that does 
not spread in or into the passenger compartment.   

The above population of crashes had 830 occupants 
with 350 MAIS 3+ (serious) injuries, including 188 
fatalities.  These unweighted numbers were expanded 
to 105,962 occupants with 20,000 MAIS 3+ injuries 
and 10,348 fatalities.  When fire was the most 
harmful event, the corresponding numbers of MAIS 
3+ injuries and fatalities were 100 and 83, 
respectively.  These numbers expanded to 5,766 
MAIS 3+ and 4,744 fatalities.  This averages 527 
fatalities per year – which is in approximate 
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agreement with the 432 fatalities peer year identified 
in FARS. 

The influence of crash mode (crash direction) on fire 
severity and fire origin are shown in Figure 2. The 
percentages in this figure add to 100 per cent and 
represent the exposed occupants rather than the 
population of vehicles.  Rollovers are defined as any 
crash with at least one quarter-turn of roll.  About 
half of the occupants in rollovers with fires were 
exposed to a planar crash prior to the rollover.  The 
most frequent planar crash mode that preceded a 
rollover was a side impact.  A side impact followed 
by a rollover accounted for 19% of the minor fire 
category and 10% of the major fire category.   A 
frontal crash followed by a rollover accounted 2% 
and 14%, respectively. 
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Figure 2.  Occupants in Crash Related Fires by 
Crash Mode and Fire Severity from NASS/CDS 
1994-2002. 

The location of major and minor fires is shown in 
Table 1.  Two categories, under hood and fuel tank, 
comprise 92.5% of the major fires.  These two 
categories are examined in more detail in the tables to 
follow.  Table 2 is a breakout of minor and major fuel 
tank fires by crash direction.  Table 3 gives a similar 
breakout for engine compartment fires. 

Table 1. 
Location of Major and Minor Fires in NASS/CDS 

1994-2002 Based on Weighted and Unweighted 
Data 

 

Fire Location Weighted Unweighted 

Minor Fire   
Fuel Tank 1.3% 3.3% 
Under Hood 85.4% 86.2% 
Dashboard 8.5% 2.1% 
Other 4.8% 8.4% 

Major Fire   
Fuel Tank 22.5% 25.5% 

Under Hood 70.0% 64.4% 
Dashboard 0.8% 2.2% 

Other 6.6% 7.9% 
 
Table 2 shows the percent of occupants exposed to 
minor and major fires that have the fuel tank coded as 
the origin.  The numbers were extracted from 
NASS/CDS 1994-2002.  The percentages were based 
on weighted data and add to 23.8%, the percentage 
of under hood fires shown for the weighted data in 
Figure 1. 

In Tables 3 and 3, any vehicle that rolled one quarter-
turn or more was considered a rollover, even if it had 
a previous impact. Nineteen percent of the major fires 
had rollovers plus a planar crash.  The most common, 
a frontal crash followed by a rollover, comprised 
13% of the major fire crashes.  A side crash followed 
by a rollover comprised 9.3% of the minor fire cases. 

Table 2. 
Crash Modes for Occupants Exposed to Minor 
and Major Fuel Tank Fires from NASS/CDS 

1994-2002 
 

Crash Mode Minor Major Total 
Frontal 0.8% 0.6% 2.1% 

Nearside 0.0% 3.1% 2.9% 
Farside 0.0% 2.6% 2.5% 

Rear 0.3% 4.9% 5.2% 
Rollover 0.2% 11.4% 11.2% 

All 1.3% 22.5% 23.8% 
Number 1163 10307 11470 

 
Table 3. 

Crash Modes for Occupants Exposed to Minor 
and Major Under Hood Fires from NASS/CDS 

1994-2002 

Crash Mode Minor Major Total 
Frontal 41.7% 51.9% 44.7% 
Nearside 0.9% 2.8% 1.4% 
Farside 0.4% 2.9% 1.1% 
Rear 0.0% 2.0% 0.5% 
Rollover 26.9% 25.8% 26.9% 
All 70.0% 85.4% 74.6% 
Number 54,445 23,201 77,646 

 
Table 2 shows that about 24% of the fires are 
associated with the fuel tank, and the vast majority of 
them are major fires.  Rollovers are now the most 
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frequent crash mode when the fuel tank is the source 
of the fire.  Side impacts are second. 
 
Table 3 shows that about 75% of vehicle fires in 
NASS/CDS are reported as engine compartment 
fires, when both major and minor fires are included.  
For major fires, the figure is 70%.  Over 80% of these 
engine compartment fires were subsequent to a 
frontal collision or a frontal collision followed by a 
rollover..  This is consistent with the FARS data from 
Figure 1 that shows over 60% of the cases with fire 
as the most harmful event have frontal damage.   
 
The vast majority of the crashes in NASS/CDS with 
engine compartment fire did not report any fuel leaks.  
However, about 7% of the fires were associated with 
the lines/pumps.  There is no coding available for a 
flammable substance leakage within the vehicle other 
than a fuel system leakage.  Consequently, there may 
be power steering fluid, brake fluid, coolant, window 
washer fluid leakage, or oil pan leakage, which was 
responsible for feeding the fire but was not reported.  
As noted, the majority of these engine compartment 
fires are reported as major fires.  This may suggest 
that these engine fires are fed by the flammable 
substances found within the engine compartment.   
 
In the majority of engine compartment fires, there 
was no entrapment reported.  The distribution of 
entrapment for engine compartment fires is shown in 
Table 4.  Of all crashes with engine compartment 
fires, 6.1 % had entrapment.  Where there was 
entrapment in vehicles with engine compartment 
fires, most fires were major and almost 40% of the 
injured occupants were categorized with MAIS 6 
(fatal) injuries.  In about 90% of the MAIS 6 injured 
occupants in engine compartment fire crashes, there 
was entrapment.  Where entrapment and an engine 
compartment fire were reported, 66% of the injuries 
were MAIS 3+.   
 
Table 4 indicates that the most frequent classification 
of occupant entrapment is associated with mechanical 
entrapment of the occupant inside the vehicle. 
In general (not just those with fires in the engine 
compartment), entrapment was reported in 6.6% of 
all fire crashes.  58% of fire with entrapment cases 
are MAIS 3+ injuries.  MAIS 6 injuries are 
coincident with about 92% of the fire crashes 
reporting entrapment.   
 
 

Table 4. 
Entrapment Occurrences and Fire Severity for 

Under Hood Major and Minor Fires from 
NASS/CDS 1997-2002. 

Entrapment Type Major Minor 
Not Entrapped 67.6% 26.3% 

Occupant Entrapped 4.2% 0.6% 
Vehicle Jammed 0.8% 0.5% 

Total  72.6% 27.4% 
 
RESCUE TIMES 
  
A study was undertaken by Dr. George Bahouth to 
provide real world data to characterize crash involved 
populations, rescue timing, and crash characteristics 
for occupants to evaluate the benefit of increased fire 
protection following a crash event.  The study 
utilized a variety of data sources [Bahouth, 2004]. 
 
A major fire is defined in NASS/CDS as one that 
spreads from outside the vehicle to the occupant 
compartment, or if it originates in the occupant 
compartment spreads beyond its area of origin.  
There is little information in NASS about how 
rapidly the minor fires spread to become major fires.  
However, delaying the fire spread might be 
beneficial, particularly to any occupants who are 
disabled, who are seriously injured by the crash 
forces, or who are entrapped inside the vehicle. 
 
The analysis of rescue times sheds light on the value 
of countermeasures to increase the vehicle’s 
resistance to fire penetration of the occupant 
compartment.  
 
The National Fire Incident Reporting System 
(NFIRS) was used to establish the distribution of 
rescue times for both rural and urban areas.  The 
information for each NFIRS case is reported by fire 
and rescue personnel from a subset of all fire stations 
around the country.  Following case collection, each 
event type within NFIRS is assigned a weighting 
ratio which inflates case counts to national estimates.  
These inflation or weighting factors are based on case 
counts from the National Fire Protection Association 
(NFPA) annual survey.  Approximately 1/3 of all fire 
stations contribute case information to the NFIRS 
database.  Because NFIRS is a registry of all types of 
fire related events (i.e. building fires, forest fires and 
motor vehicle fires) only a subset of reported cases 
are motor vehicle related.  NFIRS records the time 
between receipt of the call and arrival on scene. 
 
The FARS data also records the rescue time when it 
is available.  In FARS, two times are recorded.  The 
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first is the time between the notification of rescue and 
the arrival on scene.  The second is the time between 
the crash and the arrival of rescue on the scene. 
 
Table 5 shows the distribution of response times by 
land usage, based on NFIRS and FARS data.  The 
NFIRS times shown are the period from receipt of the 
call to arrival on scene.  Additional time delay may 
exist between the crash and the call to 911.  The 
FARS data shows both the call to rescue time and the 
crash to rescue time.  Additional time beyond that 
shown  may be required to manage the fire and 
extract the occupants. 
 

Table 5. 
Response Time Percentiles in Minutes by Land 

Use Based on NFIRS and FARS Records 
 

  Percentiles 
  in minutes  

Data Source Time Period 50% 75%  
NFIRS URBAN Call to Rescue 5 8  
NFIRS RURAL Call to Rescue 7 10  
FARS URBAN Call to Rescue 5 8  
FARS RURAL Call to Rescue 9 14  
FARS URBAN Crash to Rescue 8 12  
FARS RURAL Crash to Rescue 15 24  

 
Using NASS/CDS, the distribution of extrications 
(occupant entrapment) was investigated versus crash 
severity.  For frontal crashes, nearly 50% of the 
entrapments occurred during crashes with a deltaV of 
17 mph or less.  By crash direction, the delta-v for 
50% entrapment were: 16 mph for nearside crashes; 
20 mph for farside crashes; and 16 mph for rear 
impacts. 
 
FIRES IN ROLLOVER CRASHES 
 
Rollovers are increasing in numbers in the overall 
accident statistics. Previous studies of state data have 
indicated that rollovers may carry an increased risk of 
fires [Friedman, 2003, Friedman 2005, and Digges, 
2004].  An examination of FARS further supports 
this finding [Fell, 2004].  For FARS, the risk of a fire 
in any fatal crash was 2.18%.  The risk of a fire in a 
fatal rollover crash was 3.89%, an increased risk of 
78%.  The percent of fatal crashes with rollovers was 
17.9%.  The percent of fatal crashes with fires that 
were rollovers was 24.9%.  There are an average of 
420 vehicles per year in fatal crashes with fire and 
rollover.   
 
Crashes that involved rollover and a fire occurrence 
were further investigated using 1997-2002 

NASS/CDS [Bahouth, 2005]. There were 72 cases in 
the database with rollovers and fires. The reported 
data are unweighted due to the limited number of 
available cases.   Table 6 shows that the majority 
(67%) of the fires occurred in the engine 
compartment subsequent to a rollover.  Of these, 42% 
were major fires in severity.  When the fire occurance 
was caded as the fuel tank/filler neck (19% of the 
total), 71% of the resulting fires were major. 
 

Table 6. 
Fire Occurrences in Rollover Crashes from 

NASS/CDS 1997-2002. 

Fire Location Minor Major Total 
Under Hood 39% 28% 67% 

Fuel Tank/Filler 5.6% 14% 19% 

Instr. Panel 0.0% 2.8% 2.8% 

Exh. System 1.4% 0.0% 1.4% 

Other/Unknown 6.9% 2.8% 10% 

Total 53% 47% 100% 
 
Due to the high percentage of engine compartment 
fires, these were examined in more detail.  The 
leakage locations are shown versus fire severity in 
Table 7.  This table includes only the 48 cases where 
the fire was in the engine compartment after a 
rollover occurred.  No fuel leakage source was 
identified in most of the fires.  There is, moreover, no 
coding in NASS/CDS for leakage of other flammable 
fluids.  Consequently, the extent to which other 
engine compartment fluids or polymers may have 
contributed to the fire can not be determined. 

Table 7. 
Distribution of Leakage Location for 

Engine Compartment Major and Minor 
Fire Occurrence in Rollover Crashes 

 
Leakage Location Major Minor All 

Cap/Filler Tube 2 1 3 
Fuel Lines 1 0 1 

Tank 1 0 1 
No Fuel Leak 11 25 36 

Other 1 0 1 
Unknown 4 2 6 

 
RESEARCH IN FIRE SAFETY FOR 
HYDROGEN-FUELED VEHICLES 
 
Research to explore fire safety issues that may be 
associated with hydrogen fueled vehicles has been 
undertaken.   The initial project was to explore fire 
safety issues with on-board hydrogen storage tanks.  
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The existing and proposed standards for compressed 
natural gas containers were used as guides. 

Federal Motor Vehicle Safety Standard (FMVSS) 
No. 304, Compressed natural gas fuel container 
integrity  requires a bonfire test.   Draft International 
Standard ISO 15869-1, Gaseous hydrogen and 
hydrogen blends – Land vehicule fuel tanks – Part 1: 
General requirements also contemplates a bonfire 
test. Both procedures expose a compressed hydrogen 
cylinder at its working pressure to a 65-in. (165-cm) 
long bonfire. 

Tests are performed with the tank manufacturers’ 
specified fire protection system in place (e.g., 
pressure relief devices).  FMVSS 304 requires a 
cylinder to either not rupture during a 20-min bonfire 
test, or to safely vent its contents through a pressure 
relief device.  ISO 15869-1 requires a hydrogen 
cylinder to vent its contents prior to rupture. 

The high pressures required for compressed hydrogen 
storage has resulted in the extensive use of composite 
tanks.  These materials have lower thermal 
conductivity and fire resistance than the metal and 
metal lined tanks conventionally used at lower 
pressures for natural gas storage.  

A research bonfire test of a 5000 psi hydrogen fuel 
tank was conducted by SwRI. [Weyandt, 2005, 
Zalosh 2005].  The objective was to test the tank to 
failure and study the properties of the tank and its 
contents prior to failure.  In addition, the magnitude 
and characteristics of the energy release at failure 
were determined.   Safety measures typically required 
on compressed gas cylinders (pressure relief devices 
(PRD’s)) were not utilized. 

The tank tested was a 5,000-psig (34.5-MPa) Type-
IV hydrogen cylinder approximately 33 in. (84 cm) 
long with a 16-in. (41-cm) diameter (outer 
dimensions) and weighed approximately 70.6 lb 
(32.0 kg).  The cylinder was comprised mainly of a 
high-density polyethylene inner liner, a carbon fiber 
structural layer, followed by a fiberglass protective 
layer.  Each end of the cylinder consisted of a dome 
and an aluminum end fitting.  

 

Figure 3.  Hydrogen Fuel Tank in Bonfire Test 
Fixture 

The test setup for the bonfire test is shown in Figure 
3.  The hydrogen tank was supported by two 
insulated chains approximately 24 in. (61 cm) apart.  
A line burner provided the propane fueled heat 
source below the tank.  The line burner was 
approximately 12 in. (30 cm) wide and  has an 
effective length of 33-in. (84-cm). The burner length 
was shorter than the 65 in. (165 cm) required by the 
standard.  This was done to determine the effect of a 
concentrated bonfire on the hydrogen tank. The line 
burner was protected from wind with a 32 x 90 x 8-
in. deep (81 x 230 x 20-cm) pan.  

The tank instrumentation included an internal 
thermocouple and pressure transducer.  The flame 
exposure temperatures and tank surface temperatures 
were measured by six thermocouples.   Overpressures 
around the tank were measured by four blast-wave 
pencil probes. 

The composite material on the surface of the tank 
ignited approximately 45 seconds into the test.  After 
6 minutes and 27 seconds, the cylinder 
catastrophically failed through the bottom , launching 
the 30.9 lb. (14.0 kg) main portion 270 ft. (82 m) east 
of the test location.  Blast pressures to the west were 
43psi (300 KPa) at 6.3ft. (190 cm.) and 6 psi (41 kPa) 
at 21.3 ft. (650 cm.). 

The internal temperature and pressure of the 
hydrogen at the time of failure was 103°F (39°C) and 
5,180 psig (35.7 MPa), respectively.  In this 
experiment, the pressure inside the cylinder did not 
rise sufficiently so that a pressure-activated pressure 
relief device would have activated to prevent rupture.  
The temperature inside the cylinder also did not 
climb sufficiently to activate a thermally-activated 
pressure relief device if it used the internal 
temperature as the temperature source.  It is 
necessary to place PRDs such they see the same, or 



  Digges - 8 

worse, fire as the tank.  Redundancy may be prudent 
also. 

 
FIRE SAFETY ISSUES IN 42-VOLT 
APPLICATIONS 
 
Major auto manufacturers are currently developing 
electrical systems that operate on 36-volt 
architectures, transitioning from the current 12-volt 
systems (14 volts when charging) typically used 
today.  The 36 volt architecture charges at 42 volts, 
with possible voltage peaks as high as 58 volts. 
 
Carbon Tracking. 
 
MVFRI and USCAR jointly funded research on DC 
carbon tracking of plastic materials used as 
connectors and insulators. [Wagner, 2003, Wagner, 
2004].   This effort developed a DC test procedure 
and evaluated 24 candidate plastic materials.  A wide 
range of performance was exhibited by these 
materials.  Twelve tests were highly instrumented 
and provided some insight into the physics of the 
carbon tracking phenomenon [Stephenson, 2005]. 
 
The electrical conductivity of common underhood 
fluids was also measured to see if they might induce 
carbon tracking [Dey, 2004].  It was found that the 
electrical conductivity of these fluids was too low to 
be a concern. 
 
High Intensity Arc Flammability. 
 
Even at 14-volts, there are fires caused by shorts and 
other malfunctions in the electrical systems.  As was 
shown previously in the data analysis, more fires 
occur in frontal impacts, and initiate within the 
engine compartment. 
 
If a circuit is broken with a 14-volt circuit, some 
sparking may occur, but not a sustained arc.  With a 
42-volt system there is likely to be a sustained arc 
when a circuit opens or there is a short to ground.  
This arc has tremendous power associated with it.  It 
can easily produce 1000 Watts of power.   The 
temperature of the plasma can be 6000 C. This level 
of power can ignite most materials and can burn 
holes in sheet steel. 
 
MVFRI and USCAR are currently sponsoring an 
effort on Arc Flammability at Underwriters 
Laboratories.  A DC arc testing machine is currently 
being developed.  75 materials, including several 
underhood fluids, will be tested.  Results are 
expected before the end of 2005. 

 
Battery Abuse Testing. 
 
Since batteries are typically mounted in the 
underhood region of the vehicle, and most of the 
under-hood fluids are flammable (including the 
engine coolant and windshield washer fluid), there is 
reason to suspect that the battery may contribute to 
many under-hood fires.  Batteries contain a great deal 
of energy (~ 3 million Joules for an 85 Ampere-hour 
battery).  A short can dissipate hundreds of Watts, 
and can ignite surrounding flammable materials.  A 
crushed battery can create either external or internal 
shorts and begin a heat release that can ignite the 
plastic battery case, and then spread to other under-
hood materials. 
 
We have contracted with SwRI for abuse testing of  
36-volt batteries and comparable 12-volt batteries..  
The batteries will be tested using several of the test 
procedures in SAE Standard J 2464 “Electric Vehicle 
Battery Abuse Testing,”  The tests to be conducted 
will be the penetration, crush, radiant heat, and short 
circuit tests.  Preliminary results have not shown any 
significant energy releases or flaming from the 
battery.  The final report will be available by summer 
2005. 
 
CONCLUSIONS 
 
Analysis of fire involved crashes from state data, 
NASS/CDS and FARS all show that frontal crashes 
are associated with the majority of both major and 
minor fires.  Fires in rollovers are less numerous than 
fires in frontal crashes, but the fire risk is higher.  
Based on FARS cases, the risk of a fire in a rollover 
is 78% higher than for the other crash modes.  In 
NASS/CDS, rollovers are the most frequent crash 
mode that is associated with fuel tank fires. 
 
The most frequent source of both major and minor 
fires is the engine compartment.  Eighty percent of 
the fires in frontal crashes and 67% of the rollover 
fires begin in the engine compartment. 
 
About 25% of the FARS crashes where fire is the 
most harmful event also involve entrapment. Ninety 
–eight percent of these cases are coded as having the 
highest severity of damage.   NASS/CDS data 
indicates that internal entrapment occurs in about 5% 
of the cases with fires and entrapment by doors 
jammed occurs in about 1.3% of the fire cases.  
However, in all NASS cashes, the approximately 
50% of the occupants coded as entrapped are in 
cashes with severity less than 17 mph in frontals, 16 
mph in side impacts and 20 mph in rear impacts. 
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The fire rescue times reported in NFIRS are longer 
for the rural than for urban crashes.  For rural 
crashes, 75% of the time the arrival on scene occurs 
within 10 minutes from receipt of the call.  FARS 
records the time from the crash to arrival of rescue.  
For rural crashes 75% time the rescue is within 24 
minutes of the crash.  
 
Analysis of fire tests of crashed vehicles showed that 
the passenger compartment became untenable within 
3 minutes of  flame penetration.  In the tests to 
simulate a fuel pool fire, the flame penetration time 
into the passenger compartment varied between 0.5 
to 3.0 minutes. For under-hood fire tests,  flame 
penetration time into the passenger compartment 
varied between 10 to 24 minutes. 
 
A typical compressed hydrogen tank, when exposed 
to a bonfire, presents safety challenges.  The 
consequence of a rupture is catastrophic.  In our test, 
blast pressures of  6 psi were measured 21 ft away 
from the tank, and debris was propelled more than  
250 ft.  The tank composite material began to burn 
after being exposed to the bonfire for 45 seconds.   At 
the time of tank rupture, the pressure inside the 5,000 
psi tank had only increased by 180 psi and the 
temperature had risen to 103 oF.  The bonfire 
protection and pressure relief sensing for hydrogen 
tanks will require sophistication to insure the internal  
pressure is released prior to tank rupture.. 
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ABSTRACT 
 
Starting in the 2004 model year, the National 
Highway Traffic Safety Administration (NHTSA) 
improved the rollover resistance ratings in its New 
Car Assessment Program (NCAP) consumer 
information by adding a dynamic maneuver test.  
NHTSA had provided rollover resistance ratings in 
the 2001 – 2003 model years based solely on the 
Static Stability Factor (SSF) measurement of 
vehicles.  The ratings express the risk of a vehicle 
rolling over in the event of a single vehicle crash, the 
type of crash in which most rollovers occur.  The 
SSF, which is determined by a vehicle’s center of 
gravity height and track width, had proved to be a 
powerful predictor of rollover risk based on a linear 
regression study of rollover rates of 100 vehicle 
models in 224,000 single vehicle crashes (R2 = 0.88).  
 
The TREAD Act required NHTSA to change its 
rollover resistance ratings to use a dynamic maneuver 
test, and the 2004 and later NCAP rollover resistance 
ratings use both SSF and a dynamic maneuver.  This 
paper describes the development of the risk 
prediction model used for present rating system.  
Twenty-five vehicles were tested using two highly 
objective automated steering maneuvers (J-turn and 
Fishhook) at two levels of passenger loading.  A 
logistic regression risk model was developed based 
on the rollover outcomes of 86,000 single-vehicle 
crashes involving the make/models that were tested.  
The vehicles were characterized by their SSF 
measurements and binary variables indicating 
whether or not they had tipped up during the 
maneuver tests.  It was found that the Fishhook test in 
the heavy (5 passenger equivalent) load was the most 
useful maneuver test for predicting rollover risk.  The 
relative predictive powers of the SSF measurement 
and the Fishhook test were established by a logistic 
regression model operating on the rollover outcomes 
of real-world crash data.  This model was used to 
predict the rollover rates of vehicles in the 2004 and 
2005 NCAP program based on their SSF 
measurements and Fishhook maneuver test 
performance.  The information in this paper first 
appeared in NHTSA’s Federal Register notice [1] 
that established the NCAP rollover resistance rating 
system for model year 2004. 

 
INTRODUCTION 
 
Prior NCAP Program and the TREAD Act 
 
NHTSA’s NCAP program has been publishing 
comparative consumer information on frontal 
crashworthiness of new vehicles since 1979, on side 
crashworthiness since 1997, and on rollover 
resistance since January 2001.   
 
The 2001-2003 NCAP rollover resistance ratings 
were based on the Static Stability Factor (SSF) of a 
vehicle, which is the ratio of one half its track width 
to its center of gravity (C.G.) height. After an 
evaluation of some driving maneuver tests in 1997 
and 1998, NHTSA chose to use SSF instead of any 
driving maneuvers to characterize rollover resistance.  
NHTSA chose SSF as the basis of NCAP ratings 
because it represents the first order factors that 
determine vehicle rollover resistance in the vast 
majority of rollovers which are tripped by impacts 
with curbs, soft soil, pot holes, guard rails, etc. or by 
wheel rims digging into the pavement.  In contrast, 
untripped rollovers are those in which tire/road 
interface friction is the only external force acting on a 
vehicle that rolls over.  Driving maneuver tests 
directly represent on-road untripped rollover crashes, 
but such crashes represent less than five percent of 
rollover crashes [2]. 
 
At the time, NHTSA believed it was necessary to 
choose between SSF and driving maneuver tests as 
the basis for rollover resistance ratings.  SSF was 
chosen because it had a number of advantages:  it is 
highly correlated with actual crash statistics; it can be 
measured accurately and inexpensively and explained 
to consumers; and changes in vehicle design to 
improve SSF are unlikely to degrade other safety 
attributes.  NHTSA also considered the fact that an 
improvement in SSF represents an increase in 
rollover resistance in both tripped and untripped 
circumstances while maneuver test performance can 
be improved by reduced tire traction and certain 
implementations of electronic stability control that it 
believes are much less likely than SSF improvements 
to increase resistance to tripped rollovers. 
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Congress directed the agency to enhance the NCAP 
rollover resistance rating program.  Section 12 of the 
“Transportation Recall, Enhancement, Accountability 
and Documentation (TREAD) Act of November 
2000" directs the Secretary to “develop a dynamic 
test on rollovers by motor vehicles for a consumer 
information program; and carry out a program 
conducting such tests. As the Secretary develops a 
[rollover] test, the Secretary shall conduct a 
rulemaking to determine how best to disseminate test 
results to the public.”  The rulemaking was to be 
carried out by November 1, 2002.   
 
Research and Public Comment on Dynamic 
Rollover Tests 
 
On July 3, 2001, NHTSA published a Request for 
Comments notice (66 FR 35179) regarding its 
research plans to assess a number of possible 
dynamic rollover tests.  The notice discussed the 
possible advantages and disadvantages of various 
approaches that had been suggested by 
manufacturers, consumer groups, and NHTSA’s prior 
research.  The driving maneuver tests to be evaluated 
fit into two broad categories: closed-loop maneuvers 
in which all test vehicles attempt to follow the same 
path, and open-loop maneuvers in which all test 
vehicles are given equivalent steering inputs.  The 
principal theme of the comments was a sharp division 
of opinion about whether the dynamic rollover test 
should be a closed loop maneuver test like the ISO 
3888 double lane change that emphasizes the 
handling properties of vehicles or whether it should 
be an open loop maneuver like a J-Turn or Fishhook 
that are limit maneuvers in which vulnerable vehicles 
would actually tip up.  Ford recommended a different 
type of closed loop lane change maneuver in which a 
path-following robot or a mathematical correction 
method would be used to evaluate all vehicles on the 
same set of paths at the same lateral acceleration.  It 
used a measurement of partial wheel unloading 
without tip-up at 0.7g lateral acceleration as a 
performance criterion in contrast to the other closed 
loop maneuver tests that used maximum speed 
through the maneuver as the performance criterion.  
Another unique comment was a recommendation 
from Suzuki to use a sled test developed by Exponent 
Inc. to simulate tripped rollovers. 
 
The subsequent test program [3] (using four SUVs in 
various load conditions and with and without 
electronic stability control enabled on two of the 
SUVs) showed that open-loop maneuver tests using 
an automated steering controller could be performed 
with better repeatability of results than the other 
maneuver tests.  The J-Turn maneuver and the 

Fishhook maneuver (with steering reversal at 
maximum vehicle roll angle) were found to be the 
most objective tests of the susceptibility of vehicles 
to maneuver-induced on-road rollover.  Except for 
the Ford test, the closed loop tests were found not to 
measure rollover resistance.  Instead, the evaluation 
criterion of maximum maneuver entrance speed 
measured just prior to entering a double lane change 
assessed vehicle agility.  None of the test vehicles 
tipped up during runs in which they maintained the 
prescribed path even when loaded with roof ballast to 
experimentally reduce their rollover resistance.  The 
speed scores of the test vehicles in the closed loop 
maneuvers were found to be unrelated to their 
resistance to tip-up in the open-loop maneuvers that 
actually caused tip-up.  The test vehicle that was 
clearly the poorest performer in the maneuvers that 
caused tip-ups achieved the best score (highest speed) 
in the ISO 3888 and CU short course double lane 
change, and one vehicle improved its score in the 
ISO 3888 test when roof ballast was added to reduce 
its rollover resistance. 
 
Due to the non-limit test conditions and the averaging 
necessary for stable wheel force measurements, the 
wheel unloading measured in the Ford test appeared 
to be more quasi-static (as in driving in a circle at a 
steady speed or placing the vehicle on a centrifuge) 
than dynamic.  Sled tests were not evaluated because 
NHTSA believed that SSF already provided a good 
indicator of resistance to tripped rollover.     
 
National Academy of Sciences Study       
 
During the time NHTSA was evaluating dynamic 
maneuver tests in response the TREAD Act, the 
National Academy of Sciences (NAS) was 
conducting a study of the SSF-based rollover 
resistance ratings and was directed to make 
recommendations regarding driving maneuver tests.  
NHTSA expected the NAS recommendations to have 
a strong influence on TREAD-mandated changes to 
NCAP rollover resistance ratings. 
 
When NHTSA proposed the prior (SSF only) rollover 
resistance ratings in June 2000, vehicle 
manufacturers generally opposed it because they 
believed that SSF as a measure of rollover resistance 
is too simple since it does not include the effects of 
suspension deflections, tire traction and electronic 
stability control (ESC).  In addition, the vehicle 
manufacturers argued that the influence of vehicle 
factors on rollover risk is too slight to warrant 
consumer information ratings for rollover resistance.  
In the conference report of the FY2001 DOT 
Appropriations Act, Congress permitted NHTSA to 
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move forward with its rollover rating program, but 
directed the agency to fund a National Academy of 
Sciences (NAS) study on vehicle rollover ratings.  
The study topics were “whether the static stability 
factor is a scientifically valid measurement that 
presents practical, useful information to the public 
including a comparison of the static stability factor 
test versus a test with rollover metrics based on 
dynamic driving conditions that may induce rollover 
events.” The National Academy’s report was 
completed and made available at the end of February 
2002 [4]. 
 
The NAS study found that SSF is a scientifically 
valid measure of rollover resistance for which the 
underlying physics and real-world crash data are 
consistent with the conclusion that an increase in SSF 
reduces the likelihood of rollover.  It also found that 
dynamic tests should complement static measures, 
such as SSF, rather than replace them in consumer 
information on rollover resistance.  The dynamic 
tests the NAS recommended would be driving 
maneuvers used to assess “transient vehicle behavior 
leading to rollover.” 
 
The NAS study also made recommendations 
concerning the statistical analysis of rollover risk and 
the representation of ratings.  It recommended that 
NHTSA use logistic regression rather than linear 
regression for analysis of the relationship between 
rollover risk and SSF, and it recommended that 
NHTSA consider a higher-resolution representation 
of the relationship between rollover risk and SSF 
than is provided by a five-star rating system. 
 
NHTSA published a Federal Register notice on 
October 7, 2002 (67 FR 62528) that proposed to 
modify the NCAP rollover resistance ratings to 
satisfy the requirements of the TREAD Act and to 
align it with the recommendation of the NAS report.  
NHTSA chose the J-Turn and Fishhook maneuver 
(with roll rate feedback) as the dynamic maneuver 
tests because they were the type of limit maneuver 
tests that could directly lead to rollover as 
recommended by the NAS.  NHTSA also proposed to 
use a logistic regression analysis to determine the 
relationship between vehicle properties and rollover 
risk, as recommended by the NAS.    
 
DYNAMIC MANEUVER TESTS OF 25 
VEHICLES 
 
The original NCAP rollover resistance ratings 
predicted the rate of rollovers per single vehicle crash 
based on the SSF of vehicles.  Stars were used to 
express rollover risk in rate increments of 10% (i.e., 2 

stars for a predicted rollover rate between 30 and 
40%, 3 stars for a predicted rollover rate between 20 
and 30%, etc.).  The relationship between rollover 
rate and SSF was determined using a linear 
regression between the logarithm of SSF and the 
actual rollover rates of 100 vehicle make/models [5].  
The rollover rates were determined from 224,000 
state crash reports and were corrected for differences 
between vehicles in demographic and road condition 
variables reported by the states.          
 
The idea for improving the prediction of rollover rate 
(the risk model) using dynamic maneuver tests was to 
describe the vehicle by its SSF plus a number of 
variables resulting from the vehicle’s behavior in the 
dynamic maneuvers.  In that way, the risk model 
would consider more than just the geometric 
properties of the vehicle.  Four binary variables were 
anticipated.  They would describe whether the 
vehicle tipped up or did not in the J-turn and in the 
Fishhook maneuver, each performed with the vehicle 
in two passenger load configurations.  The risk model 
for predicting rollover rate on the basis of SSF plus 
dynamic test results would be determined using 
logistic regression between the rollover outcomes of 
state crash reports of single vehicle crashes of a 
number of vehicles and the new set of vehicle 
attributes (SSF plus dynamic test variables).   The 
expression of rollover risk by stars would continue 
with the same relationship between the number of 
stars and the predicted rollover rate.  
 
The linear regression, SSF only, risk model used 
crash data on 100 vehicles, but it was impractical to 
perform maneuver tests on that many vehicles to 
develop the present risk model. This section presents 
an overview of the test maneuvers and the results for 
the subset of 25 vehicles selected for developing the 
logistic regression risk model.  A more extensive 
account of the test program is contained in the Phase 
VI and VII rollover research report [6].  The NHTSA 
J-Turn and Fishhook (with roll rate feedback) 
maneuver tests were performed for 25 vehicles 
representing four vehicle types including passenger 
cars, vans, pickup trucks and SUVs.  NHTSA chose 
mainly high production vehicles that spanned a wide 
range of SSF values, using vehicles NHTSA already 
owned where possible.  Except for four 2001 model 
year vehicles NHTSA purchased new, the vehicle 
suspensions were rebuilt with new springs and shock 
absorbers, and other parts as required for all the other 
vehicles included in the test program. 
 
J-Turn Maneuver 
 
The NHTSA J-Turn maneuver represents an 
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avoidance maneuver in which a vehicle is steered 
away from an obstacle using a single input. The 
maneuver is similar to the J-Turn used during 
NHTSA’s 1997-98 rollover research program and is a 
common maneuver in test programs conducted by 
vehicle manufacturers and others.  Often the J-Turn is 
conducted with a fixed steering input (handwheel 
angle) for all test vehicles.  In its 1997-98 testing, 
NHTSA used a fixed handwheel angle of 330 
degrees.  During the development of the present tests, 
NHTSA developed an objective method of specifying 
equivalent handwheel angles for J-Turn tests of 
various vehicles, taking into account their differences 
in steering ratio, wheelbase and linear range 
understeer properties [3].  Under this method, one 
first measures the handwheel angle that would 
produce a steady-state lateral acceleration of 0.3 g at 
50 mph on a level paved surface for a particular 
vehicle.  In brief, the 0.3 g value was chosen because 
the steering angle variability associated with this 
lateral acceleration is quite low and there is no 
possibility that stability control intervention could 
confound the test results.  Since the magnitude of the 
handwheel position at 0.3 g is small, it must be 
multiplied by a scalar to have a high maneuver 
severity.  In the case of the J-Turn, the handwheel 
angle at 0.3 g was multiplied by eight.  When this 
scalar is multiplied by handwheel angles commonly 
observed at 0.3 g, the result is approximately 330 
degrees.  Figure 1 illustrates the J-Turn maneuver in 
terms of the automated steering inputs commanded 
by the programmable steering machine.  The rate of 
the handwheel turning is 1000 degrees per second.   
 

 
To begin the maneuver, the vehicle was driven in a 
straight line at a speed slightly greater than the 
desired entrance speed.  The driver released the 
throttle, coasted to the target speed, and then 
triggered the commanded handwheel input. The 

nominal maneuver entrance speeds used in the J-Turn 
maneuver ranged from 35 to 60 mph, increased in 5 
mph increments until a termination condition was 
achieved.  Termination conditions were simultaneous 
two inch or greater lift of a vehicle’s inside tires 
(two-wheel lift) or completion of a test performed at 
the maximum maneuver entrance speed without two-
wheel lift.  If two-wheel lift was observed, a 
downward iteration of vehicle speed was used in 1 
mph increments until such lift was no longer 
detected.  Once the lowest speed for which two-
wheel lift could be detected was isolated, two 
additional tests were performed at that speed to 
monitor two-wheel lift repeatability. 
 
Fishhook Maneuver 
 
The Fishhook maneuver uses steering inputs that 
approximate the steering a driver acting in panic 
might use in an effort to regain lane position after 
dropping two wheels off the roadway onto the 
shoulder.  NHTSA has often described it as a road 
edge recovery maneuver.  As pointed out by some 
commenters, it is performed on a smooth pavement 
rather than at a road edge drop-off, but its rapid 
steering input followed by an over-correction is 
representative of a general loss of control situation.  
The original version of this test was developed by 
Toyota, and variations of it were suggested by Nissan 
and Honda.  NHTSA has experimented with several 
versions since 1997, and the present test includes roll 
rate feedback in order to time the counter-steer to 
coincide with the maximum roll angle of each vehicle 
in response to the first steer. 
 
Figure 2 describes the Fishhook maneuver in terms of 
the automated steering inputs commanded by the 
programmable steering machine and illustrates the 
roll rate feedback.  The initial steering magnitude and 
countersteer magnitudes are symmetric, and are 
calculated by multiplying the handwheel angle that 
would produce a steady state lateral acceleration of 
0.3 g at 50 mph on level pavement by 6.5. When this 
scalar is multiplied by handwheel angles commonly 
observed at 0.3 g, the result is approximately 270 
degrees.  This is equivalent to the 270 degree 
handwheel angle used in earlier forms of the 
maneuver but, as in the case of the J-Turn, the 
procedure above is an objective way of compensating 
for differences in steering gear ratio, wheelbase and 
understeer properties between vehicles.  The fishhook 
maneuver dwell times (the time between completion 
of the initial steering ramp and the initiation of the 
countersteer) are defined by the roll motion of the 
vehicle being evaluated, and can vary on a test-to-test 
basis.  This is made possible by having the steering 

Figure 1.  NHTSA J-turn maneuver description. 
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machine monitor roll rate (roll velocity).  If an initial 
steer is to the left, the steering reversal following 
completion of the first handwheel ramp occurs when 
the roll rate of the vehicle first equals or goes below 
1.5 degrees per second.  If an initial steer is to the 
right, the steering reversal following completion of 
the first handwheel ramp occurs when the roll rate of 
the vehicle first equals or exceeds -1.5 degrees per 
second.  The handwheel rates of the initial steer and 
countersteer ramps are 720 degrees per second. 
 

 
To begin the maneuver, the vehicle was driven in a 
straight line at a speed slightly greater than the 
desired entrance speed.  The driver released the 
throttle, coasted to the target speed, and then 
triggered the commanded handwheel input described 
in Figure 2.  The nominal maneuver entrance speeds 
used in the fishhook maneuver ranged from 35 to 50 
mph, increased in 5 mph increments until a 
termination condition was achieved.  Termination 
conditions included simultaneous two inch or greater 
lift of a vehicle’s inside tires (two-wheel lift) or 
completion of a test performed at the maximum 
maneuver entrance speed without two-wheel lift.  If 
two-wheel lift was observed, a downward iteration of 
vehicle speed was used in 1 mph increments until 

such lift was no longer detected.  Once the lowest 
speed for which two-wheel lift could be detected was 
isolated, two additional tests were performed at that 
speed to check two-wheel lift repeatability. 
 
NHTSA observed that during the Fishhook tests, 
excessive steering caused some vehicles to reach 
their maximum roll angle response to the initial 
steering input before it had been fully completed (this 
is essentially equivalent to a “negative” T1 in Figure 
2).  Since dwell time duration can have a significant 
effect on how the Fishhook maneuver’s ability to 
produce two-wheel lift, excessive steering may stifle 
the most severe timing of the counter steer for some 
vehicles.  In an attempt to better insure high 
maneuver severity, a number of vehicles that did not 
produce two-wheel lift with steering inputs calculated 
with the 6.5 multiplier were also tested with lesser 
steering angles by reducing the multiplier to 5.5.  
This change increased the dwell times observed 
during the respective maneuvers.  Some vehicles 
tipped up in Fishhook maneuvers conducted at the 
lower steering angle (5.5 multiplier) but not at the 
higher steering angle (6.5 multiplier).  NHTSA 
adopted the practice of performing Fishhook 
maneuvers at both steering angles for NCAP.      
 
Loading Conditions 
 
The vehicles were tested in each maneuver in two 
load conditions in order to create four levels of 
stringency in the suite of maneuver tests.  The light 
load was the test driver plus instrumentation in the 
front passenger seat, which represented two 
occupants.  A heavier load was used to create a 
higher level of stringency for each test.   In our 
NPRM, NHTSA announced that the heavy load 
would include 175 lb anthropomorphic forms (water 
dummies) in all rear seat positions.  During the test of 
the 25 vehicles, it became obvious that heavy load 
tests were being run at very unequal load conditions 
especially between vans and other vehicles (two 
water dummies in some vehicles but six water 
dummies in others).  While very heavy passenger 
loads can certainly reduce rollover resistance and 
potentially cause special problems, crashes at those 
loads are too few to greatly influence the overall 
rollover rate of vehicles.  Over 94% of van rollovers 
in our 293,000 crash database occurred with five or 
fewer occupants, and over 99% of rollovers of other 
vehicles occurred with five or fewer occupants.  The 
average passenger load of vehicles in our crash 
database was less than two: 1.81 for vans; 1.54 for 
SUVs; 1.48 for cars; and 1.35 for pickup trucks.  In 
order to use the maneuver tests to predict real-world 
rollover rates, it seemed inappropriate to test the 

Figure 2.  NHTSA Fishhook maneuver 
description. 
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vehicles under widely differing loads that did not 
correspond to the real-world crash statistics.  
Therefore, the tests used to develop a statistical 
model of rollover risk were changed to a uniform 
heavy load condition of three water dummies 
(representing a 5-occupant loading) for all vehicles 
capable of carrying at least five occupants.   Some 
vehicles were loaded with only two water dummies 
because they were designed for four occupants.  For 
pickup trucks, water dummies were loaded in the bed 
at approximately the same height as a passenger in 
the front seat. 
 
Test Results 
 
The test results in Table 1 (presented on the next 
page) reflect the performance as described for a 
heavy load condition representing five occupants 
except for the Ford Explorer 2DR, the Chevrolet 
Tracker and Metro that were designed for only four 
occupants, and the Honda CRV, Honda Civic and 
Chevrolet Cavalier that could not be loaded to the 5-
occupant level without exceeding a gross axle weight 
rating because of the additional weight of the 
outriggers.   
 
Each test vehicle in Table 1 represented a generation 
of vehicles whose model year range is given.  
Twenty-four of the vehicles were taken from 100 
vehicle groups whose 1994-98 crash statistics in six 
states were the basis of the present SSF based 
rollover resistance ratings.  The nominal SSFs used to 
describe the vehicle groups in the prior statistical 
studies are given.  While there were some variations 
between the SSFs of the individual test vehicles and 
the nominal vehicle group SSF values, the nominal 
SSFs were retained for the present statistical analyses 
because they represent vehicles produced over a wide 
range of years in many cases and provide a simple 
comparison between the risk model presented in this 
notice and that discussed in the previous notices.  
  
The X’s under the various test maneuver names 
indicate which vehicles tipped up during the tests.  
Eleven of the twenty-five vehicles tipped up in the 
Fishhook maneuver conducted in the heavy 
condition.  The heavy condition represented a five-
occupant load for all vehicles except the six 
mentioned above that were limited to a four-occupant 
load by the vehicle seating positions and GVWR.   
All eleven were among the sixteen test vehicles with 
SSFs less than 1.20.  None of the vehicles with 
higher SSFs tipped up in any test maneuver.  The 
Fishhook test under the heavy load clearly had the 
greatest potential to cause tip-up.  The groups of 
vehicles that tipped up in other tests were subsets of 

the larger group of eleven that tipped up in the 
Fishhook Heavy test.  There were seven vehicles in 
the group that tipped up in the J-Turn Heavy test, six 
of which also tipped up in the Fishhook Light test.  
The J-Turn Light test had the least potential to tip up 
vehicles.  Only three vehicles tipped up, all of which 
had tipped up in every other test. 
  
ROLLOVER RISK MODEL 
 
In its study of NHTSA’s rating system for rollover 
resistance [4], the National Academy of Sciences 
(NAS) recommended that NHTSA use logistic 
regression rather than linear regression for analysis of 
the relationship between rollover risk and SSF.  
Logistic regression has the advantage that it operates 
on every crash data point directly rather than 
requiring that the crash data be aggregated by vehicle 
and state into a smaller number of data points.  For 
example, NHTSA now has state data reports of about 
293,000 single-vehicle crashes of the hundred vehicle 
make/models (together with their corporate cousins) 
whose single-vehicle crashes NHTSA have been 
tracking in six states.  The logistic regression analysis 
of this data would have a sample size of 293,000, 
producing a narrow confidence interval on the 
repeatability of the relationship between SSF and 
rollover rate.  In contrast, the linear regression 
analysis operates on the rollover rate of the hundred 
vehicle make/models in each of the six states.  It 
produces a maximum sample size of only 600 (100 
vehicles times six states) minus the number of 
samples for which fewer than 25 crashes were 
available for determining the rollover rate (a data 
quality control practice).  Confidence limits 
computed for a data sample size of 600 will be much 
greater than those based on a sample size of 293,000.  
On average, each sample in the linear regression 
analysis was computed from over 400 crash report 
samples.  However, ordinary techniques to compute 
the confidence intervals of linear regression results 
do not take into account the actual sample size 
represented by aggregated data.  The statistical model 
created to combine SSF and dynamic test information 
in the prediction of rollover risk was computed by 
means of logistic regression as recommended by the 
NAS.  Logistic regression is well suited to the 
correlation with crash data of vehicle properties that 
include both continuous variables like SSF and 
binary variables like tip-up or no tip-up in maneuver 
tests. 
 
NHTSA had previously considered logistic 
regression during the development of the SSF based 
rating system [4], but found that it consistently under-
predicted the actual rollover rate at the low end of the 
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Table 1.   Dynamic Maneuver Test Results (the X indicates tip-up observed). 

 
 
SSF range where the rollover rates are high.  The 
NAS study acknowledged this situation and gave the 
example of another analysis technique (non-
parametric) that made higher rollover rate predictions 
at the low end of the SSF scale.  NHTSA decided to 
first examine ways to improve the fit of the logistic 

regression model to the actual rollover rates in the 
simpler model with SSF as the only vehicle attribute 
before expanding the logistic regression model to 
predict rollover rates using maneuver test results and 
SSF as vehicle attributes.  In this way, the addition of 
maneuver test results is more likely to have an effect 

Model Range,  Make / Model Nominal Static 
Stability Factor 

Fishhook 
Light (FL) 

(2 occ.) 

Fishhook 
Heavy (FH) 

(5 occ.) 

J-Turn 
Light (JL) 

(2 occ.) 

J-Turn 
Heavy (JH) 

(5 occ.) 

’92 – ‘00 Mitsubishi Montero 4WD 0.95 X X -- X 

’95 – ’03 Chevrolet Blazer 2WD 1.02 X X -- X 

’95 – ’01 Ford Explorer 2dr 2WD 1.06 -- -- -- -- 

’95 – ’01 Ford Explorer 4dr 4WD 1.06 -- X -- -- 

’96 – ’00 Toyota 4Runner 4WD 1.06 -- X -- -- 

’93 – ’97 Ford Ranger p/u 4WD 1.07 X X X X 

’88 – ’97 Jeep Cherokee 4WD 1.08 -- -- -- -- 

’95 – ’02 Acura SLX / Isuzu Trooper 4WD 1.09 X X X X 

’88 – ’98 Ford Aerostar 2WD 1.10 X X X X 

’88 – ’02 Chevrolet Astro 2WD 1.12 -- X -- -- 

’89 – ’98 Chevrolet/Geo Tracker 4WD 1.13 -- X -- -- 

’88 – ’98 Chevrolet K1500 p/u 4WD 1.14 -- -- -- -- 

’93 – ’97 Ford Ranger p/u 2WD 1.17 -- X -- X 

’97 – ’02 Ford F-150 p/u 2WD 1.18 -- -- -- -- 

’97 – ’01 Honda CR-V 4WD 1.19 X X -- X 

’88 – ’96 Ford F-150 p/u 2WD 1.19 -- -- -- -- 

’88 – ’95 Dodge Caravan / Plymouth Voyager 2WD 1.21 -- -- -- -- 

’88 – ’98 Chevrolet C1500 p/u 2WD 1.22 -- -- -- -- 

’96 – ’00 Dodge Caravan / Plymouth Voyager 2WD 1.23 -- -- -- -- 

’95 – ’98 Ford Windstar 2WD 1.24 -- -- -- -- 

’95 – ’01 Chevrolet / Geo Metro 1.29 -- -- -- -- 

’88 – ’94 Chevrolet Cavalier 1.32 -- -- -- -- 

’91 – ’96 Chevrolet Caprice 1.40 -- -- -- -- 

’88 – ’95 Ford Taurus 1.45 -- -- -- -- 

’92 – ’95 Honda Civic 1.48 -- -- -- -- 

      

Total Tip-ups  6 11 3 7 
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that reflects the additional information it represents 
on rollover causation.  
 
Appendix II of reference [1] discusses the details of 
seeking a mathematical transformation of SSF to 
improve the accuracy of logistic regression models.  
NHTSA found that logistic regression on the 
transformation “Log(SSF – 0.9)” rather than on SSF 
directly computed a risk model whose predictions of 
rollovers per single-vehicle crash more closely 
matched the relationship between vehicle SSF and 
actual rollover rates observed in state crash data.  
NHTSA sought to optimize the accuracy of the 
predictions in the SSF range between 1.0 and 1.25 
that includes the vehicles with the highest rollover 
rates, even at the expense of accuracy in predicting 
the low rollover rates at high end of the SSF scale.   
 
The risk model that resulted from this exercise is 
equivalent to the SSF-based rating system used for 
2001-2003 NCAP rollover resistance ratings except 
that it was computed using logistic regression rather 
than linear regression as the statistical technique.  
Figure 3 compares the logistic regression model and 
linear regression model formerly used for NCAP 
ratings.  The linear regression model is not in the 
form of a straight line because it also operated on a  
transformation of SSF (Log(SSF) in this case).  The 

logistic regression model is the more accurate at 
lower end of the SSF range, and the linear regression 
model is the more accurate at the upper end of the 
SSF range.  But, the two curves are quite similar. 
 
A good logistic regression risk model using SSF only 
was the starting point for models using dynamic 
variables together with SSF.  The dynamic maneuver 
test results (tip-up or no tip-up in each maneuver/load 
combination in Table 1) were used as four binary 
dynamic variables in the logistic regression analysis.  
The dynamic variables were entered in addition to 
SSF to describe the vehicle.  The same driver and 
road variables from state crash reports discussed 
above were used.  The state crash report data for 
twenty four of the vehicles used in the logistic 
regression analysis with dynamic maneuver test 
variables was a subset of the database of 293,000 
single-vehicle crashes described above.  One extra 
vehicle was added for the maneuver tests that was not 
among the 100 vehicle groups NHTSA had studied 
previously, but state crash report data from the same 
years and states was obtained for it.  However, the 
database with SSF and dynamic maneuver test results 
was much smaller than the 293,000 sample size 
available for the logistic regression model with SSF 
only.  Its sample size was 96,000 single-vehicle 
crashes of 25 vehicles including 20,000 rollovers. 
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Figure 3.  Logistic regression risk model using SSF only and linear regression risk model for 
2001-2003 NCAP Rollover Resistance. 
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First, NHTSA tried each dynamic variable separately 
in conjunction with SSF.  The models using variables 
for performance in the Fishhook Heavy and J-Turn 
Heavy maneuvers predicted a greater rollover risk for 
those vehicles that tipped up in the maneuver test.  
However, the models using variables for performance 
in the Fishhook Light and J-Turn Light maneuvers 
predicted a greater rollover risk for vehicles that did 
not tip up.    
 
NHTSA does not believe vehicles that tip up in the 
least severe maneuvers are actually safer than those 
that do not tip up.  A more rational interpretation is 
that the numbers of vehicle tipping up in these 
maneuvers were too few to establish a definitive 
correlation.  Only three vehicles tipped up in the J-
Turn Light maneuver, and six vehicles tipped up in 
the Fishhook Light maneuver.  Only one more 
vehicle tipped up in the J-Turn Heavy maneuver than 
in the Fishhook Light, and the prediction of the 
model with J-Turn Heavy was consistent with 
expectations that tip-up in the test predicts greater 
rollover risk.  However, the extra vehicle in the J-
Turn Heavy tip-up group was the Ford Ranger 2WD 
with a very large sample size of over 8,000 single-
vehicle crashes (nearly 10 percent of the entire data 
base). 
 

Next NHTSA computed a logistic regression model 
combining SSF with the dynamic variables for both 
maneuvers, Fishhook Heavy and J-Turn Heavy, that 
were observed to have a directionally correct result 
when entered into the model individually.  The 
variable for J-Turn Heavy was rejected by the logistic 
regression program as not statistically significant in 
the presence of the Fishhook Heavy variable.  In 
other words, the predictions based on tip-up in the 
Fishhook Heavy maneuver do not change whether or 
not the vehicle also tips up in the J-Turn Heavy 
maneuver.  
  
Figure 4 shows the final model that uses Fishhook 
Heavy as the only necessary dynamic variable.  This 
model has a risk prediction for vehicles that tip up in 
the dynamic maneuver tests based on the greatest 
number of vehicles possible in our 25 vehicle data 
base.  All 11 vehicles that tipped up in any maneuver 
are represented on the tip-up curve, and the 14 
vehicles without tip-up are represented on the other 
curve.  The risk curve in Figure 4 representing 
vehicles that tipped up in the Fishhook Heavy 
maneuver is very similar to the logistic regression 
model based on SSF only in Figure 3 (that was based 
on the rollover rates of 100 vehicles).  This result is
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Figure 4.  Final dynamic model using Fishhook maneuver with heavy load (FH) as the only 
necessary dynamic variable. 
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logical because the SSF only model was optimized 
for best fit in the 1.00 to 1.25 SSF range that included 
all vehicles tipping up in dynamic maneuver tests.  
Also, the fact that the risk curve of the logistic 
regression model in Figure 3 that was based on the 
SSF of 100 vehicles closely matches the risk curve in 
Figure 4 that was based on 11 vehicles that tipped up 
in the dynamic tests suggests that the curve in Figure 
4 is robust.   However, the small difference in Figure 
4 between the risk curve for vehicles that tip up in the 
dynamic test and the risk curve for those that do not 
tip up suggests that the predictive power of tip-up in 
the dynamic test may not be great.   
   
Our testing and logistic regression analysis was 
sufficient to assign a greater rollover risk to vehicles 
that tipped up in the most severe maneuver than to 
those that did not tip up at all.  However, the extra 
risk was small, and NHTSA were not able to 
distinguish a rollover risk difference between 
vehicles that tipped up in the less severe Fishhook 
maneuver with a two occupant load from those that 
tipped up only with a five occupant load.  In general, 
vehicles that tip up in the Fishhook maneuver with a 
two occupant load also tip up at a slower entry speed 
in the Fishhook maneuver with a five occupant load 
than those that do not.  Therefore, our data does not 
allow us to distinguish rollover risk differences 
between vehicles on the basis of maneuver entry 
speed for tip-up.  The objective of using different 
load conditions and different maneuvers instead of 
different speeds in a single maneuver to provide a 
range of test severity was to reduce the sensitivity of 
the result to differences in pavement friction and to 
extraneous factors such as tire wear.  
    
It is noteworthy that the final rollover risk model 
required results from only the Fishhook maneuver.  
This is an advantage from the standpoint of 
minimizing the practical problems of the effects of 
tire wear during a test series and of deviations from 
uniformity of surface friction at a test facility.  The 
Fishhook maneuver produces less wear on the test 
tires and requires only about 2 or 3 lane widths of 
uniform test surface versus 10 or more lane widths 
for the J-Turn maneuver.  The commenters also 
considered it more representative of a real driving 
situation than the J-Turn. 
 
CONCLUSIONS 
 
The logistic regression risk model based on SSF only 
in Figure 3 is practically identical to the rollover rate 
prediction versus SSF in the final dynamic model of 
Figure 4 for vehicles that tip up in the Fishhook 
maneuver.  Therefore, the only difference in NCAP 

rollover resistance ratings for those vehicles in the 
new “dynamic” rating system is attributable to the 
change in analysis technique from linear regression to 
logistic regression.  For vehicles that do not tip up in 
the Fishhook maneuver, the predicted rollover rate is 
lower by a modest amount that would increase the 
“star rating” for the vehicle by somewhat less than 
“half a star.”   This improvement would change the 
star rating only for those vehicles whose predicted 
rollover rate would otherwise fall near a “star 
boundary.”  However, the NCAP web site 
presentation has been revised to show the predicted 
rollover rate of a vehicle and the range of predicted 
rollover rates for that class of vehicle as well as its 
star rating.  In that way, the lower rollover risk of 
vehicles that do not tip up in the Fishhook maneuver 
is reported even if it did not change the star rating. 
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ABSTRACT 

 
Existing driving behaviour models have a 
strong emphasis on the driver’s cognitive 
components including aspects such as 
motivation, risk assessment, attention, 
compensation, capability, workload, individual 
traits and experience. Each existing model was 
designed specifically for a particular driving 
situation such as speeding or fatigue. A general 
and comprehensive model is still unavailable 
despite 60 years of research on the topic. No 
consensus has been reached mainly due to the 
inability to generalize, operationalise and 
validate these subjective cognitive models in 
real driving conditions.  This paper defines a 
framework for a new context aware driving 
behaviour model capable of predicting driver’s 
behaviour.  This approach broadens the 
cognitive focus of existing driving behaviour 
models to integrate contextual information 
related to the vehicle, environment, driver and 
the interactions between them. The theoretical 
model is an information processing, probalistic 
based model.  Context awareness concepts 
from the Ubiquitous Computing research 
community are integrated into the model. Such 
integration improves the descriptive power and 
generalisability of our driving behaviour model.  
 
I INTRODUCTION 
 
Driving behaviour models explain and predict 
the behaviour of drivers. Existing models are 
largely subjective and based on self-report 
scales (Ranney 1994). They strongly 
emphasise the driver’s cognitive state and have 
incorporated important behavioural change 
concepts such as motivation, or risk 
assessment. However motivational models 
such as risk compensation (Wilde, 1982), risk 
threshold (Naatanen et al., 1976) or risk 
avoidance (Fuller, 1984) remain highly 
subjective concepts.  For example, risk is often 
associated with perceived probability of harm 
or negative event and its severity.  The 
measurement of perceived risk is often focused 
at the probability of the risk. The probability of 

negative event is rarely the same for everyone 
and varies per circumstances. The possible use 
of a baseline measures to compare risk 
perceptions is debatable. Understanding one’s 
personal sensitivity to risk requires knowledge 
of other factors—such as personal behaviours, 
family history, and environmental exposures—
that determine that probability (Weinstein, 
1999). 
 
Although the driver is the main actor in the 
driving activity, driving is not an isolated 
activity. It takes place in a wider context in 
which the driver constantly interacts with its 
immediate environment and the vehicle. The 
observation of how drivers actually act on the 
road, also known as “driver behaviour” as 
opposed to “driver performance” (what the 
driver can do, e.g., perceptual and motor skills), 
has generated significant body of work in 
which traffic psychologists have played major 
roles (Dorn, 2003). Driver behaviour and 
driver performance have mainly been used to 
analyse factors contributing to crashes. Pre 
crash analysis to create predictive models as 
well as post crashes analysis to identify 
contributing factors leading to crashes are the 
two complementary approaches used to 
address crash prevention. The contributing 
factors as broad as cognitive abilities, social 
context, emotion, driver’s trait, experience, 
hazard perception skills and so on have been 
identified as driver’s individual factors 
affecting driver’s performance.  
 
The situation in which the driver evolves plays 
a crucial role in determining the type of actions. 
A situation is also called context in the rest of 
this document. Existing “cognitive” models do 
not take into account the dynamic nature or 
context in which a driver's actions evolve. 
Without the context, the validation of these 
models in real driving situations would be 
difficult. The lack of a data based model to 
predict drivers’ behaviour is a major weakness 
of existing models. A generalizable and 
comprehensive driver behaviour model has yet 
to be developed, despite 60 years of research 
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on the topic. Therefore context is essential to 
explain driving behaviour and to improve the 
generalizability and reliability of existing 
driving behaviour models.  
 
Section II describes related work. Section III 
describes how we approximate cognitive 
models to computational models. Section IV 
briefly describes contest aware systems 
concepts that we use to predict driver’s 
behaviour. Section V presents our context 
aware prediction framework based on 
Bayesian network.  Section VI describes what 
a Bayesian network is and how we use it in our 
framework. Section VII shows a simple 
example of how a Bayesian network could be 
used to take into account factors related to risk 
and vehicle position on a freeway. Section VIII 
extends this approach to Dynamic Bayesian 
Networks. Finally, Section IX concludes the 
paper and discusses future work. 
 
II RELATED WORK 
 
Existing driver behavioural models have so far 
failed to deliver sustainable technology that 
can reliably predict   impaired behaviour such 
as fatigue (Hartley et al., 2000; Sensation, 
2004). This failure is attributed to (i) the 
dependability of biological markers on broader 
contextual factors (e.g., perception, individual 
characteristics) and (ii) the absence of baseline 
that specifies a normative behaviour.  Recently, 
statistical models have been used to predict 
driving behaviour.  The SmartCar project 
models and recognize driver manoeuvre at 
tactical level. It uses HMM (Hidden Markov 
model) to predict future manoeuvres (Oliver et 
al., 2000). Kumagai et al., 2003 uses Bayesian 
network to predict future stop of vehicle at an 
intersection.  Sakaguchi, 2003 also uses 
Bayesian network to detect unusual driver 
behaviour.  Neural networks and Bayesian 
networks have been used for building real time 
recognition of large-scale driving pattern from 
vehicle dynamics and different classes of 
driving situation such as highway, main road 
(Engstrom et al 2001). 
 
Other work uses physiological measures (EMG, 
EKG) and algorithms such as sequential 
forward floating selection to detect driver 
stress (Healey 2000) or driver hypovigilance 
(Rakotonirainy 04). Stress, fatigue or 
hypovigilance are among cognitive state that 
could influence future behaviour of a driver. 
Therefore such concepts could be included as 
factors influencing driver behaviour. 
 

The cited works have not fully exploited 
integrated contextual information related to the 
driver, vehicle and environment. Despite the 
extensive research on context awareness 
concepts (Dey, 2001), the use of context aware 
systems in vehicles has not been fully 
investigated (Olsson, 2003). 
 
III FROM COGNITIVE TO 
COMPUTATIONAL MODELS 
 
The programming existing cognitive or 
motivational models into in-vehicle devices is 
the natural inclination of an ITS (Intelligent 
Transport System) approach toward predicting 
driver behaviour in real time. Unfortunately, 
the subjectiveness of motivational models, 
make such approach challenging. In order to 
make this process rigorous and scientific, 
drivers’ subjective perception or cognitive 
concepts must be mapped into numerical 
values (e.g. level of risk or motivations). Then 
an absolute numerical measure which can be 
used to compare risk perception of different 
drivers for each situation must be determined.  
Statistical method could be used as a mean to 
achieve such a goal.  However the validity and 
objectivity of such approach are questionable. 
Hence, concepts such as risks depend on too 
many factors that the assessed participant or 
the assessor could evaluate or keep track of. 
 
Our approach consists in observing the driver 
in his/her real driving condition with sensor 
technology. The observation is a learning 
process that can improve the prediction 
capability. We have pointed out in Section I 
the prevalence of uncertainty in a driving 
environment. Thus we use Bayesian learning 
as a form of uncertain reasoning from 
observations. Bayesian learning simply 
calculates the probability of the occurrence of 
an event, given an observation, and makes 
predictions on that basis.  
 
Driver’s cognitive concepts, such as risks, are 
deduced from various sensors such as the 
dynamics of the vehicle in a certain situation 
or physiological measures. Such observations 
could also be augmented with questionnaire 
such as Sensation Seeking Scale (Zuckerman, 
1979). The observation of the driving 
condition is classified with statistical tools to 
create a computational model. Such 
observations are technically possible due to the 
advent of sophisticated in-vehicle sensors and 
context aware systems which can gather and 
analyse data about (i) the physiological state of 
the driver, (ii) the behaviour of the driver (iii) 
the dynamics of the vehicle and (iv) the 
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description of the environment surrounding the 
vehicle and the driver. We borrow techniques 
from context-aware systems research 
community to achieve the observation 
functionalities. 
 
IV CONTEXT AWARE SYSTEMS  
 
Almost 95% of the accidents on the road are 
due to the human factors. In almost three-
quarters of the cases human behaviour is solely 
to blame. On European roads, 40.000 persons 
are killed and 1.7 Million are injured every 
year. Drivers represent the highest safety risk. 
Computing assistance can improve situational 
awareness and reduce drivers’ errors. Although 
context-aware systems have a great potential to 
save lives and prevent injuries on the road, 
they have not been integrated to safety critical 
applications such as cars yet. Concretely, 
context-aware systems can improve the driver's 
handling of a car by augmenting the awareness 
of the cars state (e.g. following distance), the 
environment (e.g. road conditions), the 
physiological and psychological state of the 
driver (e.g. available attention level, fatigue). 
In this paper we store and classify the 
behavioural information gathered from the 
context aware system. The history of 
behaviour is then used to predict future 
behaviour. 
 
Context-awareness is a computationally 
oriented design method which improves the 
flexibility of autonomous systems. It is a 
concept which has emerged from pervasive 
and ubiquitous computing research community. 
Contextual information of an entity X 
describes relevant information related to the 
surrounding environment of X. If X is a user 
then, a context aware system provides relevant 
information and/or services to the user, the 
relevancy of information depends on the 
current user task (Dey, 2001). Such relevant 
information is used to adapt the behaviour of a 
computational (autonomous) entity/user.  
 
Context can be modelled as value, attribute 
and relationships between attributes. The 
values of attributes are gathered from sensors 
of from users. Context exhibits a range of 
temporal characteristics; it is imperfect; it has 
many alternative representations and its 
content is highly interrelated (Henricksen 
2002). Identifying the relevant attribute is a 
challenge as the type and the number could 
vary significantly per situation and per driver 
and can become an intractable problem. 
 

V FRAMEWORK BASED ON BAYESIAN 
NETWORK 
 
The Framework we are using to model and 
predict driver behaviour is shown in Figure 1. 
A context aware system gathers information 
about the environment. Sensors are mainly 
video cameras. Vision based technology is 
available to observe the shape of the road, 
traffic, road signage, pedestrians, cyclists or 
other objects. Vehicle dynamics are recorded 
with data logger and maps. Driver’s motor 
movement are also mainly recorded with 
vision based computing mechanisms. Head 
movement, eye blink, steering grip, visual 
scanning pattern are among observable 
behaviour that can be recorded with existing 
technology. Driver’s physiological state could 
be recorded or deduced (from) with different 
physiological devices such as Galvanic Skin 
Response (GSR – skin conductivity), 
Electrocardiogram (EKG – heart rate), 
Electrooculograph (EOG – eye movement), 
Electromyograph (EMG – muscle movement) 
or accelometer (head movements  or arms 
motor pattern) (Rakotonirainy et al., 2004). 
 
Sensors record the state of a given variable 
related to the driver, vehicle or environment. 
The states are fused, analysed and interpreted 
to create a driving situation also called context.   
The situation is then fed into Bayesian based 
machine learning system from which a 
probability based prediction is deduced from 
the history of behaviour. 
 
VI USE OF STATISTICAL MODELS TO 
PREDICT DRIVER BEHAVIOUR 
 
A driver”manages behaviours sequentially in 
space and time and it organizes goals, in-
tentionally and anticipatory set, which it 
maintains or changes as appropriate. It plans, 
prepare, formulates and oversees the execution 
of action sequences; it monitors the strategic 
aspects of success or failure, the consequences 
(including social) of actions, it applies both 
foresight and insight for non-routine activities 
and provides a sustained and motivating level 
of drive” (Bardshaw , 1995) 
 
It is virtually impossible to design a 
computational program which could predict 
future driver behaviour by taking into account 
all the complex factors shown above. These 
factors are not necessarily measurable and are 
afflicted with uncertainty.  Our approach 
consists of using belief networks such as 
Bayesian networks to model and predict 
behaviours. Bayesian methods are used as 
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statistical analysis which can provide a flexible 
theory for making inferences in the presence of 
uncertainty. It is an extremely powerful tool to 
provide general solutions to the problems of 
noise, over fitting and optimal prediction. 
Bayesian networks are well suited for 
modelling the joint probability distribution of  

the random variables representing the state of 
the driver and his/her environment. They 
provide the best framework to model, 
understand and predict complex systems such 
as driving.  
  
An accurate prediction of driver behaviour 
requires an understanding of a large number of 
conditions (context) which cannot be 
quantified with individual observational 
measures, such as recording ocular, traffic 
flow, and cognitive activities. Therefore 
relevant contextual information related to the 
driver, the vehicle and the environment need to 
be fused and analysed to contextualise an 
action. These contextualised actions are 
represented in a Bayesian Conditional 
Probability Table (CPT). Such 
contextualisation improves the accuracy of the 
prediction. 
 
The main advantage of using a Bayesian 
network is the compactness of the 
representation of the joint probability 
distribution of its random variables whenever 
causal relationships in the problem domain are 
known.  For example if no conditional 
independence relationship is known about four 
binary values random variables 41 ,, XX K , a 

table with 1624 =  entries is needed to 
represent the joint probability distribution 

),,( 41 XXP K . Whereas if we know that 

)()()|(

),|(),,(

1213

23441

XPXPXXP

XXXPXXP

××
×=K

 
 

(1) 

then only 82222 0012 =+++  entries are 
required.  Provided a decomposition of the 
joint probability distribution such as (1) can be 
given by a domain expert, far fewer 

experimental data will be needed to estimate 
the parameters of the CPTs.  The 
decomposition (1) implies that given the 
knowledge of the values of 2X  and 3X , 

information about 1X  is irrelevant in 

predicting 4X . More formally, 

),,|(),|( 1234234 XXXXPXXXP =  

We can view the variables 1X , 2X  and 3X as 

influences (causes) on 4X .  Not only, Bayesian 
networks allow to quantify predictions, like 
computing the probability that 4X  is true 

given the value of 2X and 3X . But, Bayesian 
networks allow us also to make diagnostics, 
like computing the probability that 1X  is true 

given the values of 2X  and 4X  (even if 3X  is 

unknown).  The random variable 4X  could 
describe some attribute of the driver 
behaviour, 1X 2X  and 3X could describe some 
attributes of the environment, the vehicle or 
the driver. 
 
VII EXAMPLE: EXIT LANE 
 
This example shows how we can model a 
simplified scenario in which a driver exits a 
freeway with Bayesian network. This example 
combines drivers’ cognitive concepts such as 
risks with vehicles and environmental 
information such as vehicle position in a lane. 

Environment 

        Driving situation 
(Context-aware system) 

Vehicle 

Driver 

Motor Physiology Psychology 
Preferences 

Bayesian 
Prediction 

History of 
Behaviour 

states states 

Physiological 
sensors 

Questionnaires Multimodal 
sensors 

states 

Fusion 

Fusion 

Sensors (map, camera, 
traffic) 

Sensors (vehicle 
dynamics) 

Figure 1: Driver behaviour 
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The freeway has two lanes as described in Fig 
2.  A vehicle on Lane 1, close to the exit will 
exit the freeway if the driver is willing to take 
high risk. Otherwise the driver will continue 
on the same lane.  

              Figure 2: Vehicle exiting a freeway 
 
Age factor as well as the level of alcohol or 
drug intoxication could influence one’s 
aversion to risk. The Bayesian network 
associated with the scenario is depicted in 
Figure 3. Nodes represent quantitative 
probability information. An arc between a 
node X and Y means that X has a direct 
influence on Y.  Note that Risk is independent 
of Lane. 

 
Figure 3: A Bayesian Network for the 

freeway exit scenario 
 
The Bayesian network above factorizes the 
probability that a vehicle on Lane 1 wishing to 
exit will actually attempt to exit given the age 
and state of the driver as 
 

)()(),|(

)(),|(),,,,( 222

IPAPIARP

LPRLEPRIALEP

××
××=

 
 

(2) 

 
To estimate )old,occupied|( 2 == ALEP , we 
would need to sum over the possible states of 
intoxication.  That is,  

)drunkold,,occupied|(

)soberold,,occupied|(

)old,occupied|(

2

2

2

===+
====

==

IALEP

IALEP

ALEP

 

Then we would need to sum over all the 
possible states of risk aversion before being 
able to use Equation (2). 
 
In this simple example, we hypothesised only 
two factors for the risk aversion. But, we could 
refine this model by introducing new random 
variables.  Risk aversion might depends on 

police presence, on whether the driver is late 
and on other factors. 
 
VIII EXTENSION TO DYNAMIC 
BAYESIAN NETWORKS 
 
The time dependency of some random 
variables follows a Markov process and can be 
integrated into a Dynamic Bayesian Networks 
(DBN). A DBN is a Bayesian network that 
represents a temporal probability model. The 
Markov assumption states that the current state 
depends on only a finite history of previous 
states (Russell, 03).  An example of temporal 

probability is the level of driver-fatigue tF  
which increases with time.  The random 
variables tF  take their values in {low, medium, 
high}.  On an hourly time scale, the fatigue can 
be modelled by stating the values of the 

339 ×=  entries of the matrix )|( 1 tt FFP + .  
DBN can be particularly useful for modelling 
long journeys of truck drivers.  Driver 
monitoring data could provide the CPT 

),|( 1 ttt RFFP + , where tR  is a Boolean 
random variable indicating whether or not the 
driver had a short break during the period t .  

The random variable tF  can be integrated in 

the Bayesian Network of Figure 3 on the same 
level as “Age” and “Intoxicated”.  
 
Building a large generic Dynamic Bayesian 
Network modelling driver behaviour would 
allow the prediction of the likely impact of 
policies (compulsory rests for example) on 
road safety. 
 
IX CONCLUSION AND FUTURE WORK 
 
Fusing contextual information about the 
environment, vehicle and driver requires large 
data sets.  Data recorded from sensors are 
unreliable and uncertain. We have described a 
framework to predict driver behaviour. We 
have shown that Bayesian network could be 
used to predict driver’s behaviour with certain 
probability.  Such mechanism will be used as a 
driving assistance mechanism that could detect 
deviated or abnormal behaviours.  This is a 
preliminary work and we plan to develop 
methods for automating the process of 
estimating the parameters of Conditional 
Probability Table (CPT) from multimedia 
recordings.  We will explore the use of 
Dynamic Bayesian Networks as a modelling 
tool for situations where the evolution of some 
random variables can be modelled as a Markov 
process.  
 

Lane 2 
occupied 

Risk 
aversion 

Exit attempt 
(yes/no) 

Age 
(young/old) 

Intoxicated 
(yes/no) 

Lane 1 

Lane 2

EXIT 
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ABSTRACT

The NHTSA Advanced Frontal Impact Dummy
THOR has been enhanced to include improved
anthropometry and biofidelity, durability, and ease of
use.  The previous version, known as THOR Alpha
has been revised and is now called the THOR NT. 
The areas of improvement include improved
anthropometry and biofidelity in the head with a
single, integrated head skin which meets both isolated
head drop and whole-body head impact requirements;
more biofidelic dynamic response of the neck,
including the introduction of an atlanto-occipital joint
at the top of the neck with biofidelic range of motion;
improved anthropometry at the shoulder and
clavicles; improved biofidelity of the ribcage to the
lower speed Kroell impact; improved anthropometry
in the femur including a representation of the
trochanter.  The external forms for the pelvis and
femur skin are now based on an undeformed shape to
more correctly represent the interaction with a vehicle
seat.  More durable materials and improved
production methods have been used, including
injection molding the neck and the flexible joints in
the spine.  The pelvis and femur skins are made of
PVC and the shoulders and front of the ribcage (bib)
are made of more durable materials.  The paper
describes the enhancements in detail and presents the
results from selected certification tests.

INTRODUCTION

Since the early 1980s, the National Highway Traffic
Safety Administration (NHTSA) has supported the
development of an advanced frontal crash test dummy
with improved biofidelity under frontal impact
conditions and with expanded injury assessment
capabilities.  This has involved extensive research in
human anthropometry, biomechanics, and dummy
development [Robbins, 1983; Schneider, 1985;
Melvin, 1985; Schneider, 1992].  

As part of the development effort, a prototype of a
frontal crash test dummy, corresponding to a 50th

percentile male, was completed in 1996.  The
principal features of the new crash dummy, known as
THOR, have been described in White[1996] and
Rangarajan [1998].  The dummy was tested at a
number of different laboratories and the test results
reported in a number of different proceedings [Ito,
1998; Hoofman, 1998; Petit, 1999; Shams, 1999]. 
During the initial testing process, a number of
problems were identified.  These were mainly in the
area of poor durability of some of the components
such as the neck and flexible joints in the spine, noise
in some of the accelerometers, especially in the head
and lumbar spine, and problems in handling and
storage. Modifications were undertaken on the
prototype THOR which resulted in the introduction of
THOR Alpha.  A description of the modifications is
given in Haffner [2001].  The intent was that these
modifications would address the principal issues that
were raised by some of the laboratories.  An extended
series of tests were conducted by the Frontal Impact
Dummy consortium in Europe, which included
testing at TNO, INRETS, TRL, Bast, Insia, and the
University of Heidelberg [ADRIA, 2000;
Vezin,2002] .  Additional testing was done by the
NHTSA and GESAC at the University of Virginia
and at the Applied Physics Laboratories.  These tests
indicated some of the important durability problems
such as debonding of the neck, and the spine flex
joints, tearing of the pelvis skin, shoulder pads, and
bib were still occurring.  In addition, the NHTSA
asked GESAC to look at improving the
anthropometry and biofidelity of the dummy where it
was appropriate.  The FID consortium provided the
NHTSA with a detailed summary of their findings
and along with comments from other labs and the
improvements sought by the NHTSA, a list of
potential modifications was arrived at.

THOR NT MODIFICATIONS

An extensive set of modifications were made to the
THOR Alpha during the development of the THOR
NT based on user comments and the need for
improving the performance of the dummy.  The
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Figure 1.  THOR Alpha
head/face.

Figure 2.  THOR NT
integrated head skin.

Figure 3.  THOR Alpha
face plates.

Figure 4.  THOR NT
face plates.

modifications could be roughly grouped according to
the following:

• Anthropometry: Improvement in the external
shape of selected segments, such as the
head/neck interface, the shoulder, the pelvis,
and the femur

• Durability: Improvement in the durability of
many of the deformable parts of the dummy
such as the neck, flex joints, and various
stops, either through improved
manufacturing process or redesign

• Usability: Improvement in the ease of use of
the dummy, such as easier access to some
instrumentation and providing a common
electrical ground

• Biofidelity: Improvement in selected impact
responses of the dummy, especially the
thorax and head

• Fit and Finish: Improvement in the
appearance of segments and the interfaces
between segments

Head

The changes to the head included:

• Integrated head skin which covered both the
skull and the face

• Improved chin anthropometry
• Zippered connection between head and neck

skins
• Improved mounting of the nine-axis

accelerometer package
• Modified mandible load plate
• Extended chin support
• Radiused edges on face plates

The most important change to the head was in going
from separate head and face skins to a single,
integrated head skin.  It was also decided that the skin
around the face should not possess any features, such
as nose or lips, since a featureless face would
improve repeatability during impacts.   

The improved chin anthropometry was motivated by
the need to improve the interaction with airbags if
they happened to load the space between the chin and
the neck.  The bottom of the chin surface in the head
skin was rounded to more closely model the 50th

percentile male AATD chin.  Figures 1 and 2 show
the difference between the two head/face skin
designs.  The figures also show the improvement in
the attachment of the neck skin to the head skin in the
NT relative to the Alpha.

Also in the Alpha design, with a separable neck skin,
it was sometimes possible for the airbag to intrude
into the space between the neck skin and the head
assembly, especially in out-of-position (OOP)
situations.  The zippered connection between the
neck skin and the head skin was introduced to avoid
that possibility.  Also, the chin plate was extended
downward to provide load support to the whole of the
face, which was further helped by rounded Delrin
extensions to the chin plate.  The changes to the chin
face plate also involved changing the geometry of the
Confor foam used as the face response element in
THOR.  The edges of all the face plates were
radiused to reduce the possibility of tearing into the
head skin.  Figures 3 and 4 show the differences
between the two face plate designs.

The final modifications to the head involved
improving the mounting of the nine-accelerometer
package.  In the Alpha, seven of the accelerometers
were mounted on a special L-shaped block which
mounted directly to the base of the head.  The top two
accelerometers were being mounted on a plug pressed
into the top of the skull.  In the NT, the mounting of
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Figure 5.  Cam-stop mechanism in THOR
NT OC joint.

Figure 6.  Comparison of response at OC in
THOR Alpha and NT.

the top two accelerometers are now on a machined
flat on the inside of the skull, which provides a more
definite locating method for these two accelerometers
relative to the C.G. accelerometers. 

Neck

The changes in the neck included:

• Using injection molding process to make the
neck instead of bonding

• Design of a new atlanto-occipital joint (A-O)
which provides continuous resistance in
flexion and extension

• Improved neck spring load cells
• Modification of the neck springs to include

rubber inserts

The change to an injection molding process was
motivated by the unreliability of the bonding method
being used in the the THOR Alpha, where some
necks failed early in the testing cycle.  The new,
molded necks are made of Butyl rubber instead of the
earlier Neoprene, which provides some additional
damping in the neck response.  The injection molded
neck is now extremely durable, repeatable, and
reproducible.  Up to 300 pendulum impacts were
conducted on a single injection molded neck without
failure.  These tests were done with a pendulum pulse
of 25G, but some overload tests up to 38G were also
performed successfully.

The design of the A-O joint was changed to improve
the response of the neck in the flexion/extension
mode.  The response at the A-O joint of THOR Alpha
was controlled by two rubber stops which allowed for
relatively free rotation of about 10° in flexion and 25°
in extension.  A drawing of the new cam and stop
mechanism at the A-O is shown in Figure 5 and the
response of the joint is compared with the original
Alpha joint in Figure 6.

The new joint makes the response more biofidelic,
with gradually increasing resistance in both flexion
and extension.  The resistance is controlled by the
engagement of a brass cam against shaped rubber
stops fore and aft of the cam.  The range-of-motion at
the A-O joint has been increased to 20° in flexion and
30° in extension. 

A problem that was sometimes encountered with the
Alpha neck was variability in the output of the
uniaxial load cells when loading was not completely
normal to the load cell surface.  A special, miniature,
uniaxial load cell from R.A. Denton (Model: 6005) is
now used in this location.  It has been tested and
found to be less sensitive to off-axis loading.

Another response issue with the neck that was
addressed in the NT modifications was the possibility
of hard bottoming of the die springs that are used
within the head to provide for the simulation of neck
musculature.  The spring-only design in the Alpha
was modified to include a Tygon tube insert within
the front spring and a Viton insert within the rear
spring.  This provided a more gradual increase in the
forces generated by the spring when it was being
compressed near to its limit.  The strength of the die
spring was modified such that the combined
spring/tube stiffness would be comparable to the
original spring.  Figure 7 shows a comparison of the
behavior of the old and new designs when bottoming
does occur.
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Figure 7.  Reduction of bottoming effect of single
spring by adding rubber tube insert.

Figure 8.  Comparison of new NT shoulder pad on
left and original Alpha pad on right.

Figure 9.  Shoulder
block design in THOR
Alpha

Figure 10.  Shoulder
block design in THOR
NT.

Shoulder

There were a number of modifications made in the
shoulder assembly of the THOR Alpha.  These
include:

• Changing the shape and material of the
shoulder pads with improved anthropometry

• More robust shoulder stops
• Modified clavicle

The new shoulder pads are made from Monothane, a
one-part polyurethane resin with improved durability
characteristics over the two-part Urethane used in the
Alpha shoulder pads.  During this process, the
anthropometry of the shoulder was also improved,
with the shape of the new pad being obtained from
the 3D representation of the 50th percentile male
AATD form.  Figure 8 shows a picture of the new
pad on the dummy’s right shoulder and the old Alpha
pad on the left. 

The stops that controlled the shoulder fore and aft
motion were also modified and made more robust. 
The stops in the Alpha were attached using bolts that
ran through the rubber material, which sometime
resulted in the bending of the bolts in overload
situations.  The shoulder stops in the new NT design
are glued to metal plates which are directly fastened
to the spine.  This design also improves the durability
of the stops themselves with the elimination of the
rather large bolt holes which had weakened the
original structure.  The new design increases the
clearance between rib #1 and the shoulder block,
where contact may occur under severe loading
conditions.  In addition, to simplify the assembly of
the shoulder, the rib shelf, which was a separate
structure, is now welded to the shoulder block. 
Figures 9 and 10 show the difference in the designs
of the Alpha and the NT.

Small modifications were also made to the clavicle. 
This included reducing the bend angle of the clavicle
from 27° to 10°.  This was meant to improve the
relative distribution of belt load between the shoulder
and the ribcage.  The second modification was in
adding a small, spherical cap to the distal end of the
clavicle to improve belt retention.  The cap was made
to be approximately compatible with the general
clavicle geometry seen in the human.

Spine

The improvements in the spine included:

• Changing to an injection molded process for
making the thoracic and lumbar flex joints

• Removing protrusions at the rear of the ribs
which were being used for routing of the
cables

• Easier assembly of the T1 triaxial
accelerometer

• Clearer markings for the spine pitch change
mechanism
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Figure 11.  Design of THOR NT Monothane bib.

Figure 12.  THOR
Alpha mid-sternum.

Figure 13.  THOR NT
mid-sternum.

The bonding process used for making the two flex
joints in the Alpha was changed to an injection
molding process to improve the durability of the
components.  The new parts, like the NT neck, are
also made of Butyl rubber, instead of Urethane, but
the bending stiffness of the earlier design was
maintained.  The flex joints were tested in both static
and dynamic conditions to ensure that the units were
durable and repeatable over a minimum of thirty tests.

A number of smaller modifications were made to
make the assembly of the spine easier and the
appearance cleaner. The rear of the spine in the NT
was improved by removing the wire routing clamps
that were used in the Alpha.  There is easier access to
the T1 triaxial accelerometer block, which makes
assembly and disassembly easier.  Clear markings
were added to the pitch change mechanism that sits at
the bottom of the thoracic spine and allows the
dummy to be put in four different sitting
configurations.

Thorax

The changes to the thorax included:

• Changing to a Monothane bib
• Adding locating pins on the spine for

attaching the ribs
• Reducing rib steel impingement on the

damping material
• Modified sternum to improve frontal sternal

impact response
• Modified rib #1 to improve frontal sternal

impact
• Improvement in the shape of the jacket for

better interface with the seat back

The new bib in the NT is shown in Figure 11.

The Urethane bib used in the Alpha was susceptible
to damage under high belt loads.  The Monothane
was found to be more durable under these conditions. 

The bib was especially shaped to be thicker in its
lower part, where it covered the bottom three ribs. 
Testing at UVa had indicated that the lower ribcage
in THOR Alpha was more decoupled from the rest of
the ribcage, than expected for a human subject.  In
order to improve the coupling, the lower part was
made thicker. 

The addition of the locating pins to properly retain
the ribs to the spine was based on comments from the
FID consortium who had noticed that the ribs could
be improperly assembled if care was not taken.  The
addition of the pins eliminates any variability during
assembly.

GESAC had also observed during post-test
inspections of the ribs that for certain test conditions
the steel edge of a rib could load the damping
material of the rib immediately below it leading to
gouging.  To reduce this effect, the damping material
height of the lower three ribs was increased by about
1.5 mm so that contact would be between the
damping material layers rather than steel with the
damping material.

Both the mid-sternal mass and rib #1 were modified
in order to improve the response of the thorax to
sternal impact.  Figures 12 and 13 show the
difference between the sternal masses in the Alpha
and the NT.

The Kroell tests at 4.3 m/s and 6.7 m/s are used to
establish the biofidelity of the thorax under impact
loading.  During the original THOR development, the
objective was to produce optimum response at 6.7
m/s while still ensuring that the dummy would be
biofidelic at 4.3 m/s.  This resulted in the dummy
producing deflections at the lower end of the corridor
for lower speed impact.  NHTSA directed GESAC to
make modifications which would result in greater
deflection at the lower speed.  This was motivated by
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Figure 14.  Comparison of undeformed
and deformed pelvis sections. Figure 15.  Vinyl pelvis skin of THOR NT.

analyses of test results which indicated that typical
loading rates seen in most accidents with newer cars
were closer to the lower Kroell impact speed.

The jacket was also modified to provide a more
rounded contour at the back and a better fit over the
ribcage in the front.

Pelvis

A major revision of the THOR Alpha pelvis was done
to improve both the anthropometry and the durability
of the segment.  The changes included:

• The external shape conformed closer to the
AATD shape but modified to represent an
undeformed configuration in order to allow
the interaction of the seat and the pelvis
flesh to generate the deformation

• The skin was made of PVC rather than
Urethane

• The skeletal portion of the pelvis was made
of modular components instead of single
cast piece

The THOR Alpha pelvis had been made of Urethane
and based on a standard sitting configuration.  The
NT pelvis skin is made of PVC which is more durable
than the Urethane and a thinner skin can be used. 
The external shape is based on the 50th percentile
male AATD form, but instead of the deformed shape
of the pelvis skin, a somewhat undeformed shape was
used.  Figure 14 shows a 3D CAD drawing with the
undeformed section shown on the left side (in red)
and the original deformed section on the right side (in
yellow). 

Moving to an undeformed shape for the pelvis was
motivated by the desire to generate the actual
deformation through the interaction of the seat and
the pelvis flesh.  Thus the geometry of the external
pelvis surface and the external femur surface
(described below) was modified from the way it
appears in the AATD form.  Approximate
undeformed measurements were taken from data
obtained by McConville [1980], and from
stereophotometric data obtained from 3D scans that
were obtained at Wright-Patterson.

Average stiffness of the pelvis flesh was made to
correlate with  stiffness that has been estimated by
Dabnichki, et al [1994].  The approximate
compression of an adult sitting on a rigid seat was
estimated to be about 20 mm.  The objective in
setting the flesh stiffness was to get the correct eye
position when the dummy is positioned on the AATD
hard seat. 

The skeletal portion of the pelvis was constructed of a
number of modular elements.  The iliac wings were
obtained by initially rapid prototyping the
corresponding 3D CAD forms obtained from
digitizing the original pelvis shape developed by
Reynolds for a 50th percentile male [Reynolds, 1982]
which served as the basis for the prototype THOR
pelvis.  The remaining components were machined
parts which provides for symmetry, though this
process adds a few more steps in the assembly of the
dummy.  It was also necessary to increase the mass of
the pelvis over the THOR Alpha part, which required
some of the components to be made of steel rather
than aluminum.  

Figures 15 and 16 show the skin and skeletal
components of the new pelvis.
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Figure 16.  Front view of THOR NT pelvis
(skeletal).

Figure 17.  THOR NT femur (with trochanter).

Femur

The changes made to the THOR Alpha femur are:

• Increased length of femur to match AATD
data (hip joint - knee joint length)

• Changed femur skin to PVC with a zipper
for easier access to the femur

• Added a representation of the trochanter 
• Changed the femur neck from a cast part to a

machined part

The THOR Alpha femur, as measured between the
hip joint and knee joint, was approximately 20mm
shorter than the AATD.  This length has been
corrected in the NT.  A Delrin part has been fastened
to the femur neck region to represent the trochanter. 
Figure 17  shows the skeletal portion of the modified
femur.

The femur skin was also modeled from the seated 50th

percentile male AATD form, but with the contour in
an approximate undeformed shape, in a manner
similar to what was done for the pelvis skin described
in the previous section.  The contour of the femur was
made compatible with the distal section of the pelvis
contour.  A zipper was added to the skin to allow for
easier access to the internal femur structure (which
was being included in the Alpha skins as well). 

Lower Leg and Foot

Some small modifications were made to the THOR-
Lx.  These include:

• Pin added to ensure proper placement of the
tibia tube relative to the upper tibia load cell

• Clearance added for the tibia puck fasteners
to ensure no binding occurs when the puck
is compressed

• Improved retention of the foot skin to the
foot plate

Other Improvements

There were some general improvements made to the
dummy and its handling as given below:

• Common electric ground was achieved by
maintaining electrical continuity between
segments which may lose continuity during
a test such as across the neck.  This should
prove useful in tests where large static
electric charge may be generated, such as
airbag tests.

• New uniaxial tilt sensors replaced the biaxial
ones used in THOR Alpha.  These provide a
linear response to angular change (the
original ones had a non-linear dependence to
angle)’

• In the area of handling, a more accessible
lifting point is now used for lifting and
moving the dummy.  A new H-point tool has
also been designed which only needs access
to the pelvis, rather than the old design
which had to be attached to both the femur
and knee joint.

THOR NT CERTIFICATION

Some of the modifications, such as in the head, neck,
and thorax required selected certification tests to be
undertaken to ensure that the THOR NT would meet
the original biofidelity requirements of the THOR
dummy.  The following describes the results for the
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Figure 18.  Response of THOR NT (whole body) to
frontal head impact.

Figure 19.  Response of THOR NT head to
isolated head drop.

Figure 20.  THOR NT face response to disk
impact.

Figure 21.  THOR NT face response to rod impact.

selected certifications tests.

Head

A new certification test was added to evaluate the
impact response of the head.  Some of the
laboratories indicated that they would prefer an
isolated head drop test, similar to that done with the
Hybrid III head.  The new, integrated head skin was
designed to allow for both the head impact
certification test similar to that described in the
THOR Certification Manual [GESAC, 2001b], and
the head drop test.  The requirement for the head drop
test was the same as that for the 50th percentile
Hybrid III, i.e. for a forehead impact from a height of
376 mm, the resultant head acceleration should be
within the range of 225 g - 275 g.   Figures 18 and 19
show the response for both the original whole body
head impact test and the head drop test.

In the head drop test, a secondary impact was seen
that was sometimes larger than seen with the Hybrid
III head.  This was attributed to the facial structure
just below the forehead, which is significantly
different from the aluminum face in the Hybrid III. 
The response from the whole body head impact was
also considered to be acceptable and similar to that of
THOR Alpha.

Face

During initial testing of the face with the new,
integrated skin, it was found that the rod impact
generated lower than expected peak force and some
tuning of the skin thickness had to be done around the
area of the eyes to increase the force.  After this
modification, both the disk and rod impacts were
successfully performed on the new head.  The results
are shown in Figures 20 and 21.
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Figure 22.  Repeatability of THOR NT neck Fx in
frontal flexion.

Figure 23.  Repeatability of THOR NT neck My in
frontal flexion

Figure 24.  Repeatability of THOR NT neck Fy in
lateral flexion.

Figure 25.  Repeatability of THOR NT neck Mx in
lateral flexion.

Response of the new face to both impact conditions
were seen to be fairly similar to that of the THOR
Alpha.

Neck

As pointed out in the discussion of the new, injection
molding process used to build the THOR NT neck, a
different material, Butyl rubber, was being used.  A
fairly lengthy series of tests were conducted to ensure
that the response of the neck had not changed
significantly, and that the durability, repeatability,
and reproducibility were improved.  As mentioned
earlier, a large number of repeat tests were conducted
on a single neck.  Figures 22-25 show the responses
of one neck at two points in its test cycle in both the
frontal flexion and lateral flexion tests.

It is seen that in both frontal and lateral response,
good repeatability is maintained even after multiple
tests.

Another important property of the new, molded necks
that was evaluated was their reproducibility.  Figures
26-28 show the variation in response of three
different necks in frontal flexion, extension, and
lateral flexion.
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Figure 26.  Reproducibility of three THOR NT
necks in frontal flexion (total OC moment).

Figure 27.  Reproducibility of three THOR NT
necks in extension (total OC moment).

Figure 28.  Reproducibility of three THOR NT
necks in lateral flexion (total OC moment).

Figure 29.  Comparison of THOR Alpha and NT
Kroell impact response at 4.3 m/s.

Responses of the three necks in all three directions
are seen to be reproducible, though in extension some

variability is seen.  The responses are also close to
the corridors that were developed earlier for the
THOR Alpha neck (denoted by the rectangles in the
above graphs).  Though the NBDL type of sled tests
have not been conducted with the new necks, the fact
that their responses are similar to the original bonded
necks, which did meet or were close to the NBDL
kinematic corridors, makes it likely that the new
necks will also meet the original biofidelity
requirements.

Thorax

The final area where the modifications had been
made that could influence its biomechanical response
was in the thorax.  As mentioned in the discussion of
the design modifications made in the NT, they were
partly motivated by the need to improve the low
speed Kroell response compared to that of THOR
Alpha.  Figure 29 shows the response at the lower 4.3
m/s impact speed.

It is seen that there has been a significant increase in
the deflection, though no significant change in the
peak force.  Figure 30 shows the response at the
higher 6.7 m/s impact speed.
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Figure 30.  Comparison of THOR Alpha and NT
Kroell impact response at 6.7 m/s.

Figure 31.  View of fully assembled
THOR NT dummy.

In this case, it seen that peak force at the end shows a
bottoming effect and results in the force exceeding
the Kroell corridor.  Since, the aim of the
modification was to improve the response at the
lower speed, and the higher impact speed was now
considered something of an overload situation, the
higher peak force was considered acceptable.

During the certification tests for the THOR NT, small
adjustments were made to the corridors developed for
the THOR Alpha for the head and face impacts, the
neck response, and the Kroell tests.  All the
modifications were within or close to the biofidelity
corridors as given in the THOR Biofidelity Manual
[GESAC, 2001a].

CONCLUSION

A significant number of changes have been made to
THOR Alpha in the areas of durability, biofidelity,
anthropometry, and ease of use,  to arrive at the NT
design.  The revised NHTSA Frontal Impact Dummy
- THOR NT - is shown in oblique view in  Figure 31.

Areas of improvement include:

• Improved Durability: The components that
were particularly susceptible to failure in the
THOR Alpha have been modified.  Among
these, major improvements were made to the
neck and the two flexible joints by going to
an injection molded process for
manufacturing the parts.  The pelvic and
femurs skins are now made of PVC which
provide significantly greater tear strength
than the older Urethane design.  The
material for the shoulder pads and bib were
changed to Monothane which has superior
tear and abrasion resistance compared to the
older Urethane materials.  In the head, a
single, integrated head skin is used instead
of separate skull and face skins in the Alpha. 
This provides greater protection to the face
Confor foam inside.  Finally, a number of
smaller changes, e.g. in the shoulder stops,
have been made to improve the durability of
these parts.

• Improved Anthropometry: The head/neck
interface geometry has been improved to
provide a smoother surface for engagement
with airbags.  The shoulder pads have been
designed to follow the external shape of the
50th percentile male AATD shoulder.  The
external shape of the pelvis and femur skins
have also been designed based on the AATD
form, but modified to represent the flesh in
an undeformed state, so that it can better
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represent the interaction with a vehicle seat. 
The femur length has been corrected and a
proper representation of the trochanter has
also been added.

• Biofidelity: The mechanism at the A-O joint
of the neck has been changed to allow for a
more biofidelic response with continuously
increasing resistance in flexion and
extension and the range-of-motion in both
directions has been increased.  Parts of the
ribcage and sternum have been redesigned to
improve the sternal impact response in the
low speed Kroell test.

• Ease of Use: Locating pins in the spine
allow for easy assembly of the ribs.  A
similar pin in the tibia allows for proper
alignment of the tibia tube.  Grounding
straps provide electrical continuity across
the dummy.

Certification tests for the head, face, neck, and thorax
were performed to ensure that the modifications did
not lead to any significant change in response of the
NT as compared to the Alpha.  Updated certification
corridors have been developed for selected tests.  A
head drop certification test has also been added to
verify proper response characteristics of the forehead
in impact.  An extended series of tests were
performed to evaluate the durability and response of
the new molded neck, and the testing confirmed that
the new necks were repeatable and reproducible.

The THOR NT has addressed many of the limitations
that were noted with the THOR Alpha dummy.  The
next phase of the evaluation will involve testing in
different sled test configurations; a number of
laboratories already have or are in the process of
testing the NT.  Results from these tests will be used
to evaluate the performance of the dummy in real-
world situations.
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ABSTRACT
A new infant dummy has been designed,

manufactured, and tested, representing an average
newborn of mass 3.4 kg. This dummy is a successor
of the 2.5 kg newborn dummy developed earlier
which had represent at 10th percentile Japanese
newborn. Gross data such as total weight, length,
and head circumference were taken from several
sources including the Centers for Disease Control
[CDC, 2000]. More detailed measurements were
obtained from newborns in two Japanese clinics.
Dynamic response data for head, neck, thorax, and
abdomen were defined by scaling adult data. The
dummy has 11 segments (head, neck, torso, upper
arm, lower arm and hand, upper leg, lower leg and
foot). The torso is further divided into shoulder,
chest, abdomen, and pelvis, all connected to a
flexible spine. Segments are connected by joints
which provide human like range of motion. The
dummy is instrumented with 26 sensors, including
triaxial accelerometers at the head CG, upper and
lower neck, thorax CG and pelvis CG; 3-axis
angular velocity sensor in the head; uniaxial load
cells in the neck and lumbar spine; string
potentiometer to measure chest deflection; and five
force sensors on the abdomen. This paper describes
the methodology used to develop the design and the
results from biofidelity testing.

INTRODUCTION

In late 2000, Aprica Childcare Institute funded
GESAC, Inc to design and develop a new, small,
infant dummy, which is now known as the Aprica
2.5 kg infant dummy.  The development of the
infant dummy was motivated by the need to have a

more biofidelic and instrumented dummy which would
represent a small infant for evaluating restraint
systems.  Aprica had used the TNO P0 dummy for
such evaluation, but it was felt that the dummy was
unsuitable because:
 
1. Its weight was over the Aprica target of 2.5 kg,

the weight of a 5% percentile Japanese newborn.
2. The neck was too stiff.  It is known that the neck

of the newborn is unstable and generally unable to
support the head.  The P0 dummy appears to
model the instability of the neck by integrating a
nearly unconstrained A-O joint in the dummy. The
head pitches around the A-O joint easily but
without any involvement of the neck.  

3. The dummy was not instrumented.

An overview of the 2.5 kg infant dummy is given
by Rangarajan [2002].  Following the successful
testing of the 2.5 kg infant dummy, Aprica funded
GESAC to modify the design of 2.5 kg infant dummy
to represent a 50th percentile newborn with a mass of
about 3.4 kg.  The objective of the new dummy, apart
from representing a wider range of infants, was to
improve its biofidelity and also to enhance its
instrumentation.

ANTHROPOMETRIC DATA

The anthropometric data of an average infant were
collected from several sources including the CDC for
the overall height, weight and head size, the Hirokawa
and Nishikawa Clinics for measurements on actual
subjects, and a 1975 report on anthropometry of US
infants and children [UMTRI, 1975]. Scaling from
data of the next closest age group was also employed
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to determine values of certain dimensions when
measured data were not available from existing
sources. Some major target dimensions of the 3.4 kg
infant dummy are listed in Table 1. Mass
distribution of the dummy is listed in Table 2. The
actual values are also listed in the two tables for
comparison.

Table 1.
Key target and actual dimensions of the 3.4 kg

infant dummy.

Parameters Target Actual
 (mm)  (mm)

Overall height 504 530
Upper arm length (shoulder to 77 94
Lower arm length (elbow to wrist) 74 70
Hand length 62 38*

Upper leg length (hip to knee) 89 115
Lower leg length (knee to ankle) 86 95
Leg length (knee to heel) 120 123
Foot length 76 67
Foot breadth 32 38
Mid-thigh circumference 160 170
Leg at knee circumference 135 130
Calf circumference 125 120
Ankle circumference 87 90
Head circumference 348 352
Head depth 117 115
Head breadth 94 98
Head height (head top to chin) 130 108
Neck length (OC to C7/T1) 60 66
Mid-neck circumference 200 195
Shoulder breadth 158 160
Shoulder to crotch length 218 225
Shoulder circumference 360 310
Chest breadth 109 106
Chest depth 84 74
Chest circumference 340 310
Waist breadth 105 106
Waist depth 90 91
Waist circumference 335 334
Hip breadth 113 115
Hip circumference 338 295
Spine length (T1 to L5) 179 180
* dummy’s hands folded

Table 2.
Target and actual mass distribution of the 3.4 kg

infant dummy.

Segment mass Target Actual
(g) (g)

Head 1067 999
Neck 168 79
Torso (chest, abdomen, pelvis) 1229 1204
Upper arm 77 83
Lower arm and hand 59 92
Upper leg 206 192
Lower leg and foot 126 152
Total mass 3400 3320

INFANT DUMMY DESIGN

Figure 1 shows a picture of the 3.4 kg infant
dummy in its sitting posture with instrumentation
wires at the side. The dummy consists of 11 segments,
i.e., the head, neck, torso (which includes chest,
abdomen and pelvis), upper arms, lower arms with
hands, upper legs, and lower legs with feet. 

Figure 1. The 3.4 kg infant dummy with
instrumentation wires.

The head has an inner aluminum housing which
provides room for instrumentation of the head. The
metal housing is then covered by a specially
formulated urethane skin. Figure 2 shows the metal
housing and the cap of the head.
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Figure 2. Metal housing and cap of the infant
head.

The spine structure consists of the neck,
thoracic spine, and lumbar spine.  The shoulder and
pelvis assemblies are integrated within the spine
structure, along with instrumentation, as shown in
Figure 3. The neck is connected to the head at the
Occipital Condyle (OC) with a pin joint. The neck is
molded as a urethane column with reinforcement at
the center. Its lower end is attached to the shoulder
block through a uniaxial load cell.

Figure 3. Neck-spine assembly with shoulder,
chest block and pelvis. Wires are of two uniaxial
load cells and a string potentiometer.

The shoulder block is machined of Delrin plastic.
Two spherical ends made of aluminum serve as the
shoulder joints and are attached to it. The shoulder
block is fixed to the chest block which houses a string
potentiometer.

Between the chest block and the pelvis there is a
flexible lumbar joint. The lumbar joint is molded as a
urethane column with reinforcement at the center. A
uniaxial load cell is also attached to the lower end of
the lumbar joint.

The pelvis is also made of Delrin and sits under
the lumbar load cell.  The hip joints are attached under
the pelvis block.  Like the shoulder joints, these
consists of spherical ends made of aluminum.

 The upper leg is connected to the pelvis by the
ball and socket hip joint. The friction of the joint can
be adjusted by tightening or loosening a screw
attached to the joint for this purpose. The friction can
be set to the standard 1G level by this method. The
lower leg is connected to the upper leg by a pin joint.
Its friction can also be adjusted. The femur and tibia
bones are made of ABS plastic. A specially formulated
layer of Urethane is molded outside the bones to
simulate the flesh and skin.

The upper arm is connected to the shoulder by a
ball and socket joint. The friction of the joint can be
adjusted by tightening or loosening a screw attached to
the joint for this purpose. The lower arm is connected
to the upper arm by a pin joint. Its friction can also be
adjusted. The humerus and forearm bones are made of
ABS plastic. A specially formulated layer of Urethane
is molded outside the bones to simulate the flesh and
skin. 

Figure 4. A prototype of the rib cage.
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The rib cage is made of a polycarbonate outer
shell lined with strips of damping material. An
aluminum mass is attached to the front of the cage to
simulate the sternum. Figure 4 shows a prototype of
the rib cage (the final design is dimensionally
different from the one shown here, but structurally
the same). The actual rib cage can be seen in Figure
5.

The torso flesh/skin is molded as one piece of
specially formulated Urethane. A slit runs along the
center of the back of the flesh/skin to provide access
to internal parts.  A zipper is sown to the flesh/skin
at the slit. Figure 5 shows the torso and its inside
structure.

Figure 5. The torso of the dummy.

The abdomen of the dummy is filled with a
piece of foam with a stiffness that is tuned to meet
the abdomen biofidelity requirements.

INSTRUMENTATION OF THE INFANT
DUMMY

The goal of the instrumentation with this
dummy is to provide as many channels as possible
for various testing conditions. This dummy is
expected to be used in the evaluations of child
restraint system, comfort of strollers, as well as in
the study of shaken baby syndrome. A deliberate
design effort was made to meet this goal. The 3.4 kg
infant dummy is able to measure a maximum 26
channels of data. A full list of the instrumentation is
shown in Table 3.

Table 3.
Instrumentation of the 3.4 kg infant dummy.

Location Sensor type Channels

Head CG Angular velocity 3
Head CG Accelerometer 3
Upper neck Accelerometer 3
Lower neck Accelerometer 3
Lower neck Load cell 1
Thorax CG Accelerometer 3
Thorax String potentiometer 1
Lower lumbar end Load cell 1
Pelvis CG Accelerometer 3
Abdomen Flexible Force 5

Angular acceleration is assumed to be an
important dynamic variable which correlates with
possible injury to the head [Duhaime, et al, 1987], and
may be more important than simple linear acceleration.
Thus the capability of measuring angular accelerations
was considered to be an important instrumentation
requirement. The angular velocity sensor model ARS-
06S by ATA Sensors was used. The workable
frequency range of these sensors is 0.4 Hz ~ 1.0 kHz,
which is deemed suitable for most impact and shaken
testing. Figure 6 shows the triaxial angular sensor
mounted inside the head housing.

Figure 6. Triaxial angular velocity sensor housed
inside the head.

The accelerometer model ASM-200BA by Kyowa
Electronic Instruments was used for all acceleration
measurements. This model is compact, has a capacity
of 200 g, and offers high resolution. It is suitable for
all testing conditions currently planned for the infant
dummy.
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The uniaxial load cell model 6398 by Robert A.
Denton, Inc. was used for the axial load
measurements at the lower neck and the lower
lumbar spine. This load cell has a capacity of 200 lbf
(890N) and a compact size (35.0 x 35.0 x 7.6 mm).
It was introduced to provide additional information
on tension and compression forces at the top and
bottom of the spine.

The displacement of the chest when chest
compression occurs is also of interest in evaluating
thoracic injury. A string potentiometer is installed at
the position of about the 6th/7th thoracic spine to
provide an estimate of chest compression. One end
of the string is attached to the spine and the other
end is connected to the sternum mass. The compact
string potentiometer (model 174-0321TR) made by
SpaceAge Control was used. It has a maximum
travel of 1.5" (38 mm), and is small enough to be
housed within the thoracic spine. 

In testing the child seat, it is also desirable to
know the forces applied to the abdomen area of the
dummy due to belt or other interactions. Since the
abdomen is very flexible and has very limited space
for instrumentation, a structurally flexible measuring
mechanism is desirable. To meet this requirement,
FlexiForce sensor model A201 by Tekscan was
used. These sensors are paper-thin, flexible, and
have a capacity of 1~1000 lbf (4.4~4450 N). Five of
these sensors of 100 lbf (445 N) capacity were
affixed to a piece of cloth with an area
corresponding to the face of the abdomen. This set
of sensors is put between the molded flesh and the
abdomen foam when it is necessary to measure the
force sustained by the abdomen. The set of sensors
can be taken out of the dummy when the
measurement is not required. Figure 7 shows the set
of FlexiForce sensors.

Figure 7. A set of 5 FlexiForce sensors used for
abdomen force measurement.

BIOMECHANICAL REQUIREMENTS

Scaling

Since there are only very limited test data on
newborn infants, scaling was employed to define the
biomechanical requirements for the newborn. The
biomechanical requirements for the 50th percentile
male dummy were scaled using the following scaling
factors to obtain the requirements for the newborn.

Three basic scaling factors:
(1).λm s pm m= /
(2).λ ρ ρρ = s p/
(3).λE s pE E= /

where, λ is the scaling constant, m the mass, ρ the
density, and E the modulus of elasticity, respectively.
The subscript s refers to scaled data, and p to prototype
or standard data. In this study, the mass density is
assumed to be the same for adults and newborns,
therefore, λρ=1.0.

Other scaling factors can be obtained by using their
mathematical relationships as follows.

Scaling factor for velocity:

(4).λ λV E=
Scaling factor for time:

(5).λ λ λT L E= /
Scaling factor for acceleration:

(6).λ λ λ λ λa E L E m= =/ / 3

Scaling factor for force:

(7).λ λ λ λ λF L E m E= =2 2 3/

where λL is the length ratio between the scaled and
prototype objects.

For the 3.4 kg infant dummy, the following
biofidelity tests were defined: the head impact, the
head drop test, thorax impact test, the abdomen impact
test, and the neck pendulum test. The response
requirements for these tests were scaled from the
corresponding responses in the adult 50th perecentile
dummy.
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Head Impact Requirement

Head impact requirement was scaled from the
50th percentile male dummy requirement [Hodgson,
et al., 1975]. Based on the scaling procedure, the
impact at the forehead of the 3.4 kg dummy should
be performed at a speed of 0.8 m/s using a rigid
impactor of 6.04 kg. The impactor head has a shape
of an oval of 50 mm x 75 mm. The scaled corridor
for the force-time curve is shown in Figure 8.

In obtaining the scaling factor, λE, of the human
skull, data from McPherson, et al., quoted by Melvin
[1995] and Thibault et al. [1999] were averaged.
Both studies had limitations in regard of sample
sizes. 

Figure 8. Biomechanical corridor for infant head
impact.

Head Drop Test Requirement

Head drop requirement for the newborn was
scaled from the 50th percentile male corridor
[Hubbard, et al, 1974]. Using the scaling factors
mentioned above, the head drop test of the 3.4 kg
newborn should be performed at a height of 376 mm
and should produce a peak resultant acceleration of
132~162 g.

A new study based on a small sample size by
Prange et al. [2004] at Duke University has
indicated lower peak acceleration for this test. These
data can be incorporated into developing a new
corridor in the future when more data are available.
For the design of the current 3.4 infant dummy, the

scaled corridor was used as a design target.

Thorax Impact Requirement

The thorax requirement for the 3.4 kg infant
dummy was scaled from that for the 50th percentile
male dummy [Neathery, 1974; Ratingen, et al, 1997].
Based on the aforementioned scaling method, the
impact test for the 3.4 kg dummy thorax should be
performed at a velocity of 3.3 m/s using a rigid
impactor of diameter 50 mm with a mass of 1.1 kg.
The force-deflection curve of the dummy at these
conditions should be within the corridor shown in
Figure 9.

Figure 9. Biomechanical corridor for infant thorax
impact.

Abdomen Impact Requirement

The biomechanical corridor for the abdomen
impact of the 3.4 kg dummy was scaled from that of
the 50th percentile male dummy [Cavanaugh, et al,
1986; Hardy, et al, 2001]. Based on the scaling
method, the certification for the 3.4 kg dummy should
be performed at a velocity of 4.7 m/s using a rigid rod
impactor of diameter 10 mm with a mass of 1.4 kg.
The force-deflection curve under these conditions
should be within the corridor shown in Figure 10.
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Figure 10. Biomechanical corridor for the infant
abdomen impact.

Neck Pendulum Test Requirement

There are two kinds of requirements for the
neck pendulum test, that is, the dynamic and
kinematic requirements [Mertz, et al, 1971, Patrick,
et al, 1976].  The dynamic requirement is
characterized by a curve of the moment about the
OC joint vs. the head rotation angle, and the
kinematic requirement is a time history of head
angle. Since the 3.4 kg infant dummy is not
sufficiently instrumented to measure the OC
moment, the current dummy design effort only
focused on meeting the kinematic requirement.

The scaled kinematic requirement for the neck
under the test pulses (see Figures 21 & 22) are
shown in Table 4.

Table 4.
Kinematic requirement for neck pendulum test

under the specified pulses.

Test Peak angle (deg) Peak time (ms)

Frontal 65 ~ 79 68 ~ 83
Lateral 36 ~ 46 63 ~ 77
Extension -73 ~ -89 77 ~ 94

DISCUSSIONS

Anthropometric Resemblance

Comparing the target anthropometric data with
the actual data of the dummy listed in Tables 1 and
2, it is clear that the design basically achieves its

goal to produce an anthropometrically human-like
dummy. It provides a successful prototype for future
improvement. Some dimensions and mass distributions
can be further fine-tuned in later modifications. Since
some target values are either estimates or scaled values
from other age groups, the small difference between
the target and actual values is deemed insignificant. 

Biofidelity Certification Tests

The biofidelity tests described above, were
performed to examine the performance of the designed
infant dummy. Before the tests, the dummy was
soaked in a temperature controlled room for 24 hours.
The temperature was  controlled between 69°F and
72°F. 

The tests were carried out using a linear impactor 
shown in Figure 11 driven by a pendulum from one
end. This impactor was designed to have the flexibility
of attaching different moving masses and different
impactor heads that are required by each test. Different
speeds can be achieved by changing the drop height
and the mass of the pendulum. The linear impactor
was instrumented with an LVDT, a uniaxial load cell,
and an accelerometer. The speed of the impactor was
monitored by a velocity gate which is not shown in the
picture. The speed gate can be seen in Figures 12, 16
and 18. During the tests, the impactor was fixed to a
frame which also supported the driving pendulum and
a height-adjustable platform for sitting the dummy.

The setups and results of each test are discussed
below.

Figure 11. The linear impactor used for testing the
infant dummy (with the impactor head for
abdomen test).
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Head Impact Test

Figure 12 shows the setup of the head impact
test. The dummy was sitting upright on a hard
plastic surface without any other support. The
impactor was aimed at the center of the forehead of
the dummy. The impact speed was 0.8 m/s.

Figure 12. Setup of the head impact test.

Figure 13 shows the result of the head impact
compared to its biomechanical corridor. It can be
seen that the repeatability of the two tests were very
good. The average peak force of the tests was within
the scaled corridor, while the timing of the peak is
about 1ms behind the scaled corridor. The
performance of the head in the impact test was
found to be acceptable.

Figure 13. Head impact result of the infant
dummy.

Head Drop Certification Test

The setup of the head drop test is shown in
Figure 14. The setup is the same as used for testing
the HIII dummy head. The head was dropped from a
height of 376mm to a rigid surface (a thick steel

plate). Accelerations on three directions were
measured to calculate the resultant value. 

Figure 15 shows the drop test result. The tests
showed good repeatability, and the average peak value
of the three tests was within the scaled corridor. 

Figure 14. Setup for head drop test.

Figure 15. Head drop test result of the infant
dummy.

Thorax Impact Certification Test

Figure 16 shows the setup of the thorax impact
test. The dummy was seated so that the anterior chest
is approximately parallel to the impactor head. The
center of the impactor is aimed at the center of the
chest, but avoiding impact with the shoulder block
inside the dummy. The head of the dummy drooped
naturally. The forearms of the dummy were raised to
allow better view for the high speed camera.

Figure 17 shows the result of the thorax impact
tests. It can be seen that the two tests repeated well.
Though the force is close to the upper limit of the
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scaled corridor, the maximum deflection of the chest
is within the corridor. The design successfully
achieved the relatively flat part of the force-
deflection as in the scaled corridor, as well as, the
hysteresis. The performance of the chest was
considered to be acceptable.

Figure 16. Setup of the thorax impact test (the
forearms were raised to allow better high speed
camera view).

Figure 17. Test result of the thorax impact
compared with scaled corridor.

Abdomen Impact Certification Test

Figure 18 shows the setup of the abdomen
impact test. The dummy was seated with its torso
upright. The impactor head was aimed at the center
line of the abdomen. The arms were placed out of
the way for better viewing by the high speed
camera.

Figure 19 shows the result of the abdomen
impact tests. The repeatability of the two tests was 
good. The abdomen was compressed by about
41mm, and the force during the compression fell

into the scaled corridor, which demonstrated that the
current abdomen design was able to meet the target
requirements.

Neck Pendulum Certification Test

The neck pendulum certification was performed in
all three modes - frontal flexion, extension and lateral
flexion. Currently the response of the neck is focused
on the kinematic requirement. The angular motion of
the head was calculated from the angular rate sensors
located at the head CG. The time history of this curve
was plotted against its requirement to see how the neck
performs under different mode of dynamic loading.
Neck axial load from  the lower neck load cell and
accelerations at head CG were also measured, but were
not examined for response purposes.

Figure 18. Setup of the abdomen impact test.

Figure 19. Test result of the abdomen impact
compared with scaled corridor.

Figure 20 shows the setup of the neck pendulum
test. The head-neck assembly was attached to the
pendulum arm through an adapter. The drop angle of
the pendulum was monitored by an angular
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potentiometer at the rotation axle. The pendulum
was stopped by a piece of foam attached to a rigid
frame. The foam was carefully selected to produce
the desired pulses for the testing.

Figures 21 is the pulse produced for frontal
flexion and extension tests, and Figure 22 the pulse
for the lateral test. For frontal flexion and extension,
the pendulum was dropped from the same height,
creating a pulse of about 25 g with a duration of
about 20 ms. For lateral flexion, the pendulum was
dropped from a lower height, creating a pulse of
12.6 g with a duration of 30 ms.

The results of the tests are shown in Figures 23,
24 and 25 for frontal flexion, extension and lateral
flexion respectively. For the flexion test, it can be
seen that the timing of the peak is close to the target
kinematic requirement though the maximum head
angle is slight higher. In the extension test, the
maximum angle is also slightly higher than the
required value, but the time of the peak is within the
requirement. In the lateral test, the maximum angle
is higher than the required value, but the time of
peak is within the requirement.

Overall, the time of peak angles were within the
kinematic requirement. The maximum angles were
found to be slightly higher than the requirements. 
Since the requirements were based on scaling the
adult 50th percentile neck responses on the
pendulum, it is felt that additional biofidelity data
should be developed before proceeding with any
modifications to better tune the necks.

Figure 20. Setup of the neck pendulum test for
frontal flexion (left: overall view, right: local
view).

Figure 21. Acceleration pulse produced by the
pendulum for frontal flexion and extension tests.

Figure 22. Acceleration pulse produced by the
pendulum for lateral flexion test.

Figure 23. Time history of head angle during neck
frontal flexion.
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Figure 24. Time history of head angle during
neck extension.

Figure 25. Time history of head angle during
neck lateral flexion.

CONCLUSION

A 3.4 kg infant dummy representing an average
of newborn baby was developed. The dummy was
designed to be used for various testing setups 
including child restraint system evaluation, stroller
comfort evaluation, shaken baby syndrome studies,
and others. The dummy includes 26 channels of data
to provide sufficient data for the different tests
planned using it. Biofidelity requirements for the
dummy were obtained by scaling the requirements
for the 50th percentile male dummy. The biofidelity
tests have shown that the performance of the dummy
either meet or are close to the target requirements.

As new data from cadaver testing on newborns
come out in the future, some of the biofidelity

requirement may need to be revised. However, the
success with this dummy demonstrated that the design
approach used this study can be employed to meet
those possible revisions in the future.
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ABSTRACT 
 
A summary of the continued efforts of the 
Biomechanics Working Group to complete its 
original task given to it by the International 
Harmonized Research Activities Steering Committee, 
determining specifications for a Universal Side 
Impact Anthropomorphic Test Devices is presented.  
 
INTRODUCTION 
 
This report summarizes the continued activities of the 
International Harmonized Research Activities 
(IHRA) Working Group on Biomechanics Research 
(BWG) for the period from its last report, given at the 
May 2003 in Nagoya, Japan on the occasion of the 
18th International Technical Conference on the 
Enhanced Safety of Vehicles, to the present.  The 
Biomechanics Working Group continues to 
concentrate its efforts to develop a rationale for and 
specifications of a universal side impact 
Anthropomorphic Test Device (ATD). This task 
remains the primary focus of the Biomechanics 
however; discussions of possible new initiatives have 
also taken place.   
 
DISCUSSION 
 
Emphasis of the BWG’s Current Efforts: 

The BWG continues to concentrate the majority of its 
efforts on the completion of its Side Impact Report.  
These efforts encompass four major topics:  

• Characterization of the Global Side Impact 
Problem (which seeks to identify the 
commonalties and differences of the side 
impact problem throughout the world), 

• Anthropometric Characterization of Crash 
Victims (which investigates the size and 
mass attributes of the world’s side impact 
population at risk and seeks to determine the 
necessary and sufficient type and number of 
test dummies necessary to effect broad 
safety benefits), 

• Biofidelic Impact Response Specifications 
(which seeks to characterize and generalize 
human impact responses into dummy design 
requirements and provide a quantitative 
evaluation methodology for assessing the 
ability of various dummy designs to meet 
them), and 

• Injury Criteria and Associated Performance 
Limits (which seeks, through thorough 
review and analysis, appropriate injury 
criteria for the various body areas at risk that 
can link features of an occupant’s impact 
response with estimations of the extent and 
severity of expected injuries.  Performance 
limit recommendations that would provide 
sufficient reduction of the current side 
impact injury situation will also be 
proposed). 

Steady progress has been achieved in each of the four 
major research areas with updated versions of the 
final report having been redrafted.  However, 
developing and reaching consensus in the area of 
Biofidelic Impact Response Specifications area 
remains the most difficult technical challenge to the 
BWG.  The difficulties stem from deciding what is 
the set of necessary response requirements and when 
do they become the set of sufficient response 
requirements.  This is further complicated because 
some response requirements determine how a dummy 
should interact with its impact environment while 
others deal with those requirements necessary for 
good injury prediction.  Various, recent technical 
publications in this area have tried to address this 
issue and the BWG feels that with these new 
concepts, it can find a reasonable consensus of 
opinion to resolve this issue and allow finalizing the 
needed response requirements. 

Efforts to develop Biofidelic Impact Response 
Specifications for a family of frontal test dummies 
have also been informally initiated.  The BWG has 
decided to use, as an initial bases, the response 
specifications derived and used for the design and 
development of NHTSA’s advanced frontal test 
dummies, the 50th percentile male and the 5th 
percentile female THOR dummies.  Evaluation of the 



appropriateness, adequateness, and sufficiency of 
these and other existing requirements will most 
certainly become major discussion topics for 
upcoming meetings of the BWG group.  

 

 

SUMMARY 

To accomplish its task of developing and providing 
necessary and sufficient specifications to develop a 
universal side impact anthropomorphic test device(s) 
with associated injury criteria and performance 
limits, the BWG continues to review crash data, 
anthropometrical data, biomechanical response and 

injury data.  As it stands today, the current consensus 
among the BWG’s participants is that the world side 
impact problem possesses sufficient significant 
similarities to allow a definition of a single family of 
dummy test devices to be made.  This single family 
should be able to appropriately represent the diversity 
of the world’s nationalities as well as be able to 
monitor and/or control all significant injury and crash 
modes they experience.  The BWG also believes that 
sufficient information exists to define the dummy’s 
impact response characteristics to assure that it 
adequately response like a human and those 
responses can be interrogated to make accurate 
estimations of injury.  The BWG hopes to complete 
this undertaking in the near future and provide the 
Steering Committee a draft of the Side Impact report 
as it has requested. 
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ABSTRACT 

This paper reports on the status of work of the 
International Harmonised Research Activities 
(IHRA) Side Impact Working Group (SIWG) as at its 
23rd meeting prior to the 19th ESV conference in 
Washington in June 2005. This includes decisions 
made and the reasons for them and represents a final 
report on this phase of the IHRA work. 

INTRODUCTION 

At the 2003 ESV conference, the International 
Harmonised Research Activities (IHRA) Side Impact 
Working Group (SIWG) reported a suite of draft test 
procedures designed to enhance safety in real world 
side crashes. 

The draft test procedures proposed in 2003 represent 
a complementary suite of procedures designed to 
provide a range of test conditions encompassing a 
range of occupant sizes, seating positions and impact 
conditions to minimise the incentive for sub-
optimisation of vehicle designs to specific test 
conditions.  Hence, a mobile deformable barrier 
(MDB) to vehicle test with fifth percentile female 
dummies has been proposed to address vehicle to 
vehicle side impact crashes and a vehicle to pole test 
with a fiftieth percentile male dummy has been 
proposed to address vehicle to narrow object crashes.  
In addition, an interior surface headform impact test 
has been proposed to reduce head injury risk that 
may arise under different impact configurations than 
those specified by the MDB and pole impact test 
procedures. To ensure that no detrimental effects are 
generated by design changes to meet the testing 
requirements, a set of out of position test procedures 
are also proposed. 

The IHRA SIWG undertook to coordinate an 
evaluation program by members of these test 
procedures over the period 2003-2005, with the aim 
of reporting recommended test procedures to enhance 
real world safety in side crashes at ESV 2005. The 

IHRA SIWG provides a crucial framework for 
targeting studies and research efforts. Currently, no 
other global framework exists under which this 
collaborative research effort may be conducted. 

BACKGROUND 

A steering committee was set up at the 15th 
Enhanced Safety of Vehicles (ESV) conference in 
Melbourne in 1996 to work towards a harmonised 
vehicle safety research agenda to avoid duplication of 
research.  This is the International Harmonised 
Research Activities (IHRA) Steering Committee 
comprising government representatives including 
vehicle safety regulators from around the world.  It 
was agreed that IHRA be responsible for overseeing 
research activities in six key areas. 

One of the original key areas, functional equivalence, 
was replaced by side impact following the 16th ESV 
conference in Windsor, Canada in 1998.  The six 
working groups under IHRA after the 16th ESV are 
shown below with each group chaired by the country 
in parenthesis: 

• Side impact (Australia) 
• Advanced frontal crash protection (Italy) 
• Vehicle compatibility (United Kingdom) 
• Biomechanics (USA) 
• Pedestrian safety (Japan) 
• Intelligent Transport Systems (Canada) 
 
At the 17th ESV in Amsterdam, progress was again 
reviewed and it was decided to amalgamate the 
Advanced Frontal and Vehicle Compatibility 
Working Groups with the resulting five groups 
tasked for a further 4 years with a review at each 
ESV. The Steering Committee also agreed to a 
revised set of Terms of Reference for the Side Impact 
Working Group (SIWG). 

The various IHRA working groups generally consist 
of about 10 members to ensure that progress is as 
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speedy as possible.  Although IHRA is essentially a 
government group, industry has been invited with a 
total of three representatives in each working group, 
one each from North America, Europe and Asia-
Pacific regions.  This maximises outcomes by 
engaging vehicle manufacturers in the research 
process so that countermeasures can be designed into 
vehicles as soon as possible. 

SIWG MEMBERSHIP 

The current members of the IHRA Side Impact 
Working Group are: 
 
Craig Newland Department of Transport and 

Regional Services, Australia 
(Chair) 

Mark Terrell /  Department of Transport and 
Duncan Lockie Regional Services, Australia. 

(Secretaries) 
Dainius Dalmotas Transport Canada 
Suzanne Tylko Transport Canada 
Adrian Roberts EC/EEVC 
Michiel van Ratingen EC/EEVC 
Joseph Kanianthra National Highway Traffic 

Safety Administration, USA 
Hideki Yonezawa National Traffic Safety and 

Environment Laboratory, 
JMLIT 

Minoru Sakurai JARI 
Atsushi Hitotsumatsu OICA Asia-Pacific/JAMA 
Michael Leigh / OICA North America/AAM 
Stuart Southgate 
Christoph Mueller OICA Europe/ACEA 
Keith Seyer OICA Asia Pacific/FCAI 
 
Past members: 
 
Robert Hultman  OICA North America/AAM 
Haruo Ohmae JARI 
Takahiko Uchimura OICA Asia-Pacific/JAMA 
Rainer Justen OICA Europe/ACEA 
Richard Lowne EC/EEVC 
Akihisa Maruyama OICA Asia-Pacific/JAMA 
Keith Seyer DOTARS (Chair) 
Mark Terrell Department of Transport and 

Regional Services, Australia 
(Secretary) 

 
TERMS OF REFERENCE 

At its 12th meeting, the SIWG finalised the revised 
Terms of Reference which states the objectives of the 
group, the outcomes of its first 2-year term, the 

activities to be undertaken in the future and a 
timeframe for these.  These are summarised below. 

Objective 

Co-ordinate research worldwide to support the 
development of future side impact test procedure(s) 
to maximise harmonisation with the objective of 
enhancing safety in real world side crashes. 

Scope 

In its first 2-year term, the Side Impact Working 
Group (SIWG) concluded that new test procedures to 
address the side impact problem should include: 
 
• A mobile deformable barrier to vehicle test 
• A vehicle to pole test 
• Sub-systems head impact test 
• Out of position airbag evaluation 
 
In its next term, the SIWG will also coordinate 
research to examine the feasibility of improving side 
impact protection for occupants on the non-struck 
side and develop a test procedure to evaluate such 
protection. 

Activities 

The SIWG is working towards achieving these goals 
by: 
 
1. Reviewing any new real world crash data to 

prioritise injury mechanisms and identify 
associated crash conditions taking into account 
likely future trends. 

2. Taking into account the need to protect both 
front seat and rear seat(s) adult and child 
occupants. 

3. Interaction with the IHRA Biomechanics 
Working Group to monitor the development of 
harmonised injury criteria. 

4. Interaction with the IHRA vehicle compatibility 
working group to ensure solutions in one area do 
not degrade safety in another. 

5. Monitoring and, as appropriate, providing input 
to the development of WorldSID and any other 
side impact dummy. 

6. Determining the greatest degree of 
harmonisation feasible and the design and 
vehicle safety performance implications of 
adopting different levels of test severity or the 
worst case condition. 

7. Coordinating the evaluation of proposed test 
procedures subject to availability of test 
dummies and injury criteria. 
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Timeframe 

While the progress of the group will be reviewed 
every 2 years, it is expected that:  
 
• The target date for draft final proposal of test 

procedure(s) is 2003 ESV 
• The target date for final proposal of test 

procedure(s) is 2005 ESV with validation in the 
intervening 2 years. 

 
The test procedure(s) would include the best 
available dummies as recommended by the IHRA 
Biomechanics Working Group (BWG) (for example, 
the harmonised test dummy being developed by the 
ISO WorldSID Task Group (www.worldsid.org)).  
The BWG will also advise on availability of any 
other suitable test dummies and the injury criteria to 
be used.  

Members noted that there are differences in fleet 
compositions around the world but were hopeful that 
research could be focused on these differences to 
determine whether they had a quantifiable effect on 
the injury risk in side impacts. 

SUMMARY OF RESEARCH 

Methodology 
 
To determine the side impact trauma problem that 
needed to be addressed, the group began by 
examining real world crashes in the 3 major 
geographical regions, North America, Europe and 
Asia-Pacific, to identify the: 
 
• types of side impact crashes occurring 
• injuries being sustained by body region 
• causes of these injuries, where possible 
• characteristics of the drivers and passengers most 

at risk (gender, size, seating position, etc) 
 
For vehicle to vehicle crashes, members were asked 
to report on any research that examined the effects on 
injury risk of mass, stiffness and geometry of striking 
vehicles together with any other parameters that were 
considered important for side impact protection. 
 
There has been close cooperation and communication 
between the SIWG and other IHRA WGs on 
advanced frontal, vehicle compatibility and 
biomechanics, and with the WorldSID Task Group. 
 

Real World Crash Studies 
 
As part of the IHRA Biomechanics Working Group 
(BWG) task to define the real world side impact 
safety problem, Transport Canada analysed the real 
world crash data submitted by the various regions.  
This study, to be reported by the IHRA BWG, 
indicated that: 
 
• Collectively, side impacts involving vehicle to 

vehicle crashes and vehicle to narrow object 
crashes constitute about 90% of the side impact 
trauma.  However, the frequency of involvement 
of specific vehicle types and narrow objects 
varied from region to region. 

• Most of the trauma in side impacts occurs to 
struck side occupants. 

• Up to 40% of the trauma to occupants of the 
struck car in side crashes occurs to non-struck 
side occupants depending on the geographical 
region. 

• The head and chest were consistently the most 
frequently injured body regions. 

• The frequencies of abdominal, pelvic and lower 
extremity injuries were also significant, but 
varied with geographical region. 

• The main contact points causing injury to struck 
side occupants were door structure, exterior 
object and B-pillar. 

• Depending on the region, the proportions of 
male and female severely or fatally injured 
occupants in vehicle-to-vehicle crashes were 
either similar or slightly predominated by 
females (up to 60%). 

• Young males predominated in vehicle to narrow 
object crashes. 

• Elderly occupant casualties were over-
represented in vehicle to vehicle crashes. 

• Rear occupants account for less than 15% of 
road trauma in side impacts. 

 
The above research, combined with the need to 
ensure enhanced side impact protection for all adult 
occupants, would indicate the importance of using a 
small adult female test device in the front driver 
position in an MDB to vehicle test and using a mid 
sized adult male test device in a vehicle to pole test.  
Regulators may wish to specify requirements for 
other dummy sizes, if crash statistics indicate such a 
need for a particular region. 
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Parametric Studies on Effect of Mass, Stiffness 
and Geometry on Dummy Response 
 
Research conducted within IHRA found differences 
in the makeup of the vehicle fleets in each of the 
global regions. 

Since a mobile deformable barrier (MDB) represents 
a striking vehicle, it was noted that it may be difficult 
to propose a single MDB representative of striking 
vehicles from all global vehicle fleets.  Jurisdictions 
in which the striking vehicles are predominantly 
passenger cars felt that it may not be appropriate for 
them to consider an MDB representing an SUV. 

A number of parametric studies have been conducted 
to examine the effect on injury risk of the mass, 
stiffness and geometry of the striking vehicle in side 
impacts.  The data presented to the SIWG included 
results from: 

• A computer simulation by the UK Transport 
Research Laboratory 

• A cooperative project of full-scale tests by the 
Australian Department of Transport and 
Regional Services and Transport Canada. 

• A full-scale test series by the US Insurance 
Institute for Highway Safety (IIHS). 

• Full scale tests by Transport Canada. 
• A computer simulation by the NHTSA. 
• Full-scale tests and FEM simulations of front-

end structures of impacting vehicles for the 
comparison with current European MDB face by 
JAMA. 

• Full scale tests by JMLIT. 
 
Based mainly on single parameter variations, these 
data supported the following conclusions on the 
factors that increased dummy response: 

• Raising ground clearance of the striking 
vehicle/trolley had the greatest effect (mainly 
due to a reduction in engagement of the side sill 
of the struck vehicle). 

• Increasing the mass and stiffness of the striking 
vehicle/trolley has a lesser effect. 

• A perpendicular impact of the striking 
vehicle/trolley maximises the loadings to the 
driver when compared to crabbing the 
vehicle/trolley. 

• Non-homogeneous barriers generate more 
“punch-through” than homogeneous ones. 

 

It was also noted that: 
 
• In high frontal profile striking vehicles such as 

4WDs/Light Trucks and Vans (LTVs) there is 
typically less engagement of the sill and floorpan 
of the struck vehicle and these striking vehicles 
are more likely to load the head (from contact 
with the high hood/bonnet) and chest (from the 
higher intrusion profile). 

• Typically, injuries occur (40-50 msec after 
impact) before momentum transfer to the struck 
vehicle occurs (around 70 msec).   

• The stiffness ratio between the front and side 
structure of vehicles is so high that, for the same 
geometry, variation in front structure stiffness 
has little effect on dummy response. 

 
Some of these studies also included increasing impact 
speed which was found to have an effect similar to 
increasing ground clearance.  For example one of the 
studies showed that increasing the speed from 50 to 
60 km/h had the same or similar effect on dummy 
responses as increasing the ground clearance from 
300 mm to 400 mm. 

Compound variations of mass, stiffness, geometric 
and velocity parameters were not investigated. 

Non-Struck Side Test Research 
 
Members agreed that there should be a test to 
evaluate injuries to non-struck side occupants 
because real world crash data attributed up to 40% of 
road trauma to this group depending on the 
geographic region. In the US, FMVSS201 addresses 
this problem to some extent. 

The SIWG received information regarding 
preliminary research and a work plan for a 
collaborative program between General-Motors 
Holden’s, Monash University, George Washington 
University, Virginia Tech, DOTARS and Autoliv.  
This work showed that current dummies are unlikely 
to provide correct kinematics but that WorldSID’s 
design showed promise. This work is reported 
elsewhere in this ESV. However, there is much more 
to be done in this area and should be given a higher 
priority in the SIWG’s considerations in the future. 

CONCLUSIONS 
 
After reviewing further research data, members 
confirmed that the IHRA Side Impact test procedure 
should comprise: 
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1. A mobile deformable barrier to vehicle test to 
simulate the vehicle to vehicle crash condition. 

2. A vehicle to pole test to simulate the vehicle to 
narrow object crash condition. 

3. Sub-systems interior surface head impact test to 
address the risk of head injury under crash 
conditions other than the specific MDB and pole 
tests. 

4. Out-of-position side airbag evaluation test(s). 
 
Draft test procedures were proposed in the status 
report from the IHRA Side Impact Working Group at 
ESV 2003.  During 2003-2005, a number of 
organisations have commenced validation of these 
draft test procedures.  

Since a recommendation for suitable test device(s) 
and injury criteria has not been made by the IHRA 
Biomechanics Working Group, the validation work 
has been undertaken using a range of existing side 
impact dummies and injury criteria.  It is anticipated 
that further verification testing may be required when 
test dummies and criteria are recommended. 

The following sections will discuss the progress and 
status of work conducted by the IHRA SIWG on 
each of these tests. 

MOBILE DEFORMABLE BARRIER (MDB) 
TEST 
 
Defining the parameters of the Mobile Deformable 
Barrier (MDB) test has proven to be the most 
challenging task for the group. While the group was 
hopeful of recommending only one MDB test, it 
became clear that this would be difficult because of 
the fleet differences between regions around the 
world. 

In North America, LTVs currently account for 
approximately 50% of all new light vehicle sales 
(cars, light trucks and vans). In other regions there 
has been an increase in the popularity of “soft-
roaders”/small 4WDs, although not to the same 
extent as North America.  While smaller and lighter 
than traditional 4WDs, their high geometry front 
structures present similar problems to vehicles they 
strike. 

Therefore, the group agreed to consider two MDB 
test procedures to be taken into the validation phase 
which may result in further refinements: 

1. An MDB test using a barrier based on a 
passenger car/small 4WD-type bullet vehicle. 

This will initially be the Advanced European 
(AE)-MDB test procedure currently being 
developed by the EEVC. 

 
2. An MDB test using a barrier based on a LTV 

type vehicle. This will initially be the Insurance 
Institute for Highway Safety (IIHS) MDB test 
procedure currently being used by the IIHS. 

 
The group noted that: 

 
• A single “worst case” test would be the ideal for 

harmonisation. However, this could only be 
achieved if the proposed more severe test could 
be guaranteed to provide at least the same degree 
of protection for all significant body regions as 
generated by the less severe test. 

• By taking at least 2 draft test procedures (eg the 
new draft AE-MDB and the IIHS MDB) into the 
validation phase, there would be some latitude to 
develop and select appropriate tests for the 
different fleet mixes and to examine whether the 
worse case test option is feasible. 

• The accident data indicated that, at a minimum, a 
small female dummy should be used in the MDB 
tests and a mid-sized dummy should be used in 
the pole test. 

 
A number of side impact parametric studies were 
reported to the group, including both physical testing 
and computer simulation, evaluating the influence of 
MDB characteristics on injury risk and vehicle 
structural behaviour.  These concluded that the 
ground clearance of the front of the MDB (and 
consequent reduction in engagement of the side sill 
of the struck vehicle) had a major effect on injury 
risk, whilst MDB mass and stiffness has only a minor 
effect.  This formed the basis for the proposed MDB 
mass of 1500kg - probably lighter than a typical 
striking vehicle in some jurisdictions, but heavier 
than a typical striking vehicle from other 
jurisdictions, but with the effect of mass not such an 
important factor. Further, the perpendicular impact 
mode provided more severe load conditions for the 
driver, while the force – deflection response of 
etched (progressive) honeycomb barriers was 
different in the crabbed mode to perpendicular mode. 
For these reasons, perpendicular impact is the 
preferred impact mode as reported in the previous 
IHRA SIWG status report. Since this report, NHTSA 
has expressed some concerns regarding this position. 

Accident studies from Asia-Pacific, North America 
and Europe have shown that 50 km/h would be an 
appropriate perpendicular impact speed for the MDB.  
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The geometric and stiffness requirements for a 
proposed MDB were not as easy to reconcile.  Since 
the Insurance Institute for Highway Safety (IIHS) 
had already finalised a specification for its side 
impact assessment, the IHRA SIWG agreed to 
consider this test procedure as a potential candidate 
procedure on the basis that this barrier had been 
designed to represent a large SUV striking vehicle.  
In parallel, EEVC Working Group 13 had been 
developing a new MDB (known as the AE-MDB) to 
represent small SUVs and passenger car striking 
vehicles. 

Advanced European (AE)-MDB Test Procedure 
 
The AE-MDB is designed to provide an impact 
environment similar to that seen in car-to-car and 
small 4WD-to-car side impacts. The objective has 
been to  
(i) provide a sufficiently stringent test condition 

for the rear seat dummy while maintaining 
the same level of severity for the front seat 
dummy 

(ii) provide a perpendicular test 
(iii) provide a severity of test appropriate for a 

predominantly car-based fleet mix. 
(iv) develop test conditions that would require 

protection measures that would be effective 
in real car-to-car impacts (i.e. that could not 
be overcome by vehicle design changes 
optimised for the MDB but that would not 
work in many car-to-car accidents). 

The car-based barrier test, to be used within the 
IHRA SIWG suite of test procedures is being 
developed by EEVC Working Group 13. A report on 
the status of this research is being prepared by WG13 
(Roberts et al, 2005.) Since the last IHRA SIWG 
progress report the external shape of the AE-MDB 
has remained unchanged but its specification has 
developed to incorporate the manufacturing and build 
features as is specified in the revised ECE Regulation 
(R95/02) MDB face and the principle of ‘progressive 
stiffness’ honeycomb. EEVC has also developed the 
dynamic crush certification corridors to reflect the 
geometric characteristics of the barrier. 

It is important that the advanced barrier is appropriate 
for use in a range of different loading conditions. At 
the time of the previous ESV report WG13 had been 
assessing the AE-MDB performance against the 
results of two struck vehicles being struck by two 
other vehicles, in moving car to moving car tests. The 
target cars were the Toyota Camry and the Renault 
Megane being struck by a Ford Mondeo, which was 

considered to be an ‘average European family car’ 
with reasonably good EuroNCAP scores and a 
Landover Freelander, a typical European SUV, also 
considered equivalent to a large family car. Since 
2002 WG13’s research has extended the baseline 
assessment testing to include the Alfa 147 and 
Toyota Corolla as target vehicles (both three door 
vehicles). The Freelander has continued to be one of 
the bullet vehicles. The other bullet vehicles have 
been the Toyota Corolla and the Renault Megane. 
Tests with the AE-MDB, to the revised build 
specification, have also been performed into these 
new target vehicles and into the rigid load cell wall as 
part of certification and repeatability studies. 

Further information on the stiffness of modern 
vehicles has been obtained and has generally 
confirmed that the force deflections previously used 
are valid, for this particular loading condition, which 
has traditionally been used to specify the dynamic 
performance of European barrier faces used in the 
European standards. 

The IHRA MDB test procedures are expected to use 
more advanced side impact test dummies (possibly 
the 5th%ile WorldSID) with enhanced injury 
assessment capability, as recommended by the IHRA 
Biomechanics group. The IHRA Biomechanics group 
has not yet made a recommendation for a 5th%ile 
side impact dummy. Since the previous IHRA SIWG 
report in 2003, EEVC WG13 has been evaluating the 
AE-MDB test procedure using the ES-2 dummy, not 
with the rib extension modification as this has not 
been approved for regulatory application in Europe 
or been recommended by EEVC WG12, the EEVC 
Dummies group. 

The latest full scale tests with the AE-MDB are 
suggesting that the MDB loading into the struck cars 
may not be as representative as was hoped when 
compared to the vehicle to vehicle tests. One 
suggestion for this is due to the fact the AE-MDB is 
not interacting with some of the more rigid structures 
of the struck vehicles, e.g. the stiff B posts. It has 
also been noted that some front structures of modern 
cars now incorporate lateral stiffening structures, 
cross beams, which can form a link across the two 
outer longitudinals. Research is currently taking 
place by WG13 and within the EC APROSYS 
project to investigate changes to the AE-MDB to 
include such attributes. EEVC WG13 is therefore not 
in a position to recommend that the AE-MDB barrier, 
described in the former report is sufficiently well 
developed for it to be considered for wide spread 
evaluation within the IHRA suite of test procedures. 
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It is hoped that a design revision will be agreed upon 
in the next year. At this point in time the IHRA suite 
of procedures can not be completed with the AE-
MDB test procedure.  This has resulted in an inability 
to compare the two candidate MDB test procedures at 
this time and hence the IHRA SIWG is not in a 
position to recommend an MDB test at present. 

     Japanese Supportive Research - Japan has been 
cooperating with the development of the AE-MDB, 
as a part of international harmonization research. 
Impact tests of cars have been conducted using this 
barrier face to compare the profile of deformation in 
tested vehicles (crashed vehicles) with the 
deformation resulting from crashes involving actual 
vehicles. 

Impact tests were performed car-to-car (passenger car 
to passenger car), AE-MDB-to-car, SUV-to-car, 
MPV-to-car, etc. Unlike the EEVC WG13 tests, most 
of these tests were conducted with the centre of the 

barrier aimed at the R-point at that time. The results 
showed that the amount of deformation in test 
vehicles when crashed against AE-MDB tended to be 
greater than when crashed against passenger cars, but 
was likely to be smaller than in crashes with SUVs or 
MPVs. These results almost satisfied the 
specification target of the barrier face that simulates 
vehicles including compact SUVs. Regarding 
particular parts of crashed vehicles, there were some 
differences in the profile of deformation around B-
pillar in test vehicles when crashed against actual 
vehicles and when impacted against the barrier face 
(Fig. 1). When tested with the barrier face, the 
deformation was smaller at the B-pillar than at the 
door, with the barrier face itself undergoing 
significant deformation in the centre. When crashed 
against actual cars, on the other hand, the amount of 
deformation was similar at the door and at B-pillar, 
with the front end of crashed cars showing extensive 
deformation. The difference is suspected to be due to 
the influence of the bumper beam that connects the 
right and left sections of the vehicle’s front end. 

 
Figure 1.  Deformation Profiles of Struck Vehicles (left) and Striking Vehicles (right) 

          

Intermediate plate : t=3mm
drilled plate
same as back plate

Stiffness of bumper : 245psi (same as FMVSS 214)

Other parts are same 
as AE-MDB V2  

Figure 2.  AE-MDB (left) and Japanese Prototype AE-MDB (right) 
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Figure 3.  Characteristics of AE-MDB and Japanese Prototype AE-MDB 

 

 
Figure 4.  Deformation Profile of Struck Vehicles (left), AE-MDB and Japanese Prototype AE-MDB (right) 
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In order to decrease this variance, it was suggested to 
add a bumper to the barrier face. The improved 
barrier face was trial manufactured and tested for 
barrier characteristics verification test and for MDB-
to-car crashes. The barrier face was improved by 
replacing the honeycomb sandwich structure at the 
protrusion of the bumper in the front end of the lower 
block with stiffer honeycomb to simulate the bumper 
(or bumper beam) that connects the left and right 
sections of the vehicle’s front end (Fig. 2). This 
barrier face (modified AE-MDB) is characteristically 
stiffer at the entire lower block, as the malleable 
section in the lower block has been replaced with 
stiffer honeycomb. The lower centre section was 
found to be even stiffer due to the connection with 
the right and left blocks (Fig. 3). 

Results of modified AE-MDB-to-car crash tests 
showed that deformation of the struck vehicle was 
closer to the deformation caused by car-to-car impact 
tests than that from the conventional AE-MDB. The 
absolute value of the amount of deformation, 
however, increased due to the greater stiffness of the 
barrier face (Fig. 4). The deformation profile of the 
bumper in the barrier face was similar to the 
deformation profile of bumper beam in the impacting 
vehicle in car-to-car tests. 

Based on the above results, Japan believes that the 
next-generation barrier face for side-impact tests 
could be the AE-MDB with a simulated bumper (or 
bumper beam). The characteristics of the modified 
AE-MDB (with a simulated bumper) manufactured 
here will need to be improved to simulate the 
stiffness more appropriately within the corridor. 

IIHS MDB Test Procedure 
 
The IIHS MDB test consists of a stationary test 
vehicle struck on the driver’s side by a moving 
barrier fitted with an IIHS side impact deformable 
face (version 4) ballasted to 1500 kg.  The barrier has 
an impact velocity of 50 km/h (31.1 mph) and strikes 
the test vehicle on the driver’s side at a 90-degree 
angle.  The impact point of the barrier is dependent 
on the wheelbase of the test vehicle.  For a vehicle 
struck on the left side, the impact point is defined as 
the distance rearward from the struck vehicle front 
axle to the left edge of the deformable barrier face 
when the deformable barrier face makes first contact 
with the struck vehicle. 

The impact point is calculated as follows: 
 

• If wheelbase < 250 cm, then impact reference 
distance (IRD) = 61 cm  

• If 250 cm ≤ wheelbase ≤ 290 cm, then impact 
reference distance = (wheelbase ÷ 2) – 64 cm 

• If wheelbase > 290 cm, then impact reference 
distance = 81 cm 

 
The horizontal and vertical impact tolerances at the 
point of contact between the MDB and the vehicle 
shall be less than ± 25 mm. 

The moving deformable barrier (MDB) is accelerated 
by the propulsion system until it reaches the test 
speed (50 km/h) and then is released from the 
propulsion system 25 cm before the point of impact 
with the target vehicle. The impact speed is clocked 
over a 1 m length of vehicle travel ending 0.5 m 
before the vehicle’s release from the propulsion 
system. 

The MDB braking system, which applies the test 
cart’s service brakes on all four wheels, is activated 
1.5 seconds after it is released from the propulsion 
system.  The brakes on the struck vehicle are not 
activated during the crash test. 

APROSYS plans to conduct an evaluation test 
program of the IIHS MDB and the AE-MDB, 
specifically investigating the possibility that one of 
these could be considered a worst case condition. 
This work is delayed due to specification of the AE-
MDB not being finalised. 

Transport Canada has conducted an extensive 
evaluation of the IIHS barrier for comparison with 
various vehicle to vehicle crashes. Residual 
deformation and dummy responses from the IIHS 
barrier were consistent with vehicle to vehicle tests 
(Arbelaez et al 2002). In addition to the IIHS barrier, 
Transport Canada evaluated the feasibility of the use 
of the SIDIIs dummy and concluded that the SIDIIs 
was suitable (Tylko et al, 2004). 

     NHTSA position - NHTSA decided early on that 
the barrier research would entail considerable amount 
of work before an acceptable design could evolve.  
However, in the interest of a quick evaluation of the 
suitability of the IIHS test, comparison testing was 
undertaken.  NHTSA conducted five crash tests to 
compare the FMVSS No. 214 barrier to the IIHS 
barrier at FMVSS No. 214 and US NCAP speeds.  
Initial findings from this research concluded that the 
IIHS barrier stiffness distribution was not 
representative of pickups and SUVs analysed and the 
stiffness was relatively high compared to the Ford F-



Newland, 10 

150.  It was also concluded that a higher profile is 
essential to simulate the then existing fleet in the 
early 2000. 

NHTSA also noted in the early testing, the front-end 
design may not be quite suitable for crabbed test 
procedure and the sill engagement was totally absent 
which had the potential for making the side structures 
excessively stiff.  However much research was 
necessary to properly design a barrier that would 
accurately simulate the characteristics of the fleet 
involved and at the same time not drive vehicle 
designs that will overly increase their side stiffness.  
NHTSA noted that AE-MDB and other designs 
would have to be looked at in more detail and a 
considerable amount of testing would have to be 
undertaken before zeroing in on an acceptable 
design. 

VEHICLE TO NARROW OBJECT (POLE) 
TEST 

 
The real world crash data clearly indicated that 
vehicle impacts into narrow objects was an area that 
needed to be addressed.  There was considerably 
more consensus on the requirements of a vehicle to 
pole test procedure than for the MDB test.  The 
following has been proposed: 
 
• Moving vehicle to pole test. 
• Oblique impact @ 75 degrees to the longitudinal 

plane of the test vehicle 
• Speed of 32 km/h. 
• Pole impact to evaluate at least head and thorax 

protection. 
• Mid-sized adult male test device. 
• Rigid pole diameter of 254 mm. 
• Pole to span at least below sill height to above 

roof height. 
 
The main area of discussion has been the diameter of 
the pole and how this relates to the wish to load the 
head and thorax simultaneously.  These two body 
regions were identified as being the main causes of 
trauma in impacts into narrow objects.  A larger 
diameter pole was expected to better achieve head 
and thoracic loading at the same time as well as 
resulting in a more repeatable test.  All regions 
except the USA initially supported a 350 mm 
diameter pole.  The current FMVSS 201 dynamic 
pole test utilises a 254 mm diameter pole as does the 
consumer crash testing procedure used in various 
countries. 

APROSYS has analysed four pole tests with a 
Subaru Legacy vehicle (equipped with thorax and 
curtain side airbags) using WorldSID and ES-2re at 
90 degrees and 75 degrees. The oblique condition for 
WorldSID resulted in reduced head and neck 
responses, while thorax and abdomen responses were 
generally higher than the 90 degree condition. For 
ES-2re all responses were generally lower in the 
oblique condition than in the perpendicular condition. 
The experimental program was extended by virtual 
testing study conducted by Subaru. This study found 
the pole diameter had negligible influence on dummy 
responses and structural deformations. The Subaru 
study found that dummy responses were more 
sensitive to variations impact characteristics under 
the oblique condition than in the perpendicular 
impact condition. 

As reported elsewhere in this ESV, Transport Canada 
has conducted three paired tests comparing 
WorldSID dummy responses in oblique and 
perpendicular pole tests. Two additional paired tests 
in the oblique condition were also performed with 
ES-2re and WorldSID. 

While WorldSID dummy responses were generally 
higher in the oblique condition, head responses were 
dependent on airbag effectiveness and head 
positioning. Increased thoracic and abdominal 
responses in the oblique test were found to be due to 
a forward shift in impact location and increased 
impact energy rather than impact angle. 

It was observed that during oblique pole impacts the 
geometry of the ES-2re shoulder, by design, 
prevented compression of the shoulder and 
encouraged the shoulder and arm complex to rotate 
forward, leading to reduced rib deflection readings. 
WorldSID in contrast has a compliant shoulder which 
compresses laterally under load, the WorldSID ribs 
are consequently loaded more severely than the ES-2 
ribs. 

In the abdominal region, high abdominal deflections 
in WorldSID were not matched with high abdominal 
force readings in ES-2re. 

     NHTSA Position - A recent test program by the 
USA has shown that an oblique impact using a 254 
mm diameter pole was able to load the chest and 
head simultaneously. NHTSA believes that an 
oblique impact angle would serve the safety need 
because the test is likely to result in wider inflatable 
head protection systems and thus protect occupants 
over a wider range of impacts with narrow objects 
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and improve crash sensing for air bag inflation.  In 
addition, NHTSA has determined that air curtain 
systems could be effective in preventing or reducing 
complete and partial occupant ejection through side 
windows. 

NHTSA has found the oblique pole test to be 
beneficial for enhancing side crash safety because of 
the necessity of advanced air bag and window curtain 
designs that will become necessary to meet the 
oblique pole test requirements.  NHTSA found the 
test procedure to be very repeatable in terms of 
impact line and closing speed.  Additionally, in 
comparison to the FMVSS 201P procedure 
(perpendicular pole impact), the oblique procedure 
consistently produced significantly higher head 
injury measures.  The head air bag system designed 
for the 201P test was found to be sensitive to seat 
track position and seat back angle changes. In one 
tested model, a failure to deploy the side airbags was 
observed. NHTSA contends that the sensors designed 
for the perpendicular test could not detect narrow 
object impact against the door when forward of the 
specified seating position. 

This test procedure is intended to simulate real world 
side crashes with narrow objects such as trees and 
poles.  The goal is to utilize an oblique pole side 
impact test procedure to evaluate countermeasures 
for head and chest protection in higher severity side 
crashes. 

In narrow object side crashes, half of the seriously 
injured occupants are in crashes of delta-Vs 32 km/h 
or higher.  Only 16% are in crashes with a principal 
direction of force around 90º while 63% are in frontal 
oblique narrow object crashes. The optional FMVSS 
No. 201, rigid pole side impact test is at 90º and an 
impact speed of 18 mph (29 km/h) while the oblique 
pole test is at 75º and 20 mph (32 km/h). 

INTERIOR HEADFORM IMPACT TEST 
 

The real world crash data indicated that head injuries 
were a significant part of side impact trauma even 
though the results of current regulatory MDB tests do 
not show a head injury risk. Consequently it was 
proposed that the IHRA harmonised side impact test 
procedures include a supplementary interior surface 
headform test to ensure that the potential contact 
points for head impact are evaluated. 

The proposed IHRA interior surface test procedure is 
being based on research being carried out by EEVC 
WG13. The outline of the developing test procedure 

was presented by EEVC WG13 at the 2003 ESV 
conference. The key research that has taken place 
since the previous IHRA report has been a quest to 
have a highly repeatable test procedure with minimal 
scope for misinterpretation and have one that can 
adequately assess active head protection systems and 
give credit for them if they can be shown to give 
good all round protection. This research has now 
progressed to a point where EEVC WG13 has been 
able to release it for wider evaluation. WG13 has 
noted that some issues in the procedure will require 
confirmation as there are differing ways of trying to 
achieve the same goal neither of which appears to be 
significantly better that the other. It is acknowledged 
that the best way of clarifying these issues is via a 
wider evaluation, in a range of different vehicles and 
with different types of head protection system. These 
issues will need to be resolved before the procedure 
could be considered fit for consideration as a 
regulatory test procedure. 

The headform used is the same as that specified for 
use in the US FMVSS 201 standard, using a free 
flight projection system. Key impact points are 
selected in a similar way to that used in FMVSS201 
but defined within an area bounded by horizontal and 
vertical planes, based on defined limits of occupant 
seating position. In a desire to test ‘worse case’ 
impact positions the prime target positions can be 
moved based on structural considerations and the 
ability to test the particular point. The headform is a 
non-symmetrical impactor and the potential exists to 
incur multiple or secondary impacts with uncertified 
parts of the headform. Procedures are included to try 
and minimise these risks in a repeatable manner. It is 
noted in the procedure that it defines strategies to 
manipulate the headform, to reduce the risk of 
secondary impact and the fact that the use of a 
symmetrical headform could potentially reduce some 
of these noted problems. The potential of adopting an 
alternative impactor is mentioned but is not 
discussed, even though such a device is now included 
in other regulatory test procedures (EC pedestrian 
impact). It is noted that some restrictions are needed 
in defining potential contact zones and impact 
vectors to areas of the car that can be realistically 
contacted by an occupants head and ones that are 
‘sensible to evaluate’. The EEVC procedure now 
includes ‘test limitation zones’ and recommendations 
of impact vectors, based on simulations of a range of 
impacts. These will need to be validated. 

The headform procedure, as proposed by EEVC 
WG13, includes a perpendicular pole test to evaluate 
active head protection systems. Currently it uses the 
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ES-2 dummy, without the rib extension modification. 
This procedure is based on that used by the 
EuroNCAP consortium which in turn is based on the 
optional pole test included in the existing 
FMVSS201. The IHRA suite of procedures includes 
an oblique pole test. Since WG13 has no experience 
with the oblique pole test the perpendicular pole test 
is included in this procedure ‘until it can be shown 
that the oblique pole test is at least as stringent as is 
the perpendicular one’. Further details of this 
procedure are reported in the EEVC WG13 status 
report (Langner et al, 2005). 

The biggest change and extension to the EEVC 
procedure, since the previous report, relates to 
proposals to evaluate deployed head airbags to ensure 
that protection is encouraged at all realistic occupant 
head contact positions, in addition to the single 
contact position evaluated in the full scale pole test. 
If adequate protection can be proven the procedure 
will allow reduced level (lower velocity testing) to 
vehicle structures that are covered by an active 
system, provided that full severity protection can be 
proven for all possible head positions when the 
system is deployed. An outline procedure had been 
detailed but will need to be validated before it could 
be recommended for regulatory application. 
 
The EEVC work confines impact zones to those that 
are contactable by restrained occupants in side 
impacts. With front seatbelt wearing rates 
approaching 80% in the USA, NHTSA has agreed to 
look at the EEVC’s “restrained-only zones” in the 
validation phase. 

NHTSA FMVSS201 interior surface headform 
compliance testing for recent model vehicles shows 
very few test results exceeding the HIC(d) of 1000, 
the highest of these results only being around 1100. 
 
APROSYS will evaluate two vehicles under the 
proposed interior headform test, with a focus on the 
rear seating position. BAST and German vehicle 
manufacturers will evaluate performance of rigid roof 
convertible interiors and supported structures. 
 
OUT-OF-POSITION SIDE AIRBAG 
EVALUATION 
 
Initially, it was agreed that NHTSA and Transport 
Canada would draft the evaluation procedure based 
on ISO TR 14933 and the NHTSA/Transport Canada 
research.  Later it was agreed that the recent work 
under the chairmanship of the Insurance Institute for 

Highway Safety (IIHS) would also be taken into 
consideration. 
 
In August 2000, the Side Airbag Out-of-Position 
Injury Technical Working Group (TWG) chaired by 
the IIHS released the “Recommended Procedures for 
Evaluating Occupant Injury Risk from Deploying 
Side Airbags”. The procedures were developed in 
response to a request by the National Highway 
Traffic Safety Administration (NHTSA) that industry 
develops public standards which their member 
companies would adhere to in the design of future 
side airbags. The TWG procedures recommend 
Anthropomorphic Test Devices (ATDs), 
instrumentation, test procedures, and performance 
guidelines that should be used for assessing the 
injury risk of interactions between a deploying side 
airbag and a vehicle occupant.  The IHRA SIWG 
agreed to take these test procedures into the 
validation phase which may result in further 
refinements. 
 
The TWG recommendations are intended to 
minimise the risk of out-of-position injury for that 
segment of the population believed to be at greatest 
risk, namely small women, adolescents and children. 
As such the ATDs deemed most appropriate by the 
TWG for the evaluation of risk include the SID-IIs, 
the Hybrid III 5th percentile female and the Hybrid III 
6 and 3-year old child ATDs. A series of test 
procedures has been developed for each of the 
following inflatable system types: seat mounted 
airbags, door or quarter panel mounted airbags and 
roof-rail mounted inflatable systems. Each test is 
intended to quantify the level of risk to a designated 
body region and/or to evaluate the risk of a specific 
injury mechanism.  
 
The fundamental premise of the TWG 
recommendations requires that the full complement 
of tests for a given system be carried out to ensure 
that a thorough evaluation of the system has been 
completed. The use of sound engineering judgment is 
strongly recommended to guide additional tests 
perhaps with slight variations, for systems 
demonstrating elevated risks. 
 
NHTSA has been monitoring the risks to children 
both by closely analyzing real world crash data and 
also by undertaking statically testing side air bags 
with child dummies placed out-of-position in the test 
vehicles.  To-date no serious injuries have been 
reported to children and small adults in the crash 
cases that have been investigated under NHTSA’s 
special crash investigations.  Since finalizing the test 
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procedures and requirements developed by the TWG, 
many manufacturers have been following those 
procedures to check voluntarily if there are any such 
risks from their air bag designs.  While no real world 
injuries have been observed, it is necessary to 
continue to monitor side air bag designs since 
changes are likely to occur as manufacturers change 
their designs to meet various requirements such as 
the IIHS and NCAP ratings and other requirements. 

Some members of the IHRA SIWG are unconvinced 
of the benefit of OOP side airbag testing, particularly 
if they do not have any reported cases of serious 
injury attributed to this condition. IHRA SIWG 
members have not proposed any test conditions in 
addition to those developed by the TWG. Further 
evaluation of OOP side airbag tests is planned within 
the APROSYS programme. 

DEVELOPMENT OF HARMONISED TEST 
DEVICE 
 
The WorldSID Task Group initially had funding and 
development resources for the mid-sized adult male 
test device only. ISO Working Group 5 has now 
given a mandate for the development of a small adult 
female test device.  APROSYS is contributing to the 
development of this dummy. Production 50th 
percentile WorldSID dummies have been available 
since March 2004. 
 
CONCLUSION 
 
Overall, the IHRA SIWG has made significant 
progress in harmonising research and drafting a set of 
side impact test procedures to maximise 
harmonisation with the objective of enhancing safety 
in real world side crashes. 

The IHRA Side Impact Working Group has been 
successful in fostering a great deal of cooperation 
between members who have contributed resources 
and research outputs to specific objectives set by the 
working group.  Most members aligned their research 
programmes with the work activities of the IHRA 
Side Impact Working Group. 

Delays in some of the contributory work programs 
for the IHRA SIWG have limited the group’s ability 
to make strong recommendations on detailed test 
procedures at this time.  However, the large body of 
research data that has been generated and the basic 
principles of the proposed suite of test procedures are 
valuable outputs.  There are several research 
programs already underway that will progressively 

yield data that may form the basis for decisions 
regarding suitable test procedures. 

RECOMMENDATIONS 
 
In its 7-year term, the group has drafted and partially 
evaluated a set of test procedures that might form the 
basis of a harmonised side impact regulation.  The 
members believe that there needs to be: 
 
• Completion of the evaluation work already in 

progress and an assessment of the suitability and 
efficacy of the proposed suite of test procedures. 

 
• Continued coordination with the WorldSID Task 

Group and the IHRA BWG to evaluate 
harmonised test device(s). 

 
• Recommendations for appropriate test devices 

and injury.  This may require further validation 
testing to ensure that the recommended test 
procedures remain practical and that any test 
redundancies are identified and eliminated. 

 
• Continued coordination with the IHRA Vehicle 

Compatibility group to ensure that solutions in 
one area do not result in disbenefits in another. 

 
• Examination of the feasibility of improving side 

impact protection for occupants on the non-
struck side and develop a test procedure to 
evaluate such protection. 

 
As before, the success of this work is contingent 
upon the commitment of resources from IHRA 
members. 
 
Subject to endorsement by the IHRA Steering 
Committee, it is anticipated that the test procedures 
could be submitted to the WP29 regulatory process 
and may be used as a basis to develop a new 
harmonised side impact regulation. 
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APPENDIX 
 
TEST PROCEDURE SPECIFICATIONS 
 
 
The IHRA Side Impact Working Group has been 
evaluating a draft suite of complementary test 
procedures aimed at improving side impact safety. 

The group has not yet concluded its work and is not 
in a position to provide recommended detailed test 
procedures.  This appendix is intended to provide 
some information on the test procedures being 
considered and evaluated by the group. 

It should be noted that, in many cases, tests may not 
have been conducted in strict accordance with the 
specifications described below.  Most notably, 
different dummies may have been used.  Other 
deviations from the nominal procedures may also 
have been used to investigate sensitivity of test 
results to changes in test parameters. 

MOBILE DEFORMABLE BARRIER TO 
VEHICLE TEST 

Two candidate procedures are under evaluation by 
the IHRA SIWG: 

- the AE-MDB which is designed to represent 
a car or small SUV; and 

- the IIHS MDB which is designed to 
represent a large SUV. 

 
AE-MDB 
The specification for the AE-MDB has not yet been 
finalised by EEVC WG 13.  Further detail on the 
development of this barrier may be obtained from the 
EEVC WG13 status reports from ESV 2003 and ESV 
2005 (Roberts et al, 2003 and Roberts et al 2005).  
AE-MDB tests conducted to date have been based on 
early drafts of this test procedure, with some 
deviations including different dummies and 
modifications to the deformable barrier face.  

IIHS 
The base specification used for evaluating the IIHS 
barrier has been the Insurance Institute for Highway 
Safety Crashworthiness Evaluation Side Impact 
Crash Test Protocol (Version IV).  This procedure is 
available from the IIHS website www.iihs.org.  
Dummies other than the SID-IIs (specified in the 
IIHS protocol) have been used in testing. 

VEHICLE TO POLE TEST 

The IHRA SIWG has evaluated a range of pole 
impact conditions using both physical tests and 
computer simulation.  The group agreed to consider 
the oblique pole test proposed recently by the 
NHTSA, but has also conducted perpendicular pole 
tests in an attempt to understand the advantages of 
the oblique configuration. 

The oblique vehicle to pole impact procedure under 
evaluation was that proposed by the NHTSA in their 
recent Notice of Proposed Rulemaking (NPRM) 
[Docket No. NHTSA-2004-17694] available from 
the NHTSA website. 
http://www.nhtsa.dot.gov/cars/rules/rulings/SideImpa
ct/index.html. 

Oblique pole tests have been conducted with various 
dummies including ES-2re, ES-2 and WorldSID. 

In addition, perpendicular pole tests have been 
conducted, with test specifications based on the 
EuroNCAP or FMVSS 201P procedures, again with 
some deviations from these specifications including 
the use of various dummies. 

INTERIOR SURFACE HEADFORM TEST 

The interior surface headform test being considered 
by the IHRA SIWG was developed by EEVC WG13 
and is reported in detail at this conference (Langner 
et al, 2005). 

OUT-OF-POSITION TESTS 

The out-of-position test procedures under 
consideration by the IHRA SIWG are those prepared 
by The Side Airbag Out-of-Position Injury Technical 
Working Group (Lund, 2003).  These procedures are 
available from the IIHS website www.iihs.org. 
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International Harmonized Research Activities - Intelligent Transport Systems (IHRA-
ITS) Working Group Report 
 
Peter C. Burns 
Transport Canada 
Canada 
Paper number 05-0461 
 
 
ABSTRACT 
 
The International Harmonized Research Activities 
Working Group (IHRA) on Intelligent Transport 
Systems (ITS) was established to coordinate, 
collaborate and exchange information on research 
aimed at optimizing the safety performance of 
ITS. This report describes some of the key 
activities in recent years. The working group has 
also started to publish a IHRA-ITS newsletter 
through INRETS that describes these research 
activities.  The working group continues to pursue 
seven priority research topics. This group recently 
offered to support the UN-ECE World Forum for 
the Harmonization of Vehicles (WP 29) Informal 
Group on ITS in their efforts to establish a 
common understanding of new in-vehicle ITS 
technologies and to exchange information.  In the 
next year, this working group will brief the WP.29 
ITS informal group on a number of key safety 
issues for ITS.  In sum, the IHRA-ITS working 
group continues to be an effective forum for 
international harmonized research on ITS safety.   
 
BACKGROUND 
 
At the ESV conference held in Melbourne, May 
1996, the Government Focal Point Committee 
developed an International Harmonized Research 
Agenda (IHRA).  The need for collaborative research 
in Intelligent Transport Systems (ITS) was identified 
as a high-priority research area, in recognition of the 
rapid advances in related technologies and their 
considerable potential to influence motor vehicle 
safety.  Canada was identified as the lead country for 
this activity and tasked with coordinating 
harmonized research in ITS.   
 
The primary goal of harmonized research in ITS is to 
develop test procedures to assess driver-vehicle 
interaction as a means for determining the safety 
potential of ITS crash avoidance and driving 
enhancement for in-vehicle systems.  The scope of 

the research program in ITS was defined and limited 
by emphasis on three key elements: 
 
1. Government orientation:  The research is 
intended to support the needs of governmental 
authorities with responsibilities for establishing 
vehicle safety regulations, promulgating national 
standards, and for related programs requiring 
national leadership.  The ultimate aim is to develop 
the scientific basis for internationally harmonized 
regulations in this area. 
 
2. Safety Evaluation:  The main focus of the 
research is to foster ITS technologies which will 
have a positive influence on motor vehicle safety.  It 
is anticipated that the research will lead to a) the 
identification of vehicle-based technologies which 
can be used for the prevention and mitigation of 
traffic collisions, and b) the development of 
regulations that will inhibit technologies which are 
likely to have an adverse affect on safety.  ITS 
technologies are evolving rapidly and neither design 
nor performance criteria can adequately address the 
safety assurance requirements of systems for which 
the underlying technologies and functionality are 
constantly changing.  For this reason, there will 
likely be an increasing need for prospective 
techniques for evaluating system safety in the 
development and certification of ITS vehicles. 
 
3. Driver-ITS interaction:  The collaborative 
research will emphasize crash avoidance 
interventions and focus on developing methodologies 
for assessing the safety of driver-ITS interaction as a 
means to minimizing the risk of collision.  The 
human-machine interface is arguably the most 
critical element of the system since the vast majority 
of crashes involve human errors.  The ergonomics of 
the interface and human factors underlying driver-
vehicle interactions are paramount to the realization 
of the full safety potential of ITS technologies.  
Conversely, unless the interface is designed to 
support the driving task and take into consideration 
driver capabilities and limitations, its impact on 
safety can be highly negative.  Hence, driver-ITS 
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interaction represents an area in which collaborative 
research can identify important opportunities for 
developing internationally harmonized safety 
interventions which are not unduly hampered by 
incompatible, pre-existing strategies. 
 
Participation 
 
The following countries have actively participated in 
the ITS WG throughout its history: Canada, France, 
Germany, Japan, Sweden, the United Kingdom and 
the United States, We have also had participation on 
occasion from Poland, Australia, and The 
Netherlands. While most WG members represent 
national governments some members come from the 
automotive industry. In certain cases, notably 
France, Germany and Japan, the national 
representatives come from industry or government 
research organizations and participate on behalf of 
the relevant government agencies.  
 
The ITS working group has had two meetings per 
year on average. The most recent meetings were in: 
 

November 20-21, 2003, Madrid, Spain 
June 24-25, 2004, Paris, France 
October 22, 2004, Nagoya, Japan 
February 17, 2005, Brussels, Belgium 

 
The following people attended our last meeting in 
Brussels: 
 

Peter Burns, Chairman, Transport Canada 
Christhard Gelau, BASt, Germany 
Ruggero Ceci, SRA, Sweden 
Åsa Gustafsson, SRA, Sweden 
August Burgett, NHTSA, U.S. 
Kaneo Hiramatsu, JARI, Japan  
Annie Pauzié, INRETS. France 
Chris Ward, DfT, UK 
Maxime Flament, Ertico, Belgium 

 
The minutes from most of these meetings are posted 
on the IHRA website: www-nrd.nhtsa.dot.gov/IHRA. 
 
RECENT ACTIVITIES 

 
A group of international ITS safety experts identified 
priority research areas for the IHRA-ITS group at a 
workshop in Washington DC in 1999. The working 
group lead research, exchanges research information 
and conduct collaborative work on these topics. 
Some recent activities are described below according 
to these priorities.  

 
Project 1: Development of a Harmonized Safety 
Evaluation Methodology Framework  
 
The objective of this project is to develop a 
Harmonized Safety Evaluation Methodology 
Framework for in-vehicle information, control, and 
communication systems with respect to human 
performance and behaviour. There are several 
activities that fit under the umbrella of this priority 
project. 
 
Dr. Pauzié (INRETS) described some European 
activities relating to this priority. AIDE - adaptive 
integrated driver–vehicle interface is a European 
integrated safety project.  Integrated projects are a 
research tool in the European 6th Framework 
Program. This 4 year research program will include 
work on developing evaluation tools for assessing 
the safety if ITS. Volvo Technology is the project 
leader for AIDE (www.aide-eu.org).   
 
HUMANIST is a European network of excellence 
concerned with the human-centred design of ITS 
technologies. These networks are another European 
research tool. The consortium has 22 partners from 
14 difference countries that make up a “virtual 
research centre” performing a joint program of 
activities. Task Force E in this network is concerned 
with the development of methodologies for assessing 
the safety of ITS. The IHRA-ITS WG was identified 
as an important contact for the exchange of 
information with the HUMANIST consortium. 
Although there are no funds dedicated for research, 
there is money to support dissemination and 
integration activities (www.noehumanist.org).  

 
ITS Europe conference in Budapest 2004, had 
several sessions dedicated to evaluation 
methodologies (www.itsineurope.com/its_pres.cfm). 
WG member Dr Burgett (US DOT) presented a basic 
computational framework for assessing the safety 
impact of new technologies at this conference. The 
framework considers the socio-economic benefits 
which can be obtained by the introduction of ITS. 
The safety assessment is based on estimates of the 
impact ITS has on crash prevention and exposure.  

 
INRETS have also drafted a list of evaluation 
measures. The WG has commented on these 
measures and the list will be developed further. 

 
This WG has several partners in the European 
research project HASTE (Sweden, Canada, 
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Netherlands and UK). The aim of HASTE (Human 
Machine Interface And the Safety of Traffic in 
Europe) is to develop methodologies and guidelines 
for the assessment of in-vehicle information systems 
(www.its.leeds.ac.uk/projects/haste/research.htm). 
Project HASTE involves the cooperation of eight 
partners (7 European and 1 Canadian TC) in a 
concerted effort to address this issue. The final 
experiments in this 3-year project have been 
completed. The project will be wrapping up early in 
2005 with only some final analyses, meetings and 
reports remaining. Transport Canada and the other 
project partners recently assessed two available 
aftermarket information systems using the HASTE 
performance measures. A workshop was held in 
Brussels on March 22, 2005 to present the results of 
the project and what was learned.  

 
The Collision Avoidance Metrics Partnership 
(CAMP) in the U.S. has one research project 
concerned with driver workload metrics. There was a 
joint research meeting between the U.S. project 
CAMP and European project HASTE in June 2004 
to discuss methods and results.  
 
Data collection in two field operational tests, the 
heavy vehicle rear-end crash warning system and the 
light vehicle rear-end crash warning system, has been 
completed in the U.S. and analysis of the data has 
begun.  Analysis of these data and estimation of the 
safety impact will be completed by the summer of 
2005.  Work on development of standardized 
approaches for predicting safety benefits continues 
to make progress.   
 
Transport Canada is conducting a series of small 
studies to follow on from the HASTE research. A 
study was conducted to build on the efforts of a 
German consortium in the ADAM (Advanced Driver 
Attention Metrics) project.[1] ADAM was a German 
research project funded by DaimlerChrysler and 
BMW and was looking into similar issues as CAMP 
and HASTE.  A principle deliverable from the 
ADAM project was the lane change test (LCT), 
which is a relatively simple and low cost 
standardized test scenario.  The LCT requires drivers 
to repeatedly perform lane changes when prompted 
by road signs while driving a simple desktop driving 
simulator. The amount of distraction due to the 
additional demands of secondary task performance is 
evaluated according to lane change quality relative to 
a normative model. Early results show that the LCT 
is sensitive to both visual and cognitive 
distraction.[1] 

  
Early indications of the LCT’s potential as a 
practical and effective measure of driver distraction 
has raised its profile, particularly within the 
automotive industry.[2] The procedure is now being 
further developed as a draft ISO standard.[3] Despite 
the interest, there is little published research 
available on the procedure. In addition, the 
procedure is still under discussion and may be 
modified.   
 
A Transport Canada study was conducted to learn 
more about the LCT. The LCT technique was 
applied to four destination entry tasks on an 
aftermarket navigation system. The experimental set 
up included a steering wheel, foot pedals, monitor, 
computer and navigation system, all off the shelf.  
The results indicated that the LCT is a sensitive 
measure of driver distraction. The participants 
showed greater mean deviation in lane change path 
when driving while performing a secondary task (i.e., 
calibration and navigation tasks) than when driving 
without performing a secondary task (i.e., baseline). 
The next step will be to compare the results of this 
study the HASTE project, which ran multiple studies 
on the same set of navigation tasks using a variety of 
driving performance metrics. Transport Canada plan 
to assess the same tasks using the Occlusion test in 
the next few months. 
 
Project 2: Driver Understanding and Expectation 
of ITS Systems: Identification and Measurement 
of The Effects of False Expectation of Driver 
Performance 
 
The purpose of this project is to identify factors that 
affect a driver’s understanding of ITS system 
functional characteristics and determine how they 
develop performance expectations for these systems.  
In particular, the main objective is to assess the 
safety consequences of mismatches between driver 
expectation and system performance.  

 
There is a new U.S. project called “ Real World 
Effectiveness of Advanced Technologies” that 
started in Sept. 2003. The project will identify and 
interview “early adopters” who have purchased 
vehicles equipped with ITS, such as Adaptive Cruise 
Control, navigation and night vision systems.  The 
project has utilized mail-outs, newspaper 
advertisements, internet advertisements, magazine 
advertisements, and incentive mail-outs.  Analysis of 
these data is not yet complete. 
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Dr. Flament (Ertico), as part of the liaison activities 
within the European Integrated Project PReVENT, 
described the EC 6th Framework integrated project 
on active safety at our last working group meeting.  
The subproject Response 3 is particularly relevant to 
this priorty (www.prevent-ip.org). 

 
Project 3: Human Factors Principles Checklist 
For In-Vehicle Systems 
 
The purpose of this project is to develop a checklist 
based on human factors principles to be used in the 
safety evaluation of in-vehicle systems. 
 
C. Patten (SRA) described plans in Sweden to 
further develop and evaluate the assessment 
checklist developed by the Transport Research 
Laboratory (TRL) in the UK. The checklist is also 
being further developed at TRL as part of the 
Primary New Car Assessment Program (PNCAP).  
The EU is now planning to increase the scope of the 
assessment procedure by incorporating primary 
safety considerations (braking, lighting, visibility, 
handling and ergonomics). This may be a potential 
opportunity for some collaboration.  
 
Project 4: Normative Data On Naturalistic 
Driving Behavior 
 
The purpose of this project is to characterize driving 
behaviour in realistic situations by developing a 
driving performance database which comprises data 
on normal driving behaviour, in-vehicle ITS system 
usage, safety critical events, and crash data. 
Naturalistic driving means unsupervised driving on 
public roads. 

 
Dr Burgett described progress on NHTSA’s 100 
Driver Naturalistic Driving Study.  This project 
collected data from 100 vehicles equipped with data 
collection systems. Data collection is complete and 
preliminary analysis has been completed.  These data 
will provide a strong foundation of basic driving 
behavior and likelihood of various events and types 
of crash occurring as well as providing data on the 
level of driver attention before crashes or near-
crashes. The relationship between driver workload 
metrics and level of safety will be one focus of the 
analyses. Data from this research will generally be 
available to others for additional analyses.  
 
 
Project 5: Simulator Reference Test Scenarios 
 

The goal of this project is to develop a catalogue of 
driving scenarios for use in driving simulator 
research. The set of scenarios should encompass the 
breadth of driving possibilities from uneventful 
everyday situations to safety critical situations.  

 
An IHRA Driving Simulator Scenarios workshop 
that was held in conjunction with the Driving 
Simulator Conference - North America (DSC-NA, 
2003). The goal of this workshop was to develop a 
catalogue of driving scenarios for use in driving 
simulator research. The workshop was considered to 
be beneficial although it was only a small first step 
towards achieving the goals of this priority project.  
Material from the workshop was posted on the 
IHRA-ITS WG web page.  

 
One recent U.S. project has replicated a test-track 
experiment using the National Advanced Driving 
Simulator (NADS).  The purpose of this validation 
study is to provide data from which driver 
performance in a vehicle can be compared to driver 
performance in a simulator.  The results of this 
testing show that the level of correlation depends on 
several factors, including level of braking.  For 
example, simulator steering onsets are not as 
aggressive as closed-course conditions.  Another 
finding was that there was better correlation for 
those conditions that produce noticeable looming.  
The final report of this project is in preparation. 

 
There are an increasing number of initiatives 
currently underway on this topic.  The Canadian 
Automobile Research Simulation (CARS) network 
funded by AUTO21 is investigating in-vehicle and 
related ITS technologies.  There was a panel on 
Critical Issues in Simulation Methods and Measures 
at the upcoming meeting of the Human Factors and 
Ergonomics Society. The TRB Simulator Users 
Group is also very active in this area 
(www.uiowa.edu/~neuroerg/) and there are routine 
discussions of test scenarios at the annual 
International Driving Simulator Conferences (DSC). 
The next North American meeting will be held in 
Orlando in November, 2005.  
 
Project 6: Improved Secondary Task 
Methodology For Evaluating Safety Effects of 
Driver Workload 
 
The goal of this project is to develop a useful 
secondary task methodology to calibrate workload 
effects of combining in-vehicle and out-of-vehicle 
information. 
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There are a considerable number of international 
research projects underway on this topic.  Joint 
research by Japan (JARI), Germany (BASt), and 
Sweden (SNRA) has been performed on this topic. A 
report has been completed summarising a portion of 
this joint research and this will be published in the 
journal Transportation Research, Part F. National 
research activities are also underway in Canada, 
France, Japan, Sweden and the U.S among others.  

 
Project 7: Harmonization and Validation Of 
Surrogate Safety Measures 
 
The goal of this project is the harmonization and 
validation of surrogate safety measures. Surrogate 
safety measures are measures that can be used to 
estimate numbers of crashes and resulting injuries 
and deaths.  

 
The U.S. is investigating one method that uses 
range/rate diagrams to crash prevention boundaries 
for defining a level of risk. Several field operational 
tests are also under way. 
 
NATIONAL REPORTS 
 
This section documents other relevant ITS safety 
research activities from each member’s country that 
may not fit specifically within the priority activities. 
 
Japan 
 
Dr Hiramatsu (JARI) distributed ITS Japan’s new 
journal entitled International Journal of ITS 
Research.  The first issue was published in 
December 2003 (www.its-jp.org/english/).  
 
There was a recent change in Japan's legislation/ 
enforcement - "the usage of mobile phone in hands 
as well as the gaze at display equipment during 
driving are prohibited and punished. This law was set 
in 1999, and its strict application has started since 
2004 Nov." "the number of traffic accidents with 
regard to mobile phone increased double in 2003 
compared in 2000." www.npa.go.jp 
 
The Japanese Automobile Manufacturers 
Association recently released a new version of the 
JAMA guidelines for in-vehicle display systems. 
Version 3.0 of the JAMA guidelines incorporates 
performance criteria. The basic intent is that in-
vehicle informations systems be designed not to have 
an adverse effect on safe driving.  The new 

performance criteria set limits on visual distraction. 
The operation of a display is prohibited if the task 
requires a total glance time in excess of 8 seconds. 
Using the Occlusion method, the total shutter open 
time shall not exceed 7.5 seconds.  
 
 
France 

 
Dr Pauzié (INRETS) described some relevant French 
and European activities (www.arcos2004.com). 
ARCOS is a pre-competitive research project that 
aims at improving road safety. It considers vehicle, 
driver and road as a whole system. The project aims 
at enhancing driving safety on the basis of four 
safety functions: controlling inter-vehicle distances; 
avoiding collisions with fixed or slowly moving 
obstacles; avoiding lane exit; and alerting other 
vehicles of accidents.  

 
Dr Pauzié described how speed enforcement has 
gained some support in France and distributed a 
brochure from the PROSPER project on Intelligent 
Speed Adaptation (www.prosper-eu.nl).  

 
ECTRI, the European Conference on Transportation 
Research Institutes, is an association to actively 
promote the cooperation of surface transport 
research in European (www.ectri.org).  

 
Sweden 
 
C. Patten described the research work mobile phones 
and subsequent enquiry. A recent decision was made 
in Sweden not to ban hand-held cell phones. This 
was based on the research findings that concluded 
hands-free phones are no less distracting than hand-
held phones. 
 
The Swedish SafeTE project is continuing to look at 
subjective and objective evaluations of the safety of 
in-vehicle information systems (IVIS) and advanced 
driver asssistance systems (ADAS). The techniques 
of interest include: checklist, peripheral detection 
task (PDT) and visual performance indicators. The 
checklist focuses on an expert evaluation of driver-
system interaction, for example interface design, 
system feedback, semantic content and compliance 
with regulations and standards. The PDT testing, 
with visual and tactile stimuli, has been completed 
and analyses are underway. 

 
A Swedish program called IVSS (intelligent vehicle 
safety systems initiative) started in 2004 to support 



Burns                              6

industry cooperation and promote ITS safety. There 
are 7 R&D program areas within the Swedish 
Intelligent Vehicle Safety Systems (IVSS) program, 
HMI is one of these areas. Further details are 
available from the following link: 
http://www.pff.nu/Main.aspx?ObjectID=59d6e9b2-
93bf-459e-9b09-b2daaa5c5d6b The SRA is directly 
involved in two different projects on driver 
impairment monitoring. One concerns driver 
drowsiness and the other concerns drugs. Both are 
focusing on specific sensors to detect impairment, 
e.g., eye-tracking cameras. The major tasks are to 
find test regimes and methodologies for evaluation 
and deployment. 
 
Canada 

 
Transport Canada is conducting an assessment of the 
Alliance of Automobile Manufacturers (AAM) 
Statement of Principles. This project aims to 
evaluate compliance of advanced in-vehicle 
information and communication systems to the AAM 
principles. The AAM has been developing principles 
to address the safety aspects of driver interactions 
with future telematics systems. Their statement of 
principles document was developed by consensus 
with industry stakeholders and continues to evolve. 
The document outlines principles that must be 
followed to improve the safety of driver interaction 
with telematics systems and stipulates performance 
criteria and verification procedures. The principles 
from this document were largely based on the 
European Commission recommendations of 
December 21, 1999.  The results of these voluntary 
industry principles will apply to vehicles with design 
freezes after 2006. Although this initiative promises 
to improve the safety of these systems, there is some 
uncertainty as to the level of safety and effectiveness 
of the AAM procedures and criteria. Thus, there is a 
need to thoroughly evaluate the AAM’s 24 principles 
and to measure the compliance of current in-vehicle 
devices to these principles as a benchmark for 
change. Furthermore, there is a need to evaluate 
whether the verification procedures are explained in 
sufficient detail to be applied effectively. 
 
In-vehicle information and communication systems, 
also known as telematics systems, from four leading 
manufacturers will be evaluated according to the 
most recent guidelines from the AAM document 
“Statement of Principles, Criteria and Verification 
Procedures on Driver Interactions with Advanced In-
Vehicle Information and Communication Systems”.   
Results will provide insight into how the current 

automotive industry standard for telematics systems 
rate on these new criteria. The project will also 
independently assess the value of these industry 
guidelines and use these results as benchmark data 
on which to assess the safety developments of future 
telematics systems.   
 
This work will provide essential input into the 
Memorandum of Understanding (MOU) that is 
currently being negotiated with the automotive 
industry (see below). Part of this MOU concerns the 
AAM principles and we need to know the value of 
these principles prior to making any endorsement of 
certain principles. The proposed project is divided 
into 2 phases, to be carried out over a two-year 
period. The first phase (to be completed in March 
2005) consisted of measuring four in-vehicle systems 
and assessing their compliance to AAM principles 
for which verification procedures do not require 
dynamic testing. The second phase will involve 
dynamic testing of the same devices used in Phase 1. 
The dynamic testing of the devices will consist of 
experiments conducted according to verification 
procedures outlined in the most recent version of the 
AAM principles, which is anticipated for Spring 
2005.  Both phases will also evaluate the validity and 
reliability of the AAM verification procedures. 
 
Transport Canada consulted with the public and 
industry stakeholders in 2003-04 to identify potential 
initiatives for limiting the problem of driver 
distraction from in-vehicle devices 
(http://www.tc.gc.ca/roadsafety/tp/tp14133/en/menu.
htm). TC investigated public opinions on this issue 
using a survey and focus group discussions. 
Stakeholders’ comments were received on the 
discussion document in September 2003 and 
meetings and workshops were held with industry and 
provincial stakeholders to discuss strategies.  These 
consultations indicated that a MOU with the 
automotive industry was widely viewed as the 
preferred strategy. The purpose of this MoU between 
TC and the automotive industry would be to set out 
the general terms and conditions with regard to 
limiting driver distraction from in-vehicle telematics 
devices.  The parties to Transport Canada’s proposed 
MOU would recognize and acknowledge: 

 
• that distraction is a safety problem and that 

in-vehicle telematics devices should be designed to 
minimize their potential to distract drivers.  

• that there are currently no performance 
criteria that have been proven effective in 
minimizing distraction across a range of technologies 
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• that there are general guiding principles that 
can help designers limit distraction 

• that the most appropriate approach towards 
addressing the safety concerns associated with 
telematics is for manufacturers to develop corporate 
policy (processes) to ensure that driver-vehicle 
integration considerations are addressed, consistent 
with the basic principles 
 
Negotiations on the terms of this MOU are currently 
underway with the goal of reaching an agreement by 
early 2006. 
 
Another Transport Canada project is investigating 
and developing methods for assessing the 
performance of safety critical in-vehicle warnings. 
This work will investigate and assimilate the 
research on measuring the performance of warnings. 
Although the main focus will be automotive 
warnings, this project will also provide a survey of 
what can be learned from other applications (e.g., 
air) and applied to the automotive realm. Criteria 
such as conspicuity, perception and reaction time, 
response type, appropriateness of response, signal 
detection (false alarms, hits, misses, rejections) and 
annoyance levels will be considered. Early in 2005, a 
review of the current state of the literature on 
warnings was conducted.  The next step will be to 
apply selected to performance measures to a set of 
automotive warning systems to evaluate the 
effectiveness of the procedures and criteria. 
 
Lastly, Transport Canada is investigating ITS and 
speed management. The aim of this project is to 
develop an understanding and quantify the effects of 
technical measures to control vehicle speeds in 
traffic in terms of their potential impact upon 
collisions and injuries, traffic speeds and congestion, 
and reductions in greenhouse gases (GHG). 
Reducing speed could be a practical way to reduce 
GHG emissions and excess speed is an 
acknowledged road safety problem.  Technology is 
now available that allows vehicle speeds to be 
automatically restricted based on current road 
characteristics, traffic, and even weather data.  For 
example, Intelligent Speed Adaptation (ISA) is an 
on-board system that regulates the speed of motor 
vehicles in traffic according to their location on the 
road network.  The potential for ISA and other 
strategies for improving safety and reducing 
greenhouse gas emissions in Canada needs to be 
investigated.   
 

The main activities on this project are: 1) literature 
review, 2) ISA demonstration and evaluation, 3) fuel 
consumption tests, 4) fuel consumption display 
demonstration and evaluation, 5) investigation of 
speed attitudes & behaviour, 6) modelling & 
simulation and 7) infrastructure based speed 
strategies.  A demonstration vehicle was built and an 
international workshop was held in Ottawa on March 
8-9, 2005 to plan the Canadian evaluation of ISA in 
2005-06. This will eventually be followed by a field 
operational test of ISA. 
 
Germany 
 
Dr Gelau described some ongoing research at BASt 
on the measurement of driver workload when driving 
a motorcycle.  They are assessing navigation on 
motorcycles, and also looking at older drivers needs 
from ADAS. BASt are also in the process of building 
a new research facility in Cologne for ergonomics 
and road safety. 
 
U.S.A. 
 
Among other developments in the U.S., Dr Burgett 
described the restructuring of the ITS program in the 
US DOT. The IVI program will cease to exist 
towards the end of 2004 and will be replaced by 
these new ITS research initiatives outlined at this 
link: www.its.dot.gov/press/initiatives4.htm 
 

 
Harmonization of Vehicle Regulations 
 
The United Nations Economic Commission for 
Europe’s  (UNECE) working party 29 is a World  
Forum for Harmonization of Vehicle Regulations 
(WP.29).  An informal group was established within 
WP.29 in 2002 to discuss Intelligent Transport 
Systems and the implications this technology has for 
automotive safety and regulations. The ITS Informal 
Group assumes the role of a strategic group for 
supporting the development of new technologies for 
enhancing safety, works to expand the knowledge of 
these technologies, develops a common 
understanding of them and discusses the course of 
their handling in the regulatory framework if 
necessary.  
 
Dr I. Noy (Transport Canada) addressed the AC.2, 
Administrative Committee, and WP.29 with respect 
to the work of this WG.  The principal objectives 
were to introduce WP.29 to the challenges posed by 
ITS and to recommend that WP consider how ITS-
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related activities might be integrated into its work 
program.  It was also proposed that the IHRA-ITS 
WG provide research support to WP.29 on ITS 
safety issues. A recent proposed Terms of Reference 
from Japan for the WP.29 ITS informal group 
suggested collaboration between the two groups. 
IHRA-ITS WG members discussed this proposed 
collaboration at our last meeting. All members 
agreed that this WG is well suited to support WP.29.  
 
The IHRA-ITS working group extended an offer to 
support the WP.29 ITS Informal Group on their 
proposed short term tasks of: 1) developing a 
common understanding of driver assistance and 2) 
information exchange. The chairmen of both groups 
discussed this proposal at a meeting in Nagoya in 
October, 2004. Mr Wani (MLIT), Chairman of the 
WP.29/ITS Informal Group, indicated at this 
meeting that it would be useful to have two-way 
communication between the groups. The WP.29/ITS 
Informal Group would benefit from the views and 
information about research activities from IHRA/ITS 
WG. On the other hand, discussions in WP.29/ITS 
Informal Group are beneficial for IHRA to consider 
its directions of its research activities.  
 
As a starting point, it was suggested that WG 
members make presentations to the ITS Informal 
Group on several leading research issues in ITS. Dr 
Hiramatsu (JARI), representing IHRA, made a 
presentation to WP.29 in November 2004 in Geneva 
explaining our proposed contributions.  He explained 
to the informal group the issues affecting Human-
Machine Interaction and provided statistics from 
Japanese studies demonstrating the effect that 
Human factors can have on fatal and serious injuries. 
He demonstrated by means of block diagrams how 
these fit together and how information overload 
needs to be considered as part of the development 
programme (see Figure 1 and Tables 1 & 2).  A 
hierarchical system of warning is needed and should 
be integrated with the timing and type of 
system/warning. For vehicles control, then issues 
such as convenience and severity reduction were 
important.   
 

 
Figure 1. Block Diagram of Driving Behaviour 
 

Table 1. 
Behavioral Model of a Driver and Level of Driver 

Assistance. 

 
 

Table 2. 
Classification of Advanced Systems according to 

Level of Driver Assistance. 

 
 
The following contributions and schedule was agreed 
at our last WG meeting in Brussels.  
 

1. Dr Christhard Gelau (BAST) and Dr Annie 
Pauzié (INRETS) will present a comparison 
of the EU statement of Principles, AAM 
Guidelines and JAMA requirements to 
WP.29 at the 136th meeting in Geneva in 
June, 2005.  

2. Dr Peter Burns (Transport Canada) will 
report on driver distraction research in 
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North America requirements to WP.29 at 
the 137th meeting in Geneva in November, 
2005.  

3. Dr Hiramatsu (JARI) will present the issues 
on automation and the idea of “Driver in the 
Loop” to WP.29 at the 138th meeting in 
Geneva in March, 2006. 

 
Newsletter 

 
INRETS was given some funding from the French 
Ministry of Transport to support IHRA-ITS 
activities. This funding has been used to support a 
newsletter that reviews this WG’s activities. The 
newsletter will be in French and English and will be 
placed on the WG’s and INRETS website. The first 
issue has been completed and the second issues is 
now being prepared.  
 
 
SUMMARY 
 
In sum, the IHRA-ITS working group continues to 
be an effective forum for international harmonized 
research on ITS safety.  As ITS is becoming more 
prevalent in the field and is under intensive 
development, this working group is now conducting 
a strategic review of its organization and research 
prioirities.  
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ABSTRACT 
 
The European Enhanced Vehicle Committee 
(EEVC) established a new Working Group  
(WG19) in December 2001, to carry out a study 
on primary and secondary safety interaction. 
During the first phase (until 2004), the study 
was performed under the following terms of 
reference: overview of existing and future 
techniques, effect of these techniques on 
priorities for injury prevention and effect of 
these techniques on existing regulations. 
 
The achievements obtained after the first phase 
of work is summarized hereafter: 
 
The conceptual framework of primary and 
secondary safety interaction was defined and 
established within the new concept of integral 
vehicle safety and taking into account existing 
safety models. It was also established priorities 
regarding situations and systems in which the 
group will center its activities in the future: 
adaptive occupant protective systems, intelligent 
break system and pedestrian protection. 
 
 
WG19 performed an analysis of the European 
accident databases including the EACS 
database. The analysis revealed the lack of data 
related with the instants straight before the 
impact that fully satisfied the requirements of 
the WG19. 
 
WG19 developed an inventory, of existing and 
future possible systems, that are of interest for 
precrash issues. Moreover, a methodology was 
set up to evaluate the potential effects of 
selected systems on reducing injuries.   
 
WG19 identified a number of directives and 
regulations related with the subject covered by 
the working group; finding out the needs of 
suggesting modifications for some of them or 
establishing new ones. 
 
Finally, WG19 established also priorities for its 
future activities; the focus will be on adaptive 
occupant protective systems, intelligent braking 
systems and pedestrian protection implicated in 
the pre-crash phase. 
 

The objective of this paper is to show in more 
details the results of the first phase of work and 
to inform about the objectives of the WG19 for 
the next three years period. 
 
INTRODUCTION 
 
While primary safety systems focus on 
providing assistance to the driver in normal 
driving and in crash scenarios, secondary safety 
aims to lessen the consequences of the accident. 
Today’s conception of vehicle safety has blurred 
the boundary between primary and secondary 
safety. The extended use of electronic systems 
in vehicles is foreseen to enable primary and 
secondary safety interaction, leading to the 
Integrated Safety concept.  
 
Future safety systems will permit the evaluation, 
in real time, of the scenario as defined by the 
vehicle itself, its passengers and the 
environment, and eventually identify an 
“unavoidable accident” phase, presetting all 
safety systems for optimal actuation in crash. 
 
In this context, different conceptual frameworks 
for integrated vehicle safety have been 
established, including different traffic scenario 
phases.  The ACEA safety model proposes five 
phases: (1) Normal driving, (2) Danger, (3) 
Crash unavoidable, (4) In crash, and (5) Post 
crash. Other safety models are also available as 
the Delphi safety model, Mercedes Benz safety 
model, Autoliv, and TNO models. 
 
WG19 employs the terms “primary” and 
“secondary” safety instead of the traditional 
“active” and “passive”. The main reason is that 
many actual systems do not fit into the classical 
definitions, proving to provide both active and 
passive safety. 
 
The main objective of WG19, at the first stage 
of its work, was to structure the field of 
interaction between primary and secondary 
safety. In this line, three terms of reference for 
the group were defined: (1) Overview of 
existing and future techniques, (2) Effect of 
these techniques on accident injuries, and (3) 
Analysis of these techniques within the existing 
regulatory context. This paper provides an 
overview on the main activities of the EEVC 
WG19. 
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DEFINITION  
 
The interaction between primary and secondary 
safety, in vehicles, is the process whereby using 
information provided by systems which sense 
the vehicle environment (outside and/or inside) 
co-ordinated actions are performed by the 
vehicle control and protection systems. These 
actions are performed during the pre-collision 
and collision phases with the aim of decreasing 
or eliminating injuries to vehicle occupants, or 
to vulnerable road users. This concept is 
restricted to situations where a collision has 
become unavoidable. 
 
Vehicles are involved in a large variety of 
collisions. Considering the state-of-the-art 
technology and real world accident data, 
Primary Secondary Safety Interaction Systems 
(PSSIS, detailed definition follows) have more 
immediate relevance to some of them. Vehicles 
of types M1 and N1 present the highest 
relevance regarding frontal and frontal/side 
collisions against other vehicles, vulnerable road 
users and other obstacles. Primary and 
Secondary Safety Interaction includes: 
 

1. ADAS (Advanced Driver Assistance 
Systems) designed to lessen the 
severity of the collision by means of 
reducing the impact velocity, varying 
the location of impact (e.g. side to 
front) for the vehicle to which the 
system is fitted or the relative 
orientation of the path of the vehicles 
involved. 

 
2. Structural or geometrical adjustments 

(e.g. extendable bumpers, automatic 
elevation of the vehicle to fulfil 
compatibility requirements, raising the 
bonnet to protect pedestrians…) and 

devices, other than restraint system 
such as knee bolsters, moving steering 
column, automatically closing sunroof, 
activating external airbags etc… 

 
3. Optimized actions developed by the 

restraint systems, such as seatbelt pre-
tensioners, seat conditioning and airbag 
deployment depending on the type of 
crash and collision severity, occupant 
characteristics and other factors. 

 
STATE OF THE ART OF THE SYSTEMS 
POTENTIALLY INVOLVED IN PRIMARY 
AND SECONDARY SAFETY 
INTERACTION (PSSI) 
 
Following, a summary overview of the 
electronic systems with which cars are currently 
equipped or will be equipped in the future is 
introduced. EEVC WG19 experts have focused 
on devices that could be used in phase 2 and/or 
3 of the ACEA safety model described before. 
In general, all these systems are available for 
passenger cars or could be in the near future, but 
not necessarily for commercial vehicles at this 
time. For the selected systems, some 
information will be presented.  
 
The table below provides a non exhaustive 
selection of safety systems, representative of the 
safety principles described below. For each 
selected system, the following information is 
given: 
 

• Column 1: “Year of implementation” 
for light vehicles. Usually the date of 
introduction for heavy vehicles will be 
later. 

• Following columns: Actions of the 
systems directed to incrementing 
safety. 
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Table 1. Selection of safety systems.

The presented devices are based on one or more 
principles to increment vehicle safety; the main 
guidelines are as follows: 
 

1. Decrease of the speed immediately 
before impact: This decreases the 
energy involved in the accident: 
E=f(V²). 

2. Preparation of vehicle for impact. In 
the majority of the cases, the systems 
pre-arm the actuators. There exist two 
kinds of pre-arming: reversible or non-
reversible.  

3. Preparation of occupants for the 
impact. This is a consequence of the 
preparation of the car for the impact. 

 
4. Optimization of the impact angle of the 

vehicle. 
 

5. Some cases were identified in which a 
direct link to injury reduction was not 
found. In these cases, the warnings 
must immediately direct the driver to 
evaluate and react to threats with 
sufficient time to react in order to 
avoid or mitigate a potential crash. 
Audible, visible, and possibly haptic 
cues will be employed.
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ACCIDENT DATA ANALYSIS 
 
The database of the European Accident 
Causation Survey (EACS) was analyzed with 
regard to potential effects of (Advanced) Driver 
Assistance Systems ((A)DAS) on traffic safety. 
In contrast to most other available accident 
databases, the EACS database  was created to 
allow in-depth analyses of accident causation.  
 
From 1996 to the end of the project in 2001, a 
total of 1904 accidents with at least one person 
injured and at least one vehicle less than 3.5 
tons involved were documented. 67% of these 
accident reports were provided by the German 
consortium members, mainly by DEKRA. 
 
The EACS database is based on an accident 
form, constituted by specific, vehicle, 
passenger, driver and auxiliary forms which 
may include photographic and other 
documentation. Resulting from this structure, a 
complete characterization of each accident is 
available.  
 
Unfortunately, EACS database also presents 
some particular aspects which require special 
treatment in statistical analysis, and at the time 
of evaluating results. Due to the fact that it only 
considers accidents with injured people and a 
certain category of vehicle involved, the 
database is not representative of all accidents. It 
should be also noticed that most cases have been 
documented by DEKRA (Germany), thus 
biasing the representativeness at a European 
scale. Further, some forms are partially 
incomplete due to severe injury or death of the 
drivers or passengers involved. Finally, the 
different data sources (nine teams coming from 
six countries) also imply a certain degree of 
comparability problems. 
 
Effects of DAS on Safety 
 
In a first approximation, the effects of several 
DAS on driving safety were analysed by direct 
comparison between the vehicles equipped with 

(A)DAS and those not. Such a direct approach 
was not applicable for the majority of (A)DAS, 
because the proportion of vehicles in the 
database equipped with them is too small for 
reliable statistical comparisons.  
 
Out of the direct approach of data analysis arises 
no evidence that accident severity is correlated 
with a 'Cruise Control' or with a navigation 
system. On the other hand, a tendency of 
vehicles equipped with ABS to be involved in 
more severe accidents was found, but only if the 
data were analysed at a European level and if 
the criteria were measures of injury severity. No 
such effect was found if only the data from 
DEKRA were analysed or if the criterion was a 
technical measure (Delta V). Therefore, it is 
concluded that this effect is dependent on 
national differences or on differences in the 
accident documentation by the different 
organisations. 
 
For the complete EACS data as well as for the 
DEKRA data, it was found that vehicles 
equipped with ABS had a higher engine 
capacity than non-equipped vehicles, reflecting 
the fact that in the majority of cases, DAS are 
installed in high class vehicles at first. The 
analysis of the accident data showed that the 
frequency of different types of impact does not 
differ between the vehicles equipped and those 
not equipped with ABS. Furthermore, no clear 
difference between them was found with regard 
to the driver behaviour aimed at avoiding the 
crash, although the drivers of ABS vehicles 
tended to combine braking and steering 
sequentially prior to the collision more often 
than drivers of vehicles without ABS. 
 
Accident Causation 
 
In a second step, the EACS data were analysed 
with respect to accident causation, in order to 
make predictions about potential benefits from 
the implementation of special (A)DAS. Firstly, 
accidents were classified by categories 
representing accident type. 
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Figure 1.  Accidents classified by accident type. 

 
Categories are as follows: 
 

 Crossing: Accidents in connection 
with direction changes and/or at 
crossings.  

 Longitudinal traffic: With traffic in 
the same or the opposite direction. 

 Driving accidents: Accidents due to 
driving errors, not caused by conflicts 
with other vehicles or persons.  

 Pedestrian Crossing.  
 Stationary traffic: For example, 

parked cars. 
 
Following this classification, and based on 
extensive review of the database, the experts 
who documented EACS judged which, among 
89 possibilities, were the main accident causes. 
The conclusions can be observed in this graphic: 

0 5 10 15 20 25

crossing

longitudinal

driving acc.

pedestrian

percent

improper behaviour of a
pedestrian

mistakes made when
turning

physical and mental
status of the driver

influence of alcohol

other mistakes made by
the driver

failure to observe the
traffic signs regulating
priority
non-adapted speed
without exceeding the
speed limit
non-adapted speed
with exceeding the
speed limit

 
Figure 2. Experts’ judgement of main accident causes. 

It is shown that the most frequent accident types 
are accidents at crossings or involving direction 
changes (29% of all accidents), caused by 
'failure to observe traffic signs regulating 

priority'. A further analysis was carried out, in 
order to evaluate the influence of environmental 
conditions on the accidents. 
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Figure 3. Experts’ judgement of the influence of environmental conditions for four accident types.  

 
From these results it can be concluded that at 
least some drivers would benefit from support, 
e.g. in detecting traffic signs, in these complex 
traffic situations. Older drivers could be 
expected to benefit especially from such a 
support because this driver group is especially 
prone to be involved in accidents at crossings. It 
was recommended that further research should 
clarify which specific aspects of the complex 
traffic situation at crossings are actually causing 
problems to the drivers. 
 
In contrast to older drivers, the younger drivers 
are involved in an above number of driving 
accidents (23% of all accidents). This accident 
group is most frequently related with accidents 
involving inappropriate speed, either exceeding 
the legal speed limit or not. Therefore, the risk 
of driving accidents might be reduced by 
supporting the driver (especially younger 
drivers) in choosing the appropriate speed. 
However, alcohol is identified as the main 
accident cause in 12% of driving accidents. This 
phenomenon can be considered to be mainly 
due to motivational factors, out of the direct 
scope of action of (A)DAS.  
 
23% of the accidents of the EACS database 
were classified as accidents with longitudinal 
traffic. For this type of accident, no prominent 
cause could be identified, but it is remarkable 
that in 16% of these accidents the drivers stated 
that they had not tried to avoid the crash 
because they were either too surprised or 
because they did not perceive any danger. 
Another 10% of the drivers were not able to 
describe their evasive actions. ADAS warning 
of approaching hazards, e.g. of accidents on the 
road, or of a traffic jam, could eventually 

provide more time to the driver to react 
appropriately.  
 
Accidents involving pedestrians crossing the 
road happen more often during darkness than 
other accident types. Therefore, improving the 
detection and/or the visibility of pedestrians 
could help to prevent accidents of this nature. 
Although this kind of accident is not the most 
frequent one (11% of all accidents), it is 
particularly important, because the injuries of 
pedestrians are much more severe on average 
than those of vehicle occupants.  
 
POTENTIAL EFFECTS OF SELECTED 
DAS ON ACCIDENTS 
 
In the following, systems that are of special 
interest with regard to frontal and pedestrian 
impacts will be examined. These systems will 
then be described with respect to their 
functionality and the operation of different 
derivatives, and a generic system will be 
defined. For each of the selected systems, those 
accident conditions where the system is 
supposed to have no benefit will be excluded 
and afterwards, the relevant parameters for a 
database analysis to estimate the potential safety 
benefit of the DAS will be defined. 
 
For one selected system, a suitable database and 
methodology to determine its effectiveness will 
be chosen. Finally, a study of potential 
effectiveness will be carried out. 
 
Systems of special interest 
 
For further analysis the following systems were 
selected: 
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• Pre-Crash Braking using Forward 
Collision Warning 

• Brake Assist 
• Deployable Bonnet with Pre-Crash 

Sensor 
• Pre-Crash Sensing with Electronic Belt 

Pre-tensioner 
 
Description of selected systems 
Because the systems chosen by the experts for 
further analysis are still in the development 
phase, there are currently no derivatives to be 
described and accordingly, no need to define 
generic systems. 
 
Pre-Crash Braking using Forward Collision 
Warning 
Using data from a Forward Collision Warning, 
full brake force is applied if an obstacle is 
detected in front of the vehicle within a 10 
meter range and speed is such that a crash is 
inevitable. A Collision Mitigation System will 
make an autonomous brake application in case 
that a collision with another vehicle is 
unavoidable. The function can also include a 
panic brake assist program that intervenes if the 
driver has applied an insufficient level of 
braking force. 
 
Brake Assist 
The brake assist function helps the driver to 
fully exploit the braking potential of his vehicle. 
The brake pedal operation is monitored and 
analyzed in real time in order to detect an 
emergency braking situation. If the pressure 
applied by the driver on the pedal is not 
sufficient for maximum braking force, the 
system automatically amplifies braking pressure 
until the pedal is released. 
 
Deployable Bonnet with Pre-Crash Sensor 
Microwave pre-crash sensors or other systems 
can detect pedestrians before the impact and 
safety devices like the deployable bonnet can be 
started in advance, thus reducing pedestrian 
injuries. To improve pedestrian head impact 
protection, pyrotechnic devices lift the bonnet at 
the rear edge. 
 
Pre-Crash Sensing with Electronic Belt 
Pretensioner 
If a safety critical situation is anticipated, the 
belt pretensioners are activated to increase the 
protection of the vehicle occupants. Electronic 
belt pretensioners can be reversible, i.e. they can 
be reset such that they do not need to be 
replaced after activation.  
 
Relevant accident conditions 
 

The four selected systems are mainly active in 
the Pre-Crash Phase of the ACEA safety model. 
Furthermore, all these systems are relevant 
especially for frontal and/or pedestrian impacts. 
Nevertheless, there are also some differences 
among them concerning the context of 
actuation:  
 

• Pre-Crash Braking using Forward 
Collision Warning: Frontal collisions. 

 
• Brake Assist: Mainly effective for 

frontal collisions. All accidents where 
the driver did not brake must be 
excluded. Friction coefficient µ > 0,5. 

 
• Deployable Bonnet with Pre-Crash 

Sensor: Collisions with vulnerable 
road users (pedestrians and two-
wheelers). Impact velocity < 60 km/h 
(Otherwise, the body will not hit the 
bonnet but the windscreen.) Frontal 
collisions. 

 
• Pre-Crash Sensing with Electronic 

Belt Pretensioner: Mainly frontal 
collisions and roll-over. Seatbelt use is 
presumed. 

 
Relevant parameters for a database analysis 
 
In order to estimate the potential safety effect of 
the systems described before, it is necessary to 
analyse in-depth databases. The more detailed 
the database, the more precise the estimation. It 
should be representative to allow for an 
extrapolation on national statistics. The 
following parameters should be included: 
 

• Impact type 
• Impact velocity 
• Type of injury 
• Severity of injury 
• Collision object 
• Driver reaction. 

 
Extremely severe accidents should be excluded 
from the study as it can be assumed that no 
system would be of a remarkable benefit in such 
accidents, and they would therefore introduce 
biasing in statistical results. 
 
Effectiveness study for one selected system 
 
Taking into account the considerations made 
above, the method for a study of the potential 
effectiveness for the brake assist system will be 
described.  
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The GIDAS database ('German In-Depth 
Accident Study') was employed. Although the 
primary focus of this database is on secondary 
safety, it contains detailed information about 
accident causation. 
 
Determination of the Dataset 
 
The first step consisted in determining the 
relevant dataset for the analysis. For 1991-2003, 
the GIDAS database contains 1091 accidents 
with injured pedestrians. These cases are 
divided according to the AIS classification of 
injuries (Abbreviated Injury Scale – 1998 
Revision): 535 cases with minor injuries (MAIS 
1), 498 cases with serious injuries (MAIS 2-4) 
and 58 cases with very serious injuries (MAIS 
5-6). From these accidents, only those where 
pedestrians were hit by a car with frontal impact 
were selected (Table 22). In total, the dataset for 
calculation contained 702 cases. 
 

Table 2. 
Number of relevant accidents in the GIDAS 

database; years 1991-2003; with the following 

variables known: MAIS, collision speed > 3 
km/h, kind of vehicle, weight of vehicle, 

impact direction 

MAIS 1 2-4 5-6 Total
Accidents with 

injured pedestrians 535 498 58 1077 

+ collision with a car 475 448 35 958 
+ frontal impact 336 335 31 702 

 
Computation of injury risk functions 
 
On the basis of the selected dataset, the 
relationship between collision speed and AIS 
injury severity were analysed and injury risk 
functions were computed. Such an analysis 
shows that the probability for a pedestrian to fall 
into category MAIS 5+ significantly increases at 
collision speeds higher than 40-50 km/h 
(Bamberg & Zellmer, 1994). 
 
 

 
Figure 4.  Schematic representation of injury risk functions.
 
Case-by-case analysis of the safety effects 
 

The computation of the potential safety effect of 
brake assist is subject to the following 
assumptions:  
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1. That a brake assist would have reduced 
the collision speed in those of the 
selected accidents where the driver had 
braked with a deceleration of at least 6 
m/s2. 

2. That in these cases, the available 
adhesion would have provided for a 
minimum braking deceleration rate of 
8.6 m/s2, i.e. the accidents took place 
on clean, smooth, dry high friction 
surfaces.  

3. The hypothetical collision speed is 
deduced taking into account the 
measured braking distance (distance 
from the beginning of the braking to 
the point of collision, taken from the 
GIDAS data that was based upon 
wheel slip evidence at the scene).  

 

Whilst brake assist helps to optimise the 
efficiency of braking in case of an emergency 
braking, it should be noted that there are no 
measures in the GIDAS database that allow for 
a direct judgement whether a brake assist would 
have been activated in the respective case. 
 
The resulting hypothetical shift in collision 
speed leads to a reduction of the probability to 
be severely or fatally injured as shown in the 
injury risk functions. This computation was 
made for each single accident and the resulting 
values of reduction averaged. This procedure 
yields an estimation of the safety benefit of the 
brake assist expressed as the average reduction 
of the probability for a pedestrian to be severely 
or fatally injured in case of a frontal collision 
with a car. 
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Figure 5.  Schematic representation of the effect of the Brake Assist.

 
Assets and drawbacks of the speed-shift 
method 
 
The method of a case-by-case analysis of the 
shift in collision speed to estimate the safety 
effects of a DAS is very complex and time 
consuming. Furthermore, specific data are 
necessary. With regard to the example of the 
brake assist, collision speed, braking distance, 
maximum deceleration and injury severity of the 
pedestrian must be known for each accident. 
This implies that data from an in-depth accident 
database are required. 
 

On the other hand, such an analysis as described 
above has several advantages compared to more 
generic estimations. Because the safety effect of 
the brake assist is computed for each relevant 
accident on the basis of data from accident 
reconstruction, this allows for a more precise 
estimation, provided that the accident database 
is sufficiently representative. 
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The calculated benefit in this study addresses 
MAIS 2+ class injuries. The savings are the 
differences between the predicted numbers of 
casualties affected by implementation of safety 
measures and the casualties in the current, real  
context. The effectiveness of safety measures is 
referred to all pedestrian accidents. 
 
The results show that BAS has the potential to 
influence the MAIS class. In the GIDAS 
dataset, 56 cases (7.9%) out of 702 could 
completely avoid collision by the 
implementation of a BAS (BAS collision speed 
= 0). The injury reducing effect on MAIS 2+ 
injured pedestrian results in 81 cases (11.5%). 
 
Potential Effects of DAS on Reducing 
Injuries 
 
In the past, achievements in increasing 
secondary safety of passenger cars to better 
protect occupants and vulnerable road users 
have been remarkable. Whilst further passive 
safety measures are still possible, it is widely 
regarded that advanced systems have much to 
contribute.  
 
Especially with respect to vulnerable road users, 
physical laws might limit the effect of 
secondary safety measures. At the same time, 
the latest developments in electronic and sensor 
technology  promise a successful contribution of 
primary safety systems. Several of these have 
already been introduced, and the positive effect 
in reducing road traffic fatalities have recently 
been proven – ESP is such an example. The 
result of this study indicates that also vulnerable 
road users will have a benefit from such 
systems.  
 
The previous analysis for a brake assist system 
(BAS) suggests that primary safety systems 
could reduce the consequences of pedestrian 
accidents, as well as offering additional benefit 
in other accident situations. In this line, it is 
expected that the importance of primary safety 
will further increase with technical progress in 
future.  
 
REGULATION 
 
A number of directives relevant to the work of 
EEVC WG19 were identified on the basis of the 
following criteria: The directive should include 
injury assessment (protection) and/or 
parameters operational in the unavoidable 
crash phase with a potential influence on crash 
severity.  The parameters were defined as the 
factors related to vehicle dynamics, to 
environment and/or to human factors. 

 
A summary on the aspects which can result in 
non compliance with existing directives or in 
need of new regulation are listed below: 
 

• Ease the introduction of near field 
sensors technology (frequency 
allocation issues were identified by the 
SARA group). 

• Lack of generic guidelines for the 
evaluation of safety devices triggered 
before the impact (need of new 
methodologies for safety evaluation) 

• Automatic steering is not defined  
• ESP systems were defined as relevant 

safety systems for WG19 to consider, 
but are not included in current 
legislation 

• The definition of crash alarm 
confidence level is not clear while it 
has a direct impact on safety aspects. 
This issue has to be tackled by the 
legislation. 

 
CONCLUSIONS 
 
The boundaries between primary and secondary 
safety no longer exist. It is observed that further 
developments for increasing vehicle safety 
create an overlapping zone. This contributes to a 
new concept called integrated safety in vehicles. 
 
Despite slight dissimilarities, all actual safety 
models agree on the existence of an overlapping 
zone that involves the instants before the impact 
and extend throughout the collision, in which 
new safety actions emerge designed to decrease 
the severity of the collision and offer improved 
protection to the occupants and other road users. 
 
The interaction between primary and secondary 
safety in vehicles is the process whereby, using 
information provided by systems which sense 
vehicle environment (outside or/and inside), co-
ordinated actions are performed by the vehicle 
control and protection systems. These actions 
are performed during the pre-collision and 
collision phases with the aim of decreasing or 
eliminating injuries to vehicle occupants, or to 
vulnerable road users. This concept is restricted 
to the situation of unavoidable collision. 
 
Vehicles are involved in a large variety of 
collisions. Considering the state-of-the-art 
technology and real world accident data, 
Primary Secondary Safety Interaction Systems 
(PSSIS) have more immediate relevance to 
some of them. 
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Several EU countries delivered accident data 
cases to establish the EACS database aiming to 
improve the knowledge of accident causation 
and potential effects of DAS/ADAS on road 
traffic safety.  The analysis showed that there is 
insufficient (in quantity and/or quality) data to 
fully satisfy the requirements of the EEVC 
WG19. The specific problems are: 
 

• Lack of data related to the above-
mentioned overlapped zone. 

• Not all existing databases are 
representative for Europe. Some of 
them are not even representative for a 
single country. 

 
Several safety systems and mechanisms 
included within the scope covered by WG19 
have been found. Some systems are already 
available in current production vehicles and 
others will be introduced in the near future. 
Nevertheless, in the field of action of our group, 
these electronic systems work in a very short 
period of time (less than a second) before a 
crash. When restricted to the unavoidable 
accident phase, the driver would not have time 
to react or understand what is happening.  
However, where these systems may also operate 
in the avoidable accident phase (BAS for 
example) human machine interface issues 
(HMI) need to also be considered.   
 
EEVC WG19 explored one approach to 
evaluating the effectiveness of primary safety 
systems that operate in the unavoidable accident 
zone. The effect of Brake Assist Systems (BAS) 
with regard to fatal and serious pedestrian 
accidents was calculated as an example case 
study. This methodology could be applied to 
provisionally assess safety benefits of some 
other systems. Others might require a different 
method and/or database.  
 
Generic methodologies for the assessment of 
Integrated Vehicle Safety Systems operating in 
the unavoidable accident phase should be 
developed in order to find out the acceptable 
confidence levels for false or missing alarms. 
The possibility of using virtual testing for the 
evaluation of systems in different weather and 
other environmental conditions should be 
investigated. 
 
FUTURE WORK 
 
The results described here have led to WG19 
making recommendations to the EEVC for 
future research guidelines, treating the following 
topics: 
 

• Adaptive, occupant protection systems 
• Intelligent braking systems 
• Pedestrian protection 
• Frontal collisions 
• Vehicle sensorisation:  

• Sensors to detect features outside 
of the vehicle. 

• Sensors to acquire dynamic 
variables of the vehicle. 

• Sensors to determine occupant 
characteristics. 

 
In this context, there exist several 
methodological aspects to be developed. Firstly, 
more experience of the application of the 
assessment techniques for complex electronic 
systems, as prescribed in UN ECE Regulations, 
needs to be gained.  In particular it is necessary 
to establish whether these techniques adequately   
enable analysis of PSSIS according to 
dependability criteria. Equally, the construction 
of techniques and methodologies to evaluate the 
performance and effectiveness of PSSIS are 
considered necessary for future regulatory 
development, as well as for industrial 
(commercial) deployment of PSSIS. 
 
Different knowledge gaps have been identified 
which need to be investigated in order to 
establish a sound knowledge corpus which 
would eventually permit the development of  
practical criteria and future methodologies. 
 
The future development of PSSIS as well as 
their real effectiveness on safety depend largely 
on their acceptance by the user. On the other 
hand, if these systems are to be required by 
regulation it will be necessary to carry out an in-
depth cost/benefit analysis. 
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ABSTRACT 
 

This paper describes a part of ongoing progress 
and research conducted by the Front-to-Front 
Compatibility Technical Working Group (TWG) to 
enhance vehicle compatibility in vehicle-to-vehicle 
frontal crashes. As a short-term goal, the TWG 
developed and implemented Phase I performance 
criteria, based on static measurements of the Primary 
Energy Absorbing Structure (PEAS) height, to 
improve geometrical compatibility. This will enhance 
structural interaction, through better matching of 
frontal component geometries, between cars and light 
trucks, in frontal crashes.  Options include better 
matching of bumper heights, longitudinal frame rail 
heights, and more evenly distributing impact forces 
across the fronts of vehicles. All participating 
manufacturers’ new light trucks up to 10,000 pounds 
Gross Vehicle Weight Rating (GVWR), with limited 
exceptions, must meet Phase I requirements by 
September 1, 2009. 

 

The focus of Phase II research for the TWG is the 
investigation and evaluation of Front-end 
performance. This will include research to investigate 
test procedures and performance metrics to assess 
potential dynamic front-end geometric, stiffness, and 
any other relevant performance characteristics that 
would enhance partner protection without any 
significant degradation in self-protection. 

Test and simulation results obtained from frontal 
impacts with various Load Cell Walls (LCW) and 
from vehicle-to-vehicle impacts in various frontal 
impact configurations to support phase II research 
were analyzed and presented to help assess and 
improve vehicle compatibility. Average Height of 
Force (AHOF) obtained from frontal impact with 
LCW was investigated as a compatibility metric. 
Initial finding was the AHOF alone is insufficient 
metric and did not correlate with Aggressivity Metric 
(AM) defined by NHTSA. Alternative metrics and 
test procedures are under investigation by the TWG. 
Phase III research will focus on front stiffness 
matching between cars and trucks and also on 
passenger car compartment strength and integrity. 

The investigation will lead to the development of a 
test to determine appropriate front-end stiffness 
characteristics and criteria that would strike an 
appropriate balance between small vehicle passenger 
compartment strength and large vehicle energy 
absorption characteristics. 

 

 
1.  INTRODUCTION 

The issue of crash compatibility of passenger 
vehicles has been around since at least the early 
1970s when the widespread introduction of 
lightweight subcompact cars into a fleet of 
predominantly large and heavy cars caused some 
concerns.  In recent years the trend of growing sales 
of sport utility vehicles and pickup trucks have led to 
renewed public attention to this issue.  The National 
Highway Traffic Safety Administration (NHTSA) 
[1,2,3], The Insurance Institute of Highway Safety 
(IIHS), and  The International Harmonization 
Research Activity (IHRA) have identified this trend 
and have increased the extent of their research in 
vehicle-to-vehicle compatibility.  

The basic concern is the extent to which some 
vehicle design characteristics adversely influence the 
outcomes of two-vehicle crashes.  Thus, in head-on 
crashes between two cars the risks for the occupants 
of the lighter cars increase as the weights of the 
heavier cars increase.  Today, the crash compatibility 
focus has shifted from concerns about vehicle weight 
differences to the effects of differences in vehicle 
heights and front-end stiffnesses in crashes between 
cars and light trucks. 
There are two approaches to improving crash 
compatibility among passenger vehicles.  First and 
more important is to improve the protection a vehicle 
provides for its own occupants, which is sometimes 
referred to as “self protection.”  This approach is 
more important because it results in improved 
protection for vehicle occupants in all crashes, single-
vehicle as well as crashes involving other passenger 
vehicles.  Significant improvements in self protection 
have occurred over the past 20 years or so with the 
introduction of frontal airbags, better structural 
designs, increased belt use, etc., and as a result crash 
compatibility problems are smaller than they 
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otherwise would have been. Self-protection   
enhancements can reduce occupant risks in all crash 
modes including frontal, side, and rear.  The second 
approach to improving crash compatibility is to focus 
on vehicle design characteristics that can reduce the 
risks for occupants of other passenger vehicles, 
which is sometimes referred to as “partner 
protection.”  Partner protection improvements usually 
focus on changes to vehicle front-end designs for 
enhancing the structural interactions between the 
striking and struck vehicles. 
 
2.  BACKGROUND ON THE INDUSTRY 
AGREEMENT 

 
Over the years individual auto manufacturers have 

made changes in their vehicles to enhance 
compatibility. However, in late 2002 the Alliance of 
Automobile Manufacturers decided to pursue a 
concerted industry-wide effort to develop 
performance criteria based on current “best 
practices,” to further enhance vehicle compatibility.  
To start this process on February 11-12, 2003, the 
Alliance and the Insurance Institute for Highway 
Safety (IIHS) cosponsored an international meeting 
on enhancing vehicle-to-vehicle crash compatibility.  
Participants were not limited to these two groups; 
other international experts were included. NHTSA's 
Administrator Jeffrey W. Runge, M.D., opened the 
meeting by issuing a challenge to the industry for 
more progress on compatibility.  Other speakers 
included representatives from Transport Canada, the 
United Kingdom’s Transport Research Laboratory 
(TRL), the Alliance, Honda, and IIHS. 

The technical presentations at the meeting laid the 
foundation for the industry to work on performance 
criteria to improve crash compatibility for the North 
American market.  The data presented at the meeting 
highlighted potential opportunities to further enhance 
compatibility in both front-to-front crashes as well as 
front-to-side crashes. At the meeting, the participants 
agreed to set up two working groups of experts to 
develop initiatives and actions.  One working group 
was established to address ways to improve 
compatibility in front-to-side crashes, the other to 
address front-to-front crashes.  Each group included 
both industry and outside experts. Each group has 
developed initiatives and performance criteria that 
participating auto manufacturers are committed to 
adopt. 

One of the key conclusions of the February 11-12, 
2003, crash compatibility meeting was that a high 
priority should be assigned to addressing the issue of 
reducing injury risks in side impact crashes, 
especially when the striking vehicles are light trucks.  
In the short term, the meeting participants concluded 

that the most effective approach for this problem is to 
enhance self-protection for passenger vehicle 
occupants in side struck vehicles. Thus, the industry’s 
specific commitment to enhanced front-to-side crash 
compatibility by improving self protection in side 
impacts covers light trucks (vans, pickups, and sport 
utilities) up to 8,500 pounds GVWR, as well as 
passenger cars. 

In regard to front-to-front compatibility, the 
conclusions from the February 11-12, 2003, 
compatibility meeting was that improvements in 
frontal crash compatibility between cars and light 
trucks can best be achieved in the near term through 
improved partner protection. In particular, improved 
geometric matching between the front structural 
components of cars and light trucks is the most 
effective short-term approach, while better matching 
of frontal stiffness characteristics between cars and 
light trucks is a longer-term goal.  It is important to 
not compromise the self-protection of occupants of 
light trucks as the front ends of these vehicles change 
to further improve partner protection. 

Participating manufacturers started their research, 
investigation and proposed various phases for the 
development of compatibility performance criteria 
within two separate working groups for front-to-front 
and front-to-side compatibility. The working groups 
will transfer these performance criteria to appropriate 
internationally recognized voluntary standards to 
ensure the sustainability of these criteria. From this 
point in time, the focus of this paper will be on the 
results and criteria associated with enhancing front-
to-front compatibility. 

 
3.   FRONT-TO-FRONT COMPATIBILITY 
WORKING GROUP COMMITMENTS 

 
 The TWG held its first meeting on March 10, 

2003 and agreed on the following:  
• A short-term initial step in addressing further 

improvements in front-to-front crash 
compatibility between two colliding vehicles is 
through better alignment and geometric matching 
of the vehicle crash structures. 

• A barrier face load cell configuration with a 
125mm x 125mm load cell array is appropriate to 
make the determination of the height and 
distribution of force of an impacting vehicle into 
the barrier face. 

• The TWG agreed to review the use of a 
deformable face on the barrier for testing with 
NHTSA in order to ascertain the agency's 
willingness to include the deformable member as 
part of future (revised) FMVSS 208 barrier test 
procedures. 
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• The TWG agreed that achieving better alignment 
and engagement between the front-end structures 
of the impacting vehicles is the necessary first 
step towards improving compatibility.  It was also 
agreed that manufacturers should begin designing 
light trucks so their PEAS (Rail or frame) overlap 
a proportion of the zone established by NHTSA in 
its bumper standard (49 CFR 581) for passenger 
cars.  This zone of impact resistance for passenger 
car bumpers is the area between 16 and 20 inches 
off the ground.  By ensuring that light trucks have 
a significant portion of their front energy-
absorbing structures in this zone, these structures 
are more likely to engage (instead of over- or 
under-riding) the PEAS of passenger cars in a 
head-on crash.   

 
4. PHASE I: ENHANCING GEOMETRIC 
ALIGNMENT OF FRONT ENERGY-
ABSORBING STRUCTURES  

 
The TWG developed the following Phase I 

requirements which were announced on December 3, 
2003 as a first step towards improving geometrical 
compatibility: Participating manufacturers will begin 
designing light trucks in accordance with one of the 
following two geometric alignment alternatives, with 
the light truck at unloaded vehicle weight (as defined 
in 49 CFR 571.3):   

 
OPTION 1: The light truck's primary frontal energy-
absorbing structure shall overlap at least 50 percent 
of the Part 581 zone AND at least 50 percent of the 
light truck's primary frontal energy-absorbing 
structure shall overlap the Part 581 zone (if the 
primary frontal energy-absorbing structure of the 
light truck is greater than 8 inches tall, engagement 
with the entire Part 581 zone is required), OR, 
OPTION 2: If a light truck does not meet the criteria 
of Option 1, there must be a secondary energy-
absorbing structure, connected to the primary 
structure, whose lower edge shall be no higher than 
the bottom of the Part 581 bumper zone.  This 
secondary structure shall withstand a load of at least 
100 KNewtons exerted by a loading device, as 
described in the attached Appendix A, before this 
loading device travels 400 mm as measured from a 
vertical plane at the forward-most point of the 
significant structure of the vehicle. 

If a light truck has crash compatibility devices 
that deploy in high-severity frontal crashes with 
another vehicle, all measurements shall be made with 
these devises in their deployed state. Not later than 
September 1, 2009, 100 percent of each participating 
manufacturer’s new light truck production intended 

for sale in the United States and Canada will be 
designed in accordance with either geometric 
alignment Option 1 or Option 2. 
 

Applicability All light truck vehicles with a 
GVWR up to 10,000 pounds, except, low production 
volume vehicles, vehicles over 8,500 pounds GVWR 
with functional criteria which preclude them from 
meeting the performance criteria, (e.g., postal 
vehicles, military vehicles, service vehicles used by 
public and private utilities, vehicles specifically 
designed primarily for off-road use, and incomplete 
vehicles), and other vehicles that a manufacturer 
determines cannot meet the performance criteria 
without severely compromising their practicality or 
functionality. 
 

 
 
Figure 1.  Typical front rail geometry and 
definition of Part 581 zone for voluntary standard. 

 
Product Information Beginning November 3, 2003, 
and on each September 1st thereafter, through 
September 1, 2009 (i.e., November 3, 2003; 
September 1, 2004; September 1, 2005; September 5, 
2006; September 3, 2007; September 1, 2008; and 
September 1, 2009), participating manufacturers will 
publicly disclose at least annually, the vehicle 
nameplates [models] for the upcoming model year 
that have been engineered according to the front-to-
front and front-to-side performance criteria, and 
provide a ‘good faith’ estimate of the  percentages of 
the manufacturer’s total production for the upcoming 
model year that are engineered in accordance with 
the front-to-front performance criteria, respectively. 

 
Confirmatory Data: Beginning November 3, 2003, 
and on each September 1st thereafter, through 
September 1, 2009 (i.e., November 3, 2003; 
September 1, 2004; September 1, 2005; September 5, 
2006; September 3, 2007; September 1, 2008; and 
September 1, 2009), participating manufacturers shall 
voluntarily provide to NHTSA confirmatory data, 
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engineering judgment, or other analyses 
demonstrating that vehicles identified above have 
been designed in accordance with the front-to-front 
and front-to-side performance criteria, respectively. 
 
5.  PHASE II RESEARCH  
 

The TWG developed a matrix of physical tests 
and simulations in relation to rigid wall barrier 
impact, full width deformable barrier impact, and 
vehicle-to-vehicle impact to generate data to support 
Phase II research (see matrix shown in Appendix B). 
The purpose of this research phase was three fold. 
Firstly to identify a dynamic test procedure that 
evaluates geometrical changes made in vehicles. 
Secondly, existing metric proposals such as AHOF 
should be evaluated. Lastly, to evaluate test methods 
to measure front-end stiffness and develop potential 
actions to further enhance compatibility between 
vehicles. 

The initial focus of the TWG was on the AHOF to 
be used as a metric for compatibility to enhance 
structural interaction between vehicles during frontal 
impact. The test methods evaluated were full-frontal 
impacts against a barrier fitted with load cells, load 
cells covered with a honeycomb (TRL Barrier Face) 
or without a honeycomb (similar to MIRA Barrier). 
Other TRL-type LCW with deformable elements 
such as the one shown in Figure 2 was also used. 
However, this barrier is 50mm from the ground and 
has 125mm x 125mm load cell in the interaction zone 
only, compared to that of TRL barrier which has 
125mm x 125 mm load cell array, sixteen cells wide 
and ten cells high. 

 

GroundGround

35 mph
TRL

Barrier

  

Figure 2.  TRL-Type 125x125mm load cell 
deformable barrier. 

Most of the tests and/or simulation planned on 
Appendix B were executed and completed by the 
Alliance participants. Although several geometric 
parameters or metrics such as Height of Force (HOF), 
AHOF, Homogeneity factors (CV), load distribution, 
row's force limit, cell force limit, row force 
percentage, deformation based, and other metrics in 
the interaction zone can be obtained and investigated, 
the initial focus of the research was on the AHOF 
calculation obtained from 56 kph frontal impact with 
TRL/TRL-type deformable barrier or rigid barrier 
tests. In addition, vehicle-to-vehicle frontal impact 
tests and real-world accident data analyses were 
conducted to validate the relation between the AHOF 
metric, as a compatibility metric, and the outcome of 
the occupant injury from crash tests and traffic 
accidents. Figure 3 shows an example of the load-
time history of each cell obtained from a 56 kph 
impact of a mid-sized SUV. On the same figure it 
also shows the part 581 zone and locations of the 
PEAS of typical SUV and passenger cars.  Figures 4-
6 show typical results such as the HOF, load 
distribution or load percentage at each row and the 
deformation or the footprint on the deformable face 
as potential metrics. 
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Figure 3.  Example of Force-Time history 
distribution for TRL-type barrier with 125 x 
125mm load cells. 
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Figure 4.  Example of HOF-time history for TRL-
type barrier with 125 x 125mm load cells.  
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Figure 5.  Example of normalized row force 
distribution for TRL-type barrier with 125 x 
125mm load cells. 
 
 

 

 

Figure 6.  Example of foot print obtained on a 
TRL-type barrier deformable face. 

5.1 HOF and AHOF Analyses and Conclusions  

Figure 7 shows schematic and mathematical 
definitions for calculating the HOF and AHOF when 
a force is applied to a barrier, either deformable or 
rigid, in a normal frontal impact. If all load cells 
along a certain height are grouped together, the so-
called row force may be determined and the height of 
force (HOF) can then be computed. Normalizing this 
time dependent height measurement by the total 
barrier force will provides AHOF.  
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Figure 7.  Diagram and definition of HOF and 
AHOF. 

TWG members have reported results from crash 
tests and/or CAE simulations obtained from 56 kph 
impacts with 125mm x 125 mm rigid LCW, 50mm x 
50mm rigid LCW, 125mm x 125 mm deformable 
LCW using HOF or AHOF metrics.  In addition, 
some of the member companies have conducted 
vehicle-to-vehicle crashes (test and/or simulation) as 
a validation.  An analysis of NHTSA’s data on 
Aggressivity Metric  (AM) was also conducted to 
obtain its correlation with AHOF.  

 
When AHOF is calculated for several vehicles it 

may be compared to the geometrical location of their 
primary energy absorbing structures. This is done for 
a small sample of vehicles as shown in Figure 8.  
Vehicle-to-vehicle crash tests of mid-sized SUV1 
(4x4) without SEAS and full-sized SUV (4x2) with 
blocker beam against a mid-sized passenger car in 
full frontal impact were also conducted.  The AHOF 
for both SUVs are shown in Figure 8, where HD PU 
(heavy duty pick-up) AHOF corresponds to that of 
the full-sized SUV. Both the target and bullet 
vehicles used a Hybrid III 50th percentile male 
dummy for the driver and a Hybrid III 5th percentile 
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female dummy for the passenger. The driver seat was 
at the mid-position while the passenger seat was full-
forward. The target vehicle was stationary and the 
bullet vehicles were moving at a speed adjusted 
according to impacted vehicles mass ratio to impart a 
56 kph velocity change in the target vehicle, which is 
the passenger car in this case.  Figures 9 and 10 show 
the geometrical alignment, superimposed on 581 
zone, for both SUVs front-end structures against that 
of the passenger car. 
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Figure 8. Comparison of AHOF for several 
vehicles. 
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Figure 9.  Mid-sized SUV1-to-Passenger car 
impact.  
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Figure 10.  Full-sized SUV-to-Passenger car 
impact. 

 
Figures 11 shows the driver injury responses of 

the target vehicle resulted from impacts with mid-
sized SUV1 and full-sized SUV that differs in AHOF 
magnitudes. The injury numbers were normalized to 
the NCAP values. Occupant responses of the driver 
hit by full-sized SUV with blocker beam are less 
severe compared to those resulted from impact with 
mid-sized SUV1. Comparing results from Figures 8 
and 11 it is very clear that the AHOF does not show 
the beneficial effect of the blocker beam on 
compatibility demonstrated in vehicle-to-vehicle 
crash tests. The Full-sized SUV with blocker beam 
has the highest AHOF compared to that of the mid-
sized SUV1 as shown in Figure 8.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0.0

0.5

1.0

1.5

2.0

2.5

HIC
 (1

5m
s)

Che
st 

Defl
ec

tio
n (

mm)

Che
st 

Acc
ele

rat
ion

 (G
) Nij

Fem
ur 

Fz -
 Le

ft (
kN

)

Fem
ur 

Fz -
 R

igh
t (k

N)

Tibi
a I

nd
ex

 - U
pp

er 
Le

ft

Tibi
a I

nd
ex

 - U
pp

er 
Righ

t

N
or

m
al

iz
ed

 D
riv

er
 D

um
m

y 
R

es
po

ns
es

 b
y 

N
C

AP
 R

es
po

ns
es Mid Size Bullet Vehicle

NCAP Mid. Size Pass. Target Vehicle
Full Size SUV w/Blocker Beam Bullet

191 48 1.412.9 36 2.7 0.730.30 

 



  7  

 
 
 
 
Figure 11.  50th % HIII driver dummy responses 
of target vehicle.   

 
A separate study considered lowering the overall 

vehicle height 38 mm and studying the corresponding 
effect on AHOF [4]. This study concluded that there 
was little difference in overall AHOF values when 
vehicle with significantly different PEAS heights 
were tested against a load cell barrier. In other words, 
as seen from the data presented in Figures 12 and 13, 
the HOF and AHOF have significant errors in 
indicating the change in the actual height of a vehicle 
and of its structure. 

Figure 12.  HOF(t) for base vehicle and when 
lowered 38 mm. 

 
Figure 13.  AHOF for base vehicle and when 
lowered 38 mm. 

Conclusions from testing against load cell walls, 
deformable face barriers, and vehicle-to-vehicle test 
are that AHOF is not a sufficiently sensitive metric to 
evaluate the height of the front rail and the effect of 
SEAS on compatibility. The AHOF does not show 
the beneficial effect of the Blocker Beam on 

compatibility demonstrated in the vehicle-to-vehicle 
tests. 

In an effort to determine the correlation between 
the AHOF measurement and field experience, the 
fatality related Aggresivity Metric (AM) and AHOF 
were compared for several vehicles in various 
categories [5] [1]. To evaluate the characteristics of the 
vehicle compatibility problem, NHTSA [6] has 
developed the Aggressivity Metric (AM) which uses 
the number of driver fatalities in a collision partner 
normalized by the number of collisions of the subject 
vehicle (only two vehicle collisions are used) [2]. AM 
is defined through the relationship:  

hiclesubject ve of Crashes ofNumber 
partnercollision in  FatalitiesDriver Metricty Aggressivi =

 

The data for this analysis was gathered from two 
sources.  First, AHOF data was obtained from the 
results of NCAP vehicle tests, measured by a load 
cell wall, provided by NHTSA.  The AM data was 
provided by NHTSA. The number of vehicle models 
corresponding to the data appears in Table 1.   

1 Toyota Previa Van and T100 PK are included in this 
analysis even without MY information for the AM value 
because there was no model change.  Therefore, the 
available AHOF value from any MY of these vehicles can 
correspond to its AM value. 

2 CGNO7424 Ford F150 Pickup  Frontal AM (126) 

CGNO7628 Chevrolet Tahoe  Frontal AM (167) 

Table 1. 

Number of Vehicle Models Represented in the 
Datasets 

 AM 

 Front 
Collision 

Side 
Collision 

AHOF 

# of Vehicles 
Models 

183 201 636 

 

Assumptions 

AHOF data was available for a specific subject 
vehicle from a single model year (MY).  However, 
the AM data did not necessarily correspond to a 
single MY and therefore, the data was divided into 
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four categories depending on the nature and 
availability of the dataset: 

MYxx ~ MYyy

An AM value for a subject vehicle in the range 
MYxx ~ MYyy is paired to an AHOF value for a given 
MY of the subject vehicle in that range.  If there are 
multiple AHOF values that apply to the MYxx ~ 
MYyy range, then an average is calculated.  If the 
subject vehicle model has many model changes1 in 
the MY for which 1 AM value is available and if 
AHOF values are not available for all model changes 
within that MY, then the subject vehicle is not 
included in this analysis. 

MYxx ~ 

In this case, the life of the model is unclear; 
therefore, the life is assumed to be 4 years.  An 
AHOF value for a particular MY is identified with 
the AM value for vehicles from MYxx to MYxx+4.  If 
there are multiple AHOF values for vehicles that fit 
into the range MYxx to MYxx+4, then an average 
AHOF is calculated. 

~ MYyy

In this case, the beginning of the life of the model 
is unknown.  Using the same assumption for model 
life from #2  above, an AHOF value  for  a  particular 

 

 

MY is identified with the AM value for vehicles from 
MYyy-4 to MYyy.  If there are multiple AHOF values 
for vehicles that fit into the range MYyy-4 to MYyy, 
then an average AHOF is calculated. 

MY not listed: For AM values that do not have a 
MY available, it is not possible to identify a 
corresponding AHOF value and that particular 
vehicle cannot be included in the analysis1

If there are multiple vehicle models with the same 
AM value, then an average AHOF value is 
calculated.  The drive train (2WD, 4WD, etc.) is 
listed in neither the AM nor AHOF datasets.  The 
information on vehicles from the AM dataset 
includes a designation for the number of doors on a 
subject vehicle (2-door or 4-door).  If the number of 
doors is not specified for the AHOF value of a 
                                                           

 

subject vehicle, then the vehicle is assumed to be a 4-
door vehicle and identified with the AM value for the 
4-door subject vehicle.  Finally, two outliers with 
comparable high AM values were excluded.2

After applying the above assumptions, the dataset 
is described in Table 2.  Since several AHOF values 
may be identified with one AM value, AHOF values 
are used for this analysis to enhance the n-value of 
the dataset. Further, the number of models with 
available AHOF data is greater than the number of 
models with AM data.  The database was divided into 
two categories. Front-to-front corresponds to vehicles 
colliding in the x-direction from 11 to 1 o’clock.  The 
front-to-side condition corresponds to vehicles struck 
on either side (7 to 11 o’clock or 1 to 5 o’clock) by 
the front of the bullet vehicle. 

 
Table 2. 

Vehicle Models with Corresponding AM and AHOF 
Data 

 AM Data AHOF 
Data 

Vehicle models used for 
front-to-front analysis 

77 models 
(42%) 

143 
models 

Vehicle models used for 
front-to-side analysis 

80 models 
(40%) 

149 
models 

 

The data was grouped by vehicle type and by 
mass.  In Figure 14, results by vehicle type show that 
for passenger cars the correlation was extremely low 
(R2 = 0.002).  For SUVs, AM tends to decrease with 
increasing AHOF, however this correlation is also 
extremely low (R2 = 0.3).  Conversely for Vans, AM 
tends to increase with increasing AHOF, also with 
low correlation (R2 = 0.05). Such low correlation 
values, whether for increasing or decreasing 
relationship between AM and AHOF, suggests no 
relationship between the two variables.   
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Figure 14.  Correlation between the Aggresivity 
Metric and AHOF for vehicle types. 

Finally, the vehicles were divided into weight 
classes based on their GVWR and the results are 
presented in Figure 15. The weight classes range 
from 1000kg to 3000kg in increments of 500 kg 
giving a total of 4 weight classes.  This classification 
was performed to eliminate any confounding effects 
due to the different weights. Again it was seen that 
there was no significant difference in the relationship 
between AM and AHOF for different weight classes. 

 

Figure 15.  Correlation between the Aggresivity 
Metric and AHOF for vehicle weight class. 

From this study, it can be concluded that there is 
poor correlation between AM and AHOF. In terms of   

fatalities, evaluating vehicles using AHOF alone will 
not necessarily provide reductions in vehicle 
aggressivity in the field. Continued research of 
appropriate metrics is recommended to evaluate 
measures that will improve field compatibility. With 
AHOF discounted as single compatibility metric, 
several subgroups were formed to further study 
vehicle compatibility tests and metrics. At Phase 2, 
the TWG concluded that geometric compatibility is 
an important first step to improve compatibility 
between vehicles. Also, stiffness and geometry must 
be considered together for the long-term direction of 

further improvements in fleet-wide compatibility. 
The current AHOF/HOF definition alone is no 
sufficiently sensitive to discriminate changes or 
variations in front-end structures that are beneficial 
for compatibility. Based on this the TWG formed 
three sub-groups to support phase II research 

6. PHASE II, SUBGROUP 1: FIXED 
BARRIER TESTS AND METRICS  

This subgroup was organized to evaluate potential 
changes to the TRL deformable barrier to improve 
SEAS detection and to explore new LCW metrics 
that could be used with a full overlap test to predict 
structural interaction. It was determined that a 
deformable element barrier should be used for 
investigation in lieu of a rigid wall for several 
reasons. Foremost is that a deformable barrier would 
allow for improved detection of secondary energy 
absorbing structure, which can be set back from the 
front of the vehicle and otherwise undetectable in an 
impact with a rigid wall. A deformable barrier can 
also reduce the high decelerations that can result 
from stress wave effects at the front of the rails in 
rigid wall impacts with the effect that the initial phase 
of the impact is more representative of vehicle-to-
vehicle impacts. Additionally, deformable barriers 
reduce engine dump loading that may otherwise 
confound the measured force data and can detect 
strain effects due to cross-car load transfer through 
crossbeam structures.  

Where appropriate, barrier tests designed to assess 
compatibility should be adaptable to current NCAP / 
FMVSS 208 test setups, in order to minimize number 
of tests necessary during vehicle development. The 
baseline deformable barrier was developed by TRL 
consisting of two 150 mm thick layers of aluminum 
honeycomb. The stiffness of the layers is 0.34 MPa 
and 1.71 MPa for the front and rear layers, 
respectively. The second layer of the baseline barrier 
is segmented along each load cell row and column, 
meaning the deformable layer will  not  transfer  load  

to adjacent cells. Using this design as a baseline 
configuration, three modifications were identified for 
exploration (seen in Table 3). 
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Table 3. 
 Barrier configurations considered for evaluation 

Baseline 
(TRL) 
Barrier 

 

Barrier 
1 

 

Barrier 
2 

 

Barrier 
3 

 

Barrier 1 adjusts the stiffness of only rows 3 and 4 
in the front-most layer to 1.71 MPa. The intended 

purpose here was to provide a path for the secondary 
energy absorbing structure (SEAS) to transfer force 
to the barrier. The second barrier and third barriers 

increase the thickness of the second layer by various 
degrees to determine if added depth would allow the 
barrier to reach further back into the test vehicle to 

pick up the SEAS. In the case of the third barrier, the 
rear layer is not segmented as it is in the baseline 

TRL barrier. This is necessary to avoid crush 
instability in the honeycomb. Four metrics were 

proposed by the TWG for barrier evaluation, as 
defined in Tables 4 and 5. 

Table 4 

Definitions for proposed barrier metrics 

Metric 1: 
Total force 
in select 
rows 

[ ](t)RF(t)RF
t 43maxM1 +≡  

Metric 2: 
Total force 
% in select 
rows 

[ ] [

[ ]

]

∑
=

+
≡ N

i
it

tt

tRF

(t)RF(t)RF

1

43

)(max

maxmax
M2

 

Metric 3: 
Homogeneit
y, 
distribution 
of force in 
selection 
area 

nc
L

fLnc

i

i∑
=

⎟
⎠
⎞

⎜
⎝
⎛ −

≡ 1

2

M3  

Metric 4: 
Distribution 
of 
deformation 
into layer 2 
in Evaluation 
Area 

mm150 allfor  M4 >≡ (y,z)u
EA
A Frt

x
C  

Other Metrics have also been proposed such as 
vertical and horizontal [negative] deviation 
from a target value. 

 

Table 5. 
Notation used in metric definitions. 

( )

[ ]

EA within lying facebarrier   
fronton  nodesfor nt displaceme axial ),(

barrierfor history  time-force ,)(

i Row ofhistory  time-Force )(
Rowsbarrier  ofnumber  

in  cells load ofnumber  

in  cellper  load average (peak) 

AreaSelection y Homogeneit 
mm 000,3751500250  Area, Evaluation 

maxHSAin  i cell loadin   load (peak)
2
1Theorem sGreen'

n.deformatio mm 150  with tsnodes/poinby 
defined curve closed simple,  theof Area

   

N

1i

1

2

≡

≡

≡
≡
≡

=≡

≡
=⋅≡
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⎩
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∑

∑
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zyu
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f
HSAL
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(t)F(t)Ff

zdyydzA
A

Frt
x

i

i

nc

i
i

itii

C

C

 

Homogeneity Selection Area is the area covered by load cells 
lying in rows whose peak row force is > 5% of the peak total force 
AND whose peak column force is > 3% of the peak total force. 

  



  11  

Metric 1

0

100

200

300

400

500

600

700

TRL Barrier Barrier 1 Barrier 2 Barrier 3 TRL Barrier Barrier 1 Barrier 2 Barrier 3

Mid-sized SUV Full sized Pick-up

To
ta

l F
or

ce
 in

 R
ow

s 
3 

&
 4

 (k
N

)

Metric 2

0%

10%

20%

30%

40%

50%

60%

TRL Barrier Barrier 1 Barrier 2 Barrier 3 TRL Barrier Barrier 1 Barrier 2 Barrier 3

Mid-sized SUV Full sized Pick-up

%
 o

f T
ot

al
 B

ar
rie

r F
or

ce
 C

ar
rie

d
by

 R
ow

s 
3 

&
 4

 (k
N

)

 

Metric 4

0%

5%

10%

15%

20%

25%

30%

35%

TRL Barrier Barrier 1 Barrier 2 Barrier 3 TRL Barrier Barrier 1 Barrier 2 Barrier 3

Mid-sized SUV Full sized Pick-up

%
 M

ea
su

re
m

en
t A

re
a 

w
ith

 B
ar

rie
r

Fa
ce

  D
ef

or
m

at
io

ns
 >

 1
50

 m
m

Metric 3

0

1

2

3

4

5

6

7

8

9

10

TRL Barrier Barrier 1 Barrier 2 Barrier 3 TRL Barrier Barrier 1 Barrier 2 Barrier 3

Mid-sized SUV Full sized Pick-up

A
vg

. N
or

m
al

iz
ed

 C
el

l F
or

ce
 D

iff
er

en
ce

 to
Ta

rg
et

 L
oa

d 
in

 M
ea

su
re

m
ne

t A
re

a 
(k

N
)

 

Figure 16. Comparison of for metrics for various 
barrier designs using simulation. 

Barrier 1 adjusts the stiffness of only rows 3 and 4 
in the front-most layer to 1.71 MPa. The intended  

 

purpose here was to allow the secondary energy 
absorbing structure (SEAS) to transfer force to the 
barrier. The second barrier increases the thickness of 
the layer 2 to 200 mm. The third barrier configuration 
continues to thicken the second layer to 300 mm as 
well as eliminating the segmentation of it. This non-
segmented characteristic was intended to investigate 
the possibility of capturing the lateral load transfer 
actual vehicles experience 

Metrics one and two use a force-based criterion to 
measure barrier differences. A third study 
investigated changing the location of a SEAS 
structure on detection by layered barriers. A change 
in the depth of the second layer did not appear to 
affect the detection of SEAS as seen in Figure 17 
below. 

 

 

Figure 17: Effect of changing the forward position 
of SEAS on force in an assessment area. 

It can be seen from Figure 17 that changing the 
depth of the second barrier layer leads to less 
effective SEAS detection. Examining current test 
results with rigid barriers (LCW), deformable barriers 
(LCW), and further work has been initiated to       
develop a simple test procedure and metrics using a 
LCW as a compatibility measurement tool. 
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The subgroup has also investigated the 
International Harmonized Research Activity (IHRA) 
compatibility working group phase I test proposal 
[7]. The test configuration is a full width test carried 
out at 56 km/h into a wall equipped with an array of 
125 mm x 125 mm load cells and the TRL 
deformable barrier face. The aim of the proposal is to 
ensure that all vehicles have sufficiently strong 
structure in a common interaction zone. This zone is 
defined vertically as 330-580 mm high, essentially 
the third and fourth load cell rows when the LCW is 
positioned with a ground clearance of 80 mm. A new 
metric based on peak cell loads has been proposed. It 
consists of vertical and horizontal components.  
These are complementary but could be applied 
separately.  

The aim of the vertical component is to ensure 
that there is sufficient vehicle structure in alignment 
with the common interaction area. It sets a target row 
load and calculates the load below the target row for 
each row in the common interaction zone, i.e. rows 3 
and 4. 

{ }[ ]∑
=

=−≤=
4

3)(

0 ),( , 
iRow

iiiiVNT ELSETRRABSTHENTRRIFD

where: 

Row Load  ∑
=

=
allcolumns

j
iji fR

1

TRi = Target row load 
Fij = peak cell load 
If a performance limit of zero is required for this 

metric, then it is effectively a minimum row load 
requirement. The subgroup examined test data from 8 
FWDB tests with various LTVs and showed that a 
row load greater than 100 kN was a good indicator if 
the LTV had either PEAS and / or SEAS in 
alignment with that row provided that the SEAS had 
a crossbeam structure.  

 
The aim of horizontal component is to assess if 

crossbeam(s) or comparable structure on SEAS have 
sufficient strength. The metric would encourage a 
crossbeam strength that tended to match the stiffness 
of the front of the longitudinals.  It sets a target cell 
load for the row based on the total row load and 
calculates the load below target cell load for each cell 
between the rails for each row in the common 
interaction zone. The subgroup intends to evaluate 
this metric further in future work. 

In summary, the subgroup intends to perform 
additional work to evaluate the IHRA proposal.  

 

Major issues that this work will address include the 
test robustness, in particular its sensitivity to the 
vertical alignment of the vehicle with the LCW, and 
validation, including the degree to which the metric 
affects the fleet and the benefits of changing to meet 
it. The TWG will continue their research to evaluate 
the proposed and new compatibility metrics.  

7.  PHASE II, SUBGROUP 2: VEHICLE-TO-
VEHICLE OR MDB-TO-VEHICLE IMPACT 
TEST  

The purpose of this subgroup's activities was to 
study vehicle-to-vehicle impacts with the focus of  
developing a performance protocol for classification 
of the under-ride/over-ride condition and also to 
provide an alternative performance procedure to 
simplify the geometry matching of PEAS/SEAS. 
Additional research will be towards development of a 
uniform test protocol for Phase-III research. 

63 mph
Stationary

 
Figure 18.  Full-frontal, vehicle-to-vehicle testing 
between mid-sized SUV and passenger car. 

 
Figure 19.  Full-frontal, MDB-to-vehicle testing 
for passenger car. 

Objectives for this task are the development of 
requirements for vehicle-to-vehicle simulation and 
crash tests to demonstrate the minimization of Under-
Ride/Over-Ride in a vehicle-to-vehicle frontal impact 
conditions. It is desired to establish a single standard 
partner (the struck) vehicle to be used for all tests. 
This vehicle will be a mid-size passenger car and will 
be representative of a model with a four-star rating 
and a weight around 1600 kg. The moving 
deformable barrier (MDB) will represent this 
average. And each OEM will be able to test a mid-
sized vehicle (~1750 Kg, 4*, Acceptable) with it. The 
MDB would provide an equivalent target for all 
OEM compatibility testing. 
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The goal of establishing a uniform test vehicle is 
to enable manufacturers to start engineering for 
improved compatibility as soon as possible. 
Therefore, it is recommended that a manufacturer be 
allowed to select a vehicle as a ‘reference passenger 
car’ according to the following three criteria: First, 
select a high volume mid-size or smaller passenger 
car that is sold in the USA as a regular production 
vehicle and the vehicle mass should not exceed 
4000lbs (NHTSA NCAP test configuration). 
Secondly, the vehicle must be rated at least as 4 stars 
in US Frontal NCAP test. Lastly, the vehicle must be 
rated as at least ‘Acceptable’ in IIHS ODB tests. 
These target characteristics will ensure a good 
balance between equitable requirement and a quick 
start. The TWG will undertake the development of 
one uniform test vehicle surrogate as mentioned 
earlier. The first priority test mode will be Full 
overlap using 50th & 5th percentile dummies, and the 
second priority will be partial overlap, again using 
50th & 5th percentile dummies. Determination of the 
particular measurement criterion is an ongoing issue. 
Potential candidates are the use of NASS data 
including partner vehicle acceleration and cabin 
intrusion, occupant performance measures, and IIHS 
intrusion values.  

The first option for the measurement of injury is 
occupant compartment accelerations using both 
vehicles front and rear sills, similar to the NCAP test. 
The use of the dummy's injury values (as in full-
frontal and offset testing) are options. In this case, the 
performance criterion for this test would be pulse 
severity not to exceed the US-NCAP performance. 
Secondly, occupant compartment intrusion values are 
being considered. Here, a partial overlap test could be 
utilized and the body side aperture deformation 
measured. Open issues are the selection of a target 
vehicle and the selection of static post-test points to 
be measured (e.g. I/P, Dash, Cowl, Toe-Board, or the 
steering column).  

It should be noted that an additional over-
ride/under-ride performance criterion is being 
considered. If in the NCAP full frontal test, a plane of 
maximum crush is established, the "NCAP plane", is 
defined, then a "Safety Zone" extending from the 
NCAP plane to a reference point (for instance the ‘A’ 
Pillar, Windshield, etc.) would be defined (see Figure 
20). Future structural designs under consideration 
should ensure that the rails of the LTV do not intrude 
into the safety zone beyond a [TBD] value. 

• Use the NCAP test 
to define the plane of 
the max crush.

Safety Zone 

Safety Zone from the 
NCAP plane to a 
reference point, e.g. ‘A’
Pillar, Windshield etc.

 

Figure 20.  Definition of "NCAP safety plane". 

 

8. PHASE II, SUBGROUP 3: 
SUPPLEMENTARY TEST FOR SEAS 
EVALUATION  

Efforts for this subgroup's activities centered on 
development of a performance metric and evaluation 
procedure for Secondary Energy Absorbing Structure 
(SEAS) that meet the criteria proposed in TWG 
Phase I recommendations (Option 2). SEAS 
Evaluation Candidates investigated were the 
Dynamic Override Barrier test and Quasi-static test 
based on ECE R93 (Front Under-run Protection). 
Both tests and simulations were conducted for 
development of this evaluation. 

The Subgroup examined SEAS structures with 
respect to over-ride potential through the test setup 
seen in Figure 21. For a test vehicle weight of 1967 
kg with a speed of 19.8 kph and barrier upper surface 
height of 508mm, the strength (force-displacement 
performance) of the primary front structure 
components was determined. The overlap of the 
barrier with the bumper beam is 56mm, however, the 
frame (PEAS) did not overlap the barrier since the 
barrier width was 400mm.  
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Figure 21.  A proposed hardware and test setup 
for over-ride and SEAS strength testing. 

 



14  

Force&Energy - Stroke

0

50

100

150

200

250

300

350

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Stroke[m]

Fo
rc

e[
kN

]

0

5

10

15

20

25

30

35

E
ne

rg
y[

kJ
]

Total Barrrier Force
Total Barrier Absorbed Energy
Strokes in each 10msec

Bumper Beam SEAS Stabiliser
Suspension
Member

8.0kJ(30%)

9.6kJ(36%)

3.7kJ(14%)

5.2kJ(20%)

Force-Stroke and Energy-Stroke of total barrier force

>The energy absorption was distributed as follows. 
Bumper Beam :8.0kJ
SEAS :9.6kJ
Stabilizer :3.7kJ
Sus. Member :5.2kJ

 

Figure 22.  Force-displacement performance for 
various front structure components. 

This test showed an energy distribution between 
the bumper beam, SEAS, stabilizer bar, and 
suspension members of 8.0, 9.6, 3.7, and 5.2 kJ, 
respectively. It should be noted from Figure 22 that 
there is 150 mm stroke span between the bumper 
beam and initial force accumulation of the SEAS.  
The majority of the energy is dissipated by the 
bumper beam and SEAS. 

SUV-to-Barrier Simulation included SUV-to-
override barrier (full width barrier = 2000 mm). The 
barrier was lowered to clear other front structures and 
impact the SEAS first and the vehicle speed was 56 
kph.

 

Figure 23.  Partial rigid wall simulation for 
evaluation of SEAS. 

The SEAS evaluated were shown to be effective 
though direct loading simulations by a partial rigid 
wall (see Figures 23 and 24). 
 

Rail and SEAS deformations 
in the rigid wall with fascia 
clearance at 20 ms

… at 30 ms

 

Figure 24.  Rail deformations when impacted by a 
partial rigid wall. 
 

This additional proposal was a low, continuous 
load cell barrier. Simulations were done where only 
the SEAS were contacted to evaluate their 
effectiveness. The effectiveness of SEAS was first 
examined in vehicle-to-vehicle tests and in these 
simulations. 

Figure 25.  Proposed force – displacement ranges 
of acceptability for SEAS. 
 

Figure 26.  Ranges of acceptable performance for 
LTV with and without SEAS. 
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SUV-to-car simulations including non-continuous 
and continuous SEAS were investigated by the 
subgroup 3. For all SUVs simulated (2100kg – 
2900kg), the SEAS was shown to be effective in 
reducing intrusions to the struck car (Figure 26) if a 
minimum force of 60 kN is seen by each rail with 
less than 400 mm of displacement.   This amounts to 
a total force of 120 kN on the SEAS.   

The TWG has agreed on the following test 
procedures and performance criterion for SEAS. The 
SEAS shall withstand a load of at least 100 
KNewtons exerted by a loading device, as described 
in the attached Appendix A, before this loading 
device travels 400 mm as measured from a vertical 
plane at the forward-most point of the significant 
structure of the vehicle.  

9.  PHASE III: STUDIES FOR FRONTAL 
COMPATIBILITY IMPROVEMENT 
In this phase of the research, focus will be on 
stiffness matching and passenger car structural 
integrity. This will pertain to the study of front-end 
stiffness performance by investigating tests over the 
next two years to determine appropriate front-end 
stiffness characteristics and criteria to evaluate small 
vehicle passenger compartment strength and 
integrity.  The criterion will be to develop a test 
procedure to enhance partner protection without any 
significant decrease in self-protection. Test 
procedures under consideration are load cell barrier 
tests and vehicle-to-vehicle tests. 
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APPENDIX A 
Test procedure for Phase II Recommendation for SEAS Conformance to these requirements may be assessed by 
either of the two procedures below. 

Procedure A: Quasi-static Force Application for Evaluating Secondary Structure 

1 Definitions 

1.1 Secondary Energy Absorbing Structure – SEAS 

2 Requirements 

2.1 SEAS Location.  The SEAS must be connected to the primary energy absorbing structure of the 
vehicle. 

2.2 SEAS Strength.  The SEAS must resist the force level specified in S2.2.1 without exceeding the total 
force application device travel distance specified in S2.2.2. 

2.2.1 A minimum force of 100 kN 

A maximum horizontal travel of the force application device of 400 mm as measured from the forward-
most point of the significant structure of the vehicle. The forward-most point of the significant structure of 
the vehicle as defined at 3.3.6. 

2.3 Secondary Energy Absorbing Structure – SEAS 

3    SEAS Test Procedures.  The procedures for evaluating the SEAS to the criteria of S2 are specified in           
S3.1 through S4.0  

3.1 Force Application Device.   The force application device employed in S3.4 of this section consists of a 
rectangular solid made of rigid steel.  The steel solid is 125 mm in height, 25 mm in thickness.  For the 
measurements, the top edge of the solid shall be placed so that its first contact is only with the SEAS.  
The width of the solid must be at least the horizontal (y-direction) dimension of the SEAS.  The face of 
the block is used at the contact surface for application of the forces specified in S2.2.1.  Each edge of 
the contact surface has a radius of curvature of 5 mm plus or minus 1 mm.  

3.1.1 The solid rectangle of S3.1 shall be rigidly attached to a device capable of applying quasi-static 
load as specified in S3.4. 

3.1.2 Instrumentation with a minimum accuracy of 5 percent plus or minus 5 percent shall be used for 
measuring the load and will be placed in the force application device so that it measures the actual 
load being transmitted into the vehicle SEAS. 

3.1.3 Travel of the force application shall be measured in a horizontal direction from the point of 
foremost significant structure on the vehicle, this ‘foremost point of significant structure’ as 
defined at 3.3.6. 

3.2 Vehicle Preparation.  The vehicle should be prepared such that it is secured in the stationary position. 

3.2.1 The vehicle must be secured on a rigid, horizontal fixture (± 0.250º) so that it is adequately 
restrained at the vehicle underbody and also at the sides to prevent rearward movement of the 
whole vehicle during the test.  Good engineering judgment will be required to provide maximum 
support, for the maximum area possible. 

3.2.2 Secure the vehicle in the tie-down fixture as described in S3.2.1. A sufficient number of horizontal 
and vertical tie-downs shall be used to prevent movement under load.  The vehicle may be secured 
to the loading fixture using wire rope, turnbuckles, strap plates, etc. 
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3.2.3 An unyielding vertical face shall support the vehicle rear bumper to prevent rearward movement. 

3.3 Positioning the Force Application Device. Before applying any force to the guard, locate the force 
application device such that: 

3.3.1 The center point of the contact surface of the force application device is aligned with the SEAS at 
the vehicle horizontal centerline. 

3.3.2 The force application device top edge shall be no higher than 455 mm  

3.3.3 The force application device must be vertically positioned so as to insure that the first point of 
contact during the test is with the SEAS. 

3.3.4 If necessary to achieve the condition achieved in S3.3.3, any structure in front of the SEAS should 
be removed before force application. 

3.3.5 The longitudinal axis of the force application device passes through the horizontal centerline of the 
vehicle and is perpendicular to the vertical axis of the vehicle. 

3.3.6 Forward-most Point of Significant Structure: The forward-most point of significant structure on 
the vehicle is defined as the first point on the vehicle structure that participates in the management 
of the forces generated in high severity frontal crashes. 

3.3.7 Alignment: The front face of the force application device is aligned with the horizontal plane 
passing through the foremost point of significant structure on the vehicle. 

3.4 Force Application: After the force application device has been positioned according to S3.3 of this 
section, apply the load per the force application procedures described in S3.4.1 through S3.4.2.3.4.1  

3.4.1 Rate of Travel: Apply force continuously such that the force application device travel rate does not 
exceed 12.5 mm per second until the minimum force in S2.1.1 has been exceeded or until the force 
application device has traveled the total distance in S2.1.2 from the position in S3.3, whichever 
occurs first. 

3.4.2 Direction of Travel: During each force application, the force application device is guided so as to 
travel only horizontally in a direction perpendicular to the surface of the device during the entire 
test. At all times during the application of force, the location of the longitudinal axis of the force 
application device remains constant. 

Procedure B: Dynamic Force Application for Evaluating Secondary Structure 

4.1 As an alternative, this measurement may be made with a ‘loading attachment’ to a fixed barrier. The 
vehicle will move into this attachment at the minimum velocity that will result in at least 400mm of 
horizontal travel by the forward-most point of the significant structure of the vehicle. The movement of 
the vehicle shall be horizontally in a direction perpendicular to the plane of the loading attachment. 

4.2 This attachment shall be designed to perform as the force application device described in S3 for the 
quasi-static test procedure and will have the same dimensions and instrumentations. 

4.3 The test shall be performed by removing as necessary any structure in front of the SEAS (e.g. bumpers, 
fascias etc) so as to insure that the first point of contact of the loading attachment is with the 
designated SEAS on the vehicle.  
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APPENDIX B 
 

 

Testing to Support Development 
of 

Dynamic Test Procedures and Performance Criteria 
to Promote Geometrical Compatibility 

 
BARRIER TESTS VEHICLE-TO-VEHICLE TESTS F-to-F 

Compatibility 
Proposed 

Tests 

NCAP With 
125mmx125mm 

Load Cell 
TRL Barrier Small Size 

Pass. Car 
Mid Size 
Pass. Car 

Full Size 
Pass. Car 

As Indicated by 
Other Test Results 

Mid SUV 
WITHOUT 

SEAS 
(Secondary energy 

absorbing structure) 

Physical Tests 
 
50x50 Load cells 
GM  - 2 tests -Jan 15, 
04 
 
Simulations 
DCX 
GM    - complete 
BMW 

Physical Tests 
GM –2 tests  March 1, 
04 
Explorer (pre-2002) 
[4900 lbs] 
Explorer (Current) 
[4900 lbs] 
Simulations 
DCX 
GM   - March 1, 04 
BMW 

Physical Tests 
MMC(Japan 
Spec Veh) 

Physical Tests 
Explorer (Current) 

- 50% 
Offset/Collinear 
[4900 lbs] 
-Full 
engagement/           
Collinear [4900 
lbs] 

 

Mid SUV 
WITH SEAS 

Physical Tests 
Honda 
Toyota (4 Runner) 
 
Simulations 
DCX 
MMC 
GM 

Physical Tests 
GM – March 30, 04 
Ford 
Honda 
Toyota (4 Runner) 
 
Simulations 
DCX 
MMC 
GM – March 15, 04 

Physical Tests 
Toyota (4 
Runner) 
Toyota (4 
Runner-
60mm) 
 

  

FULL SUV 
WITHOUT 

SEAS 

Physical Tests 
Nissan 
*Expedition (pre-2003) 
* 
[5650 lbs] 
*Expedition (Current) 
* [5900 lbs] 
*50mmX50mm 
Simulations 
DCX 

Physical Tests 
Nissan 
 
Simulations 
DCX 

   

FULL SUV 
WITH SEAS 

Physical Tests 
 
Simulations 

Physical Tests 
Simulations  

Physical Tests 
Excursion (Current) 
- Full engagement/ 
Collinear [7500 lbs] 

 

SMALL 
PICKUP 

WITHOUT 
SEAS 

     

SMALL 
PICKUP 

WITH SEAS 
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Testing to Support Development 
of 

Dynamic Test Procedures and Performance Criteria 
to Promote Geometrical Compatibility, Cont'd. 

 
BARRIER TESTS VEHICLE-TO-VEHICLE TESTS F-to-F 

Compatibility 
Proposed 

Tests 

NCAP With 
125mmx125mm 

Load Cell 
TRL Barrier Small Size 

Pass. Car 
Mid Size 
Pass. Car 

Full Size 
Pass. Car 

As Indicated by 
Other Test Results 

MEDIUM 
PICKUP 

WITHOUT 
SEAS 

Simulations 
DCX (1500 Series) 

Physical Tests 
F150 (Current) [5200 lbs] 
F150 (2004) [5800 lbs] 
 
Simulations 
DCX (1500 Series 

  

 

MEDIUM 
PICKUP 

WITH SEAS 

Simulations 
DCX (1500 Series) 

Simulations 
DCX (1500 Series)   

 

LARGE 
PICKUP 

WITHOUT 
SEAS 

 

Physical Tests 
GM – 2 Tests 
completed 
 
Simulations 
DCX (2500 Series) 
GM – completed 

Physical Tests 
Ford 
 
Simulations 
DCX (2500 Series) 
GM – April 30, 04 

   

LARGE 
PICKUP 

WITH SEAS 

Simulations 
DCX (2500 Series) 

Physical Tests 
F250 (Current) [7400 
lbs] 
GM – April 30, 04 
 
Simulations 
DCX (2500 Series) 
GM – April 30, 04 

   

LARGE 
SEDAN 

Physical Tests Physical Tests 
    

SMALL SIZE 
CAR 

Physical Tests 
Honda 

Physical Tests 
Honda 
VW 

NA NA NA 

MID SIZE CAR Physical Tests 
Honda 

Physical Tests 
VW 
Honda 

NA NA NA 
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ABSTRACT 

In spite of improvements in passive safety and efforts to alter 
driver behavior, the absolute number of highway fatalities in 
2002 increased to the highest level since 1990 in the US.  

ESP is an active safety technology that assists the driver to 
keep the vehicle on the intended path and thereby helps to 
prevent accidents. ESP is especially effective in keeping the 
vehicle on the road and mitigating rollover accidents which 
account for over 1/3 of all fatalities in single vehicle 
accidents. 

In 1995 Bosch was the first supplier to introduce electronic 
stability control (ESC) for the Mercedes-Benz S-Class sedan. 
Since then, Bosch has produced more than 10 million systems 
worldwide which are marketed as ESP - Electronic Stability 
Program.  

In this report Bosch will present ESP contributions to active 
safety and the required adaptations to support four wheel 
driven vehicles and to mitigate rollover situations.  

INTRODUCTION 

Worldwide traffic is increasing with more and more vehicles 
on the road. Considering the different regions of  
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Fig. 1: Development of mobility depending on Gross Domestic  

Product (GDP) [1] 
 

 

 

 

 

the world, the development of the mobility shows a clear 
correlation to the gross domestic product (Fig. 1). With 
further economical growth, we will see more increase in 
mobility and in traffic density throughout the world. This will 
require additional efforts to furthermore enhance the road 
safety.  

The statistics for the European Union demonstrate alarming 
results. They show a total of 1.3 million accidents for the year 
2000 with 1.7 million injured persons and more than 40.000 
fatalities. The target of the eSafety Initiative of the European 
Union for 2010 is set to reduce road deaths by 50%, e.g. by 
the promotion of intelligent active driving safety systems (Fig. 
2).  

Target of the eSafety Initiative of
the European Union for 2010:

Reduction of road deaths by
50% by the promotion of
intelligent active  driving-safety
systems.

eSafety:  - 50%

Traffic safety situation European Union (status year 2000):
1 300 000 accidents, 40 000 deaths, 1 700 000 injured  

Fig. 2: European eSafety initiative 

Japan has set a similar target and also NA is actively pursuing 
advances in road safety.  

MAIN SECTION 

The progress of crash energy absorbing car body design  and 
the standard fitting of airbags significantly improved the 
passive safety especially combined with the use of seat belts. 
But many of the serious accidents happen through loss of 
control in critical driving situations. When the vehicle goes 
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into a skid, a side accident is the frequent result. With a 
reduced protection zone for the occupants compared to front 
crashes, these accidents show an amplified severity.  

Especially with vehicles of an elevated center of gravity like 
sport utility vehicles (SUV) and light trucks (LT) the loss of 
control with subsequent skidding may even lead to a rollover. 
Most of the rollovers are caused either by tripping at an 
obstacle or in the soil. The severity of rollover accidents is 
extremely high. Accounting for only 2% of the total crashes, 
they contributed in 2002 with 10.656 fatalities to one third of 
all occupant fatalities  (Fig. 3) in the US. 

US Accident fatality statistics  

Total Accidents   Fatalities  

Involved Vehicles:  

 10.6 Mio 

 Occupant Fatalities:  

 32.335 

Point of Impact   Severity (by fatalities)  

Frontal crash: 46 %  Frontal crash: 39 % 

Side crash:  29 %  Side crash:  23 % 

Rollover:    2 %  Rollover:   33 % 

Fig. 3: North America accident fatality statistics 

A study performed by the University of Iowa at the National 
Advanced Driving Simulator showed a strong impact of ESP 
on vehicle stability [2]. The primary question was “Does the 
presence of an ESP system aid the driver in maintaining 
control of the vehicle in critical situations?”. Based on all 
analyses completed there was a 24.5 percentage point 
reduction between situations in which the drivers lost control 
with the system present and situations without ESP. This 
constitutes an 88% reduction in loss of control. Looking at the 
data from an improvement standpoint, 34% more drivers 
retained control with ESP than without. Based on the study 
results it was concluded that there is significant and 
meaningful safety benefit associated with driving a vehicle 
equipped with an ESP system.    

Supporting conclusions are drawn by VW [1]. Based on their 
accidentology, ESP is considered to avoid 80% of the  
accidents caused by skidding. VW concludes that the safety 
benefit of  ESP is even greater than that of the Airbag. 
According to VW a 100% installation rate would result in 
Germany in a 20% reduction of road fatalities and this even 
with an ESP installation rate of already 53% in 2003.     

Based on the analysis of traffic accidents statistics, Toyota [3] 
estimated that the accident rate of vehicles with ESP for more 
severe accidents is approximately reduced by 50% for single 
car accidents and reduced by 40% for head-on collisions with 
other automobiles. The casualty rate of vehicles with ESP 
showed approximately a 35% reduction for both types of 
accidents.   

The results of the studies show a consistent picture of the ESP 
with remarkable safety benefits. Further potential is available 
especially with functional extensions for SUV and light trucks 
concerning rollover mitigation and four wheel drive 
adaptations.  

However it is important to say that ESP cannot prevent all 
accidents or adjust for all driver errors. Essential for a safe 
road traffic are still appropriate driving practices, common 
sense and a good traffic judgement.   

STABILIZING CONCEPT  

In critical driving situations most drivers are overburdened 
with the stabilizing task. According to Foerster [4] the average 
driver can neither judge the friction coefficient of the road nor 
the grip reserves of the tires. The drivers are typically startled 
by the altered vehicle behavior in in-stable driving situations; 
as a result, a well-considered and thought-out reaction of the 
driver can not be expected. For that reason the ESP has to be 
designed to stabilize the vehicle even in situations with panic 
reactions and driving failures like exaggerated steering.  

The reason why stabilizing a vehicle in critical situations is so 
challenging can be shown by considering the physical effects. 
Steering of a vehicle yields in a yaw moment which results in 
a directional change. The effect of a given steering angle 
depends on the actual side slip angle [5, 6]. Only slight 
alterations of the yaw moment are possible at large side slip 
angles even for extensive steering interventions which can be 
seen in Fig. 4.  

The characteristic side slip angles, where the steerability of 
the vehicle is vanishing, are dependent on the road friction 
coefficient. On dry asphalt it is around ±12° as shown in Fig. 
4, whereas on polished ice it is in the range of ±2°. The driver 
experiences in all day traffic situations side slip angle values 
of typically not more than ±2°.  
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Fig. 4: Influence of side slip angle on yaw moment for different steering 
angles at high tire-road friction [5, 6].   

 

 

 

So one of the main tasks of ESP is the limitation of side slip 
angle dependent on the actual friction coefficient.  

Even in the range of characteristic side slip angles, where the 
effectiveness of steering is rather limited, ESP can exercise 
remarkable yaw moments by brake interventions. The tire 
characteristic determines the longitudinal slip value �0 where 
the maximum brake force is generated. The slip value �0 is 
typically in the range 
of 10%. Considering 
the left front wheel 
during right hand 
cornering (Fig. 5, 
wheel 1), the resulting 
wheel force in free 
rolling condition 
FR(�=0) is in lateral 
direction. By adjusting 
the tire slip to Λ0, the 
maximum brake force 
FB(�0) is applied and 
by this means the 
lateral force is reduced 
to FS(�0). The 
resulting force vector 
FR(�0) is turned 
relative to the tire 
thereby modifying the 
yaw moment, the 
longitudinal and the 
lateral forces. 

Fig. 5: Turning of resulting wheel force by tire slip control.     

The required yaw moment can be applied by controlling the 
longitudinal tire slip and in that way employing it as a vehicle 
dynamics control variable. This approach is  utilized with 
anti-lock and traction slip control, yaw rate control with 
restricted side slip angle and with a limitation of lateral 
acceleration for rollover mitigation functionality.  

During the last few years the segment of four wheel driven 
vehicles got more and more popular. The main focus of 
attention is the range of SUV and LT vehicles that are suitable 
for use on public roads but also have qualities under off-road 
conditions. Part of the off-road capacities are due to the 
elevated center of gravity which augments the susceptibility to 
rollover. This makes SUV and LT the preferred target for ESP 
applications.  

Special adaptations of the ESP system and the control concept 
are required for the cooperation with a four wheel drive 
(4WD) power train.       

ADAPTATIONS TO FOUR WHEEL DRIVE    

Several center coupling concepts are used in the various types 
of four wheel driven vehicles. Most of them can be combined 
with an ESP system. 

The major element of a four wheel driven (4WD) vehicle is 
the center coupling. The objective is to distribute drive torque 
to the front and rear axle and at the same time to permit 
different axle velocities that occur as soon as the vehicle 
drives around a bend (Fig. 6).  

FR
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3

4 2 5

RR

RL

Engine interventions

MCar, FA , vCar, FA

MCar, RA , vCar, RA

MBr, FR

MBr, FL

MBr, RR

MBr, RL

BOSCH

Lock interventions

Engine Management Differential Lock Management Brake Management

 

Fig. 6:  Control concept for four wheel drive trains with engine (1), center 
coupling (2), brake (3), differential front/rear axle (4/5).  

The classic solution for a 4WD drive train is the open center 
differential. Its disadvantage is - analogous to a transversal 
axle differential - the drive torque limitation of an axle if the 
other one shows increased slip. In the worst case a 4WD car 
with an open center differential does not move if only one 
wheel is spinning.  

With an ESP system available, this drive train concept can be  
supported by the brake interventions of the traction slip 
control without the necessity to install additional longitudinal 
and transversal lock devices (Fig. 7). The longitudinal 
differential lock controller in the ESP restrains the difference 
speed between both axles through a symmetric brake 
intervention on both wheels of one axle. The transversal 
differential lock controls the difference speed on one axle 
through wheel individual brake interventions.  
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 Fig. 7: Four wheel drive with longitudinal and transversal brake lock 

Another class of differential locks or center couplings are self-
locking devices, where the locking degree depends on torque 
or rotation speed differences between the two driven axles. 
Examples are Torsen - for Torque-sensing - or viscous 
coupling. If their locking potential is exceeded, the above 
described longitudinal differential lock via brake intervention 
will support and secure the lock functionality.  

A 100% mechanical differential lock is useful for heavy off-
road applications, as it prevents any axle speed differences. 
Since ESP relies on a wheel individual slip control, a 
cooperation with a mechanically locked center differential is 
not feasible unless the lock is opened either manually or 
electronically. Even anti-lock control (ABS) is deactivated or 
distinctively reduced.   

Apart from the mentioned devices that have a system inherent 
locking effect, there are  center couplings that can be fully 
influenced by an external controller – so called Center 
Coupling Control (CCC). In this case an electric or hydraulic 
actuator operates a clutch, providing adjustable locking 
torque. In combination with vehicle dynamics signals, as 
vehicle speed and wheel speeds, yaw rate, lateral acceleration 
and engine torque, the locking torque can be adjusted to tune 
to the desired vehicle dynamics behavior suitable for the 
specific driving conditions (Fig. 8). 

 
Fig. 8: Influence of drive torque distribution on vehicle dynamics behavior 
like over-steering and under-steering. Shown is the maximum possible 
flexibility of drive torque distribution; actual flexibility depends on drive 
train configuration.  

Even in critical driving situations the variable drive torque 
distribution can positively influence the road behavior of the 
vehicle. By shifting drive torque to the rear axle, the under-
steering behavior of a vehicle can be reduced; by shifting 
drive torque to the front axle, the over-steering behavior can 
be trimmed down (Fig. 8). Overall a more responsive vehicle 
handling can be achieved. 

 

The ESP is well suited to extend the brake and engine torque 
interventions with a center coupling torque interface to 
optimize the dynamic behavior of the vehicle. One example is 
shown in Fig. 9. The ESP detects an understeering situation 
and requests a reduction of the coupling torque transferred to 
the front axle. Beside this drive torque transfer an additional 
ESP brake intervention on the curve inner rear wheel supports 
in case of strong understeering to achieve the desired vehicle 
yaw rate. 
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time

...and actual coupling
torque to front axle

start of brake intervention
 against understeering

(pressure on right rear wheel)

start of CCC intervention
 against understeering

start of understeering
end of understeering

target coupling
torque ...

desired ...

...and actual vehicle
yaw rate

500 ms  

Fig. 9: Understeering intervention with a shift of drive torque followed by a 
supporting brake intervention. Sporty SUV vehicle with 4WD, center 
coupling control and ESP8.  

For vehicle dynamics and traction optimization a controllable, 
well defined opening and closing of the coupling is necessary.  

On the other hand, during a wheel individual brake 
intervention, a fully or partially locked center coupling would 
result in an unintended torque transfer. Therefore a fast 
opening must also be demanded during stabilizing brake 
interventions and an active ABS function. In some instances, 
it may also be necessary during partial braking to allow the 
“Electronic Brake Distribution” function to prevent the over-
braking of the rear axle. This requires the clutch to be opened 
in less than 100ms.  

Additional adaptations support off-road functionality. The 
off-road features of the ESP controller improve robustness 
and maintain superior traction under off-road conditions.  

These features are: 

� Adaptation of start of control thresholds for vehicle 
dynamics under off-road conditions; increased yaw rate 
target allowed.  

� Self tuning of traction target slip dependent on the road 
surface and terrain.  

� Lessening of engine torque reductions to maintain 
traction even under difficult drive conditions. 

� Adaptive pre-control for the brake torque controller.  
� Enhanced vehicle speed estimation under off-road 

conditions even without use of longitudinal acceleration 
sensor. 

� Robustness measurements for the ABS controller with 
increased target slip under off-road conditions.  

The off-road situation can be detected automatically by a 
special function of the ESP. Based on wheel speed sensor 
signals, the off-road detection function analyses wheel 
excitations and looks for specific oscillations in the wheel 

circumference speed. Alternatively the driver may select the 
off-road adaptations via a switch setting, the activation of a 
countershaft gearbox or the vertical adjustment of a level 
control system.   

In powerful ESP systems for 4WD vehicles, even different 
performance settings can be selected by the driver. This can 
be as simple as disabling the engine torque reduction triggered 
by the ESP to allow for full driver control of the propulsion. 
Other possibilities are terrain specific adaptations to surfaces 
like ice, snow, grass, sand, mud or bedrock.  

Some drive train concepts allow a flexible configuration by 
switching from rear wheel drive or front wheel drive to 4WD. 
Even 4WD with locked center differential is possible. With a 
cooperating ESP system, the stabilizing and traction control 
functionality can be automatically adjusted to the selected 
drive train concept.  

In cooperation with four wheel drive train concepts, ESP 
delivers the expected safety benefits and excellent off-road 
functionality. Since most of the respective vehicles are 
characterized by an elevated center of gravity, road safety can 
be further improved by implementing rollover mitigation 
functionality. 

ROLLOVER MITIGATION 

The complex events of automobile crashes involve three main 
contributing factors and their interactions [7]:  

� the driver,  
� the driving environment like weather, road condition, 

time of day,   
� and the vehicle.  

In the US, about 10% of all road accidents are non-collision 
crashes, but approximately 90% of such single-vehicle 
crashes account for fatalities [8]. The SUV and LT with their 
elevated center of gravity (CoG) show an amplified rollover 
propensity. This is reflected in their increased rollover rates. 
Due to the ever increasing popularity of these vehicles, the 
percentage of fatal rollover crashes escalated significantly 
within the last decade.  

A vehicle rollover occurs when the lateral forces create a large 
enough moment around the longitudinal roll axis of the 
vehicle for a sufficient length of time.  

Critical lateral forces can be generated under a variety of 
conditions. The vast majority of rollover crashes take place 
after a driver lost control over the vehicle. By skidding off the 
road, the vehicle may get in lateral contact with a mechanical 
obstacle like a curb, a pot hole or a plowed furrow which 
yields a sudden large roll moment. This results in a so called 
tripped rollover in contrast to an un-tripped or friction 
rollover. The latter takes place on roads during severe steering 
maneuvers solely as a result of the lateral cornering forces. 
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Although the ratio of un-tripped to tripped rollovers is small, 
the un-tripped rollovers account for the most severe crashes.   

Accident analysis has shown that the ratio of the track width T 
and the height of the center of gravity hCoG gives a first 
indication for the rollover propensity of vehicles.  

CoGh
T

SSF
⋅

=
2

 Static Stability Factor 

The SSF is an important parameter affecting vehicle rollover 
risk and is both relevant for tripped as well as un-tripped 
rollover. The track width is a fixed parameter while the center 
of gravity height varies with subject to different load 
conditions. Through a one rigid body model  - which means 
no distinction between the mass of the chassis and the sprung 
mass of the vehicle body – the SSF relates geometrical vehicle 
data to the level of lateral acceleration that will result in a 
rollover.  

A one rigid body model cannot predict time dependent details 
of an on-road rollover critical situation. For transient 
maneuvers involving high lateral accelerations, many vehicle 
design parameters have an effect on the vehicle handling 
behavior like e.g. front to rear roll couple distribution, roll 
axis location, tire behavior, suspension characteristics and roll 
resonant frequency. These handling characteristics 
significantly influence the ability of the driver to maintain 
control in an emergency situation.  

To assess a vehicle’s handling performance with reference to 
rollover, the SSF is complemented by metrics derived from 
dynamic testing which can be partially influenced by 
electronic stability control. In the US, beginning with the 
rollover ratings for model year 2004, the National Highway 
Traffic Safety Administration (NHTSA) will combine the SSF 
measurement of the vehicle with the dynamic performance in 
the so-called fishhook or road edge recovery maneuver [8].  

To improve the relationship between the real world rollover 
risk and the SSF-based rollover prediction, the NHTSA 
defined a new indicator called Rollrate.   

( )( )90.0ln*211

1
−++

= SSFccSSF e
Rollrate  

The parameters c1=2.7546 and c2=1.1814 are derived from a 
detailed analysis of U.S. crash data using a logistic regression 
model.  

Based on the result of the dynamic test, the static Rollrate 
value is either increased or decreased. In case of a positive 
test result, the Rollrate is evaluated with the parameters 
c1=2.8891 and c2=1.1686  based on crash data analysis; for a 
failed test, the parameters are c1=2.6968 and c2=1.1686. 

Therefore, the dynamic Rollrate replaces the static SSF to get 
the star rating for a single vehicle according to the following 
table (Fig. 10).   

Star New criterion: Previous: 
 Rollrate in terms of SSF: SSF 
****
* 

<= 0.1 >= 1.4532 > 1.45 

**** in [0.1; 0.2] in [1.1764; 1.4531] in [1.25; 1.44] 
*** in [0.2; 0.3] in [1.0743; 1.1763] in [1.13; 1.24] 
** in [0.3; 0.4] in [1.0194; 1.0742] in [1.04; 1.12] 
* > 0.4 <= 1.0193 < 1.03 

 
Fig. 10: NHTSA star rating in case of a positive dynamic test compared 
with the previously static SSF rating only. Table derived from [8]. 

If the Fishhook test is passed successfully due to a highly 
effective vehicle stabilizing system, the corresponding 
Rollrate may result in a better NHTSA star rating compared 
with the static evaluation only and more, the rollover risk for 
the vehicle is essentially reduced.  

The load condition influence on the rollover propensity is 
shown in figure 11 in a simplified manner for different types 
of cars and loading conditions. The static stability factor for 
typical passenger cars is far above the lateral acceleration 
which can be transferred by the maximum tire grip. This is the 
reason why passenger cars are usually not subject to un-
tripped rollovers even in extreme loading conditions. If the 
adhesion limit between the tires and the road surface is 
reached before the lateral acceleration gets rollover critical, 
the vehicle starts to skid over the front wheels.  

The situation is different especially for light commercial 
vehicles, where elevated loading may play a major role.  

Fig. 11: Typical critical lateral accelerations for rollover dependent on 
loading conditions reflecting different types of vehicles  
At the physical limit the tire behavior is extremely nonlinear 
and the linearized tire-wheel-brake system is even unstable. 
As a result, the vehicle may suddenly spin and the driver is 
caught by surprise.  

Changing the direction of the resultant tire forces of 
individual wheels by specific wheel slip demands applies a 
stabilizing yaw moment (see Fig. 5) . Besides standard ESP, 
active steering can be used as well to increase the vehicle’s 
tracking stability [9]. Both concepts mentioned as well as 
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Active Roll Control [10] or Electronic Damper Control [11] 
can in general help to avoid critical situations and as a result 
indirectly help to reduce the rollover risk.  

Besides the classification according to the rollover reason, 
rollover scenarios can be divided into  highly dynamic 
maneuvers, e.g. obstacle avoidance, or quasi stationary 
maneuvers like circular driving with steadily increasing 
steering wheel angle. The latter can arise  while driving on a 
highway exit with excess speed.  

The Bosch Rollover Mitigation Functions (RMF) are based on 
the standard ESP sensor set and provide a scalable structure 
concerning the determination of rollover critical situations and 
brake/engine control (Fig. 12). Other solutions additionally 
use a roll rate sensor [12].  
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Fig. 12: Structure of the entire vehicle stabilizing system with the basic 
Electronic Stability Program ESP and the Hybrid Rollover Mitigation 
Controller( HRMC) with discrete (D) and continuous (C) dynamics parts. 

Considering well-known obstacle avoidance maneuvers or 
severe steering maneuvers like the NHTSA “Fishhook”, a 
classification can be made in  

� first turn maneuvers (e.g. J-turn, decreasing radius turn, 
first steering input of single or double lane change, or 
NHTSA Fishhook),  

� second turn maneuvers (constant radius turn with 
additional steering input, second steering input of a single 
or double lane change, or NHTSA Fishhook), and  

� further turn maneuvers (third or further steering input of 
a double lane change or slalom).  
 

Each turn or even a subset of the corresponding time interval 
is characterized by a set of typical driver’s inputs as well as a 
typical vehicle response. Consequently, each dynamic steering 
maneuver can be divided into several time slots which follow 
each other in a specific manner. To get an appropriate 
stabilization, the controller must provide suitable intervention 
strategy and strength for each of the described phases. 

This is why for the detection of severe steering maneuvers 
and a suitable anti-rollover control, a hybrid dynamical system 
is used (Fig. 12). The input, output and state of such a system 
is composed of a discrete and a continuous part; the discrete 
dynamics D and the continuous dynamics C are connected by 
adequate interfaces (for details on hybrid dynamical systems, 
e.g. see [13]).  

The discrete states represent the different defined phases 
within highly-dynamical steering maneuvers: one possible set 
of discrete states comprises   

� an Initial state taken if no roll-stabilizing intervention is 
necessary 

� a Pre-fill state to apply the brake pads to the brake discs 
thereby reducing the pressure build up time, 

� a Hold state for first turn maneuvers with a high lateral 
acceleration,  

� a Steer-back state with special pre-fill measures for 
steering back in highly dynamical maneuvers, and  

� a Counter-fly state for the second steady steering interval 
in multi-directional maneuvers.  

 
Transitions between the discrete states are essentially 
influenced by the driver’s input and the vehicle reaction. 
Continuous states vary over time dependent on the discrete 
state.  They are influenced by continuous inputs  like the  
steering wheel angle, the lateral acceleration, the yaw rate, the 
longitudinal velocity, the body slip angle, and other reference 
variables essential for the rollover prediction. Ackermann and 
Odenthal propose a rollover coefficient based on the tire 
vertical loads [9] which are usually not available in a standard 
ESP systems with the required accuracy. The Bosch approach 
uses only existing sensor signals and estimated values to 
predict the vehicle’s rollover propensity. For example, based 
on the well-known single-track model, an early lead for a 
subsequent high lateral acceleration is given by 

xyxpre vavc ⋅−≈−⋅= βψ &

&  

ψ& : yaw rate  xv : longitudinal velocity 

ya : lateral acceleration β& : change in body slip angle  

With a rapid change of the body slip angle weighted with vx, 
the lateral acceleration will heavily increase short after.  

The Hybrid Rollover Mitigation Controller outputs derived 
from its states are e.g. the brake torque and brake slip values 
for the appropriate wheels. The general control strategy is a 
fast active brake pressure increase at the curve outside wheels 
especially at the front axle initiated by suitable brake slip and 
brake torque target values. This reduces the lateral forces as 
well as the longitudinal speed of the vehicle and results in an 
increased curve radius. Subsequently the track can be 
regained due to the reduced speed. In these special situations 
the brake intervention is usually combined with a cut back on 
engine torque.  

In general, the hydraulic braking system must provide a fast 
pressure increase over a wide temperature range. For that, the 
brake caliper size, the brake tube dimensions, and the 
characteristics of the utilized brake fluid are very important.  

As an example, a NHTSA Fishhook maneuver with a sporty 
SUV model is taken to illustrate the rollover mitigation by a 
hybrid controller (Fig. 13). The steering input is depicted in 
terms of steering wheel angle whereas the vehicle reaction is 
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expressed in terms of lateral acceleration and yaw rate. The 
stepped variable at the top of the chart indicates the discrete 
states of the hybrid controller. The curves at the bottom show 
the target brake torque values for the left and right wheel. 
During severe steering back a brake torque pre-control at the 
curve inside wheel (right wheel) is used to apply the brake 
pads to the brake discs to reduce pressure build up time (see 
Fig. 13, dotted lines).  

Such a hybrid controller can easily be extended beyond the 
previously mentioned discrete states to cover other driving 
situations like e.g. slalom driving. 

 

Figure 13: Example of a severe steering maneuver: NHTSA Fishhook with a 
sporty SUV model with ESP 8; entrance velocity vF=72 km/h.  

Since the major parameter to recognize rollover-critical 
driving situations is the measured lateral acceleration ay 
relative to the center of gravity. This value plays an important 
role in the execution and release of roll-stabilizing 
interventions and in the determination of the suitable strength. 
However, only the measured lateral acceleration is not 
sufficient to clearly detect rollover-critical situations in due 
time and to prevent incorrect interventions at high lateral 
accelerations in otherwise uncritical driving situations. Beside 
the lateral acceleration ay, a lead in the form of the lateral 
acceleration gradient, the steering angle velocity and the 
steering angle itself are used to calculate a so-called effective 
lateral acceleration. In the Fishhook example above, the 
effective lateral acceleration is plotted indicating the rollover 
propensity during this severe steering maneuver.  

If the fixed release threshold dependent on the beforehand 
mentioned effective lateral acceleration is used to execute 
roll-stabilizing interventions, an improved behavior can be 
realized for the empty as well as fully laden vehicle with a 
minimized comfort impairment due to early braking 
interventions. For vehicles with a high variance of the center 
of gravity height, an adaptive rollover mitigation strategy is 

designed. It uses the vehicle’s mass and the estimated CoG 
position to adjust the threshold for brake interventions. This 
ensures timely interventions with the correct intensity and 
minimized comfort impairment. 

CONCLUSION 

The results of several independent studies show a consistent 
picture of the ESP with remarkable safety benefits and proof 
the positive impact. Further potential is available with 
functional extensions especially for SUV and light trucks 
concerning rollover mitigation and 4WD adaptations. The 
ESP with Rollover Mitigation functions helps the driver to 
stay on the road and to avoid tripping obstacles by a specific 
yaw control. It also supports the driver with an optimized 
lateral acceleration control to manage rollover critical on-road 
situations. In cooperation with four wheel drive train 
concepts, ESP delivers at the same time the expected safety 
benefits and excellent off-road and handling functionality.  
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ESC:  Electronic Stability Control 
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ABS:  Anti-Lock Control 
CCC:  Center Coupling Control 
CoG:  Center of Gravity 
SSF:  Static Stability Factor 
NHTSA:  National Highway Traffic Safety Administration 
RMF:  Rollover Mitigation Function 
HRMC: Hybrid Rollover Mitigation Controller 
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Craig Newland 
Vehicle Safety Standards 
Department of Transport and Regional Services 
 
 
ABSTRACT 

This paper reviews the Australian Department of 
Transport and Regional Services’ involvement in 
reducing road trauma both in the domestic and 
international arena since the 18th ESV Conference 
held in Nagoya, Japan in 2003. 

THE AUSTRALIAN ROAD TOLL 

The Australian Road Toll in 2004 was 1596 deaths, 
down from the 2003 figure of 1621 deaths [1]. This 
represents an improvement of 1.5% from 2003 to 
2004. The road toll change from December 1999 to 
December 2004 amounts to an average annual 
reduction of 2.0%. 
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Figure 1.  Trends in Australian Road Deaths 
1995-2005 

 
As shown in Figure 1, there has been a steady decline 
in the number of fatally injured road users over the 
past 4 years, with significant overall improvement in 
the road toll over the past 10 years. 

Males continue to make up the bulk of fatalities in the 
Australian road toll. Males comprised 71.4% of all 
road fatalities in Australia in 2004. Female deaths for 
vehicle occupants were split nearly evenly between 
drivers and passengers, while male driver fatalities 
were over three times more frequent in 2004 than 
male passenger fatalities. 

NATIONAL ROAD SAFETY STRATEGY 

The National Road Safety Strategy 2001-2010 was 
approved in November 2000 by Transport Ministers, 
meeting as the Australian Transport Council.  This 
ten-year Strategy and associated two-year Action 
Plans provide a framework for coordinating the road 
safety initiatives of federal, state, territory and local 
governments, as well as other organisations capable 
of influencing road safety outcomes.   

The aim of the National Strategy is to reduce 
Australia’s annual road fatality rate per 100,000 
population to no more than 5.6 in 2010 – this 
represents a 40 per cent reduction from the 
benchmark rate of 9.3 per 100,000 population 
recorded in 1999. 

Considerable progress has been made during the first 
four years under the National Strategy, marked by a 
steady decline in the absolute number of road 
fatalities per annum.  There were 1,596 deaths on 
Australian roads in the calendar year 2004, an overall 
reduction of 12 per cent since 2000, and the lowest 
national toll on record since 1949.  

In population terms, the 12-month fatality rate stood 
at 7.7 per 100,000 people at the end of January 2005, 
down 19 per cent since 2000, and only slightly above 
the rate of 7.6 required for pro-rata progress toward 
the 2010 target of 5.6. 

While fatality rates vary considerably between 
individual Australian states and territories, there has 
been a general trend downwards in all jurisdictions 
except Tasmania.  The most conspicuous reduction 
occurred in the state of Victoria following the 
introduction of tightened speed compliance measures 
in 2001–2002.  

During 2004, a new two-year Action Plan was 
developed under the National Strategy framework 
[2].  The National Road Safety Action Plan 2005 and 
2006 identifies the main issues expected to influence 
road trauma levels in the foreseeable future, and sets 
out the priority areas for action in calendar years 
2005 and 2006. 
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An important aim of the new Action Plan is to 
highlight the Safe System concept as an overarching 
framework for road safety intervention:  the broad 
system components are: 

- safer roads and roadsides (infrastructure) 
-  safer speeds 
- safer vehicles 
- safer road users 
- other supporting measures. 

FIELD DATA CRASHWORTHINESS AND 
AGGRESSIVITY 

The Department of Transport and Regional Services, 
in partnership with a number of state transport 
agencies and motoring organisations, funds a 
programme to provide advice to consumers on 
vehicle safety performance.  The programme 
involves the production of crashworthiness and 
aggressivity ratings for individual vehicle models, 
derived from an extensive crash and injury database 
assembled by the Monash University Accident 
Research Centre (MUARC). 

The database and associated ratings are updated on an 
annual basis.  The latest published report [3] provides 
crashworthiness and aggressivity ratings for more 
than 200 vehicle models manufactured between 1982 
and 2002. 

As well as producing vehicle safety ratings, the 
database assembled for this programme has been 
used for a range of other studies, including an 
ongoing examination of crashworthiness trends in the 
Australian vehicle fleet by year of vehicle 
manufacture, and investigation of the relationship 
between real crash outcomes and the results of 
vehicle crash barrier testing. 

A recent study explored the relative safety 
performance of different light vehicle market groups 
in different types of crashes.  Building on this work, 
an integrated model was then developed to examine 
the influence of cross-sectional changes in the 
composition of the fleet on the total injury burden.  
This included an analysis of the effects of historical 
changes in the fleet mix, and the potential effects 
under various future change scenarios. 

VEHICLE FLEET COMPOSITION 

The composition of the Australian vehicle fleet is 
surveyed on an annual basis by the Australian Bureau 
of Statistics (ABS) and the findings of this survey are 
published in the Motor Vehicle Census, Australia [4]. 

There were 13.5 million motor vehicles registered in 
Australia at 31 March 2004. This represents an 
increase of 10.3% since the 1999 Motor Vehicle 
Census, when there were 12.3 million vehicles 
registered in Australia.  The average age of all 
vehicles registered in Australia at 31 March 2004 was 
10.3 years, slightly younger than the 10.6 year 
average age recorded in 1999. 

Registered Vehicles, March 2004

10,629,401, 
78.54%

1,952,486, 
14.43%

483,561, 3.57%

71,314, 0.53%

396,309, 2.93%
Passenger vehicles

Light commercial vehicles

Trucks

Buses

Motorcycles

Figure 2.  Registered vehicles in Australia, 
March 2004. 

 
The composition of the Australian vehicle fleet is 
shown in Figure 2.  However, this aggregated data 
does not indicate the subcategories of passenger 
vehicles for further detailed analysis. 

The Motor Vehicle Census reported in 2004 that the 
number of registered light commercial vehicles had 
increased by 13.4% between 1999 and 2004. This is 
compared to an increase of the total vehicle fleet of 
10.3% between 1999 and 2004. Due to the 
differences in vehicle classification between the 
Motor Vehicle Census and new vehicle sales data, 
these figures cannot be directly compared to each 
other. However, each set of data independently 
illustrates the current trend towards higher numbers 
of light commercial and light truck numbers on the 
roads. 
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NEW VEHICLE SALES TRENDS 

New vehicle sales in Australia have continued to 
increase between 2001 and 2004. In 2001 there were 
772,681 new vehicle sales, compared with 955,229 
new vehicle sales in 2004. 

As shown in Figures 3 and 4, sales of Sports Utility 
Vehicles (SUVs) or All Terrain Wagons have grown 
from 15% of total vehicle sales in 2001 to 17.1% in 
2004.  Sales data prior to 2002 identifies All Terrain 
Wagons, while data from 2002 onwards identifies 
Sports Utility Vehicles. For the purposes of this 
report, these categories may be considered to be 
analogous.  

Vehicle Sales by Category 2004

589985, 62%
173087, 18%

163676, 17%

28481, 3%

Passenger
Sports Utility Vehicles
Light Trucks
Heavy Trucks

 
Figure 3.  New Vehicle Sales in Australia 2004. 

Vehicle Sales by Category 2001

529452, 
68.52%

116236, 
15.04%

108034, 
13.98%

18959, 2.45%

Passenger

All Terrain Wagons (SUVs)

Light Trucks

Heavy Trucks

 
Figure 4.  New Vehicle Sales in Australia 2001. 

In addition to the increasing market share taken by 
SUVs, light commercial vehicle sales have increased 
between 2000 and 2004.  Between 2000 and 2004, 
light truck sales grew consistently as a proportion of 

total vehicle sales, from 13.8% in 2000 to 17.1% in 
2004. 

Light truck sales (including SUVs and light 
commercial vehicles) have increased from 224,270 
vehicles in 2001 to 336,763 vehicles in 2004. In 2004 
light trucks comprised 35.3% of all vehicle sales. 

The Australian government is currently conducting 
research in to both occupant protection in light 
commercial vehicles, and in to vehicle compatibility 
issues raised by these changes in vehicle sales. 

INTERNATIONAL HARMONISATION 

Australia continues to strongly support research 
activities within the working groups of the 
International Harmonised Research Activities 
(IHRA).  Australia’s vehicle standards research 
programme is specifically aligned to support 
activities of the IHRA Side Impact Working Group 
and the IHRA Vehicle Compatibility and Frontal 
Impact Working Group. 

The side impact research undertaken by the 
Australian Government is focused on evaluation of 
the test procedures drafted by the IHRA SIWG, in 
particular, the mobile deformable barrier to vehicle 
test and vehicle to pole impact test. 

Australia has chaired the IHRA Side Impact Working 
Group since its inception in 1998.  This group has 
enjoyed strong support and enthusiasm from 
members and has reported significant progress at this 
ESV conference [5]. 

Compatibility research has also been undertaken by 
the Australian Government, conducting vehicle to 
vehicle and offset barrier testing using the 
Progressive Deformable Barrier (PDB), with results 
fed into international efforts to develop a 
compatibility test procedure.  In the past this work 
has focused primarily on passenger vehicles, 
however, extension work is being undertaken to 
include light commercial vehicles. 

Australian government policy is to align, whenever 
possible, with international standards, specifically 
those of the UNECE.  Australian resources for 
vehicle standards research are aimed at development 
of new and amended vehicle regulations to promote 
an increase in vehicle safety.  With this in mind, 
Australia would hope to see outputs from research 
activities such as IHRA fed into the UNECE process 
for consideration in the development of international 
vehicle regulations. 
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REGULATORY INITIATIVES 

Australia has considered the case for introducing a 
regulation for audible seat belt warning devices for 
light vehicles. A draft Regulation Impact Statement 
was prepared in July 2004, which concluded that 
regulation would not be appropriate.  This draft was 
circulated to stakeholders for feedback and comment. 
Comments closed on 30 November 2004.  All 
comments received supported the draft. 

A Regulatory Impact Statement is also being 
prepared, assessing the case for truck under-run 
barriers.  This draft RIS will be released for public 
comment in the near future. 

NEVILLE REPORT 

The House of Representatives Standing Committee 
on Transport and Regional Services released a report 
[6] containing 38 recommendations across a range of 
road safety subject areas.  The Australian government 
is currently considering the content of this report. 
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ABSTRACT  
 
This report presents the main program, research and 
regulatory accomplishments of Transport Canada 
since the previous report presented at ESV in 2003.  
Canada continues to actively pursue policy initiatives 
to improve the safety of Canadians and to actively 
participate on numerous international research and 
regulatory fora to advance motor vehicle as well as 
road safety more generally.  Transport Canada is 
pleased that we have been instrumental in affecting 
safer vehicles and roads, both nationally and 
internationally.  The department is committed to on-
going collaboration with industry, foreign 
governments, provincial and territorial governments 
and a host of other stakeholders. 
 
CANADIAN ROAD SAFETY SITUATION 
 
In Canada, road safety is a responsibility that is 
shared among the federal and provincial/territorial 
governments.  The federal government is primarily 
responsible for the safety of new vehicles and inter-
provincial commercial carriers, while the 
provincial/territorial governments have jurisdiction 
over the operation and maintenance of motor 
vehicles, road infrastructure and the development and 
implementation of road safety programs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Like many other developed countries, Canada’s road 
safety record improved greatly during the past quarter 
century.  During this period, fatalities resulting from 
motor vehicle traffic collisions decreased by more 
than 50%, while its population not only grew by 
approximately 35% but also became more mobile, as 
the number of licensed drivers grew by 
approximately 50%. 
 
Canada’s Road Safety Vision 2010 
 
Canada’s national road safety plan has been in place 
since 1996 to address Canada’s major road safety 
problems (see Chart 1) with the view that a more 
focused approach to the development and 
implementation of safety initiatives would be the 
most successful strategy to make road travel in 
Canada safer. 
 
Called Road Safety Vision 2001 when it was first 
introduced, this national plan is supported by all 
levels of government as well as national public and 
private sector stakeholders with a strong interest in 
road safety.  The goal of the vision is that Canada 
will have the safest roads in the world.  The strategic 
objectives of this ambitious initiative are to raise 
awareness of road safety issues among the general 
public, to improve communication, cooperation and  
 
 
 
 Principal Areas of Concern Among Road Safety Advocates:

Chart 1
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collaboration among road safety agencies, to enhance 
enforcement initiatives and to improve national data 
quality and collection practices. 
 
The introduction of a broad range of initiatives 
during the 1996-2001 period, to support this national 
plan, was successful.  Between 1996, traffic fatalities 
decreased by 10%, serious injuries by 16% (see Chart 
2). 
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Some of the key initiatives that have recently been 
introduced in selected Canadian jurisdictions include: 
 
• comprehensive public education and 

enforcement campaigns; the removal or revision 
of exemptions and the introduction of tougher 
sanctions (demerit points and increased fines) to 
increase seat belt and proper child restraint use;  

 
 
 
 

Trends in Traffic Fatalities (1993 to present)
Chart 2
 Road Safety Vision 2010 superseded 
 inaugural national road safety plan.  The 
 plan retained the vision and strategic 
 of Road Safety Vision 2001, but also 
ted a national target for fatality and serious 
ductions (-30%), as well as several sub-
med at curtailing the most serious collision-
behaviors.  In order to achieve the 
ve targets of the renewed vision, initiatives 
n introduced that focus on increasing seat 
proper child restraint use, and on reducing 
asualties involving drinking drivers, high-
users, young drivers, vulnerable road users, 
ial vehicles, speed and intersections, as well 
roadways. Six task forces, comprised of 
tives from various levels of government as 
ey public and private sector organizations, 
med ownership of the various targets as 
r developing and implementing strategies to 
target objectives.  These task forces operate 
 auspices of the Canadian Council of Motor 
 Administrators, a body which coordinates 
rovincial and territorial efforts to improve 
ransportation system in Canada. 
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RSV 2002-2010
 (commenced in January 2002)

2003 death toll (2,778)

RSV 2010 target progress

1993 death toll (3,615)

Target: no more than an average 2,076
 deaths during the 2008-2010 period

• the introduction of public education and 
awareness initiatives and programs that targeted 
predominantly younger and higher-risk driver 
groups, increased police enforcement efforts 
through overtime, varying shift times and 
increasing checkpoints and blitzes at strategic 
locations, amended Highway Traffic Acts that 
resulted in the introduction of harsher measures 
for persons charged with impaired driving 
(administrative licence suspensions, financial 
penalties, vehicle impoundment and ignition 
interlock programs) to reduce the incidence of 
drinking and driving; black spot analysis, safety 
messaging and improved road signing; 

• enhanced enforcement initiatives on selected 
high-traffic corridors, focused enforcement 
efforts on such high-risk issues as stop-sign 
violations, non-use of seat belts, speeding, 
impaired driving, and school bus safety, and two 
national public education and enforcement 
campaigns in the spring and fall that were carried 
out under the auspices of the Canadian 
Association of Chiefs of Police to make rural 
road travel safer; and 

Sweet  2



• education and awareness efforts aimed at getting 
motorists to slow down and to drive more 
defensively at intersections, focused Canada-
wide spring and fall enforcement campaigns that 
targeted speed and intersection safety, 
continually upgrading signage, traffic lanes and 
traffic signals at intersections and the 
introduction of red light cameras at high-risk 
intersections to make intersections more safe for 
all road users. 

 
The collaborative efforts of governments, these task 
forces and their road safety partners during the first 
two years of this national plan have resulted in  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

continued progress. During 2003, the most recent 
year for which data are available, overall road user 
fatalities decreased by almost 7% and there was 
considerable improvement among some of the most 
critical road safety areas (seat belt use, drinking 
driving, rural roads and intersections). The figures in 
Table 1 describe the quantitative targets intrinsic to 
Road Safety Vision 2010, as well as the progress that 
has been achieved to 2003. Progress among these 
sub-targets is measured against the average number 
of fatalities and serious injuries that occurred during 
the timeframe of the inaugural national road safety 
plan (1996-2001). 
 
 
 
 
 Table 1

Road Safety Vision 2010 National Target, Sub-Targets, Baseline Data & Target Objectives

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

National Target

1996-2001 
Baseline 
Figure

2003 (1) 
Total

2003 
Progress (% 

change)
2008-2010 

Target

1996-2001 
Baseline 
Figure

2003 
Total

2003 
Progress (% 

change)
2008-2010 

Target

A 30% decrease in the average 
number of road users fatally or 
seriously injured during the 2008-2010 
period (compared to 1996-2001). 2,966 2,766 -6.7 2,076 18,246 17,707 -3.0 12,772

Sub-Targets
A 40% decrease in the number of 
unbelted fatally or seriously injured 
occupants. 897 822 -8.3 538 2,446 2,491 1.8 1,468

A 40% decrease in the percentage of 
road users fatally or seriously injured 
in crashes involving  drinking drivers. 33%* 29.6%  -10.3 (2) 19.8% 18.7%** 17.5%  -6.4 (2) 11.2%
A 40% decrease in the number of road 
users fatally or seriously injured on 
rural roadways. 1,421 1,263 -11.1 853 6,595 5,657 -14.2 3,957
A 20% decrease in the number of 
young drivers/riders (those aged 16-19 
years) killed or seriously injured in 
crashes. 161 156 -3.1 129 926 960 3.7 740
A 20% decrease in the number of road 
users killed or seriously injured in 
speed-related crashes.(3) 609 645 5.9 487 2,413 2,403 -0.4 1,930
A 20% decrease in the number of road 
users killed or seriously injured in 
intersection-related crashes.(3) 894 783 -12.4 715 7,856 7,113 -9.5 6,284

A 30% decrease in the number of 
fatally or seriously injured vulnerable 
road users (pedestrians, motorcyclists 
and cyclists). 613 601 -2.0 429 3,628 3,300 -9.0 2,540
A 20% decrease in the number of road 
users killed or seriously injured in 
crashes involving commercial 
vehicles. 581 578 -0.6 465 1,690 1,794 6.2 1,352

A 20% decrease in the number of road 
users killed or seriously injured in 
crashes involving high-risk drivers. (4)
(1) 2003 figures are provisional.
*Estimates of the percent of road user fatalities involving drinking drivers on public roads during the 1996-2001 period.
**Estimates of the percent of drivers in serious crashes involving alcohol on public roads during the 1996-2001 period.
These percentages exclude drivers from BC, YK & NWT.
(2) 2002 data
(3) Only one sub-target exists for speed and intersections casualty reductions. However, in order to identify baseline
 and target fatality and serious injury reductions, the speed and intersection figures were shown separately. 
(4)High-risk driver (HRD) baseline figures will be provided once all jurisdictions are able to identify victims of crashes 
involving drivers who meet the  definition of an HRD.

Serious InjuriesFatalities
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Canada currently ranks 7th among Organisation for 
Economic Cooperation and Development member 
countries when comparisons are made on a deaths per 
billion vehicle kilometres traveled basis (2003 
figures).  
 
COLLISION DATA 
 
A program of in-depth collision investigations is 
carried out by six contracted research teams, based in 
universities across Canada, and by Transport Canada 
staff located in the National Capital Region.  The 
work supports the Directorate’s research and 
regulatory development programs, actively monitors 
high-profile traffic safety incidents across Canada, 
and provides a mechanism for rapid response to such 
incidents. 
 
Current activities comprise directed studies focused 
on several safety issues, and a program of special 
collision investigations which captures incidents of 
interest that fall outside of the criteria for particular 
directed studies.  On-going directed studies are 
investigations of front air bag deployment crashes, 
moderately severe side impacts, side air bag 
deployment crashes, and frontal collisions involving 
fully restrained rear seat occupants.  Special collision 
investigation topics include school bus and motor 
coach crashes, air bag or seat belt induced fatal and 
serious injuries, collisions involving event data 
recorders,  and collisions testing the crashworthiness 
of child restraints. 
 
Transport Canada and one of the university-based 
collision investigation teams are each undertaking 
pilot studies investigating the causes of fatal motor 
vehicle collisions.  The studies involve compilation 
of data on human, vehicle and environmental factors 
involved in collisions and use a multi-disciplinary 
approach to assess the principal causal factors.  Both 
retrospective data collection and on-scene, in-depth, 
collision investigation techniques are being used to 
compare the effectiveness of the two approaches. 
 
Electronic Traffic Related Data Collection 
 
In partnership with selected provincial governments 
and police agencies, Transport Canada is conducting 
a demonstration project of a computer and 
communications-based system called the Traffic and 
Criminal Software System (TRaCs).  This software is 
designed for multi-jurisdictional use and was built in 
modules allowing for great flexibility.  It has many 
potential uses including the automated on-site 
collection of all traffic collision data, ticketing and 
commercial vehicle inspection. The demonstration is 

designed to verify the flexibility of the software and 
its application within several police operated record 
management systems and computer assisted dispatch 
systems. 
 
Currently, participating police agencies and 
commercial vehicle inspectors in Alberta are using 
the developed data collection software and forms for 
crashes, citations and commercial vehicle inspection.  
Integration with motor vehicle registration databases 
allowing for the auto-population of data elements is 
also being achieved. The demonstration project is 
intended to provide a national focus for the 
development of uniform automated data collection 
performance standards leading to improved 
efficiencies, quality and timeliness of traffic collision 
data. 
 
RESEARCH ACTIVITIES IN ITS 
 
Memorandum of Understanding (MOU) 
Concerning In-vehicle Telematics 
 
Transport Canada is now developing a memorandum 
of understanding (MOU) to be entered into with 
automotive manufacturers and dealing with the safety 
of in-vehicle telematics devices. The key element of 
this MOU is a collaboratively developed process-
oriented safety standard that is supported by industry 
experts and by the general public. This type of 
standard is favoured over the more typical 
prescriptive approaches that have proven ineffective 
at setting limits on distraction across a diverse range 
of technologies.  It outlines the general principles and 
process elements that should underpin the product’s 
design, development, evaluation, manufacture, and 
installation. The focus is on the systems and 
procedures that a manufacturer should establish and 
follow during product development and 
implementation cycle in order to ensure that on-board 
telematics devices reflect best practices and minimize 
potential risk and likely misuse. The MOU will 
address safety concerns, be adaptive to continued 
technological advancement, and not unnecessarily 
burden the industry.   
  
Evaluation of Industry Safety Principles for In-
vehicle Information and Communication Systems 
 
This project aims to evaluate compliance of advanced 
in-vehicle information and communication systems to 
the Alliance of Automobile Manufacturers (AAM) 
safety principles. In-vehicle information and 
communication systems, also known as telematics 
systems, from four leading manufacturers are being 
evaluated according to the most recent guidelines 
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from the AAM document “Statement of Principles, 
Criteria and Verification Procedures on Driver 
Interactions with Advanced In-Vehicle Information 
and Communication Systems”.  Results will provide 
insight into how the current automotive industry 
standard for telematics systems rate on these new 
criteria.  The project will also independently assess 
the value of these industry guidelines and use these 
results as benchmark data on which to assess the 
safety developments of future telematics systems.  
 
Validation of the HASTE (Human Machine 
Interface and the Safety of Traffic in Europe) 
Protocol Specification (Work Package 3) 
 
Considerable research activity in both North America 
and Europe is currently focused on producing 
protocols for assessing the distraction potential of in-
vehicle tasks and devices. The current state of 
methodologies for assessing the safety implications 
of these devices is unsatisfactory.  The aim of 
HASTE (Human Machine Interface and the Safety of 
Traffic in Europe) was to develop methodologies and 
guidelines for the assessment of in-vehicle 
information systems. The major limitation of the 
current tools and metrics is that they do not permit 
judgments about the safety of using a particular 
device while driving to be made in a straightforward 
fashion.  Project HASTE is an EU Project involving 
the cooperation of eight partners (7 European and 1 
Canadian (Transport Canada)) in a concerted effort to 
address this issue.  
 
Transport Canada and the other project partners 
recently completed the final experiments in this 3-
year project. The objective of these experiments was 
to validate the devised measures and scenarios found 
in WP2 by applying them in the assessment of three 
actual in-vehicle information systems and tasks as 
well as one prototype system for traffic information  
 
The project will be wrapping up in 2005 with only 
some final analyses, meetings and reports remaining. 
On March 22, 2005, a workshop with representatives 
from government, industry and research is being held 
in Brussels to present the results of the project and 
what was learned.  The outcomes from this workshop 
will be included in the final report to be submitted to 
the European Commission (DG-TREN) later this 
year.  
 

CRASHWORTHINESS RESEARCH 
 
Frontal Crash Protection 
 
Transport Canada is examining the crash 
performance of advanced air bag systems for the 
complete suite of adult frontal dummies in full frontal 
rigid barrier (FFRB) tests as well as for small females 
in offset deformable (OFDB) tests.  Advanced 
monitoring capabilities include multi-point sensing 
for the thorax of the small female and mid-sized male 
and fully instrumented lower legs for both the small 
female and mid-sized male. Additional state-of-the-
art high-speed cameras have been added to the on-
board video monitoring system increasing the 
number and quality of the views.  Current analysis is 
focusing on new vehicle models that meet the 
FMVSS 208. 
 
The frontal crash protection research programme has 
a new study to investigate the effects of increased test 
speed on dummy response and vehicle design. FFRB 
tests are being conducted with identical vehicle 
models at 40, 48 and 56 km/h to compare vehicle 
response, load cell wall response, dummy chest load 
characteristics and lower extremity injury risk. 
Preliminary results are expected within the year. 
The rear seat occupant protection study continues to 
be carried out in conjunction with all FFRB tests and 
OFDB tests conducted at 40 km/h and 56 km/h.  The 
effectiveness of three-point belts installed in all rear 
seating positions of late model vehicles are being 
evaluated with the Hybrid III 5th female, 10-year-old 
and 6-year-old child dummies. Direct comparisons 
are being carried out between the chest response of a 
right rear seated small female to the front right seated 
small female passenger. The booster seat study, 
initiated to examine the protective effectiveness of a 
variety of booster seats and child restraints for the 
larger children has evolved to include a study 
evaluating the effectiveness of using the Lower 
Anchors and Tethers For Children system (LATCH) 
and tether anchorages in combination with booster 
seats. An evaluation of the protective qualities of 
child restraints for larger size children has also been 
initiated. Preliminary results for this programme are 
reported in the 2005 ESV proceedings. 
 
Side Impact Crash Protection 
 
The side impact crash protection programme 
examining barrier-to-car and car-to-car tests 
continues to advance.  Since June 1999, Transport 
Canada has conducted over 44 barrier-to-car tests 
including the new Insurance Institute for Highway 
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Safety (IIHS) side impact barrier, developed by the 
IIHS; 29 SUV-to-car crash tests; and 9 car-to-car 
collisions, in addition to a number of tests conducted 
with the existing FMVSS/CMVSS 214 barrier, 
EEVC barrier or modifications thereof.  These 
studies conducted in support of the International 
Harmonization Research Activities (IHRA) Side 
Impact Working Group have been referenced in the 
drafting of the proposed side impact procedures. 
Results have also been shared with vehicle 
manufacturers, to enhance partnerships with industry 
and encourage the implementation of safety system 
improvements in advance of regulations. 
 
Evaluation of the IIHS barrier and comparison to the 
striking face of new emerging cross-over vehicles is 
in progress. LTV-to-car crashes are continuing in 
support of the IHRA Compatibility Working Group. 
Transport Canada has initiated a pole test programme 
comparing perpendicular and oblique pole test 
configurations. A comparison of WorldSID and the 
ES-2re responses is also underway. The results of 
three paired oblique and perpendicular pole tests and 
two paired WorldSID / ES-2re oblique pole tests are 
reported in the 2005 ESV proceedings.  
 
The monitoring of new side air bag technologies 
continues to be an important element of the side 
impact protection programme.  The interaction 
between deploying side air bags and the dummy arm 
is being examined.  The causes of incorrect curtain 
deployments are being investigated and non-invasive 
methods for the accurate sensing of side curtain 
deployments are being explored. 
 
Dummy Development 
 
Transport Canada, in co-operation with the Occupant 
Safety Research Partnership (OSRP) and the 
WorldSID Task Group continues to actively 
participate in dummy evaluation programmes. 
Biofidelity tests including body drop and pendulum 
impacts in addition to in-vehicle testing have been 
completed for the ES-2 the ES-2re WorldSID, SID-
IIs and Q3s side impact dummies. An extensive study 
comparing the effects of differences in geometrical 
and stiffness characteristics of the Denton and FTSS 
5th female dummy chest jackets on chest response has 
just been completed. The results are expected to be 
published in 2005. 
 
Transport Canada successfully conducted its first far 
side crash to evaluate the WorldSID performance in 
far side impacts. Full-scale accident reconstructions 
with the Q3s and WorldSID will be completed in the 
coming months.  

Improvements in Test Capabilities 
 
Transport Canada has, in collaboration with PMG 
Technologies, established a state-of-the-art test 
facility characterized by a dedicated team of trained 
specialists, the latest in video graphic capabilities, 
data acquisition and advanced dummy technologies.  
In 2003, Transport Canada acquired a load sensing 
wall, now used in all FFRB crashes to gain a better 
understanding of structural changes in emerging 
vehicle fleets and to contribute to IHRA frontal 
compatibility research efforts. Construction is 
underway to expand interior crash testing and vehicle 
preparation capabilities, making outdoor crash testing 
during intemperate weather a thing of the past. A new 
lighting system is being installed to accommodate 
interior side impact crash testing and facilitate video 
recording of the crash events. 
 
CRASH AVOIDANCE RESEARCH 
 
Evaluation of Electronic Stability Control (ESC) 
on Motor Vehicles 
 
A study was initiated to evaluate the performance of 
Electronic Stability Control (ESC) systems in 
Canada.  Testing was performed on commercial 
vehicles in June 2004 and on passenger vehicles in 
October 2004.  Preliminary analyses of test data 
appear to confirm that ESC has the potential to 
reduce the number of collisions resulting from loss of 
control.  Significant differences in the threshold at 
which different ESC systems intervened were 
observed, as were differences in the degree of 
intervention.  Vehicle loading, and whether the 
pavement was wet or dry, did not appear to 
significantly affect the test results. 
 
In future planned studies, a Programmable Steering 
Controller, which allows tests to be performed in a 
more controlled and repeatable manner, will be used 
to further evaluate the performance of ESC.  A study 
to determine the effectiveness of ESC in reducing 
collisions in Canada is also planned.  Although this 
type of study has been performed elsewhere, we are 
interested in determining whether results of previous 
studies also apply to Canada, with its diverse climate 
and road infrastructure. 
 
Speed Control 
 
Excess speed is an acknowledged road safety 
problem. Speeding is a complex issue that involves 
significant interactions between the driver, the 
vehicle, the roadway, and the environment. Transport 
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Canada is currently conducting a research 
programme on speed management to investigate 
measures to influence vehicle speeds in terms of their 
potential impact on road safety and greenhouse gas 
emissions (GHG). 
 
Work is being undertaken in a number of areas.  The 
first is the development and testing of a Canadian 
Intelligent Speed Adaptation (ISA) system.  Trials in 
Europe have shown the use of this technology to be 
effective in reducing collisions and fuel consumption.  
The first vehicle will be instrumented and 
demonstrated in 2005 followed by a few vehicles in 
the field in early 2006.  The second area of research 
concerns information provided to the driver, which 
may or may not alter behaviour.  This would build on 
the current fuel efficiency devices in some vehicles to 
provide meaningful data to drivers and to assess the 
potential to influence driver speed choice.  The third 
area involves using modelling and simulation to 
better understand the impact of speed controls on 
safety and GHG emissions.  The fourth area of 
research will examine drivers’ behaviours and 
attitudes about speeding. 
 
INTERNATIONAL ROAD RESEARCH 
 
Transport Canada has participated for many years in 
the OECD Road Transport Research Program.  
Recent studies include examinations of rural road 
safety, performance indicators for the road sector, 
ageing and transport, keeping children safe in traffic, 
road travel demand, strategies to reduce greenhouse 
gas emission, and transport logistics.  The RTR 
program recently merged with the ECMT research 
function to form the joint OECD/ECMT Transport 
Research Centre.  Transport Canada continues to play 
a leading role, and currently is participating in 
research initiatives concerning young drivers, speed, 
long life pavements, and achieving ambitious road 
safety targets.  The results of these studies will be 
available in 2006. 
 
REGULATORY INITIATIVES 
 
Locking and Immobilization Systems – MVSR 114 
 
Vehicle theft can be viewed as a crime for profit or 
for convenience.  The latter was deemed a road safety 
concern, as 27 fatalities and 117 injuries occurred 
yearly in Canada from young, inexperienced, risk-
taking drivers.  These events would too often involve 
a youth stealing a vehicle for joyriding or for 
convenience.   Anti-theft immobilization devices are 
systems that assist in preventing the unauthorized use 

of a vehicle. Such a device, when armed, prevents the 
activation of a control unit, such as the engine control 
unit, the fuel control unit or the ignition control unit. 
In order to disarm the system, a coded key, a keypad 
or a remote device is required. 
 
After much consultation with the interested 
stakeholders and several assessments of the 
effectiveness of these systems, the department has 
amended MVSR 114 to require the fitment of 
immobilization systems on all vehicles as of 
September 1, 2007.  Accordingly, all vehicles with a 
gross vehicle weight rating less than 4,536 kg have 
an immobilization system installed that, at the choice 
of the manufacturer, meets one of the following 
standards: 
 
• National Standard of Canada CAN/ULC-S338-

98, entitled Standard for Automobile Theft 
Deterrent Equipment and Systems:  Electronic 
Immobilization (May 1998), published by the 
Underwriters’ Laboratories of Canada (ULC); or, 

• Part III of the United Nations Economic 
Commission for Europe (UNECE) Regulation 
No. 97, entitled Uniform Provisions Concerning 
the Approval of Vehicle Alarm Systems (VAS) 
and of Motor Vehicles with Regard to Their 
Alarm Systems (AS), dated October 14, 2002. 

 
Rear Impact Guard – MVSR 223 
 
A regulation governing the installation of rear impact 
guards on trailers was registered on September 23, 
2004. While the dimensional requirements remain 
consistent with the existing U.S. regulations (FMVSS 
223/224), the strength and energy absorption 
requirements for the guard are significantly higher.  
Research has shown that these criteria will have the 
effect of reducing the amount of vehicle underride 
and passenger compartment intrusion in the event of 
a rear impact, and is expected to save more than two 
lives every year. 
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The main issues voiced by stakeholders during the 
consultation process included the competitive 
disadvantage that could result from a regulation that 
is not harmonized with the U.S., and the new energy 
absorption criteria that is unique to the Canadian 
proposal. Despite these comments, there was a 
general consensus with respect to the benefits of a 
stronger guard. 
 
The department has strived to balance the safety of 
the occupants of small vehicles and industry concerns 
while maintaining close harmony with the existing 
requirements for U.S. trailers. In this effort, the 
department worked closely with industry to design a 
generic guard that would assure compliance to the 
regulation, thereby eliminating compliance testing for 
trailers so-equipped and reducing manufacturers’ 
costs. 
 
Three-Wheeled Vehicles and Enclosed 
Motorcycles 
 
On July 24, 2003, the department introduced two new 
vehicle classes to address the unique characteristics 
of vehicles designed to travel on three wheels and for 
enclosed motorcycles.  Two new regulations specific 
to these new vehicle classes were also introduced: 
MVSR 505 to address the minimum stability 
requirements for three-wheeled vehicles and 
MVSR 301.3 regarding the fuel system integrity 
requirements for three-wheeled vehicles and 
motorcycles. 
 
Prior to this amendment, most three-wheeled vehicles 
and enclosed motorcycles would have had to be 
classified and regulated as a passenger car. This 
classification requirement essentially eliminated 
these vehicles from the Canadian market.  There has 
been a renewed interest in developing three-wheeled 
passenger vehicles that will provide a safer 
alternative to motorcycle transportation while 
providing environmental benefits. These new vehicle 
classes and regulations were developed following a 
review of current world safety regulations including 
those in Australia, Europe and the U.S.  For example, 
the motorcycle fuel system integrity requirement 
provides the manufacturer with the choice of meeting 
either the European Directive 97/24/EC, “Fuel Tanks 
for Two and Three-Wheel Motor Vehicles” or the 
Society of Automotive Engineers SAE J1242, “Fuel 
and Lubricant Tanks for Motorcycles”.   
 
It is expected that these new vehicle classes will 
allow the industry to provide Canadians an 
innovative, safe and efficient means of transportation.   

 
Fuel System Integrity - MVSR 301 
 
The purpose of this amendment was to upgrade the 
rear and side impact test requirements of (CMVSS) 
301 “Fuel System Integrity” to better protect vehicle 
occupants from fuel spillage and fires that may result 
from a collision, and harmonize the Canadian 
regulatory requirements with those of the U.S.  
 
In the event of a crash, preserving fuel system 
integrity to prevent occupant exposure to fire is 
critical. In Canada, between 1994 and 1999, an 
average of 320 occupants per year were exposed to 
fire in passenger cars and light vehicles.  These 
statistics underscore the importance of preserving 
fuel system integrity in a crash in order to prevent 
vehicle fires. 
 
The amendment increases the crash test requirements 
for fuel systems in rear impact and side impact tests. 
Previously, CMVSS 301 required vehicles to 
withstand a rear end collision of 48 km/h without 
spilling a dangerous amount of fuel. The new 
requirement increases the speed of the collision to 80 
km/h. Similarly, the testing requirement for side 
impact collisions has increased to 53 km/h, from 32 
km/h.  
 
This regulation was published in April 2004, and it is 
estimated that 1 to 2 lives will be saved annually. 
 
Alternative Requirements for Headlamps  
– MVSR 108.1 
 
Transport Canada has updated this regulation to 
include the recent development in regulatory text of 
the ECE Regulations regarding motor vehicle road 
illumination devices.  MVSR 108.1 allows 
headlamps designed in accordance with United 
Nations Economic Commission for Europe (UNECE) 
Regulations as an alternative to the North American 
or Society of Automotive Engineers (SAE) beam 
pattern headlamps specified in MVSR 108.  MVSR 
108.1 also refers to certain additional provisions of 
Technical Standard Document (TSD) No. 108, 
notably those concerning the aiming and durability of 
headlamps. 
 
GLOBAL AGREEMENT 
 
The 1998 Agreement Concerning the Establishment 
of Global Technical Regulations for Wheeled 
Vehicles, Equipment and Parts, which can be Fitted 
and/or be Used on Wheeled Vehicles was negotiated 
and concluded under the auspices of the United 
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Nations Economic Commission for Europe 
(UNECE).  For many years Transport Canada 
participated in several UNECE working groups 
related to the development of international 
automotive safety regulations.  The department’s 
experts made sure that Canadian concerns were 
addressed in developing international regulations and 
at the same time they brought back home new ideas 
to improve safety of motor vehicles available to 
Canadian drivers.  Canada was the first country to 
sign the 1998 Agreement that came into force on 
August 25, 2000.  Since then the department has 
initiated and is now sponsoring the development of 
three global technical regulations. 
 
Global Technical Regulation (gtr) regarding 
location, identification, colour, and illumination of 
motor vehicle hand controls, tell-tales and 
indicators 
 
The purpose of this gtr is to design and ensure the 
accessibility and visibility of vehicle controls, tell-
tales and indicators, and to facilitate their selection 
under daylight and night-time conditions in order to 
reduce the safety hazards caused by the diversion of 
the driver's attention from the driving task and by 
mistakes in selecting controls. 
 
Global Technical Regulation (gtr) regarding 
installation of lighting and light signalling devices 
 
This gtr would specify requirements for the location, 
geometric visibility and operation (electric 
connection) of lighting and light-signalling devices 
installed on road vehicles. 
 
The purpose of this gtr is to ensure the effectiveness, 
visibility (both in daylight and darkness or other 
condition of reduced visibility) and functioning of 
lighting and light-signalling devices in order to 
reduce the safety hazards caused by a) inadequate 
illumination of the roadway or glare caused by 
vehicle lighting devices and b) confusion and 
diversion of the driver's attention from the driving 
task caused by miscomprehension of information 
from the vehicle’s light-signalling devices as they 
relate to presence, identification and/or behaviour of 
the vehicle on the road. 
 
Transport Canada anticipates being in a position to 
finalize the text of the proposed gtr based on the 
discussion during GRE sessions by the end of 2005. 
 

Global Technical Regulation (gtr) on motorcycle 
brake systems 
 
Motorcycle brake system regulations have not kept 
pace with the advancement of modern technologies. 
With the improvement of disc brake systems and the 
recent introduction of new technologies such as anti-
lock brake systems (ABS) and combined brake 
system (CBS), modern motorcycles can be equipped 
with very sophisticated and effective braking 
systems. 
 
The development of a gtr on motorcycle brake 
systems is intended to reduce the injuries and 
fatalities associated with motorcycle accidents.  
Transport Canada believes that it is time to update the 
current standards with a harmonized regulation, 
based on the best practices within existing national 
regulations, while taking into consideration modern 
brake system technologies that could improve rider 
safety. 
 
In an effort to select the most stringent performance 
requirements for a gtr, the informal group studied the 
relative severity of three national motorcycle brake 
system regulations, comparing the UNECE 
Regulation No. 78, the U.S. FMVSS 122 and the 
Japanese Safety Standard JSS 12-61.  Based on these 
studies, an outline of the more stringent performance 
requirements for motorcycle brake systems was 
drafted, which was presented at the 57th GRRF on 
February 3, 2005. 
 

 
 
The finer details of the contents of the gtr are 
presently being discussed and a draft text is expected 
for presentation to GRRF in September of 2005.  A 
final version is scheduled for consideration at AC.3 
and WP.29 in 2006. 
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Universal Anchorages for Children’s Restraint 
Systems – CMVSS 210.2 and the Restraint 
Systems Safety Regulations 
 
The effectiveness of properly used children’s 
restraint systems is well recognized.  Unfortunately 
users may encounter difficulties in installing the 
restraint system into the vehicle or the child into the 
restraint correctly.  To minimize improper installation 
of restraint systems in vehicles, Transport Canada 
finalized a new requirement for the installation of 
universal lower anchorages in vehicles and of 
compatible connectors on infant and child restraints.  
The final regulations were published in the Canada 
Gazette Part II on June 19, 2002 and came into force 
on September 1, 2002.  It is estimated that 
approximately 12 fatalities and 294 injuries to 
children from birth to 5 years of age will be 
prevented each year by this countermeasure. 

The universal anchorages and compatible connectors 
requirements complement the top tether anchorage 
regulation.  Canada first introduced the tether 
anchorage requirements in 1989.  More recently, the 
department upgraded the original requirements to 
include user-ready tether anchorages for passenger 
cars built after September 1, 1999 and light trucks 
and multi-purpose passenger vehicles since 
September 1, 2000.   
 
Coach And School Bus Occupant Protection 
Review 
 
The current crash protection for school bus occupants 
in Canada is a passive safety approach based on 
closely spaced high backed seats that are designed to 
absorb energy during a collision.  Canada has in 
place regulations that require rigorous testing of 
school bus seats for this passive protection.  This 
approach has been extremely effective in reducing 
occupant fatalities. 
 
A regulatory development and research programme is 
being conducted to determine the effectiveness of 
different occupant protection systems for both 
coaches and school buses.  This activity may lead to 
the development of standards to further increase the 
safety of those vehicles.  The first phase of this 
program, a survey of the international situation with 
respect to occupant protection in buses, has been 
completed.  The study report, entitled “Evaluation of 
Occupant Protection in Buses TP 14006” dated June 
2002 is available in both French and English on the 
department’s website at 
www.tc.gc.ca/roadsafety/tp/tp14006.  
 

The second phase of the program, which is currently 
underway, involves testing of three-point belt 
equipped coach seats from Europe and Australia and 
newly developed school bus seats incorporating 
passive protection with three-point belts.  The three-
point belt equipped coach and school bus seats will 
be tested on an acceleration sled and by using static 
pulls.  The sled tests will involve various seating 
configurations with restrained and unrestrained 
anthropometric test devices.  The static pull tests will 
be completed applying the same forces measured 
during the sled tests.   
 
The third phase of the program will focus on glazing 
designs, including glazing retention as a result of 
occupant loading and issues surrounding the use of 
windows as emergency exit requirements.  
 
Current Status – Side Impact Memorandum of 
Understanding 
 
While side air bags have the potential to reduce 
injuries to properly restrained occupants - both adults 
and children - in side impact collisions, the 
department was concerned that Out-Of-Position 
(OOP) occupants could be at increased risk should a 
collision occur.  Thus, in February of 2001, the 
department and the automotive manufacturers signed 
a Memorandum of Understanding (MOU) which set 
out the general terms and conditions with regard to 
side impact protection applicable to passenger cars, 
multipurpose passenger vehicles, trucks and buses 
with a gross vehicle weight rating of 2,722 kg (6,000 
lbs) or less. 
 
The MOU was based on the extensive research, 
testing and collision investigation of side impacts and 
side air bags that the department had completed. The 
MOU includes four requirements: 
 
• Vehicles built during or after the 2002 model 

year, meet the requirements of either U.S. 
FMVSS 214, "Side Impact Protection," or 
United Nations ECE Regulation No. 95, 
"Uniform Provisions Concerning Approval of 
Vehicles With Regard to the Protection of the 
Occupants in the Event of a Lateral Collision"; 
and 

• Vehicles meeting the requirements of United 
Nations ECE Regulation No. 95 will maintain or, 
where possible, improve rear seat occupant side 
impact protection; and 

• Vehicles which incorporate side air bag systems 
be designed according to the "Recommended 
Procedures for Evaluating Occupant Injury Risk 
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from Deploying Side Airbags" dated August 8, 
2000; and, 

• Upon request the manufacturer will identify to 
the department each new model vehicle equipped 
with side air bag systems designed according to 
the recommended procedures and upon request 
provide data demonstrating that future side air 
bag systems have been designed according to the 
recommended procedures. 

 
This is the first occasion in which Transport Canada 
has used an MOU to introduce new requirements.  
This non-regulatory programme was achieved 
through the collaborative efforts of industry and 
government.  As part of the MOU the manufacturers 
agreed to introduce these requirements as soon as 
was feasible for each manufacturer, but at the very 
latest, future systems designed according to these 
procedures were to be integrated into vehicle 
programs with design commitment or "design freeze" 
dates occurring approximately 18 months after the 
date of execution of this MOU.  
 
Electronic Belt fit Test Device (eBTD) 
Memorandum of Understanding 
 
Under development since 1982, a physical Belt fit 
Test Device (BTD) was produced in order to measure 
how well a seat belt fits the human body.  Sternum, 
clavicle and thigh/abdomen scales were inscribed on 
biofidelic chest and lap forms, which were mounted 
on standard SAE “H” point machines.  
 
This device was referenced in a 1995 proposal for 
regulatory change but was withdrawn when it was 
recognized that the objectives could be better served 
by initiating proper belt fit earlier in the automotive 
design process.  Several years were invested in 
developing an electronic version of the Belt fit Test 
Device.  
 
The creation of this software programme and 
validating its utility and accuracy required a large 
effort on the part of manufacturers and Transport 
Canada.  An MOU expressing the intent of 
manufacturers to use this tool to verify the proper fit 
of seat belts in the front seats of passenger cars and 
light trucks is being prepared for signature and will 
represent a milestone in the development of 
electronic tools to verify compliance with a standard. 
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The EEVC, European Enhanced Vehicle-Safety 
Committee, has been active participants in the 
ESV-programme since June 1974 – for more than 
30 years – and we welcome this opportunity again 
to present the EEVC Status report and to report on 
recent developments of the European Enhanced 
Vehicle-safety Committee. 
 
 
Advanced Anthropometric Crash Dummies 
 
This group was dealing with adult dummies, and its 
scope has been recently expanded to child dummy. 
 
 
Frontal Impact Dummy 
 
After completion of the EC FID project, the THOR-
FT prototype has been re-engineered to solve 
outstanding technical issues. The group has been 
kept up to date on the latest design changes and 
news regarding THOR tests in the US and 
elsewhere. As harmonisation with the US is crucial, 
initiatives were taken to create a forum of 
discussion that ultimately should lead to merger of 
two competitive designs that have became apparent 
last year. A Task Group has been set up under the 
Human Biomechanics Subcommittee of the SAE 
and various organisations with EEVC WG12 have 
expressed interest to participate. 
 
In addition, WG12 has been reviewing the THOR-
Lx legs. It is preparing a comprehensive report for 
the SC that will include accidentoloty review, the 
design features of the Lx legs and a proposal for 
injury risk functions to be used with the legs. 
 
EEVC has met with NHTSA in order to promote 
the harmonisation between the two versions of the 
THOR dummy. 
 
Activities in Side Impact Dummies have dealt with 
EuroSID II and WorldSID through the SIBER 
project. 
 
The development and validation of ES2 has been 
completed and a modified version (EuroSID 2RE) 
of this dummy is now included in a NPRM to add it 
to 49CFR Part 572. 
 
 
SIBER/WorldSID Dummy 
 
The EC SIBER project has terminated. Last May, 
the WorldSID dummy specification was approved 
by ISO and currently the documentation is out for 
balloting. The remaining dummy issues that were 
raised by EEVC have been discussed with the 
WorldSID committee and put on a priority list for 

Revision 1. The dummy is extensively used by 
OEM's in North America, Japan and Europe and 
will be used in the APROSYS EC project test 
program as well. EEVC will review any new data 
generated and design modification in the upcoming 
time, but focuses on establishing injury risk curves 
for the dummy. Work on a small female version has 
started as part of APROSYS. 
 
EEVC representatives to IHRA biomechanics 
group have extensively contributed to the final 
report on side impact dummies which will be 
presented during this conference. 
 
 
Side Impact Protection 
 
WG13 has been working in two areas of side 
impact protection. The first is related to the 
development of an interior surface test procedure. 
Initially this was work aimed towards the 
enhancement of safety systems in Europe, possibly 
supplementing that assessed in Regulation 95. It 
has also been adopted by the IHRA Side Impact 
Working Group, as one of their procedures, but it is 
extended to cover both front and rear seat 
occupants. WG13 had also been carrying out 
research in pursuit of an advanced MDB side 
impact test procedure replicating the type of car to 
car impacts seen in Europe which could lead to the 
encouragement of improved protection for both 
front and rear seat occupants. This second area of 
work has again been carried out as part of the 
European contribution to the IHRA suite of side 
impact tests.  
 
WG 13 has recently published details of the new 
headform test procedure which includes the 
assessment of active head protection systems 
through both a pole test and with an assessment of a 
deployed airbags to encourage good protection, 
irrespective of occupant seating position. A WG13 
paper on this is being presented within the 
conference updating that presented at the previous 
ESV conference on 2003. 
 
The second area of WG13 research, the 
development of an advanced mobile deformable 
barrier face, is also reported to this ESV 
conference. Side impact loading conditions are 
complex, particularly when trying to load 
simultaneously both the front and rear occupants in 
a simple highly repeatable procedure, which is 
typical of real world accidents. Since the previous 
reporting on this subject (ESV 2003) further 
moving car to moving car base line tests have been 
performed, within the group, as well as studies of 
the stiffness of modern cars. The specification of 
the barrier face has improved, since 2003, aligning 

 



 

- Medium Term (to be completed by 2010): its manufacture and construction to that of the 
barrier face now used in Regulation 95. Research 
has not progressed to a level where WG13 are 
happy to release the AE-MDB design for wider 
evaluation. Recent tests are suggesting that the 
barrier may be loading some vehicles in a manner 
that is not consistent with the car to car tests and 
not applying sufficient loading into the bullet 
vehicle’s ‘B post’. Further inventions are being 
made into a barrier face, based on the published 
AE-MDB design, but incorporating some from of 
bumper/beam element. No decisions have been 
made regarding the precise nature of this additional 
element. 

 
- Improve compartment strength, especially for 
light vehicles. 
- First steps to improve frontal force matching. 
- Further improve structural interaction. 
 
 
Pedestrian Protection 
 
The question of pedestrian protection recently 
became a very important topic, and EEVC has 
revised the terms of reference of the working group 
dealing with this topic: especially, the group has to 
deal with two new issues, the protection of head 
injuries against A pillar and windscreen contacts, 
and the integration of new approaches such as 
virtual testing for pedestrian protection. 

 
 
Compatibility and Frontal Impact 
 
The research activity on compatibility is supported 
by the EU project VC Compat. 

 
The group is collecting accident data to understand 
the importance of windscreen contacts and their 
conditions; it also analyses how simulation can help 
in the determination of head test conditions as well 
as other subsystem test procedures such as high 
bumper tests. 

 
The group has started a test program with two 
different vehicles in order to investigate the two 
proposed methods: the full face barrier with load 
cells, and the offset barrier with deformation 
analysis. It is expected that this activity will 
become more important in the near future in order 
to fulfil the following objectives: 

 
 
Child Protection 

  
 The mandate of the working group on child 

protection is mainly focused on children in 
passenger cars but has been extended to coach and 
bus occupants. 

General : 
 
- Proposed test procedures must address both 
partner and self protection in frontal impacts 
without decreasing current (regulatory?) self 
protection levels in other impacts, in particular 
frontal and side impact. 

 
In the area of frontal impact protection, a series of 
more than 300 sled tests using Q and P series 
dummies has been completed and is under analysis; 
this work is reported during this conference. - Number of additional test procedures should be 

kept to a minimum.  
- Test procedures should be internationally 
harmonised. 

 
Side Impact 

  
 Recommendation of body segments to be 

considered in priority for the protection of children 
according to the type of Child Restraint System 
(CRS) used is in progress, and will be based on an 
overview of existing data for children involved in 
side impact: few data is available with a reasonably 
good level of detail to give guidelines to WG12 for 
side impact protection. 

Short Term (to be completed by 2006): 
 
- Improve structural interaction. 
- Control new requirements for passive safety 
(regulatory and rating) to ensure that frontal force 
mismatch does not become greater than current self 
protection force in particular to stop the increase of 
frontal force level of heavy vehicles.  
- Control new requirements for passive safety 
(regulatory and rating) to ensure that compartment 
strength does not become less than current levels, 
especially for light vehicles. 

Available accident data for children in side impacts 
will be checked by each participant. LAB presented 
a first analysis on cases collected in CREST and 
CHILD programs. The sample includes 233 
children, either correctly or incorrectly restrained. 
Intrusion seems to be a key factor for children 
injury; head and face are of the most concern, while 
head, chest and abdomen injuries are of the most 
frequent in children on boosters or with an adult 

 
 
 
 
 

 



 

belt. Complementary analysis is needed to 
determine the relevant parameters in collision 
circumstances. 
 
 
Buses and Coaches 
 
There is very little data available concerning buses 
and coaches accidents in Europe, except some 
limited statistical data; the group is collecting the 
available data in order to determine the most 
relevant accident conditions. 
 
 
Primary and secondary safety interaction 
 
The working group dealing with the interaction 
between active and passive safety has recently 
issued a comprehensive report. 
 
The primary and secondary safety interaction 
concept is the process to take a safety action during 
the unavoidable collision and collision phases with 
the aim of decreasing or eliminating the injury of 
car occupant or pedestrian. The safety action is 
based on information provided by systems, which 
sense outside or/and inside vehicle environment. 
 
 
Whiplash Injuries 
 
This Working Group is responsible for developing 
test procedures to mitigate injuries in low-speed 
rear impacts, with a focus on neck injury 
(whiplash). WG20 has recently issued a state-of-
the-art report that forms the foundations for the 
future work of the Group. The main conclusions of 
this report are listed below: 
 
• Rear impact and WAD-type (Whiplash 

Associated Disorder) injury is a serious 
problem in terms of both injury and cost to 
society. A lot of work has taken place in trying 
to quantify the problem and determine effective 
means of injury and cost reduction. The WAD 
symptoms are well documented, but the actual 
injury remains to be established, although 
several injury locations and injury mechanisms 
have been suggested. The dynamic motion of 
the human head-neck system during a low-
speed rear impact is known from volunteer test 
data. To date, several special test dummies and 
test devices have been developed for the 
assessment of WAD injury and several test 
procedures have been developed, static and 
dynamic. 

 
• Both mean and peak acceleration appear to be 

important crash severity parameters together 
with delta-v. Women have about twice the 

injury risk compared to men. Energy absorbing 
seats, active head restraints and good head 
restraint geometry all seem to be beneficial, 
based on claims evidence. Multiple test 
severities must be considered to avoid 
optimisation for a single condition and to test 
seat integrity at higher severity. 

 
• The proposed WAD risk assessment 

parameters NICmax and Nkm appear to correlate 
to real world risk of WAD causation and risk 
curves have been presented based on field 
accident findings from a limited number of car 
models from a single manufacturer. Further 
work is therefore needed before a WAD risk 
assessment parameter (LNL, Nkm, T1-rebound 
velocity, NIC, NDC, IV-NIC, etc.) can be 
finally established. The exact injury site has 
still not been established and thus, no 
biomechanical explanation to the injury 
causation is available. A biomechanical 
evaluation of an injury criterion is not expected 
in the near future. Injuries other than neck 
injuries and impact types other than pure rear 
impacts need to be considered in the definition 
of the test procedure. 

 
• The BioRID II and the RID2/RID3D are the 

best suited dummies for rear impact whiplash 
prevention testing. 

 
Further work to select a dummy for a dynamic rear 
impact test procedure and to develop 
biomechanically-based injury criteria will be 
completed by EEVC WG12. WG20 will continue 
to develop and validate static and dynamic test 
procedures to reduce rear impact injuries, with a 
focus on WAD-type neck injury reduction. 
 
 
Accident studies 
 
A new working group aimed at supporting other 
working groups by providing coordinated analyses 
of accident databases, has been recently created. 
This group is currently developing its work plan 
and discussions with other working groups have 
already identified a number of specific topics to be 
investigated. 
In side impact, the following points have raised 
from the discussions: 
• Information on oblique impacts with reference to 
crabbed test procedures, 
• Feedback on real-world experience of side 
airbags, 
• Information on lower extremity injuries, 
• Information on the injuries and circumstances of 
injury to non-struck side occupants, 
• Side impact compatibility. 

 



 

 

The group is also considering development of new 
knowledge from pedestrian accident analysis; more 
specifically, the questions dealing with head 
injuries to windscreen and A pillar contacts, and the 
risk of femur and pelvis injuries in relation to 
vehicle shape and design. The report on active and 
passive safety interactions has also raised specific 
issues to be investigated through accident analysis, 
such as: 
• Effect of new technologies on injury reduction, 
• Adaptive occupant protection systems, 
• Brake assist systems, 
• Pedestrian protection systems, 
• Methods to assess the benefits of existing and 
future systems, 
• Cost-benefit analysis methods. 
A range of research issues concerning rear impact 
protection have also been identified including:- 

• Injuries to other parts of the spine than the 
neck 

• The effects of impact speed on injury risk 
• The influence of vehicle age and occupant 

gender, stature and seating position/seat 
adjustment. 

 
 
Virtual Testing 
 
More recently, EEVC has set up a new working 
group in the area of virtual testing for safety 
assessment; as this group has just started, it is too 
early to get results; however, the EEVC steering 
committee believes that this approach is promising 
for future methods for safety assessment. 
 
 
Future of EEVC 
 
EEVC has contributed to IHRA activities from the 
beginning; two experts selected by EEVC 
participate in each IHRA working group and the 
EEVC chairman is also member of IHRA steering 
committee. 
 
EEVC will continue to support IHRA activities; 
however, EEVC considers that IHRA should 
primarily focus its work on subjects not too close to 
existing or oncoming regulations, as the area of 
IHRA is research and not regulations. 
 
EEVC has just moved to a legal status allowing the 
Committee to contract, and thus play a more 
important role in the coordination of research for 
the future of vehicle safety, and participate in 
official committees in the area of vehicle safety. 
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INTRODUCTION 

This status report, presented on behalf of the 
European Commission, presents the main 
legislative activities of the Commission concerning 
the field of automotive construction relative to 
safety. The European Commission has always 
expressed high interest in the improvement of 
safety in transport and, since the last ESV 
conference in Nagoya two years ago, a number of 
important developments have occurred in the 
European Union. 
Road Safety Policy 

The European Union has witnessed a considerable 
improvement in safety. During the last 30 years, 
the overall volume of road traffic has tripled, while 
the number of road deaths has fallen by half. 
Improved motor vehicle construction and passive 
safety measures have contributed much to this 
positive development. 

However, the fatality rate for the recently increased 
European Union of 25 members is currently about 
46,000 per year, which is still unacceptably high 
and difficult to justify. In addition road traffic 
causes about 2 million injuries, a number that has 
not decreased over recent years. 

The European Commission’s current road safety 
priorities stress the role that motor vehicle safety 
can play in reducing the risk of fatality and injury 
from accidents. A target has been set to reduce the 
fatalities by 50 % by the year 2010. To achieve this 
target the Commission has set out a Road Safety 
Action Plan which includes a series of actions to 
improve road safety.  This Plan aims to make 
vehicles safer through technical harmonisation, 
support for technical progress and the use of new 
‘eSafety’ technologies; by encouraging road users 
to better behaviour by adhering to regulations and 
the use of increased training; and by encouraging 
action to improve the infrastructure.  

Regulation 

In recognition of the importance of the global 
market and the need to globalise the regulations to 
be enforced on the industry the EC has proposed a 
certain approach to the use of UNECE Regulations. 
Subsequent to the accession of the EC to the two 
UNECE agreements on automotive regulation 

(1958 and 1998 agreements) and by reference to 
the EC type-approval Directive, either a UNECE 
Regulation or a corresponding EU Directive could 
be applied for many vehicle components or 
systems.   

However, it was sometimes the case that one or the 
other advanced faster with regard to its adaptation 
to technical progress and thus provided a better 
basis for safety benefits.  Equally, the EU 
automotive acquis turned out to be difficult to 
manage due to sheer size (more than 4.000 pages in 
90 directives) and the automotive industry 
expressed a desire for a more global technical 
approach.  

These considerations together led the Commission 
to propose, in 2004, a legal basis for the future 
simplification of the automotive acquis by the 
introduction of a procedure to replace the existing 
separate EC directives on vehicle type-approval by 
their corresponding UNECE regulations. This 
proposal is contained in the work presently taking 
place with Council and Parliament to recast the 
type-approval Directive 70/156/EEC. On 
acceptance of the recast Directive approximately 
30 separate directives on the type-approval of 
motor vehicles may be replaced by mandatory 
UNECE regulations. A similar, but much smaller 
exercise might follow for motor cycles and 
agricultural and forestry tractors. 

In addition to this use of the UNECE regulations 
under the 1958 agreement, the EC is actively 
involved in the development of Global Technical 
Regulations under the 1998 agreement.  These 
concern the recently signed gtr on door locks and 
the development of individual gtrs on pedestrian 
protection, light signalling and tyres. 

A strategic objective of the Commission in the 
coming years is to work, in partnership with the 
European Parliament and the Council, towards 
creating long-term prosperity in Europe, and in 
particular to restore sustainable dynamic growth 
and jobs.  This overall objective has been 
translated, with regard to the automotive sector, 
into the setting up, in January 2005, of a high level 
group of key stakeholders, including 
representatives from industry, society and 
regulators. The group is called CARS 21 
(“Competitive Automotive Regulatory System for 
the 21st Century”) and its objective is to make 
recommendations for increasing the worldwide 
competitiveness of the EU automotive industry, 
while sustaining further progress in road safety and 
environmental performance. The group is expected 
to propose a roadmap identifying the public policy 
and regulatory measures that should be taken in the 
next ten years, covering all policies having an 
impact on the competitiveness of the sector, 
including road safety.  
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Indirect vision 

The European Directive on rear-view mirrors is 
currently being amended with the aim to improve 
road user safety by upgrading the performance of 
rear view mirrors and accelerating the introduction 
of new technologies with the potential to increase 
the field of indirect vision for drivers of passenger 
cars, buses and trucks. Many severe road accidents 
at crossings, junctions and roundabouts are caused 
by vehicle drivers being unaware that other road 
users - usually bikers, motorcyclists and 
pedestrians – are very close to or already beside 
their vehicles when they turn. 

When larger vehicles such as trucks or buses are 
involved, these “blind spot” accidents frequently 
lead to serious injuries or even fatalities. The 
legislation would add specific blind spot reduction 
requirements to the existing rules. Concerning rear-
view mirrors the key changes would entail: 

- Mounting additional mirrors on certain vehicles 
(front mirrors on trucks, exterior rear view 
mirrors on the passenger’s side of cars, aspherical 
mirrors on passenger cars and small commercial 
vehicles); 

- Upgrading technical characteristics of mirrors in 
line with technical progress; 

- Replacing certain mirrors with other indirect 
vision systems, e.g. camera and monitor systems. 

This legislation introduced for the first time 
mandatory harmonised requirements for the type-
approval of mirrors and systems for indirect vision 
for larger motor vehicles within the EU.  The latest 
amendment requires the compulsory use of wide-
angle mirrors and close-proximity mirrors for 
trucks above 3.5 tonnes weight. 

Seat belts in light duty and heavy duty vehicles, 
including buses 

In line with the stated aim of halving the number of 
road fatalities by 2010, the European Institutions 
have adopted Community legislation which 
requires the use of safety belts where fitted. 
Presently in Europe, the requirement to fit safety 
belts is mandatory only for passenger cars and the 
European Commission has proposed to make the 
fitting of safety belts obligatory for all categories of 
vehicles, in particular in tourist coaches.   

This obligation will apply from 2006 following 
agreement by the European Parliament and Council 
on the issue of a ban on side-facing seats.  The 
technical provisions related to the installation of 
safety belts and their anchorages are already 
included in Community legislation. 

Child restraint systems 

The safety belt is the fundamental restraint device 
providing appropriate coupling between vehicle 

occupants and vehicle structure. In addition, most 
vehicles today are fitted with air-bags which help 
to minimise the severity of residual impact with the 
vehicle interior. 

Specific child restraint devices, including special 
seats and carry-cots, perform a function for 
children which is similar to that of the safety belt 
for adults and, provided that the child restraint is 
correctly installed, the airbags can provide 
additional protectio 

However, there has been a lot of concern expressed 
about the incorrect installation and use of child 
restraint systems in vehicles, which has been 
shown to be responsible for malfunctioning of the 
systems and a potential lack of protection.  There 
have also been complaints from users concerned by 
the fact that current child restraint systems, even 
very sophisticated versions, cannot easily be 
removed from one vehicle and properly installed in 
another. 

To remedy these justified concerns, an interface 
has been defined between the child seat and the 
vehicle. On the vehicle side, this interface takes the 
form of two anchor points of standardised 
dimensions and on the child seat, the form of two 
fastening mechanisms which are designed to allow 
easy connection with the anchor points. Complete 
systems can also include an anti-rotation device. 
This connection method has been included in a 
standard of the International Standardization 
organization (ISO) and is known as Isofix. 

In order to take advantage of this improvement in 
the safety of children, the Community intends to 
amend legislation to include the obligation to 
install at least two Isofix positions in all new 
passenger cars put into service from July 2006. 

Pedestrian protection 

During 2001 the Commission successfully 
concluded negotiations with the European, 
Japanese and Korean Automotive manufacturers 
organisations on a voluntary agreement concerning 
pedestrian safety The European Parliament and 
Council were consulted on the contents of the 
agreement and, as a result, the Commission 
proposed legislation on the subject in order to 
provide a legal framework for the relevant parts of 
the commitment.  

A Directive was published by the Council in 
December 2003 (2003/102/EC) which lays down 
the basic requirements to be fulfilled in the design 
of the frontal structures of motor vehicles with 
regard to pedestrian protection. Thus, the proposed 
legislation will also mean that the requirements will 
be part of the EC type-approval system, hence 
involving Member States authorities in the 
application of the legal provisions. 
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- to equip all new car and light vans derived from 
car platforms with anti-lock braking systems 
(ABS) from 1st July 2004; 

M1 passenger cars and N1 light vans, derived from 
cars, will have to pass a number of tests and 
comply with the proposed limit values. The 
requirements will be applied to vehicles of these 
categories up to 2.5tonnes weight in two phases, 
the first starting in 2005, under which new types of 
vehicles must comply with two tests concerning 
protection against head injuries and leg injuries. In 
the second phase, starting in 2010, four tests of 
increased severity will be required for new types of 
vehicles, two tests concerning head injuries and 
two concerning leg injuries. Within five years from 
that date all new vehicles will have to comply with 
these test requirements. 

 This has been completed, as agreed, for the 
fifteen member states prior to May 2004 and will 
be completed for the newer member states by 
July 2006. 

- to gradually introduce information and 
communication technology (ICT) elements to 
improve active safety; 

- to equip all new motor vehicles with Daytime 
Running Lights (DRL); 

 This has been held in abeyance until agreement 
can be reached on the approach for the use of 
such systems. The Directive recognised concerns with the 

difficulties associated with the demands in 
applying the requirements of the second phase, 
starting in 2010, and thus allowed for a study to be 
completed on the feasibility of these demands and 
possible alternative solutions using new 
technologies.  The study required has recently 
reported and has indicated that there are feasibility 
problems with the test requirements.  It has made 
some recommendations to improve the situation 
and consideration is now being given to measures 
suggested and any consequent change in the levels 
of risk for the pedestrian.  The terms of the study 
allowed an examination of the use of new 
technology active safety systems.  Thus, it 
addressed issues of the use of two new 
technologies, brake assist and pop-up bonnets, to 
be used in combination with passive safety 
requirements. 

- not to install rigid bull-bars as original equipment 
on new motor vehicles, nor to sell them as spare 
parts. 

With respect to the use of rigid bull bars and 
following the views expressed by the Council and 
the European Parliament, the Commission has 
proposed legislation containing a test procedure for 
all bull-bars and similar devices placed on the 
market and which are intended for use on vehicles 
up to 3.5 tonnes weight.  It is expected that this will 
be issued as a Directive this year. 

eSafety 

In the recent years an eSafety Forum has been 
established with the specific purpose of bringing 
together all the relevant stakeholders to promote 
the development and deployment of information 
and communication technologies to improve road 
safety.  A number of working groups have been 
established to examine certain technology areas of 
interest.  Some of those are: 

The European and Japanese manufacturers 
associations also completed studies on the 
feasibility issues and were of the opinion that there 
were definite problems in achieving the required 
results of the tests.  The European Association 
brought forward an approach utilising the 
technology of brake assist to maintain the benefits 
to the pedestrian.  In fact, figures provided 
indicated an improvement above and beyond the 
foreseen benefits of the second phase of the 
Directive.  As a result, the Commission undertook 
an extended study period to address the issue of 
brake assist and assess the value of utilising a 
combined passive (using a modified version of the 
requirements of phase two of the directive) and 
active (utilising the brake assist technology) safety 
approach.  This report has recently been made 
available and a review of the recommendations will 
be carried out to conclude on the best way forward. 

- Automotive Short-Range Radar 
 To date, the development and deployment of 

these systems has been limited by the cost or 
limited functionality of the available sensors and 
processors and the eSafety Forum has strongly 
supported efforts to enable the use of new 
technologies in this field.  In line with the 
concerns of the group a Commission Decision of 
July 2004 (2004/545/EC) designated the 79 GHz 
ultra-wide frequency band as the most suitable 
band for the long-term development and 
deployment of automotive radar-based systems.  
However, the technology necessary for such radar 
is still under development and is unlikely to be 
available for a number of years and thus a second 
decision (2005/50/EC of 14 January 2005) 
provides for the opening of the 24 GHz range 
radio spectrum band for automotive application 
as a short-term solution.  

In addition to the introduction of measures to 
improve the design of car fronts, the motor vehicle 
manufacturer associations also undertook to 
introduce certain additional active and passive 
safety measures conducive to improved protection 
of pedestrian and other road users: 

- eCall 
 The Forum established an eCall driving group to 

look into the issues around a pan-European 
automated emergency call system, as this is seen 
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as a priority both for the industry and the public 
sector. 

 The principle being established by the eCall 
Driving Group is that in cases where a vehicle is 
involved in an accident, an eCall can be initiated 
automatically.  This call will provide data that 
can accurately locate the vehicle and possibly 
include additional safety-related information.  
The data can be passed directly to the most 
appropriate Public Service Answering Point 
enabling emergency response times to be cut 
dramatically, saving lives and reducing the 
consequences of serious injuries. Recent studies 
suggest that fully deployed, eCall could save up 
to 2000 lives in Europe per year. 

 It is expected that agreement on eCall 
standardisation and specifications can be 
achieved by the end of 2005, that full scale field 
tests could take place in 2006 and that by 2009 
eCall could be introduced as a new technology in 
all new vehicles. 

- Human-Machine Interface (HMI) 
 The purpose is to identify HMI-related problems 

likely to have a negative impact on safety and to 
identify markets for In-vehicle driver information 
and assistance systems, and consequently develop 
a work-plan to resolve issues and solve problems. 

 Recommendations from the work referenced 
issues relating to the use of nomadic devices and 
the functionality provided.  There was 
recognition of the requirement for further 
research to be carried out on the phenomenon of, 
and assessment methods for, driver distraction. 

SUMMARY 

On the legislative side the Commission has during 
the last two years brought forward proposals to 
strengthen certain passive safety requirements like 
indirect vision via mirrors and the installation of 
seat belts in busses. In addition, a Directive on 
Pedestrian Protection has been introduced and 
work continues, not only to develop the next phase 
for this Directive but also on other aspects 
providing protection for vulnerable road users. 

Furthermore, the Commission is actively 
encouraging the introduction and wide spread 
deployment of new technologies, including 
information and communication technologies, to 
improve vehicle safety and in particular to support 
the driver. It is expected that the introduction of 
such devices in many areas may be facilitated 
without the need to be accompanied by legal 
requirements.  

One way of achieving this is to authorise individual 
vehicle manufacturers to proceed with innovative 
solutions despite the fact that the legislation in 
question is not yet adapted to the new technology. 
Thus, the European Commission authorised the 
introduction of intermittent brake lights in order to 

provide a warning to other drivers of a high 
deceleration of the vehicle in question. This 
approach also may have potential for vehicles 
equipped with short range radar which may lead to 
automatically triggered braking.  



STATUS REPORT OF FRANCE 
 

 This program has allowed to continue the 
decrease of road fatalities over time: more than 25% 
over the last two years, as shown on figure 1. 
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ABSTRACT 
 
 The actions of public authorities to improve road 
safety in France have three orientations: drivers, 
roads and vehicles:  
- For drivers, the actions involve chiefly training, 
which is seen as part of an educational continuum 
starting in school and continuing throughout the 
driver’s life: this priority is reflected in the 
strengthening of the partnership with the Ministry of 
National Education, and in the development of post-
license training programs and the reform of the 
driver’s license test.  
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 The desire to mobilize all parties involved has led 
to communication efforts in the form of a national 
campaign and local actions.  
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 Also, controls and penalties demonstrate their 

usefulness and the necessity that rules be respected.   
mee- The safety of infrastructures, the improvement of 

road signs and information for drivers are also 
important factors in improving road safety.  
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- The last orientation, technical regulations for 
vehicles, should further improve safety and also 
increase aids for driving using means of information 
as well as systems such as speed limiters that can be 
adapted by drivers.   
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 These actions are only possible thanks to the 
development of a better understanding of 
accidentology and through strong local policies 
aiming at involving all State services and local 
communities as well as many associations in areas 
well beyond road safety in the strict sense. 
 
INTRODUCTION 
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 The French Government has developed a strategy 
for improvement of road safety. This strategy 
involves several actors which are working together in 
an organised program with clear objectives in the 
areas of road safety policy, information and 
communication, local and national partnerships, 
driver education, road improvements and vehicle 
safety. 
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ional Road Safety Policy 

The Interministerial Committee for Road Saf
ts regularly and had decided the following ac
 a/ Seeking to improve road safety throu
sideration of the draft law to reinforce efforts
ent road violence and the signing of a decree

cerning road safety and by the establishment
 working groups in charge of medical aptitud
ing.  
b/ Providing information and increasing 
reness of responsibilities to develop a road s
ure involving life-long driving education (AS
ool road safety certificate) and reform of wri
er’s license test), extension of the authority o
l judges, launching of a promotion campaign
hol breath tests, registration of mopeds with 
sure coming into effect in 2004 and by 

adening the composition and the missions of 
ional Road Safety Council.  
c/ follow-up for decisions from the preceding
R meetings: extending of the work of the two
king groups in charge of evaluation of medic
tude for driving, deployment of automated co
em, drawing up of guidelines for reception o
ilies of victims at hospitals.  
 d/ broadening the mobilization through: the 
ing of the State/Insurance convention provid
the annual allocation of 0.5 % of third party 
ility automobile premiums received to road s
ons, organization in all departments of 
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departmental road safety meetings in cooperation 
with insurers.  
 
  
Automated control-penalties  
 At the end of  2002 it was decided to deploy an 
Automated Control-Penalty System throughout the 
country. The objective set was to install 100 units in 
2003 and 1000 before the end of 2005. 30 % of the 
units are mobile (on police and gendarme vehicles). 
The criteria used for choosing sites are: the frequency 
of accidents at the locations, an established link 
between the accidents and speeding in these areas, the 
difficulty of carrying out human police controls; for 
highway sites, the locations were chosen based on 
logical itineraries so that there would be the same 
probability of being checked anywhere on the 
highway network.  
In order to make the system credible and efficient, it 
was decided from the beginning that the entire chain 
would be automatic.  
 The goal of transparency with respect to users 
was achieved through a communications policy on 
several levels: general public information to drivers 
concerning the installation of the systems; the map of 
the radars was published and is updated on the 
Internet sites of the Ministries of Equipment and of 
the Interior; brochures explaining the functioning of 
the automated control system were widely 
distributed; at all of the sites, radars are announced 
with specific signs; when they are put in service, 
communication actions are taken by local authorities 
in the various media; in order to answer questions 
from users, an E-mail box is available on the road 
safety site and a telephone hot line is available.  
As soon as the first radars were installed, speed levels 
dropped drastically at the monitored sites and in 
general on the whole highway system. There was a 
very sharp drop in the most extreme speeding.  
The next developments with the system will give 
priority to recognition of foreign license plates. For 
the 2nd phase of deployment in 2004-2005, systems 
will be installed to allow for monitoring of trucks. 
Experiments are now underway for the development 
of units to detect cars that run red lights, and that 
don’t observe the necessary distance between cars, 
train crossings and bus lanes.  
 
 The main measures taken during the last two 
years concern: 
- improvement of the control efficiency particularly 
of speed: widespread use of laser binoculars and 
automatic checks.  
- increase in penalties for speed (immediate 
withholding of the driving licence above 40 km/ph), 

alcohol (withdrawal of 6 points out of 12), seatbelts 
(withdrawal of 3 points out of 12); 
- probationary driving licence for the inexperienced 
drivers that will only have 6 points for the first three 
years. 
 
 The new measures, studied or considered mainly 
within the National Council for Road Safety, 
concern: 
- setting up of local observatories of behaviours 
concerning speed, seatbelt use and alcohol; 
- traffic police; 
- quality certification of infrastructures or, failing that, 
of infrastructure managers. 
 
 Finally, the alignment of the French definitions of 
a killed people and a seriously injured person on 
international standards (a killed people as a person, 
who died one month after the accident and inpatient), 
initially planned for January 2005, has been 
postponed probably for the beginning of 2006. 
 
 
Local road safety policies and national 
partnerships   
 
Departmental organization and regional efforts   
 In their joint circular to the Prefects on 30 January 
2003, the Minister of the Interior and the Minister of 
Equipment requested that road safety be addressed in 
the framework of the new territorial systems for 
prevention and the fight against criminality: the 
Departmental Prevention Council, the Local Safety 
and Criminality Prevention Councils, the 
Departmental Safety Conference.   
 
Departmental Road Safety Meetings   
 The Departmental Meetings gave State and local 
community representatives an opportunity to discuss 
the main factors involved in road safety with local 
figures and often to jointly choose priority actions.  
  
National partnerships  
 The mobilization for the taking into account and 
prevention of road risks continued in 2003 between 
the various groups involved (CNAMTS, companies, 
insurers, prevention agencies) in various forms. Many 
associations benefited from subsidies from the DSCR. 
The Ministers of Health and Families issued a set of 
standards for working with families of road accident 
victims.  
 
Driver education 
 
Reorganization of driver’s license test  
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Safety Control for Road Projects   A highlight of 2003 was the deconcentration 
within the DDE of the driver’s license department 
and the reorganization of the driver-training 
department, which became the department of road 
education.  

 Safety Control for Road Projects (CSPR) aims to 
improve the quality of new or renovated 
infrastructures. It includes three components: a 
quality approach so that safety is taken into account 
at all stages of projects, an inspection including a 
safety audit before the opening for service, safety 
appraisals immediately after the start of service and 
in normal use situations.  

 In 2003 several actions were taken for better 
training of drivers and more efficient monitoring of 
novice drivers within the framework of the driver’s 
license test.  The first applications of this control - the audits 

before the start of service - were carried out in 2002 
and 2003. They will be analyzed and summarized in 
2004 in order to draw initial conclusions.  

 These actions were based on:  
- an in-depth reworking of the general theoretical test, 
the contents of which were adapted to put the 
emphasis on the behavior of learner drivers with the 
idea of sharing the road with other drivers and calm 
driving;  

 
Flawless road signs  
 Several actions contributing to the improvement 
of the quality of road signs were carried out in 2003: 
consciousness-raising for elected officials and 
technicians and the launching of a campaign targeting 
authorities concerning the aptness of police signs.   

- a major reform of the road test for the driver’s 
license with a significant increase in the actual 
driving time to 25 minutes. 
 Lastly, in order to improve the safety of driver’s 
license inspectors and road safety at test centers, a 
provision was introduced in the law against road 
violence to severely punish anyone who attacks an 
inspector.  

 
Safety improvement on the national road network   
 The State-region contracts of the XIIth plan signed 
in 2000 include, in each region, a safety project 
developed from the regional safety development 
plans. The State’s share of this project involves a cost 
of 134 million euros. With the contributions of local 
communities, this means that more than 300 million 
euros is devoted to safety work (more than double the 
amount for the XIth plan). Also, the amount devoted 
to safety developments through local initiatives, or 
12.2 million euros per year, was supplemented in 
2003 by an additional 3 million euros devoted to 
restraint systems adapted to motorcyclists. Lastly, a 
priority was set in these safety improvement 
programs on the national road network for dealing 
with lateral obstacles.  

 
Development of the educational continuum  
 This involves making sure that all young people, 
those in school, those who have left school, and those 
who have recently arrived in France, have received 
training in road safety and have acquired a minimum 
level of theoretical knowledge of road risks and rules 
applicable to driving before they begin driving motor 
vehicles. The following are now obligatory:  
- ASSR (school road safety certificate) level 1 or 
ASR (road safety certificate) for signing up for 
practical training for driving a moped or a light four-
wheel motor vehicle (voiturette) and the obtaining of 
a road safety certificate (BSR),   - ASSR level 2 or ASR for signing up for driver’s 
license (car or motorcycle).  Intelligent transport  

 The ACTIF project, started in 2000, aims to 
develop a Framework Architecture for Intelligent 
Transport in France. 2002 and 2003 were turning 
points in the preparation for distribution: better 
promotion of ACTIF to its potential users, facilitating 
its use, implementing this use.   

 
Provisional license  
 The legislative and regulatory texts for the 
establishment of provisional licenses for novice 
drivers have been prepared.  
  Actions started in the European programs SERTI, 

CENTRICO and ARTS were continued. They 
involved particularly: the application of cross-border 
traffic management plans, automated exchanges of 
DATEX data with our European partners, the 
deployment of a European road information Internet 
gateway and telematic systems and services on the 
trans-European road network.   

Roads  
 
Improvement of road safety policies  
 The “road safety management and practices” 
project in testing since the end of 2001 allowed for 
the identification in 2003 of more than 200 actions 
and application of about one hundred actions in 
various sectors of activity of the deconcentrated 
Equipment Ministry departments.   

Vehicles     
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      In addition to measures taken  in the area of 
public policy and infrastructure improvement, several 
measures in the area of vehicles safety were taken. 
      
Technical regulations  
 The main regulatory texts of 2003 involve:  
- obligatory wearing of seat belts in all vehicles 
equipped with them (extension to trucks and buses 
occupants)  
- registration of mopeds,  
- introduction of European car registration.  
 
Technical inspections  
 In 2003, 17.27 million inspections including 
14.87 million initial inspections were carried out in 
the 5,128 authorized inspection centers (4,633 
specialized centers and 495 auxiliary centers). The 
14.87 million initial inspections included 12.92 
million for private cars and 1.95 million for light 
service vehicles. These results reflect a 2.2 % 
decrease in the number of inspections compared with 
2002.  
 
 
Day time running lights 
 The main new measure that has been recently 
implemented during the last few months, concerns 
the Day time running lights in open country in the 
form of a simple recommendation from 30 October 
2004, knowing that an assessment device will be 
implemented to decide whether this recommendation 
is maintained or becomes an obligation. 
 
SUPPORT TO RESEARCH ACTIVITIES 
 
 In addition to the above actions, the National 
Research Program for Road Transport (PREDIT) is 
supporting more research works in the area of vehicle 
safety; especially, within the group in charge of the 
area "Technology for vehicle safety", five research 
projects dealing with the protection of vulnerable 
road users (pedestrians and motorcyclists) are in 
place. These projects are not yet completed, however 
it is expected that the results of researches done 
within these  projects will allow to improve the safety 
of vulnerable road users, especially two wheelers 
which are the users population with the highest risk. 
These projects are made in cooperation between 
public research and industry, and have links with 
European projects in the same area. 
 France continues to support the participation of 
research laboratories in European projects and 
European Networks of Excellence. 
 As member of EEVC, we consider that 
international cooperation in the area of preregulatory 
research is very important; we have accepted to chair 

the EEVC and push the committee towards new 
goals: getting a legal status in order to become a 
formal organization, and developing new EEVC 
activities in the area of accident studies and virtual 
testing. Considering that improvement of vehicle 
safety becomes more difficult we believe that 
international cooperation is needed, and with the 
limited resources available worldwide it is important 
to avoid duplication and to use the best available 
expertises. 
 Taking that into account we consider that the 
technical content of new regulations and the 
improvement of existing regulations have to 
developed within WP29/GRSP. EEVC is the place to 
develop and make available research results which 
may be used at European level for improving 
regulations, however EEVC shall not be involved in 
the regulations drafting. Mirrored to EEVC at 
European level IHRA would contribute to the 
harmonisation of common interpretation worldwide 
of research results, facilitating future agreement on 
new or improved regulations. Taking the above 
statement France strongly support the EEVC 
activities and will continue to propose to EEVC new 
areas of activities to prepare the future of vehicle 
safety. We will also support the work of IHRA 
considering that it should be limited to areas not 
interfering with ongoing regulations; on the opposite 
IHRA outputs can contribute to GTR works, as it is 
the case in the area of pedestrian safety. 



STATUS REPORT OF THE FEDERAL REPUBLIC OF GERMANY 

President and Professor 
Dr.-Ing. Josef Kunz 
Federal Highway Research Institute (BASt) 

 

It is a particular honour for me to present the 
German government’s Status Report  to you. 

SECURING MOBILITY AND MAKING 
MOBILITY SUSTAINABLE 

It is the task of modern transport policy to 
ensure that we maintain a high level of mobility in 
Germany; this policy is based on the principle of 
sustainability and balances economic, ecological 
and social requirements. The mobility of society 
will in future continue to be an important 
prerequisite for progress, prosperity, growth and 
employment. Mobility means individual freedom 
and flexibility and is therefore the central aim of 
the German government’s transport policy.  

Transport integrates industrial and residential 
areas. In the era of globalisation, citizens, and 
indeed our economy which is based on the division 
of labour, are dependent on highly efficient 
mobility. The accessibility of the regions largely 
depends on the existence of high-quality 
infrastructure and an efficient transport industry. 
For Germany, located in the centre of Europe, this 
is both a challenge and an opportunity. 

Germany is currently already the no. 1 transit 
country in Europe. According to current 
predictions, there will be a large increase in 
distances travelled by 2015; this will be caused by 
a number of factors, including European integration 
and the eastward expansion of the European Union. 
These predictions estimate an increase of approx. 
20% in passenger transport and of more than 60% 
in goods traffic. The key to coping with these 
enormous challenges is an integrated transport 
system combining all traffic carriers and the use of 
their specific advantages. 

The core element of the transport policy is an 
integrated overall concept which includes all traffic 
carriers and enables them to use to derive 
advantage from their specific potential. The 
concept of an integrated transport policy means a 
cross-carrier approach to measures related to 
investment, regulatory and innovation policies. 

With 82.5 million inhabitants, Germany has 
the largest population in Europe. On 01.07.2003 
there were 44.9 million private cars registered in 
the Federal Republic of Germany. Compared with 
the previous year this constituted an increase of 
0.7%. Further increases in the car population are 
expected in coming years. The average traffic 

volume for 2001 on the approximately 12,000 km 
of federal autobahns was 48,700 vehicles per 24 
hours. The overall number of kilometres travelled 
by all motorised vehicles in 2003 was recorded at 
682,200 million vehicle km; of these, 
213,100 million vehicle km were travelled on 
federal autobahns and 108,400 million vehicle km 
on federal roads in rural areas. 

The most important prerequisite for coping 
with the traffic volumes is for our transport 
infrastructure to be modernised and expanded. 
Approximately 90 billion € are to be invested in 
this area by the end of the decade as part of the 
Programme on the Future of Mobility 
(Zukunftsprogramm Mobilität). The employment 
policy effects linked with this are considerable, as 
with every thousand million € invested, approx. 
24,000 jobs are secured during the construction 
phase. 

The successful introduction of a distance-
related fee for the use of autobahns by domestic 
and foreign lorries means that there is a fairer 
charge for transport infrastructure costs. Most of 
the revenue from the lorry toll is earmarked for 
reinvestment in the transport infrastructure. The 
revenue is initially being invested in the 
Programme to Combat Traffic Congestion (Anti-
Stau-Programm). It is planned to invest 
approximately 3,800 million €  in this programme 
from 2003-2007 for the purpose of eliminating 
bottlenecks on rail, roads and waterways. 

State-of-the-art telecommunication and 
information technologies (telematics) such as 
traffic management systems on autobahns play an 
important role in preventing traffic congestion, 
protecting the environment and improving traffic 
safety. Approximately 200 million € are to be spent 
in the 2002-2007 Programme on Managing Traffic 
on Federal Autobahns (Programm zur 
Verkehrsbeeinflussung auf Bundesautobahnen) so 
that by the end of 2007 approximately 1200 km of 
autobahns will be equipped with management 
systems. Experiences so far have shown that the 
number of accidents can be reduced by up to 30%. 
The federal government also supports the 
development of Galileo, the European satellite 
navigation system. This will open up a large 
number of innovative possibilities in the field of 
communication technology, in particular in the 
transport sector. 

To ensure that we maintain our high level of 
mobility in the long term, it will in future be 
necessary to achieve a greater balance between the 
economic and ecological effects of transport.  
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STRATEGIES FOR ROAD SAFETY Currently, the driving and rest times of more 
than 600,000 lorries, buses and coaches are 
checked each year (approximately half of these are 
domestic vehicles and half of them foreign 
vehicles). It is intended in the long term to increase 
the number of vehicles checked to approximately 
800,000 per year.  

In The Federal Republic Of Germany 

Increasing mobility will only be accepted in 
society if traffic safety increases at the same time 
and the general climate on the roads improves 
noticeably. In 2001, the “Programme for More 
Safety in Road Traffic“ (Programm für mehr 
Sicherheit im Straßenverkehr) highlighted ways 
and means for Germany to protect people’s lives by 
preventing accidents, reducing the severity of 
accident consequences and bringing about 
sustainable reductions in the socio-economic loss 
resulting from road accidents. The aim is to 
maintain and improve safety as mobility increases.  

Safe vehicles  

Support is being given to the introduction of 
new information and communication devices in 
vehicles and their implementation and 
establishment on the market, in order to bring about 
improvements in traffic safety. For this reason 
Germany is actively involved in the European 
Commission’s e-Safety initiative which has created 
a working group on the subject of “Human-
Machine-Interaction“ and deals amongst other 
subjects with the updating of safety requirements 
for this interface.  

Improving traffic safety requires not only 
governmental action but also needs each individual 
to show responsibility and the willingness to make 
their own contribution to achieving greater traffic 
safety. The traffic safety programme aims at 
perceiving traffic safety as a task for all social 
forces. The implementation of the programme and 
its effects on traffic safety are under constant 
observation and are being adapted to current 
developments in traffic safety to further optimise 
the results. 

To improve pedestrian safety in head-on 
collisions with cars, the European Directive 
2003/102/EC on the protection of pedestrians and 
other unprotected road users contains requirements 
regarding the construction of the front of cars and 
light goods vehicles (permissible overall weight of 
up to 2.5 tons), which are intended to reduce the 
severity of injuries suffered by unprotected road 
users in collisions with motorised vehicles. 
Germany was integrally involved in the preparatory 
work. The federal government also supports the 
introduction of additional binding regulations for 
front protection systems on new vehicles and as 
upgrade parts. 

As well as implementing the five priorities of 
the Programme for More Safety in Road Traffic:  

- improving the traffic “climate“; 

- protecting weaker road users; 

- reducing young drivers’ accident risk; 
Safe infrastructure  - reducing the potential for danger presented by 

heavy goods vehicles; and The development of a road safety audit for 
Germany, which is provided for in the traffic safety 
programme, also serves to support the safety of the 
transport infrastructure. In view of the positive 
experiences made abroad, a working group has 
developed a safety audit for autobahns, rural roads 
and short through-roads which is suitable for 
Germany and has also designed training measures 
for auditors. Extensive tests on real draft audits 
have proved the effectiveness of the measure. The 
road construction authorities in most of the federal 
states now carry out safety audits for new 
construction work, restructuring work and 
extension work which is to be carried out on federal 
trunk roads. 

- increasing road safety on rural roads; 

a large number of individual measures are 
also being carried out in Germany in the fields of 
safe behaviour, safe vehicles, safe infrastructure 
and telematics, focusing in recent years particularly 
on the following points which can only be touched 
upon in the course of this speech: 

Safe behaviour  

The legal basis for a "second phase of 
training" has been created ("Second phase of driver 
training ") in order to improve the safety of young 
drivers. The “accompanied driving from the age of 
17“ measure which is currently being tested also 
serves this aim of reducing the number of accidents 
involving novice drivers. The aim is to reduce the 
above-average accident risk of young novice 
drivers in their initial phase of independent driving 
by enabling these drivers to gain extensive driving 
experience in the accompaniment of adults before 
they obtain their driving licence.  

Telematics  

The aim in this area is to bring about close 
collaboration between those responsible for 
transport policy, industry, traffic carriers and the 
services sector in order to enable telematics 
appliances to be introduced widely. Guidelines 
have been created for the design and installation of 
information and communication systems in 
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motorised vehicles and for the public-private 
cooperation in the case of telematics services for 
route recommendations. 

International vehicle-engineering measures 

The adoption into national law of 
international regulations provides an important 
contribution towards traffic safety and 
environmental protection in the field of 
construction and performance standards for 
vehicles. Mention should be given in this regard, 
for example, to the work carried out as a member in 
the UN Economic Commission for Europe (ECE) 
and as a Member State of the European Union 
(EU).  

A particular focal point over the last two years 
comprised the extensive revision of the regulations 
for indirect vision out of vehicles to avoid the so-
called blind spot and the introduction of regulations 
on the protection of pedestrians in collisions with 
vehicles. 

ACCIDENT STATISTICS 

The number of road traffic accidents in 
Germany has decreased by approximately 4.8% 
compared with 2001, with approximately 2.26 
million accidents occurring in 2003. The number of 
personal injury accidents decreased by 5.5 % to 
approximately 355,000 accidents. There was no 
significant change in the distance travelled (2003: 
682,200 million vehicle kilometres) compared with 
2001. 

The number of traffic fatalities has decreased 
from 6,977 in 2001 and 6,842 (2002) to 6,613 in 
2003 which is the lowest figure since 1953. In 2001 
there were 4,023 fatally injured car occupants, in 
2002 this figure sank to 4,005, and in 2003 there 
were 3,774 fatally injured car occupants. This 
corresponds to approximately 57 % of all persons 
killed in road traffic being car occupants. 

Most of the personal injury accidents (approx. 
65%) in 2003 occurred in built-up areas; the 
percentage of fatalities, at approximately 25 %, is 
significantly lower. In contrast, significantly fewer 
personal injury accidents were recorded on rural 
roads, at approximately 29 %; however, the 
percentage of fatalities is, at approximately 63%, 
extremely high. About 6.4% of all personal injury 
accidents occur on autobahns, on which 12 % of all 
traffic fatalities are recorded. 

ACCIDENT RESEARCH 

The Federal Ministry of Education and 
Research (Bundesministerium für Bildung und 
Forschung – BMBF) has been funding research and 
development projects related to the improvement of 

road traffic safety for many years. For some years 
now, one of the main areas of traffic safety research 
has been the in-depth research and development of 
telematics systems. 

The development and introduction of modern 
sensory and control systems, as well as systems 
involving data recording and communication, 
control and information technologies, makes it 
possible to reduce deficits in traffic management 
and deficits in road users’ knowledge of up-to-date 
and complete information. This will in future 
enable critical situations in traffic to be recognised 
as they occur and then avoided, due to the driver 
being informed in advance and/or also actively 
supported.  

The following projects have been financed 
with a volume of approx. 100 million € by the 
Federal Ministry of Education and Research 
(BMBF): PROMETHEUS, BEVEI and MoTiV. 
MoTiV built on the results of the preceding 
projects and for example developed systems which 
provide drivers with effective support in critical 
situations with regard to the choice of vehicle-to-
vehicle distance and speed (Adaptive Cruise 
Control - ACC) and warn the driver of potential 
conflicts with other road users when the driver 
changes lanes or turns off roads (turning and lane-
changing assistance (Abbiege- und Spurwechsel-
Assistenz - ASA)); these systems were also tested 
in demonstration vehicles during the MoTiV 
project, with promising results. Car manufacturers 
now offer customers these systems in new vehicles. 

The project network entitled “The Safe Road“ 
(Die Sichere Straße) supplemented and extended 
the work on improving active safety. The work in 
this network focused on research activities for the 
better recognition and improved protection of 
weaker road users. Another main area of research 
was how assistance systems should be structured to 
provide drivers with optimum support and how, in 
particular, it can be avoided that drivers are 
subjected to too many, or too few, demands.  

These activities included e.g. the development 
of a system to provide vehicle-to-vehicle radio 
warning at a distance of 1 – 2 km in order to 
improve protection against rear-end accidents, in 
particular in bad visibility conditions – fog, bends, 
hill-crests etc. – by warning drivers in time of the 
following traffic, and if necessary of the oncoming 
traffic. 

This radio warning system was developed 
further by German and French partners as part of 
DEUFRAKO (German-French cooperation in 
traffic research). The functioning system was 
presented to the public using vehicles from the 
Renault, PSA and DaimlerChrysler companies. 
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One of the main areas being focused on in the 
current INVENT research initiative (Intelligent 
Traffic and User-friendly Technology - 
Intelligenter Verkehr und nutzergerechte Technik), 
which includes over 20 participating partners from 
the German automobile manufacturing and supply 
industries, is the combined project entitled “Driver 
Assistance, Active Safety“ (Fahrerassistenz, Aktive 
Sicherheit - INVENT FAS). This deals with the 
development of driver-assistance systems and has a 
total project volume of approximately 35 million € 
over four years (2001 – 2005). Cross-section 
projects on "Recording and interpreting driving 
environment“ (Fahrumgebungserfassung und 
Interpretation), "Driver behaviour, MMI" and "The 
effect of traffic, law and acceptance" support the 
application-based projects e.g. "congestion 
assistance" and "predictive active safety". 

Based on today’s ACC systems, the sub-
project on "congestion assistance" developed a 
support system for congested situations which 
provides both longitudinal and lateral routing. It 
also investigated possibilities for improving traffic 
flow through vehicle-to-vehicle communication.  

The sub-project on "Predictive active safety" 
focused on four main areas. A junction assistance 
system was designed with the aim of providing 
support functions regarding right-of-way when 
approaching a junction, protection if the right-of-
way or red traffic lights are ignored, and assistance 
in turning onto and off roads. The lateral routing 
assistance system is intended to enable the driver to 
be protected from leaving the roadway and from 
lateral collisions and also make emergency 
avoidance and lane-changing manoeuvres safe. The 
integration of environment sensor systems into 
novel passive and active safety systems is intended 
to increase the protection of bicyclists and 
pedestrians in the case of unavoidable collisions. In 
the area of predictive driving-dynamics control 
systems, the objective was to combine new 
environment sensor systems with electronic 
stability programmes to improve lane-holding in 
situations where the driver can no longer safely 
control the vehicle.  

The aim of SafeTruck, a project specifically 
geared towards improving the safety of goods 
vehicles, is to develop active, predictive safety 
systems which are intended to prevent the 
occurrence of frontal collisions with moving and 
stationary obstacles, lateral collisions at junctions, 
collisions when turning on to and off roads and also 
to prevent the vehicle from leaving the roadway, or 
to reduce the accident consequences if the above do 
occur.  

The aim of these research efforts to improve 
traffic safety is to implement in the long term safe, 
partially autonomous driving with a variety of 

functions supporting the driving of vehicles, 
without releasing drivers from their responsibility. 
This will require, amongst other steps, the 
development of adaptable systems which can also 
deal with and process rudimentary information. 

In view of the growing number of road 
tunnels and their growing average length, traffic 
safety research also includes the development and 
testing of new approaches to protection against fire 
in tunnels. The possibility of fire accidents in 
tunnels can never be excluded; the events in recent 
years (e.g. the Montblanc and Gotthard tunnels) 
show, however, that there is a need for research in 
this area due to the tragic sequence of events and 
the relatively high number of victims. The "Fire 
protection in tunnels“ (Brandschutz in Tunneln) 
project aims to develop a high-pressure water mist 
spray system which should if possible prevent the 
development of smoke and harmful substances as 
well as actually fighting the fire, and in this way 
improve the orientation of affected road users and 
reduce toxic harmful substances to the extent that 
those concerned can be rescued safely, or rescue 
themselves. 

The Federal Minister of Transport, Building 
and Housing has continued his many research 
efforts since the last ESV Conference in Nagoya in 
2003; the Federal Highway Research Institute 
(Bundesanstalt für Straßenwesen – BASt) has 
played an important role in this research. Below are 
descriptions of the main activities in the areas of 
vehicle safety and the environment: 

PASSIVE VEHICLE SAFETY 

The surveys carried out at scenes of accidents 
have been continued. Some of the evaluations 
conducted in the last two years using these data 
were as follows: the potential for adaptive front 
lighting, pelvic injuries to pedestrians, accidents 
involving lorries turning right, analysis of head-
impact areas regarding car occupants in head-on 
collisions, grip behaviour in the wet (aquaplaning) 
relating to the tyres of goods vehicles of up to 2.5 
tons, a whiplash study, accidents when the side 
airbag has been released, accidents involving vans 
of up to 3.5 tons, rollover accidents of cars.  

As reported before, in addition to the team in 
Hanover, a second team funded by the German 
automobile industry has been recording accident 
data since the middle of 1999 in the Dresden survey 
area. Currently, almost 1,000 accidents per year are 
recorded using the same methodology as that used 
in the Hanover survey area. The accident data from 
both survey areas are brought together in the joint 
GIDAS database (German-In-Depth-Accident-
Study). At the end of June 2004, this database 
comprised a total of 9,167 accidents involving 
16,335 vehicles and 23,596 injured persons.  
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The BASt concentrates on its involvement in 
all currently active EEVC working groups. The 
state of the work in these groups at present will be 
reported on in detail at another point during this 
conference. 

EEVC WG 12 discusses the improvement of 
the existing dummy generation. The BASt has 
investigated the interaction of impact forces on the 
legs and forces measured in the pelvis in order to 
continue the development of the side dummy 
EuroSID. The modifications to the side impact 
dummy were so extensive that this dummy type 
was renamed ES II. The dummy was included in 
the European regulations and is increasingly taken 
into account in the US-FMVSS. The work on the 
new side impact dummy WorldSID, which is 
intended to replace the dummies US-SID and ES II 
as a standard dummy to be used worldwide was 
supported by the EU Commission in the SIBER 
project. The BASt tested the “pre-production 
version“ of WorldSID in sledge tests and accident 
reconstructions. THOR, a new frontal dummy 
which is to be used worldwide, is being developed 
and tested as part of the FID project which is 
supported by the EC Commission, and which the 
BASt also participates in. The investigation results 
of the working group are also incorporated into the 
work of IHRA. 

The investigations into the revision of the 
legal requirements of the side impact (EEVC WG 
13) with regard to the head impact in the vehicle 
interior have not yet been completely finished. The 
aim is to continue the development of the side 
impact test procedure designed by EEVC based on 
the test procedure already prescribed in the USA. It 
is, however, to be expected that there will be 
divergences in the stipulations regarding impact 
areas and directions of impact for the impact bodies 
on account of the different vehicle fleet in Europe 
and the high seat-belt usage rates. 

Different deformation elements for the side 
impact test procedure (ECE Regulation 95), 
manufactured according to the performance 
standards drawn up by the EEVC, led to different 
development objectives regarding the development 
of car side structures. The additional certification 
test procedures with extended specifications which 
were developed in a large-scale series of tests 
involving several international institutions, have 
now been incorporated into ECE R. 95. 

EEVC WG 15 conducts investigations into 
the compatibility between cars in accidents. The 
VC-COMPAT project, which is funded by the EU 
Commission and due to run for three years, was 
launched in this regard in March 2003. The project 
is intended to produce a proposal for a test 
procedure to evaluate the compatibility of cars in 
accidents. The project has developed 

methodological approaches to evaluating accident 
data from in-depth accident records and the 
potential benefit of a good car-to-car and car-to-
truck compatibility. Work has also been carried out 
in the project to estimate the percentage of the 
vehicle occupant population which would have a 
benefit of good compatibility. Furthermore, the first 
drafts for possible crash-test procedures have been 
tested. The work of the EEVC WG 15 represents a 
considerable contribution to the work of the IHRA 
working group on compatibility. It is intended that 
a branch of the VC-COMPAT project should 
develop test procedures on truck underride 
protection systems.  

Based on the test procedures for the protection 
of the pedestrian in car accidents which have been 
revised by the EEVC WG 17, the EU Commission 
has drawn up a proposal for a directive and in 
December 2003 published it as a framework 
directive consisting of two phases. The test 
requirements of the vehicle front of cars are 
intended to be implemented for all newly 
homologised vehicles in a step-by-step procedure 
with increasingly stringent requirements being 
introduced up until 2015. The test procedures of 
Phase II have now been improved. Elements for 
pedestrian protection from the field of active 
vehicle safety, such as brake assistants, are being 
tested. Results from the working group are also 
incorporated into the discussions of the IHRA 
working group on Pedestrian Protection and of the 
GRSP Informal Group on Pedestrian Safety for the 
purpose of drawing up a Global Technical 
Regulation (GTR). 

As part of the work of EEVC WG 18 on child 
protection, and in cooperation with WG 12, the 
BASt is involved in tests to evaluate a new child 
dummy generation (Q series). The objective of 
these tests is to examine whether the P-series 
dummies should be replaced by the Q-series in 
ECE Regulation 44. New injury criteria and limit 
values are also being validated in this regard. It is 
also intended to use nationally and internationally 
available accident statistics to show necessary 
regulatory consequences.  

The BASt is also involved in the EU-funded 
CHILD (Advanced methods for improved child 
safety) and NPACS (New Programme for the 
Assessment of Child Seats) research projects. The 
objectives of the CHILD project include 
determining the data necessary to draw up injury 
criteria and risk curves and evaluating and 
supporting advanced sensor and dummy 
development in order to enable the protection 
potential of child restraint systems (CRS) to be 
realistically monitored with the help of laboratory 
dummy tests.  
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The objectives of the NPACS project are to 
develop an independent consumer protection test 
procedure to evaluate universally usable child 
restraint systems. The essential requirements in this 
area include reliable dynamic test methods, the 
monitoring of user-friendliness and a standard 
European evaluation of the efficiency of these 
products. The BASt is particularly involved in 
work on the side impact which has not yet been 
included in ECE Regulation 44. A side impact test 
procedure was developed in a BASt research 
project and this procedure is now being 
incorporated into the NPACS European research 
project as well as internationally in the ISO 
working group on child safety 
(ISO/TC22/SC12/WG1 "Child Restraint Systems") 
and in the pertinent sub-group for the side impact.  

EEVC WG 20 has the aim of reducing 
injuries to the cervical spine in rear-end crashes. At 
present the focus is on limiting the horizontal 
distance from the head to the head-rest and on there 
being a sufficient height adjustment. A future aim 
is to draw up a dynamic test procedure. The 
findings of the working group are being 
incorporated both into the Euro NCAP Whiplash 
Subgroup and also into the newly founded GRSP 
Informal Working Group on Head Restraints, 
which, based on the American FMVSS 202, is 
working on a Global Technical Regulation (GTR). 
As the biomechanical injury mechanisms have still 
not been clarified, the BASt is in favour of 
implementing a harmonised robust test procedure 
which is validated using the accident occurrence. 

The newly founded EEVC WG 21 is intended 
to draw up proposals for standard surveys and 
documentation of the European accident in-depth 
studies. The BASt contributes the methods and data 
of the GIDAS projects (German In-Depth Accident 
Study) which is supported by the BASt and the 
German Association of the Automotive Industry 
(VDA).  

EEVC WG 22 is to investigate the method of 
"virtual testing". In the automobile industry, the 
method of mathematic simulation is an aid for 
developing new vehicles quickly and cost-
effectively which it is not longer conceivable to do 
without. In some regulations the legislator already 
allows the proof of the protective effect of passive 
safety devices to be brought by means of the 
mathematic simulation. SIBER, an EU project 
which the BASt is involved in, had the aim of 
investigating a possible extended application of 
mathematic simulation in statutory stipulations. 
The first part of the project assessed computer 
models of real systems. In the second part it was 
shown that fluctuations in the hardware of a crash 
test caused by tolerance can be dealt with by 
including stochastic variables in a mathematic 
model and can be reproduced mathematically. The 

third part of the project investigated possible 
applications, e.g. the variation of test parameters 
such as impact angle or size and body posture of 
the vehicle occupants. The limits of the models 
were shown. 

The BASt is involved in EuroNCAP under 
commission to the German government. Since the 
beginning of 2001, the BASt’s crash test facility 
has been certified with EuroNCAP as a test 
laboratory. Vehicle models are regularly tested here 
in accordance with the Euro NCAP test protocols. 
The work in all management and technical bodies 
of Euro NCAP is intended to continually improve 
the assessment procedures, in particular by taking 
into account the accident occurrence. So far, Euro 
NCAP has tested almost 300 vehicle models in at 
least three crash test configurations in each case. 
The results of an offset head-on crash, a barrier side 
impact and an optional pole side impact are 
combined to form the occupant protection result 
and published in addition to the result on pedestrian 
safety and the protection of children in the vehicle. 
After the successes in assessing passive safety it is 
intended that active safety systems should in future 
also be assessed. Novel driver assistance systems, 
e.g. ESC ("Electronic Stability Control"), are also 
to be taken into account.  

ACTIVE VEHICLE SAFETY 

Together with 14 partners from the European 
research sector, the BASt is at present working on 
the EU Commission’s "IMPROVER" project which 
focuses on the following four areas: (1) influence 
of the growing number of Sports Utility Vehicles 
and Multi Purpose Vehicles on traffic safety, (2) 
assessment of measures to improve the traffic 
safety of light goods vehicles, (3) influence of 
cruise control systems on traffic safety, energy 
consumption and emissions, (4) harmonisation of 
traffic signs and road markings in respect of traffic 
safety. The sub-projects are concerned not only 
with questions of active safety but also with issues 
of e.g. compatibility and cost/benefit analyses. 

An important role is played in the field of 
active vehicle safety by the optimisation of the 
active and passive photometric devices. Particular 
mention is to be given in this regard to adaptive 
lighting (e.g. swivelling of the headlights when 
travelling round bends or light distribution adapted 
to the location) and night-vision systems. A BASt 
research project is assessing the technical 
possibilities for optimising vehicle lighting with 
regard to its potential to increase traffic safety. The 
aim is to draw up proposals on how current 
regulations should be developed. 

A research project entitled "Requirements of 
future motorcycle braking systems for the purpose 
of increasing traffic safety" compared and assessed 
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The ongoing research projects on the subject 
of "Elderly drivers" focus above all on the issue of 
age-specific support requirements through driver 
assistance and driver information systems. The aim 
is to assess the safety potential for elderly drivers of 
commercial systems and systems which are about 
to be brought onto the market.  A number of 
theories on assistance functions designed to provide 
particular assistance to the elderly in situations 
specifically critical for them have been derived 
from extensive literature and accident data 
analyses; experimental tests of these theories are 
currently being conducted in a simulator study.  

standard and combination braking systems, in each 
case with and without anti-lock braking systems 
(ABS). One main result was that the benefit of an 
ABS was seen; an ABS makes possible 
significantly shorter braking paths and places less 
strain on the rider, on both straight road sections 
and around bends. Combination braking systems 
represent a further improvement of safety in 
motorcycle braking. The combination braking 
system is in particular suitable for avoiding 
incorrect operation of the brake and the consequent 
longer braking paths.  

Driving dynamics control systems (ESC) are 
now standard fittings in many cars. These systems 
are not, however, available for motorcycles. This is 
due to motorcycles’ complex driving dynamics 
which are at the same time responsible for many 
situations which are difficult for the motorcycle 
rider to cope with; having a driving dynamics 
control system in the two-wheeler sector therefore 
promises to be of greater benefit than for cars and 
lorries. The project entitled "Requirements of 
future motorcycle braking systems for the purpose 
of increasing riding safety" is currently 
investigating how a critical riding situation is to be 
defined in respect of a motorised two-wheeler and 
with what measures a riding situation recognised as 
being critical can be made less critical or even 
avoided.  

The eSafety initiative of the European 
Commission attaches central importance to the 
subject of "Human-Machine-Interaction". This is 
shown in the fact that the eSafety working group 
HMI has been specifically created for this area; its 
remit is to identify and describe problematic areas 
in Man-Machine-Interaction and in particular in the 
formulation of recommendations for updating the 
"European Catalogue of Fundamental Principles on 
the Human-Machine-Interface". Portable systems 
(so-called “nomadic devices“) were identified as 
one of the main problematic areas during the two-
year work of this working group. These systems are 
brought to the car by the driver himself and often 
do not meet the design aims for Man-Machine-
Interfaces formulated in the "European Catalogue 
of Fundamental Principles". This results in new 
requirements regarding regulation and also 
research. 

DRIVER ASSISTANCE SYSTEMS 

It is necessary to analyse what support drivers 
need in order to be able to estimate and assess the 
potential which commercial driver assistance 
functions and those which are still being developed 
have for avoiding accidents. The BASt is 
conducting analyses of drivers’ needs with regard 
to driving safety in a series of projects. This 
involves for example analysing accident reports 
made by the police or "in-depth" accident databases 
in order to investigate the influence of different 
types of incorrect human behavioural patterns on 
the occurrence of accidents and to derive ideas 
from this on which driver assistance functions 
could contribute to avoiding accidents. Special 
attention is paid to the issue of what benefits 
various assistance functions can have for the user 
group of elderly drivers. 

AIDE is devoted to the development, design 
and assessment of a higher Human-Machine-
Interface for advanced in-vehicle assistance 
systems and information systems, and for 
modelling driver behaviour. It is an project 
integrated within the European Commission’s 6th 
Framework Research Programme. The project 
started in 2004 and is to run for 4 years. The aims 
of the project are to increase the efficiency and 
consequently also the safety benefit of advanced 
driver assistance systems, to minimise the strain 
and distraction of the driver caused by fixed and 
portable information systems and to enable the 
advantages of new information systems to be 
exploited in terms of mobility and comfort, without 
compromising the level of safety. The BASt is 
particularly involved in the subject of  the 
"development of a generic, industrially applicable 
methodology to evaluate safety aspects of Man-
Machine-Interfaces in road vehicles ". 

Results from the current research projects 
indicate that the causes of driver errors conducive 
to the occurrence of accidents are to be sought in 
insufficient absorption and/or evaluation (i.e. 
diagnosis) of danger information. As the danger of 
overloading the driver with information is 
increasing continually, it would appear to be 
promising to further develop systems for managing 
information in the vehicle; this was the subject area 
of a BASt project which has already been 
concluded. 

The BASt research project on "User-related 
incorrect use of driver assistance systems" uses 
surveys and observations of drivers to determine 
perceived and implemented possibilities for using 
driver assistance systems. The aim is to draw up 
procedures to identify the potential for incorrect use 
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and misuse as well as proposals for eliminating 
these. 

One basic prerequisite for using driver 
assistance systems efficiently to increase traffic 
safety is that they are used in the envisaged 
manner. Using the systems in a way which deviates 
from this may be either unintentional (incorrect 
use) or intentional (misuse). Incorrect use or misuse 
of driver assistance systems depend to a decisive 
degree on the user’s subjective perception of how 
the system functions and on what he learns when 
using the system. Preventing misuse and incorrect 
use are part of the basic requirements which driver 
assistance systems must fulfil. 

ENVIRONMENTAL PROTECTION 
THROUGH VEHICLE ENGINEERING 

Further limit values for cars and light goods 
vehicles (Euro 5) and for heavy goods vehicles 
(Euro VI) are currently being prepared as part of 
the process to revise the European exhaust 
regulations. The focus is on the emissions of 
vehicles powered by diesel motors. In the case of 
cars and light goods vehicles, work is concentrating 
on a drastic reduction in particle emissions. For 
heavy goods vehicles, in contrast, the work is 
centring around reducing NOx emissions. 
Proposals for very low limit values are being 
discussed; in comparison with Euro 4, these 
proposals would provide for a reduction in the limit 
value for cars of up to 90%.  

The further reduction in the limit values for 
particle emissions – which are determined using 
mass-related particle measuring procedures – 
makes increasing demands on reading accuracy. It 
is therefore important, when drawing up future 
particle standards, that the measuring procedures 
defined in the directives meet the requirements of 
the type approval procedures, even with massive 
reductions of the limit values. The BASt has 
therefore worked on the extent to which a reduction 
in the gravimetric particle limit value is tenable 
with regard to the type approval procedure.  

It must be borne in mind when considering 
the exhaust legislation that attention must not be 
given solely to further developing limit values. 
Requirements must also be incorporated which 
ensure that in practice the vehicle complies with an 
acceptable emission level over its entire life. These 
supporting measures for the exhaust legislation 
(COP, field monitoring, service life, Off Cycle 
Emission Provisions etc.) are at least as important 
as the limit values themselves. All requirements 
must be optimised as an "overall package" in this 
area. 

Consumers are informed better than 
previously about fuel consumption and CO2  
emissions of new vehicles, as the Car Energy 

Consumption Designation Ordinance came into 
operation in Germany on 1st November 2004. This 
is the national implementation of Directive 
1999/94/EC on the provision of consumer 
information in the marketing of new cars. 
Advertising material and information boards at the 
vehicle dealers’ must be clear and standardised. 
The guidelines on "saving while driving " list data 
on fuel consumption and the CO2 emissions of all 
new car models which are offered for sale in 
Germany. These guidelines must be made available 
by all vehicle dealers at no charge and are also 
available via the Internet under www.dat.de. The 
aim is to encourage buyers to choose a vehicle 
model which has low fuel consumption.  

In 2004 a joint project between the Federal 
Ministry of Education and Research and the 
Federal Ministry for Transport, Building and 
Housing was completed; this project involved 15 
different research agencies from different branches 
and institutions working on a joint project 
objective, namely the reduction of tyre / roadway 
noise. 

The joint project is part of the “Quiet Traffic“ 
project which aims to reduce the stress on the 
population due to noise from rail, air and road 
traffic. For the first time, representatives of the road 
construction industry, vehicle industry, tyre 
industry, research institutions and universities 
worked on developments and research together. 
The BASt was responsible for coordinating the 
project for roadway surfaces and methods for 
installing these surfaces, optimisation of tyres, 
vehicles and new measuring procedures, and the 
implementation of a mathematical simulation of the 
tyre-roadway contact. 

The BASt has defined suitable devices, 
implementing regulations and tolerances for 
measurement of stationary noise generated by 
motorcycles, in order to enable a justiciable 
measurement of stationary noise to be conducted 
during a traffic check or a regular technical 
inspection. Based on this, a proposal was drawn up 
for an Implementing Directive; work is currently 
underway to incorporate it into national law.  

Work is also being carried out in preparation 
for the introduction of an environmental 
examination for motorised two-wheelers with the 
purpose of controlling the emission of harmful 
substances and noise.  

In the UN ECE Expert Group on "Exhaust 
and Energy" (GRPE), the working group on 
"WMTC" (World-wide motorcycle test cycle) is 
currently preparing a new, globally harmonised test 
cycle to measure pollutant emissions of motorised 
two-wheelers which is to form part of the type 
approval test. The new exhaust certification cycle 
for motorised two-wheelers is intended to represent 
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the operating conditions which occur in real traffic 
better than the current ECE cycle. 

The GRPE has founded a sub-working group 
on “Hybrid vehicles“. Germany is involved in this 
ad-hoc working group. The aim is to adapt already 
existing ECE regulations for motorised vehicles 
with combustion engines so that adequate 
consideration is given to the special technical 
properties of (electro-) hybrid vehicles – i.e. of 
vehicles which are driven by two different energy 
converters and have two different energy storage 
systems.  

ACCIDENT RESCUE 

After a BASt research project on the 
identification of weak points in the emergency exit 
systems of coaches was concluded with the 
drawing up of a performance specification, a 
further project followed on the subject of 
emergency rescue which investigated more closely 
the fire behaviour of the interior fittings of coaches. 
Numerous proposals for improvement have been 
drawn up here as well. The findings gained are 
intended to be incorporated into national and 
international regulations (ECE). 

The rescue services in Germany are organised 
by the states on a statutory basis as a public-law 
system of health care. They comprise land-bound 
forms of rescue and a nation-wide network of air-
bound patient care and air-bound patient transport 
(91 helicopter locations and 13 aeroplane locations) 
with over 100 locations. Its services are available 
throughout the country.  

In 2000/2001, the rescue services were 
deployed 10.3 million times, of which 57% 
comprised transportation of sick people and 43% 
comprised emergency deployments (with and 
without an emergency doctor). This corresponds on 
average to every 8th inhabitant using the 
emergency rescue services once a year. The 
number of emergency deployments accompanied 
by an emergency doctor is increasing. In 1985 the 
figure was 32%, whereas in 2001 47% of all 
emergency deployments involved an emergency 
doctor. The average time taken for help to arrive – 
which is the time between notification of the 
emergency being received and the arrival of the 
first means of rescue at the location – was 6.9 
minutes for traffic accidents inside built-up areas 
during the day, 7.1 minutes during the night. Every 
16th emergency  deployment was for a traffic 
accident. Twenty years ago, traffic accidents made 
up 27.1% of all causes for deployment of the 
services, in 2001 this figure had sunk to 6.1%.  

You will be able to learn about the 
contributions made by the German automobile 
industry in the various technical sessions. 

We will continue in the future to support the 
development of this important vehicle safety 
conference and will continue to contribute papers 
for the conference. 
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ABSTRACT  
  
 This paper will provide an overview of the 
main results achieved by Italy in the field of road 
safety during the last two years. It focuses on the 
follow-up of the “National Plan on Road Safety”, 
adopted four years ago and subsequent introduction 
of new provisions in the “Highway Code”. 

 
YEAR 2003 

ACCIDENTS DEAD INJURED 
URBAN 
ROAD 

168,572 2,421 227,357 

MOTOR
WAYS 

13,422 671 23,049 

OTHER 
ROADS 

43,147 2,923 68,555 

TOTAL 225,141 6,015 318,961 

Italy has started an unprecedented plan and legislative 
instruments to manage the many factors that affect 
road safety. Also minor subjects involved in this field 
have been encompassed in a holistic strategy  giving 
to each of them the deserved priority. The plan has 
taken nothing for granted about the role of the 
Administration at any level: Central Administration, 
Local Administrations, Road Management Authority 
etc. All the aspects regarding their synergy and 
effectiveness have been revised to foster the best 
integration of all the bodies of the public 
administration. This document describes the ways of 
the  application of the National Plan.  

 
While the distribution of accidents is the following: 
 

Year 2003 (ISTAT source) 
 %ACCIDENTS 
URBAN ROADS 75% 
MOTORWAYS 6% 
STATE ROADS 10% 
PROVINCE ROADS 6% 
COMMUNAL EXTRAURBAN ROADS 3% 
TOTAL 100%  
 1. INTRODUCTION 
Distribution of accidents during the year:  
 1.1 Road accidents in Italy: the human factor. 
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 Each year in Italy over 6,000 dead, 300,000 
injured and 200,000 vehicle accidents are recorded. 
Among the major elements affecting road safety, the 
Italian government has particularly focused on the 
human factor. Since 2001 the problem has been dealt 
with a series of legislative embitterments. The 
accident data recorded each year in Italy shows that 
90% of them are caused by the human factor1. Very 
often road users have been responsible of mistakes 
due to their arrogance and overstimation of their 
abilities. The social costs of road accidents are huge. 
ISTAT2 has assessed an approximative cost of 34 
billion euros.  2. Actions undertaken  

 About 75% of the accidents occur  in the urban areas: 
 The political and public dismay comes out 
by comparing the Italian situation with other 
European countries. Italy that was formerly among 
the four road safest European countries, has dropped 
dramatically to a lower level in the last few years. 

                                                           
1 E.g.: lack of respect of road signs and safety distances, 
dangerous overtaking, excess of speed, unwary use of the 
mobile phone, alcohol and drug assumption, weariness, 
inattention. 
2 Italian Statistical Institute. 



The need of a “National plan on road safety” has 
originated from the growing importance given to road 
safety in Italy and from the need to keep up with 
European standards. 

• Reduction of the 17.95% of the injured; 
 

It results a reduction of 27,485 accidents, 
857dead and 24,505 injured 

In such a context, in line with European 
Community reccomendation, the Government has 
focused on a series of interventions devoted to reduce 
road accidents. At this aim urgent provisions have 
been waged to modify the road users’ behaviour.  

.  
The “High Institute for Health” has appraised a 
saving of 2 billion euros for the health expenses only, 
ensued from the enforcement of the last rules. 
 

Among the different actions undertaken the following 
have given a real accomplishment: 

 These data can be read as a reduction of the 
accident severity, represented by the rate of mortality, 
namely the rate between dead toll and accidents. Such 
beneficial effects display also a better vehicle passive 
safety, more effective in the event of a collision; a 
higher improvement of safety devices such as safety 
belts and air-bags and better medical emergency 
technologies.  

- Penalty point system based driving licence. 
- Driving ability certificate for mopeds 
- Norms for the proper use of mobile phone. 
- Procedures to verify alcohol and drug 

assumption.  
- Use of reflecting vest to protect people who 

leave the vehicle.  
- The use of dipped headlights during day 

time. 
2.1.1 Penalty point system based driving 

licence. 
- Retro-reflective markings for goods 

vehicles. 
 
 One of the most efficient legislative actions, 
able to cope with the human factor is the penalty 
point driving licence. It has been also a good marker 
device to identify the relation between law 
infringements and driving risk factors. The causes of  
major point reduction have been pin pointed by the 
police forces: 

The innovative contribution of these norms is a 
strong recall to sense of responsibility and awareness 
of road users. None of these have reached the 
excellence in term of results, but the beneficial effects 
caused by their enforcement give a good perspective 
for the future and confirms that the right direction has 
been undertaken.  
 The application of these new legislative 
actions has been supported by a restless activity of 
control by police. A hard duty to accomplish, due to 
the huge length of the roadway network (700,000 
km), more than 49,000 in use vehicles and 34,000 
active driving licences. That is the reason why a 
responsible and convinced participation of all road 
users is strongly required. 

 Lack of use of safety belts 
 Speed limits violation 
 Red light crossing 
 Use of mobile phone 

 
 This new system also gives a chance to 
display the driving behaviour in relation to the gender 
of the driver. 

 This new legislative deal supported by the 
road police activity and the individual sense of 
responsibility has allowed the Road Safety National 
Plan to cope successfully with the main road accident 
risk factors. 

Apparently women are more flexible to comply with 
the new rules :  
 
Distribution of erased scores from driving licences with 
reference to the gender of the driver (situation updated 
on 22nd January 2005):  
 2.1 Results achieved 

Females
19.86%

Males
80,14%

 

 
 According to accidents data recorded by road 
police, a meaningful improvement  has been achieved 
thanks to the new rules adopted in the Highway Code. 
Data concerning  the first year after the entry into 
force of new measures (1st July 2003 – 30th June 
2004) compared to the same period of the previous 
year,  have shown remarkable differences: 

 
 
  
 • Reduction of the 14.5% of the total number 

of accidents;  
 • Reduction of the 18.8% of the dead; 



2.1.2 Driving ability certificate for mopeds 
 
 The law n° 214/2003 introduced also the 
compulsory achievement for minors of the driving 
ability certificate for mopeds.  

This enforcement represents a remarkable 
step to rule over six million circulating vehicles. An 
uncomparable situation with the rest of Europe. 
 The aim is to intervene on high risk 
categories of “weak users”, such as youths., by means 
of promoting and spreading the culture of safety in  
lectures suited to achieve the “certificate”. 
At the date of 18 January 2005 almost 583,000 
certificates had been granted with over 851,000 tests 
carried out. 
 
3. Changes in progress of driving behaviour 
 
 The changes in progress of driving behaviour  
are demonstrated even by the reduction of law 
breaches recorded by the road police on the use of 
helmets and safety belts. These are respectively of 
-52.77% and -43.56% in the period from 1st July 2003 
to  30  June 2004. 
 Definitely it is possible to affirm that the 
undertaken actions have produced a higher level of 
safety in the road traffic as a whole so far. They have 
strongly contributed to improve the driving behaviour 
of the road users.  
 Furthermore, it is important to underline that 
the adoption of new intervention rules have ignited 
beneficial results in spite of increasing  road traffic.  

 
4. Future developments 
 
 Great importance has been addressed to a 
clearer and efficient management of driving license 
examination with the aim to devise a proper selection 
of  candidates.    
 In order to improve effectiveness of the 
present examination procedure, the Department for 
Land Transport is going to adopt a computer based 
test.  This innovative procedure will allow to pursue 
the Governmental goal to achieve fast and modern 
administrative procedures. 
 In this respect, the Ministry of Infrastructure 
and Transport in close collaboration with the Interior 
and Justice Ministries, has proposed a draft law which  
would enable the Government to take action in the 
whole revision of the Highway Code. 
 The goal is to completely revise the 
Highway Code in order to make its provisions easy to 
read and to apply. The future text should only 
encompass behavior rules, penalties and general 
principles dealing with the penalty point system based 
driving licence. 

 The present 240 articles of the Highway 
Code will be sharply reduced to no more than 60-70 
articles while technical requirements formerly 
included in it will be contained in specific 
Regulations which can be easily adapted  to technical 
progress.  
 Moreover, both the Highway Code and the 
Regulations will match the need to integrate and 
harmonize the new norms with the former rules on 
the matter. 
 
5. Other initiatives 
 
 The Ministry commitment on road safety 
matters will not be limited to legislative actions but it 
will also aim to a wider address: 
 

 New infrastructures;  
 Improvement of the present road 

infrastructures; 
 Road sign updating; 
 Enforcement of new norms to protect “weak 

users”; 
 Use of new technologies to improve the 

safety of both vehicles and infrastructures; 
 A steady control of accident occurences and  

causes; 
 Planning of  new series of media road safety 

campaigns; 
 Projects on road safety education; 

 
6. Conclusion 
 
 An effective and strict road safety politics, 
shored up by more stringent laws was needed to 
tackle the negative figures on safety recorded in the 
past few years.  
 The high social-economical cost was 
unbearable. The lack of safety absorbed huge 
resources from the national public health, produced a 
loss of working hours and  often imposed  
unaffordable expenses to Italian families.  
 The indications contained in the second 
program on road safety devised by the European 
Commission have been the framework to set off the 
“National Plan on Road Safety”. This new law 
enforcements, a social change in thinking and driving 
behaviour, the renewal of the road network and 
infrastructures joined to pressing actions to car 
manufacturers in order to fit safer vehicles are all part 
of an holistic approach to the issue.  The combination 
of all these elements allows us to depict an optimistic 
scenario for our next future and to nourish the 
realistic expectation to be in line with the European 
Commission target  of 50%  reduction of injured-dead 
toll by 2010. 
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GOVERNMENT STATUS REPORT OF JAPAN 

Masakazu Kume 
Director-General, 
Engineering and Safety Department, 
Road Transport Bureau, 
Ministry of Land, Infrastructure and Transport of Japan 
 
ABSTRACT 
 
    The situation of road traffic accidents in Japan 
remains serious. In order to tackle the situation, 
Japan has been actively implementing initiatives to 
improve motor vehicle safety such as the 
establishment and revision of safety regulations, new 
car assessment program (NCAP), the promotion of 
advanced safety vehicle (ASV) and its practical 
application. Japan has also been promoting activities 
to facilitate the international harmonization of motor 
vehicle regulations and the mutual recognition of 
certification. 
 
Trends of the Road Traffic Accidents in Japan 
 

Annual road traffic fatalities have been 
decreasing since 1992; 7,358 people were killed (on 
a 24-hour basis) in the traffic accidents in 2004. 
However, that year recorded the worst ever in the 
number of traffic accidents and its casualties, which 
reaches to 951,371 and 1,181,585, respectively. 
These figures indicate that the situation of the road 
traffic accident is still serious. 
    By analyzing recent traffic accident statistics, 
we can find the following characteristics in Japan; 
・ the death toll of elderly people above age 65 is 

shifting at a high rate, making up about 40 
percent of all fatalities 

・ rear-end collision is the most common type of 
accident and its rate is still rising 

・ automobile occupants accounted for the 
largest number of fatalities, but its rate is 
decreasing recently; while pedestrians 
accounted for the second largest number and 
its rate is increasing 

 
Initiatives for Improving Motor Vehicle Safety 
 
-Basic Approach 
 
    Based on Prime Minister’s statement in 2004 ‘to 
halve the annual traffic accident fatalities (5,000) in a 
decade’, Japan’s Ministry of Land, Infrastructure and 
Transport (MLIT) makes an effort to improve vehicle 
safety. 
    The Ministry undertake comprehensive 
consideration process by the vehicle traffic safety 
measure cycle (investigation and analysis of 
accidents, implementation of measures and 
evaluation of results) so as to further expand its 
portfolio of road traffic accident countermeasures, 
using a scientific methodology based on accident 
analysis. 
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Figure 1. Trends of Traffic Accidents and its Fatalities / Casualties in Japan 



Kume 2 

 
Figure 2. Variation of Safety Measures 

 

 

Figure 3. Framework for the Cycle of Safety Measures 
 
    This cycle is carried out in close relation with 
two task forces composed of a group of experts 
outside the Ministry; one is for accident analysis and 
another is for implementation and evaluation of 
countermeasures. In Accident Analysis Task Force, 
various kinds of accident-related data, both 
microscopic and macroscopic, are gathered and 
analyzed. Much of those data are maintained by the 
Institute for Traffic Accident Research and Data 
Analysis (ITARDA), an organization established in 

1992 for analyzing traffic accident data. In Safety 
Regulation Task Force, the action plan for 
implementing rulemaking priorities, non-regulatory 
approach, research promotion, etc. Evaluation of the 
adequacy of measures is also discussed in this task 
force. 
    In addition, the Ministry conducts Automotive 
Safety Symposium annually in order to secure the 
transparency of the above mentioned process on 
vehicle safety measures. Such topics as safety 
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measures for elderly people and Advanced Safety 
Vehicle technologies for heavy trucks are discussed 
in recent symposiums. 
 
- Establishment / Revision of Safety Regulations 
 

The Ministry has strengthened the regulation of 
the driver’s field of vision, entering into force from 
January, 2005, and introduced pedestrian protection 
regulation for passenger vehicles, entering into force 
from September, 2005. The regulation for offset 
frontal collision, adding on a current regulation for 
full-lap collision, and the regulation of seat belt 
reminders have also promulgated in March 10, 2005. 
Concerning fuel cell vehicles powered by 
compressed hydrogen, the Ministry established safety 
regulation for those vehicles. 
 
- New Car Assessment Program (NCAP) 
 
    Since 1996, the Ministry conducts the 
assessment tests of vehicle safety and its evaluation 
in collaboration with National Agency for 
Automotive Safety and Victims’ Aid (NASVA). More 
specifically, collision safety performance tests and 

braking performance tests have been undertaken. In 
addition, pedestrian head protection performance 
tests have been added since 2003. Concerning the 
collision safety performance tests, three tests (full-lap 
frontal collision tests, offset frontal collision tests and 
side collision tests) are held respectively. Points are 
calculated, based on the criteria for each test, and 
overall rating is reported by adding up the total and 
rating the total points in stars (one to six). 
    In addition to NCAP, the Ministry has 
conducted the assessment tests for the child seats 
(frontal collision tests and usability tests). 
 
- Promotion of Developing / Disseminating New 
Vehicle Technology and its Practical Application 
 
    The Ministry has been promoting Advanced 
Safety Vehicle (ASV) project since 1991, seeking to 
commercialize ASV technologies, by early 21st 
century. ASV features highly intelligent electronic 
functions to enhance safety level significantly, and 
the project is promoted through the study group and 
its committees, composed of governments, 
academics and industries. 
    Up to now, several ASV technologies, like 

 
Table 1. Items of safety measures under consideration in Japan 

Area Candidates for Future Vehicle Safety 
Regulation 

Items Decided to Undertake 

Rulemaking Proceeding 

Establish WG 
for further study 

Further Study

Seat Belt Reminder System 
Alerting with Sound and Light 

× 

(published in March, 2005)

  

Three-point Seat Belts for Center Rear 
Passenger 

  × 

Seat Belt / 
CRS 

ISO-FIX CRS ×   
Improved Body Structure for 
Mitigating Pedestrian Leg Injury 

× 
(following gtr work) 

  Safety for 
Vulnerable 
Road-Users Brake Assist  ×  

Vehicle Compatibility  ×  
Neck Injury Mitigation Seat / Active 
Headrest 

 ×  

Occupant Protection in Side-into-pole 
Crashes 

  × 

Crash 
Worthiness 

Occupant Protection in Interior Fittings   × 
Occupant Protection in Full-lap Frontal 
Crashes 

  × 

Front Under-run Protection Device ×   

Heavy-duty 
Vehicles 

Retarder / EBS   × 
Stability Control System   × Control 

Stability ABS   × 
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collision mitigation system and lane-keeping 
assistance system, are commercialized. We are trying 
to introduce ASV technologies not only into 
passenger cars, but also into other types of vehicles 
including heavy-duty trucks. 
    The project is now in the last year of third phase 
(2001-2005); aiming mainly for two tasks. First task 
is to continue research and development to introduce 
communication technologies into ASVs, and the 
second task is to study the ways of promoting 
widespread use of ASVs in the market. 
 
The International Harmonization of Motor 
Vehicle Regulations and Promotion of the Mutual 
Recognition of Certification 
 
    In recent years, there have been great changes in 
the international situation regarding motor vehicles. 
It is due to the growth of international distribution of 
motor vehicles and parts, as well as the globalization 
of vehicle and parts manufacturers and the rapid 
advance to have a common specifications and 
modularization of vehicle components. As a result, 
there are growing needs to harmonize regulations, 
and following variety of efforts have undertaken 
related to motor vehicle regulation and certification. 
 
- Activities in the World Forum for the 
Harmonization of Vehicle Regulations 
(UN/ECE/WP29) 
 

Japan has been contributing actively to the 
United Nations Economic Commission for Europe, 

the world forum for the harmonization of vehicles 
regulations (ECE/WP29), which is carrying out 
activities leading to the harmonization and 
integration of regulations. Japan contributes to 
international harmonization as one of major parties 
taking initiatives of the forum. 
    Especially for the Intelligent Transport System 
(ITS), an ITS informal group is established in WP29 
in June 2002 and started its activities towards the 
common understanding of how to deal with ITS at 
WP29, with exchanging views. Japan becomes the 
co-chairman of this informal group, and is actively 
contributing for the group. 
 
- Encouragement of the Mutual Recognition of 
Certification 
 
    After the accession to the 1958 Agreement in 
November 1998, Japan has promoted international 
harmonization of automotive regulations and has 
made an effort to apply more UN/ECE Regulations. 
At present, Japan applies or harmonizes 30 ECE 
Regulations and another 9 Regulations are in the 
process of application, soon to be harmonized. 
    Japan will keep working on applying regulations 
step by step and actively proposing to amend 
regulations to apply them, taking into consideration 
domestic and international demands for 
harmonization and their economical effects, while 
Japan continues to commit to keep levels of Japanese 
safety and environmental regulations. Japan is also 
endeavoring to invite more countries, particularly 
Asian countries, to join the activity of WP29. 

 

 
(Damage Mitigation Brake)               (Lane-keeping Assistance System) 

Figure 4. Example of ASV Technologies
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- Encouragement of the Formulation of ‘gtr’s 
 
    Japan currently takes a leading role in 
developing new gtrs under 1998 agreement. Japan is 
playing an active part in the establishment of gtr, 
together with U.S. and Europe. Japan has contributed 
by chairing or participating as a drafter in meetings’ 
discussing issues, in particular common issues 
(vehicle classification, masses and dimensions), 
pedestrian safety, heavy-duty OBD and passenger 
vehicle brakes. 
    In the discussion of pedestrian safety gtr, in 
particular, there is close relationship with 
International Harmonization Research Activities 
(IHRA), which provides scientific knowledge from 
the research side. 
 

 

Table 5. UN/ECE regulations Japan applies 
 
ECE regulations Japan has already applied 
(30*) 

3 6 7 11 12 
13-H 17 19 23 25 

26 27 28 30 38 
39 45 48 54 58 
62 75 77 81 91 

94* 95 104 116 119 
* Japan has hot applied ECE R94, but the 
technical requirements of offset test are identical. 
 
ECE regulations Japan is in the process of 
making / amending domestic regulation for 
harmonization (9) 

ECE 10 Electromagnetic Compatibility 
ECE 14 Safety-belt Anchorages 
ECE 37 Filament Lamp 
ECE 61 External Projections (for 

commercial vehicles) 
ECE 70 Rear Marking Plates 
ECE 80 Seat of Large Passenger Vehicles 
ECE 85 Measurement of Net Power 
ECE 93 Front Under-run Protection 
ECE 113 Headlamps (with symmetrical 

beam) 
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TRAFFIC SAFETY STATUS 

With respect to traffic, The Netherlands are still one 
of the safest countries. In the European Union only 
Malta, Sweden and the UK perform (slightly) bet-
ter; see Figure 1. 

 

 
Figure 1. Traffic fatalities per 100.000 inhabitants. 

 
The number of fatalities is declining steadily 

from 1972 on. Some years the trend seams to re-
verse, also in 2003 we had a small setback, but 
although traffic is relatively safe progress was and 
is still possible (Figure 2). 

 

 
Figure 2. Number of traffic fatalities in The Neth-
erlands from 1950 – 2010 (projected). 

 

 

THE MOBILITY POLICY DOCUMENT 

Last December the text of the new national mobility 
policy document was published by the government 
[1]. Parliamentary debate will take place around the 
summer of 2005.  

Due to high, and ever increasing,  traffic densi-
ties in The Netherlands traffic jams are very com-
mon. Although they can not be prevented all to-
gether, the aim is to improve the reliability and 
predictability of travel time. This will not be 
achieved by road construction alone. Road pricing, 
regional cooperation between different authorities, 
improved maintenance and technological innova-
tion are required to reach the targets. Meanwhile, 
safety and the environment (climate, local air qual-
ity and sound) will have to improve as well; making 
the required effort even bigger. 

Road Safety is Top Priority 

In this paper we concentrate on traffic safety. As 
mentioned before, big improvements have been 
made in the past, making The Netherlands one of 
the best performing countries with respect to traffic 
safety. But about thousand fatalities a year is still 
too much. Due to the high economic and social 
impact of traffic unsafety a permanent improvement 
is necessary. For 2010 the objective is 900 fatalities 
or less; in 2020 it should be reduced to at most 640. 
Due to the ever increasing traffic densities, espe-
cially for freight transport, this means a 50% reduc-
tion of the risk in twenty years time; see 
Table 1. 

 

Table 1.  Annual fatalities (targets) and fatalities 
per billion vehicle kilometres (projected). 

 

 

Van Gelderen  1 



 

High Expectations for (Vehicle) Technology 

To realise the required traffic safety performance in 
the coming 15 years, different means will have to 
be used. The sustainable safety program remains 
one of the corner stones of the Dutch safety policy 
and will be further implemented. One of its impor-
tant elements is the concept of self-explaining 
roads: drivers should be able to read the road and 
assume according choice of speed, headway etc.  

Men-oriented measures will remain of para-
mount importance. Driver training and licensing, 
awareness campaigns and enforcement are proven 
ways to reduce road un-safety.  

Much is expected from technological innova-
tion. Due to the high costs of infra-structural adap-
tations and the large amount of existing behavioural 
measures, new technology will be of growing im-
portance to reach the target of 2020. This will 
mainly take place inside the vehicle; but also along 
the road technology will play growing  role, espe-
cially in connection and cooperating with the vehi-
cle. 

It goes without saying that improvements in 
the vehicle have already greatly contributed to safer 
traffic. Especially the passive, or primary, safety 
has been improved impressively. Although progress 
can still be made in this field, both by new technol-
ogy and its further penetration in the vehicle fleet, 
much is expected the coming decade from the 
large-scale introduction of active safety and driver 
assistance systems. Either stand-alone, or in coop-
eration with other vehicles or the road.  

 

POLICY DEVELOPMENT AND LEGISLA-
TION 

EU directives 

Vehicle regulation still is one of the most important 
instruments of national governments to improve 
vehicle safety. Since it is completely harmonised 
within the European Union for passenger cars and 
soon also for other vehicle types. This means that 
most of the legislative effort is concentrated in the 
Brussels working parties, the UN-ECE WP.29 and 
in the codification of the new directives into the 
national laws.  

Euro-NCAP 

Euro-NCAP has been of salient influence on vehi-
cle safety. At the start of Euro-NCAP in 1996 a 
three-star rating was considered satisfactory; cur-
rently a five-star score is the only acceptable for 
safety conscious manufacturers. Since every addi-
tional star is estimated to reduce the risk of a fatal 

accident by 9% [2] the impacts on traffic safety is 
considerable. To keep in pace with the technologi-
cal developments, it is mandatory that new tests are 
introduced into Euro-NCAP. Especially for primary 
safety this requires a new approach to testing which 
is currently under development.  

Dutch Presidency of the EU 

The second half of 2004 The Netherlands hold the 
presidency of the European Union. For traffic 
safety we mention the agreement reached on the 
third directive on driving licences and the second 
Verona conference on road safety. The latter led to 
official council conclusions with several recom-
mendations regarding the improvement of road 
safety, including vehicle safety [3]. 

RESEARCH ACTIVITIES 2003-2005 

Also in the last two years many vehicle-related 
research projects were carried out by the Transport 
Research Centre of the Ministry of Transport (see 
http://www.rws-avv.nl for more information). The 
highlights are shortly presented here. 

Lane Departure Warning Assistant 

From summer 2002 until September 2003 a field 
operational test was conducted with the Lane De-
parture Warning Assistant (LDWA). With this trial  
the following items were investigated: 
• Acceptance by drivers and stakeholders  
• Traffic safety and traffic flow 
• Consequences for road authorities 
• Relation with new developments 

 
Apart from the research, it was also considered 

of high importance to raise the awareness about 
LDWA, and driver support systems in general, 
among (professional) drivers and fleet owners and 
to learn from their experiences. 

35 Heavy goods vehicles and one bus were 
equipped with an of-the-shelf LDWA system. The 
vehicles were deployed in normal business use; 
mostly long-haul. Several were equipped with black 
boxes which registered the use of the system, steer-
ing angle, position and velocity. All the drivers 
maintained a logbook and were interviewed on a 
regular bases. Some additional experiments, mainly 
the driver behaviour on narrowed lanes, were stud-
ied in a driving simulator. 

The main conclusions from the test are: 
• Acceptance of the systems was high: 75% of 

the drivers involved were in general positive 
• The systems gave many warnings, what an-

noyed most drivers. This was especially the 
case on narrow lanes or in road work areas 

• In the test drivers perception LDWA helps to 
improve traffic safety: shorter reacting times, 

Van Gelderen  2 



more frequent use of indicators, more atten-
tive, increased comfort 

• It was estimated that both the chance for 
truck-related casualties and traffic jams were 
reduced by 10% if LDWA were installed on 
all trucks. 

• LDWA could help driving on narrowed lanes, 
but the systems tested gave to many warnings 
to be acceptable for the driver. A more active 
system might perform better. 

 
Generally it can be concluded that the systems 

work as expected, but, being a first generation sys-
tem, are not perfect. Their return (reduced traffic 
jams and number of incidents) do no merit the cur-
rent price (approx. €2000). Improved systems at a 
lower price certainly will. 

The set-up of the test turned out to work very 
satisfactory. The willingness of the different parties 
involved, drivers, fleet owners, representatives of 
sector organisations, to cooperate and to think along 
with the project organisation, was very high. 

Intelligent Speed Assistant 

Excessive speed is one of the most important fac-
tors contributing to road un-safety. Therefore much 
effort is put into the enforcement of speed limits 
and infra-structural means like speed humps, chi-
canes and the concept of self explaining roads.  

But also from the vehicle help can be offered 
to keep to the speed limit. Often people are not 
aware of  the local speed limit or do not observe 
their speedometer frequently. A device informing 
the driver about the speed limit and giving feedback 
when he is in excess of the limit, will improve both 
driver comfort and traffic safety.  

In two European projects, PROSPER and 
SPEEDALERT, a whole range of issues is addressed. 
E.g., driver interface,  typology of ISA, needs for 
introduction, introduction scenarios.  

One of the critical issues for the successful in-
troduction of ISA is the availability of an accurate 
and up-to-date digital map with the speed limits. 
This requires the continuous involvement of local, 
regional and national road authorities and commer-
cial map makers. Well-considered agreements are 
necessary to guarantee the update process and 
(business) interest of the parties involved. The first 
version of a Dutch national speed database was 
published in 2004, together with a user interface for 
updates; see http://www.maximumsnelheden.nl/. 

In the end of 2006, PROSPER and SPEEDALERT 
will be concluded and the speed database satisfac-
tory accurate. Then first steps towards introduction 
of ISA can be made.  

EU Framework program 

In the both the fifth and the sixth framework pro-
gram The Netherlands, usually the Transport Re-
search Centre of RWS or TNO, participated ac-
tively. We name AWAKE, RESPONSE2, PROS-
PER, HASTE (FP5), Prevent, Aprosys, AIDE, 
GST, SafetyNet, Humanist (FP6).  
 
Electronic Vehicle Identification 
In 2003 the EU-Commission (DGTren) decided 
upon an initiative of The Netherlands and the 
United Kingdom to launch a feasibility study in 
EVI. Also Belgium, France and Norway partici-
pated in the study. Recently (November 2004) the 
final report was delivered. Main conclusion was a 
broad feasibility of a basic EVI which could bring 
considerable benefits for public services and for the 
efficiency and effectiveness of enforcing. The re-
port, the conclusions and its advice for the follow-
up will be discussed in a meeting of the High Level 
Group on Road Safety of the EU-Commission, 
expected around April 2005. This High Level 
Group was the actual platform to launch the study, 
carried out by a consortium lead by ERTICO. 

 

Transumo 

Transumo is a Dutch knowledge network for sus-
tainable mobility which started fall 2004. For six 
years both public and private partners will work 
together on innovative solutions for our transport 
system. The program contains five clusters: passen-
ger transport, freight and logistics, traffic manage-
ment, infrastructure and transition issues. In test 
areas the results of the projects will be demon-
strated real-life. The project costs are equally 
shared between government and the participating 
partners. For more information see 
http://www.transumo.nl. 

Roads to the Future 

Roads to the Future is the innovation program of 
Rijkswaterstaat. Its scope is to initiate innovations 
that contribute toward making road transport in the 
Netherlands perceptibly less congested, cleaner, 
safer, quieter, and more comfortable. And even 
more fun. In the Roads to the Future program about 
10 opportunity-driven innovative projects are 
launched every three years. In these projects public 
and private partners join forces. The current cycle 
contains the following projects: 
• Future service areas (generate innovative 

ideas for the layout, design, style, facilities, 
and maintenance and management of service 
areas) 

• The assisted driver (take a look into the (near) 
future of ADA systems by demonstration and 
study) 
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• The remediating road (use contaminated 
dredged material beneath or next to roads, 
thereby cleansing it) 

• Belonitor (rewarding the referred behaviour, 
changing one’s habits becomes attractive) 

• Citybox (operate with goods boxes in inner 
cities that fit on both large and small trucks) 

• Optimal corridor (offer travellers more suit-
able total solutions for travelling from door to 
door) 

• Missing link (optimal use of road network by 
integration primary and secondary network) 

• Travel time expectation (offer travellers (prior) 
insight into the various travel and route alter-
natives with associated travel times) 

• Roadwise (options and consequences of offer-
ing far more information in the car) 

Most of the pilots above started their preparation in 
2003 and will be carried out in 2005. For more 
information see  the website of Roads to the Fu-
ture: http://www.roadstothefuture.nl/. 
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GOVERNEMENT STATUS REPORT - POLAND 
 
Wojciech Przybylski 
Instytut Transportu Samochodowego

With regard to the system of periodic technical 
inspection of in-use vehicles we are also in the 
process of permanent improvements to its quality and 
objectivity of checks. The PTI checking equipment is 
currently under obligatory certification and we 
started with the continuous training of PTI 
inspectors. In the result of more stringent 
requirements regarding the personnel qualification 
and equipment quality the rate of traffic accidents 
due to bad technical state of vehicle gone down about 
next 20% reaching the level of 0.8%. Moreover, 
there are already around 600 stations of highest 
technical level having the care agreement with Motor 
Transport Institute on the base of which they receive 
latest available data and information regarding 
professional items. The decision on the accession of 
Poland to the UN 1997 Agreement on the 
international PTI had been taken and is to be 
finalised in 2005. 

INTRODUCTION 
The following report contains information on 

the progress achieved in Poland with regard to 
chosen aspects of road traffic safety since the time of 
18th ESV Conference (Nagoya, 2003). This period is 
generally characterised as the intensive work towards 
effective implementation of EU legal instruments in 
all aspects of our life and co-operation in 
development of this instruments after our country 
accession (May 2004). Traffic safety is also involved 
in that effort at all its main system fields taking into 
account priorities drawn from accident statistics. 
 
THE PROGRESS IN THE FIELD OF VECHICLE 
RELATED FACTOR 
 

In fulfilling of the European Treaty schedule 
and according to the national needs the next 22 ECE 
1958 Geneva Regulations were added since Dec 
2002 to our type approval system, which is to the 
extend possible unified with the latest versions of 
three main framework EU Directives (70/156 motor 
vehicles, 74/151 – agricultural tractors and 92/61 – 
motorcycles and mopeds). The legal procedure of 
accession to next 5 new Regulations is now in 
progress and we hope this will result of total 118 
ECE Regulations applied in Poland by the end of 
2005. It is to be stressed that the full harmonisation 
of Polish technical vehicle requirements was reached 
by the date of accession and all important safety and 
environmental items regarding motor vehicles are 
already in force. Moreover there is also a visible 
progress of accreditation action inside the research 
and testing domestic third party laboratories 
harmonising their quality systems to European 
Standards. Poland had almost completed internal 
procedures regarding our accession to 1998 Global 
Agreement recognising that as an effective way to 
harmonise world-wide the important vehicle 
technical requirements. Having started membership 
in EEVC from the beginning of 2003 we continue 
close co-operation with IHRA initiative throughout 
membership on EEVC Steering Committee. For the 
beginning we joined three Working Groups of EEVC 
i.e. WG 19: Active-Passive Safety Interaction, WG 
21 Accident Statistics and WG 22 Virtual Safety. It is 
also to be mentioned the participation in international 
co-operation of Polish biomechanical laboratories in 
the frame of EPSN.  

 
THE PROGRESS IN THE FIELD OF HUMAN 
RELATED FACTOR 
 

From the accident statistics it still appears that 
in the majority of cases the human behaviour is the 
reason of road accident. Two main groups of road 
users – drivers and pedestrians are sharing this fatal 
record in the rate 5 to 1 being involved as casual 
factor in more than 97% of accidents. Our National 
Road Safety Council pays the greatest attention to the 
problem but had, by now, succeeded in limited 
number of fields. The most important result was 
achieved in reducing the rate of accidents caused by 
drunken road users of around 12% during last 2 
years. This is however far not satisfactory and leads 
towards more stringent legislation.  

The other activity on the field of human factor 
realised in last 5 years was direction on road 
education of children, promotion of safety of non 
protected road users, improvements of driver training 
and scientific co-operation in SARTRE 3, IRTAD 
and BEST-BOB programmes. 
 
THE PROGRESS IN THE FIELD OF ROAD 
RELATED FACTOR 

At this field we noticed some progress but 
rather far from our expectation. We have by now 420 
km of classified motorways only, which is estimated 
as less than 10% of average in EU countries. 
Fortunately there are signs of spring in the form of 
finalisation of agreements between authority and two 
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main road private investors. During last five year 
period the road maintenance service managed to 
improve some 22% of Polish existing road network 
classified as „national” (38 000 km in total according 
to EU classification). Taking into account more or 
less stabile growths of number of vehicles on the 
roads it seems far not enough. This item is however 
strongly related to private investors and local 
authorities (traffic control solutions) and still needs 
more careful attention of economy rulers. 
 
CONCLUSION AND FUTURE AIM 

The overall road traffic safety in Poland seems 
to be slightly improved during last 2-year period on 
the base of statistic data given below. But improved 
does not mean good in comparison to our society 
need. Taking into account the EU road safety policy 
goal to reduce by half the number of fatalities on 
European roads we are started this year the national 
road safety programme called GAMBIT which is 
direction to: 

• vulnerable road users (pedestrians, 
bicyclists), 

• people commonly ignoring traffic 
regulations, such as speed limits, drink-
driving or not using restraint systems, 

• traffic risk on major roads outside built-up 
areas (on the 6 % of the length of the road 
network, 25 % of all accidents, 40 % of all 
killed, 27 % of all injured, severity of 
accidents: 18 fatalities / 100 accidents),  

• young drivers aged 18 – 24 (20 % of all 
involved in road accidents), 

• intoxication of drivers and pedestrians.  
• quicker exchange of the oldest part of 

vehicle stock 
We hope that Polish participation in EEVC 

Working Groups, UN ECE, ESV, IHRA, and EU 
Commission and Council Working Groups together 
with ETSC will result in optimal use of our limited 
resources. 

I would like to wish all of you a good co-
operation and fruitful exchange of knowledge during 
this very important scientific international ESV 
conference being one of the important base for 
improvement of everyday life – improvement of 
vehicle safety and thus road traffic safety. 

 
Table 1. Accident Data1 in Comparison with the Vehicle Stock and Population in Poland  

in the Period 1993-20042 
 

Year No. of 
accidents 

No. of 
fatalities 

No. of 
injured 

No. of 
vehicles 

(thousands) 

No. of 
passenger cars 

(thousands) 

Population 
(thousands) 

Fatality factor 
(No. of fatalitie/1 

mln of 
inhabitants 

Accident severity 
factor (No. of 

fatalities/100 of 
accidents) 

No. Of 
passenger 
cars/1000 
inhabitants 

1993 48 901 6 341 58 812 10 438 6 771 38 505  16  13  176 

1994 53 647 6 744 64 573 10 858 7 153 38 581  17  13  185 

1995 56 904 6 900 70 226 11 186 7 517 38 609  18  12  195 

1996 57 911 6 359 71 419 11 766 8 054 38 639  16  11  208 

1997 66 586 7 310 83 169 12 284 8 533 38 650  19  11  221 

1998 61 855 7 080 77 560 12 709 8 891 38 661  18  11  230 

1999 55 106 6 730 68 449 13 169 9 283 38 654  17  12  240 

2000 57 331 6 294 71 638 14 106 9 991 38 644  16  11  259 

2001 53 799 5 534 68 194 14 724 10 503 38 632  14  10  272 

2002 53 559 5 827 67 498 15 525 11 029 38 219  15  11  289 

2003 51 078 5 640 63 900 15 890 11 580 38 195  15  11  303 

2004 51 069 5 712 64 661 16 450 12 100* 38 150*  15*  11  317* 
*Estimated 
                                                           
1 Source: Accident Records filled by the Traffic Police 
2 Prepared by Road Traffic Safety Centre in Motor Transport Institute 
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Figure 1. Road Accidents and Vehicle Stock Percentage in Poland in the Period 1993-2002 (1993=100%) 
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GOVERNMENT STATUS REPORT, SWEDEN 
Anders Lie / Claes Tingvall 
Swedish Road Administration 
Government Status Report from Sweden 
 
 

EFFECTS OF ACTIVITIES 2004 
 FATALITIES 
Analysis of the traffic safety level in 2004 has 
indicated 42 saved lives can be attributed to known 
actions and states in the road transport system during 
the year. This is compared to the situation in 2003. 16 
of the saved lives can be attributed to improvements 
in the national road network. These improvements 
contain both the up-grading of existing roads and 
investments in new infrastructure. An increase of 
police enforcement of seat belt use can explain 6 
saved lives and increased surveillance of speeds, 
using both police force and automatic cameras have 
saved two more persons. The police forces have also 
increased their alcohol breath tests and that has saved 
7 more lives. An increased use of bicycle helmets 
explains one more saved life. The exchange of cars in 
the vehicle fleet is estimated to improve the situation 
in a way that 10 more fatalities are saved. The benefit 
from the vehicle fleet exchange comes both from 
general improvements in passive safety, to a large 
degree driven by Euro NCAP, and the introduction of 
ESC (electronic stability control). In December 
approximately 70% of all cars sold in Sweden were 
equipped with ESC. 

The Swedish overall long-term safety objective 
within the road transport system was settled in 1997, 
when the Swedish parliament voted for the “Vision 
Zero”. This vision states that ultimately no one should 
be killed or seriously injured by the road transport 
system. 
Sweden has a long tradition in setting quantitative 
traffic safety targets. After a period of positive 
development in the early 1990ies a target was set at 
400 fatalities in 1994. This target was confirmed by 
the parliament in 1997 and a new 10-year target was 
set at a 50% reduction for 2007. The target to have a 
maximum of 270 fatalities in 2007 is a major 
challenge and will put high demands on all sectors in 
society influencing the traffic safety level.  
 
 
Table 1. 
Number of fatalities on Swedish roads 
 
Accident Year 
 

Fatalities 
 

1989 904 
1990 772 
1991 745 
1992 759 
1993 632 
1994 589 
1995 572 
1996 537 
1997 541 
1998 531 
1999 580 
2000 591 
2001 583 
2002 532 
2003 529 
2004 495 

 

ROAD SAFETY ORGANISATION 
The Ministry of Industry, Employment and 
Communications is responsible for the traffic safety 
in Sweden. The ministry is limited in size and the 
Swedish Road Administration (SRA) handles most of 
the practical work. The main other bodies active in 
road traffic safety efforts are the police and the local 
authorities. Other important parties are the National 
Society for Road Safety (NTF), with its member 
organisations, and transport industry organisations. 
The Group for National Road Safety Co-operation 
(GNS) is a central body that co-ordinates co-
operation between the SRA, the local authorities and 
the police. The NTF is an additional member of this 
group.  

 
With around 500 fatalities per year Sweden is still 
one of the safest countries when it comes to road 
traffic, with a level of 5,5 fatalities per 100.000 
inhabitants. This is around half of the European 
Union risk average (10,4 fatalities per 
100 000inhabitants year 2002). 
 

Lie 1 



POLITICAL DECISIONS 

The following part is derived from the publication 
“Continued action for road safety”. 

Road traffic plays a large and growing role in the 
transport system in Sweden. Although traffic has 
increased by more than 10 per cent since 1997, the 
death toll on our roads has remained more or less 
constant. Safer roads and vehicles, in particular, have 
counteracted the negative effects of the increase in 
traffic. Even so, road users are at a much greater risk 
of being killed or injured than users of other modes of 
transport. In Sweden approximately 500 people are 
killed and 4 000 are seriously injured every year. It is 
unacceptable that people should be killed or seriously 
injured in road accidents. One of the great challenges 
facing society is to create a well-developed, extensive 
and long-term sustainable transport system that 
enables safe and secure accessibility and eliminates 
the risk of fatal and serious accidents.  

Vision Zero  

Vision Zero is based upon taking an ethical stand. No 
lives should be lost or serious injuries suffered as the 
result of a traffic accident. The only acceptable figure 
for road deaths and injuries is zero. In October 1997, 
the Swedish Parliament (the Riksdag) decided that 
Vision Zero was to be the basis of road safety 
initiatives in Sweden. The following year, in June 
1998, the Riksdag also decided that Vision Zero was 
to be one of the goals of the national transport policy. 
The decision concerning Vision Zero has led to 
extensive involvement in road safety initiatives. The 
shared responsibility between those who design and 
operate the road transport system on the one hand, 
and road users on the other, has had an impact. This 
involvement has been strengthened through 
commitments made by many actors in the National 
Coalition for Road Safety. The bill on continued 
action for road safety, Government Bill 2003/04:160 
(Fortsatt arbete för en säker vägtrafik), proposes that 
the long-term goal of road safety initiatives remain 
the same. Vision Zero is an effective strategy for 
achieving increased road safety.  

Intermediate goal for 2007  

The intermediate goal for road safety is to reduce the 
number of road deaths by 50 per cent by 2007 
compared to the 1996 level. The road safety bill 
proposes that efforts for integrating safety into the 
design of road environments, quality assurance in 

transport, work environment measures and vehicle 
development be continued and intensified. Better 
observance of traffic regulations by road users will be 
encouraged, for example, through the development of 
support systems and more effective surveillance. 
Considerable effort on the part of all actors will be 
needed to achieve the goal. The bill asserts the 
importance of the intermediate goal for motivating 
and involving a broad spectrum of actors.  

Minister Ulrica Messing: ’’We all move about in 
traffic. We ride bicycles and we walk. We drive or 
take the bus to work, to the day care centre, to the 
store or to visit friends and relatives. Traffic is part of 
our everyday lives and we have to be able to be out in 
it without needing to risk our lives or our health. 
Between four and five per cent of every age group of 
the Swedish population is killed or disabled as a 
result of a traffic accident. Even so, Sweden is one of 
the safest countries in the world when it comes to 
road safety. In the road safety bill, the Government 
focuses on reducing speeds, working to eliminate 
alcohol-related accidents and stimulating 
technological development. It is important, in our 
view, that the long-term goal of Vision Zero remains 
the same. We can never accept people being killed in 
road accidents. The intermediate goal of halving the 
number of road deaths by 2007 is also important for 
motivating the actors involved to take the measures 
needed to achieve Vision Zero. ’’ 

The National Coalition for Road Safety  

In August 2002 the Swedish Government took the 
initiative for a process in which traffic stakeholders 
would be inspired and encouraged to better 
coordinate their activities for safer use of the road 
transport system – The National Coalition for Road 
Safety. A number of actors have made far-reaching 
pledges to improve road safety. The taxi and road 
haulage sectors, for example, have made 
commitments regarding the increased use of seat 
belts, better observance of speed regulations and 
sober driving. The Swedish Work Environment 
Authority will introduce road safety as an important 
factor when evaluating work environment activities. 
Road safety initiatives will now continue through 
regional and local coalitions for increased road safety.  

Minister Ulrica Messing: ’’There are many positive 
forces in our country that actively, devotedly and 
persistently work to improve road safety. Through the 
National Coalition for Road Safety, I have met with 
agencies, NGOs, companies and trade organisations. 
Together, we have high ambitions and a high level of 
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expertise to continue actively moving road safety 
initiatives forward. Work now needs to be continued 
at local and regional levels. At national level, road 
safety initiatives have been successful and I am 
confident that at local and regional levels they will 
produce valuable results. ” 

Work in progress  

New quality system  

Follow-up provides new information about road 
accidents and what can be done to prevent them. The 
National Road Administration conducts in-depth 
studies of all fatal accidents and examines whether 
they could have been prevented. After each in-depth 
study, a declaration of intent is presented outlining 
the measures to be taken as a result of the accident.  

New road design 

Vision Zero has created a need to develop new 
solutions to improve road safety and thereby also a 
demand for a wide range of development and pilot 
projects. New measures and methods for designing 
roads have been developed and introduced, for 
example, median guardrails.  

A more efficient market for safety solutions  

Information provides consumers with the chance to 
choose products that improve safety. Consumer 
information programmes, such as the European 
crashworthiness evaluations carried out by Euro 
NCAP, is one such example.  

Bicycle helmet requirement for children under the 
age of 15  

The Government has decided that as of 1 January 
2005 it will be obligatory for children under the age 
of 15 to wear a bicycle helmet when they ride a 
bicycle or are a passenger on a bicycle. The helmet 
requirement means children will be cycling under 
safer conditions.  

Minister Ulrica Messing: ’’Technological advances 
are occurring at a rapid pace. New technology such 
as seat belt reminders, alcolocks and intelligent speed 
adaptation (ISA) makes using our vehicles safer. We 
are also getting much better at designing our road 
infrastructure so that accidents can be prevented and 
injuries minimised. The fact that Sweden is one of the 

safest countries in the world when it comes to road 
safety encourages us in our efforts. We will continue 
and intensify our road safety efforts. And we’re on the 
right track! It is also important to make use of our 
knowledge of road safety from a business point of 
view. The Swedish Business Development Agency 
(NUTEK) has now been given the task of developing 
a strategy for how Vision Zero can promote the 
development of the Swedish business sector.” 

Safer roads  

The bill on continued action for road safety contains 
the following suggestions for safer roads:  

New system for speed limits  

Speed limits should be based on Vision Zero. For this 
reason, the National Road Administration has been 
given the task of developing a strategy for gradually 
adjusting speed limits based on Vision Zero as well as 
the demands for accessibility, sound environment and 
positive regional development.  

SEK 4.9 billion for physical road safety measures 

Efforts to reduce the risk and consequences of head-
on, single vehicle and overtaking accidents on 
country roads will continue. Therefore, SEK 4.9 
billion will be earmarked for physical road safety 
measures such as roads with median guardrails, safer 
intersections and road shoulders.  

Continued road safety initiatives in the 
municipalities  

Municipalities should continue their successful road 
safety initiatives with further improvements to urban 
traffic environments. The responsibility they have for 
their citizens is extensive, and includes their role as 
employer and transport purchaser. This should serve 
as a guide for municipalities’ road safety initiatives.  

Minister Ulrica Messing: ’’Initiatives such as roads 
with median guardrails, improvements to road 
shoulders and roundabouts have kept the number of 
accidents at a constant level even though traffic has 
increased. We will now continue the important 
initiatives targeting safety-enhancing roads 
investments. It is my hope that, by means of a new 
speed limit system, speed limits will be more widely 
accepted among road users, and that road safety will 
improve.” 
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Initiatives by government agencies and companies  
Crash protection devices for heavy vehicles  

Government agencies and companies, in line with the 
expectations of society, should develop their own 
initiatives that take into consideration the 
requirements of the environment and road safety. 
This applies to both the procurement process and the 
provision of transport services. The Government will 
continue to take initiatives aimed at accelerating these 
efforts.  

Sweden must be proactive in the EU and globally 
when it comes to the development of crash protection 
devices for all categories of heavy vehicles.  

Information initiatives to reduce driver 
distractions such as the use of mobile phones 

Information initiatives to highlight the increased risks 
associated with driver distractions will be intensified. 
The sensible use of mobile phones while driving, 
combined with advanced technology for safe use, 
should help minimise safety risks.  

Alcolocks required in all new cars  

An inquiry has been appointed to examine the 
possibility of introducing a requirement that all new 
cars in Sweden be equipped with an alcolock no later 
than 2012. The inquiry will also consider measures 
that can be taken to increase the acceptance and use 
of alcolocks before such a requirement is introduced. 
The steps to be examined prior to a general 
introduction include:  

Automatic Speed Control  

The Automatic Speed Control system using speed 
cameras has proven to have very positive effects on 
road safety and will therefore be continued. A 
comittee of inquiry will be appointed to examine the 
possibility of extending the use of this system and 
making it permanent, and will present proposals for 
financing.  

• how to stimulate technological development,  

• how to extend the pilot programme involving 
conditional driving licence suspension,  

Fines for road traffic offences  
• the possibility of an earlier introduction of the 
alcolock requirement for certain categories of 
vehicles, and  

A comittee of inquiry will be appointed to review the 
level of fines for road traffic offences.  

• the possibility of using alcolocks in combination 
with rehabilitation for people with alcohol-related 
problems.  

Road safety education in schools  

Road safety education in schools is to provide 
thorough knowledge about traffic and develop 
positive attitudes to safe behaviour in traffic. 
Knowledge about traffic and attitudes towards risk 
behaviour in traffic must be built up over a long 
period of time. The National Agency for Education, 
in collaboration with the National Road 
Administration, is conducting a survey of the current 
status of road safety education in compulsory schools 
in order to present proposals for how it may be 
further developed. 

A market for car equipment that contributes to 
improved road safety  

The public sector plays an important role when it 
comes to creating a market for Intelligent Speed 
Adaptation (ISA), alcolocks and seat belt reminders. 
Measures for creating a market of this kind include 
quality assurance for transport and consumer 
information. ISA is a very promising method for 
helping drivers keep to the speed limit. Sweden will 
promote the inclusion of ISA in the consumer 
information programme, Euro NCAP. Retrofitting 
cars with seat belt reminder systems is important 
since seat belts are a car’s most important piece of 
safety equipment. The National Road Administration 
is working to facilitate retrofitting in older vehicles.  

Mopeds and all-terrain vehicles  

The number of serious accidents involving mopeds is 
increasing. The Government has appointed a comittee 
of inquiry to review the requirements for driving 
mopeds and all-terrain vehicles. Tuned mopeds are a 
serious threat to road safety. Therefore, more 
powerful measures are needed, both nationally and 
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Draft law on new rules for vehicle escorts  within the EU, to prevent unlawful manipulation of 
the maximum speed of mopeds. Among the measures 
being considered is the requirement for moped 
registration.  

The rules will allow transporters of long, wide and 
heavy vehicles that today require a police escort to 
fulfil escort requirements by engaging a road 
transport escort of their own choice.  Doctors’ duty to report  

Confiscation of car keys in the event of an alcohol-
related traffic offence  

Doctors are obliged to report driving licence holders 
who, for medical reasons, are obviously unfit to drive. 
However, very few cases concerning, for example, 
people with alcohol-related problems or other forms 
of illnesses are reported. The National Road 
Administration will be asked to determine whether 
the current system can be improved.  

In Government Bill 2003/04:159, the Ministry of 
Justice proposes granting the police the right to 
confiscate property (car keys) to prevent alcohol- 
related traffic offences.  

New rules for approving instructors  Minister Ulrica Messing: ”To improve road safety, 
it is of vital importance that we road users become 
better at following traffic regulations. Ultimately, we 
are all responsible for observing speed limits, making 
sure we are sober when we get behind the wheel and 
always using seat belts. If everyone takes their 
responsibility we will be able to fulfil the intermediate 
goal of reducing the number of deaths by 50 per cent. 
Unfortunately, the number of speeding offences is 
actually increasing and 15 000 drivers drive under 
the influence of alcohol on our roads everyday. We 
also know that men cause most of the more serious 
traffic offences. Nine out of ten of those suspected of 
drunk driving are men, as are 80 per cent of speeding 
suspects. Introducing alcolocks is an important 
measure for preventing people from drinking and 
driving. Speed cameras are an important speed 
reduction measure. I also believe it is important to 
focus on young drivers. The compulsory introductory 
training allows the instructor and the learner driver 
to set up a safe, effective and efficient driving 
programme. At the same time, the programme focuses 
on risk behaviour such as high speeds, alcohol and 
other drugs in road traffic.” 

Instructors are to have held a current driving licence 
for at least five of the last ten years. People who wish 
to become instructors must not have had their driving 
licence revoked in recent years as a result of a serious 
traffic offence, for example, drunk driving.  

Compulsory introductory education  

With regard to driver education for a class B driving 
licence, instructors must undergo compulsory 
introductory training with the learner driver 
concerned in order to be approved. The introductory 
training helps the instructor and the learner driver to 
set up a safe, effective and efficient driving 
programme. Training must be able to be offered by 
educational associations, non-profit organisations, 
driving schools or others that have received 
permission from the National Road Administration, 
which is responsible for supervising the training 
programmes. To prevent training from involving 
considerable cost increases for the individual, the 
option of setting a ceiling for training costs will be 
introduced. Alcohol and drugs are often contributing 
factors in traffic accidents involving young people. 
For this reason, the Government wants education 
about the dangers of alcohol, drugs and driving 
included in the existing risk education course (skid 
training).  

(End of the part derived from the publication 
“Continued action for road safety”.) 
 

The road traffic safety inspectorate 
A committee work on responsibilities of road 
transport system designers was initiated in 1999 since 
one of the main ideas in the Vision Zero concept is to 
add responsibilities to all bodies in society that 
influence the safety level in the road transport system. 
The committee proposed the initiation of a new 
authority, a Road Traffic Inspectorate. The 
government approved the proposal in 2002. The 

Draft law regulating more effective enforcement of 
excess freight charges for people from non-Nordic 
countries  

After inspection, the police will be allowed to 
demand prepayment of excess freight charges and 
prevent continuation of the journey if prepayment is 
not made.  
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inspectorate is organised as an independent part of the 
Swedish Road Administration. 
Sweden now has a new inspectorate with 
responsibility for a saferroad traffic environment that 
provides a sense of security.The Road Traffic 
Inspectorate will safeguard the interests of individuals 
in a safe road transport system. Its work will be 
characterisedby the humanistic view on which 
”Vision Zero” is based. 
The Road Traffic Inspectorate launched its operations 
on 1 January2003. It is a supervisory authority, 
organizationally connected to theSwedish Road 
Administration, that will operate in collaborationwith 
other organizations in the road safety sector in 
Sweden toinfluence system designers and closely 
monitor their activities so that the road transport 
system will ultimately be as safe and sound as 
possible.Safe road traffic is the primary objective and 
”Vision Zero” is the lodestar that guides the work.  
Road Traffic Inspectorate Tasks: 
•To monitor and analyse conditions that could 
substantially affect thedesign and functioning of the 
road transport system through taking aholistic view of 
the road safety goals adopted by public 
authorities,municipalities and others. 
•In dialogue with the organizations referred to above, 
work to ensurethat they apply a systematic procedure 
to prevent road accidents thatresult in death or serious 
injury. 
•To co-operate with other players to improve traffic 
safety on roads. 
•To initiate research and development within the road 
safety sector andmonitor research of importance to 
the operations at the Inspectorate. 
 

The Swedish IVSS Initiative 
 
Intelligent vehicle safety systems (IVSS) are smart 
technologies to reduce fatalities and severe injuries; 
this can be done by crash avoidance, injury 
prevention, mitigation and enhanced handling 
performance, stability and crash-worthiness of cars 
and commercial vehicles, that are facilitate by modern 
IT. Both infrastructure dependent and autonomous 
vehicle systems are included as are systems for 
improved safety for unprotected road users in this 
Swedish R&D program. 
 
Core technologies/focus areas:  

1. Driver support & human machine interface 
(HMI) systems  

2. Communication platforms – external/internal 
to the vehicles 

3. Sensor-rich embedded systems 
4. Intelligent road infrastructure & telematics  
5. Crashworthiness, biomechanics and design 

of vehicles for crash avoidance (/mitigation) 
and injury prevention. 

6. Dependable systems 
7. Vehicle dynamic safety systems 

 
Each focus area includes basic research, applied 
research and the use/creation of demonstrators. 
Development of test and verification methods can be 
addressed in all focus areas. 
 
 
The IVSS program is a national R&D program that 
intends to strengthen the use of IT in the 
improvement of traffic safety.  

CONCLUSIONS 
- The road fatality risk in Sweden is one of the 

lowest in the world 
- The Vision Zero concept is a new strategy to 

achieve safe road traffic in Sweden 
- New very demanding targets (50% reduction in 

ten years) has been decided 
- New responsibilities for system designers can 

improve the safety level 
- A new Traffic safety inspectorate is established  

and active since 2003 
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TRAFFIC SAFETY STATUS 

With respect to traffic, The Netherlands are still one 
of the safest countries. In the European Union only 
Malta, Sweden and the UK perform (slightly) bet-
ter; see Figure 1. 

 

 
Figure 1. Traffic fatalities per 100.000 inhabitants. 

 
The number of fatalities is declining steadily 

from 1972 on. Some years the trend seams to re-
verse, also in 2003 we had a small setback, but 
although traffic is relatively safe progress was and 
is still possible (Figure 2). 

 

 
Figure 2. Number of traffic fatalities in The Neth-
erlands from 1950 – 2010 (projected). 

 

 

THE MOBILITY POLICY DOCUMENT 

Last December the text of the new national mobility 
policy document was published by the government 
[1]. Parliamentary debate will take place around the 
summer of 2005.  

Due to high, and ever increasing,  traffic densi-
ties in The Netherlands traffic jams are very com-
mon. Although they can not be prevented all to-
gether, the aim is to improve the reliability and 
predictability of travel time. This will not be 
achieved by road construction alone. Road pricing, 
regional cooperation between different authorities, 
improved maintenance and technological innova-
tion are required to reach the targets. Meanwhile, 
safety and the environment (climate, local air qual-
ity and sound) will have to improve as well; making 
the required effort even bigger. 

Road Safety is Top Priority 

In this paper we concentrate on traffic safety. As 
mentioned before, big improvements have been 
made in the past, making The Netherlands one of 
the best performing countries with respect to traffic 
safety. But about thousand fatalities a year is still 
too much. Due to the high economic and social 
impact of traffic unsafety a permanent improvement 
is necessary. For 2010 the objective is 900 fatalities 
or less; in 2020 it should be reduced to at most 640. 
Due to the ever increasing traffic densities, espe-
cially for freight transport, this means a 50% reduc-
tion of the risk in twenty years time; see 
Table 1. 

 

Table 1.  Annual fatalities (targets) and fatalities 
per billion vehicle kilometres (projected). 
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High Expectations for (Vehicle) Technology 

To realise the required traffic safety performance in 
the coming 15 years, different means will have to 
be used. The sustainable safety program remains 
one of the corner stones of the Dutch safety policy 
and will be further implemented. One of its impor-
tant elements is the concept of self-explaining 
roads: drivers should be able to read the road and 
assume according choice of speed, headway etc.  

Men-oriented measures will remain of para-
mount importance. Driver training and licensing, 
awareness campaigns and enforcement are proven 
ways to reduce road un-safety.  

Much is expected from technological innova-
tion. Due to the high costs of infra-structural adap-
tations and the large amount of existing behavioural 
measures, new technology will be of growing im-
portance to reach the target of 2020. This will 
mainly take place inside the vehicle; but also along 
the road technology will play growing  role, espe-
cially in connection and cooperating with the vehi-
cle. 

It goes without saying that improvements in 
the vehicle have already greatly contributed to safer 
traffic. Especially the passive, or primary, safety 
has been improved impressively. Although progress 
can still be made in this field, both by new technol-
ogy and its further penetration in the vehicle fleet, 
much is expected the coming decade from the 
large-scale introduction of active safety and driver 
assistance systems. Either stand-alone, or in coop-
eration with other vehicles or the road.  

 

POLICY DEVELOPMENT AND LEGISLA-
TION 

EU directives 

Vehicle regulation still is one of the most important 
instruments of national governments to improve 
vehicle safety. Since it is completely harmonised 
within the European Union for passenger cars and 
soon also for other vehicle types. This means that 
most of the legislative effort is concentrated in the 
Brussels working parties, the UN-ECE WP.29 and 
in the codification of the new directives into the 
national laws.  

Euro-NCAP 

Euro-NCAP has been of salient influence on vehi-
cle safety. At the start of Euro-NCAP in 1996 a 
three-star rating was considered satisfactory; cur-
rently a five-star score is the only acceptable for 
safety conscious manufacturers. Since every addi-
tional star is estimated to reduce the risk of a fatal 

accident by 9% [2] the impacts on traffic safety is 
considerable. To keep in pace with the technologi-
cal developments, it is mandatory that new tests are 
introduced into Euro-NCAP. Especially for primary 
safety this requires a new approach to testing which 
is currently under development.  

Dutch Presidency of the EU 

The second half of 2004 The Netherlands hold the 
presidency of the European Union. For traffic 
safety we mention the agreement reached on the 
third directive on driving licences and the second 
Verona conference on road safety. The latter led to 
official council conclusions with several recom-
mendations regarding the improvement of road 
safety, including vehicle safety [3]. 

RESEARCH ACTIVITIES 2003-2005 

Also in the last two years many vehicle-related 
research projects were carried out by the Transport 
Research Centre of the Ministry of Transport (see 
http://www.rws-avv.nl for more information). The 
highlights are shortly presented here. 

Lane Departure Warning Assistant 

From summer 2002 until September 2003 a field 
operational test was conducted with the Lane De-
parture Warning Assistant (LDWA). With this trial  
the following items were investigated: 
• Acceptance by drivers and stakeholders  
• Traffic safety and traffic flow 
• Consequences for road authorities 
• Relation with new developments 

 
Apart from the research, it was also considered 

of high importance to raise the awareness about 
LDWA, and driver support systems in general, 
among (professional) drivers and fleet owners and 
to learn from their experiences. 

35 Heavy goods vehicles and one bus were 
equipped with an of-the-shelf LDWA system. The 
vehicles were deployed in normal business use; 
mostly long-haul. Several were equipped with black 
boxes which registered the use of the system, steer-
ing angle, position and velocity. All the drivers 
maintained a logbook and were interviewed on a 
regular bases. Some additional experiments, mainly 
the driver behaviour on narrowed lanes, were stud-
ied in a driving simulator. 

The main conclusions from the test are: 
• Acceptance of the systems was high: 75% of 

the drivers involved were in general positive 
• The systems gave many warnings, what an-

noyed most drivers. This was especially the 
case on narrow lanes or in road work areas 

• In the test drivers perception LDWA helps to 
improve traffic safety: shorter reacting times, 
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more frequent use of indicators, more atten-
tive, increased comfort 

• It was estimated that both the chance for 
truck-related casualties and traffic jams were 
reduced by 10% if LDWA were installed on 
all trucks. 

• LDWA could help driving on narrowed lanes, 
but the systems tested gave to many warnings 
to be acceptable for the driver. A more active 
system might perform better. 

 
Generally it can be concluded that the systems 

work as expected, but, being a first generation sys-
tem, are not perfect. Their return (reduced traffic 
jams and number of incidents) do no merit the cur-
rent price (approx. €2000). Improved systems at a 
lower price certainly will. 

The set-up of the test turned out to work very 
satisfactory. The willingness of the different parties 
involved, drivers, fleet owners, representatives of 
sector organisations, to cooperate and to think along 
with the project organisation, was very high. 

Intelligent Speed Assistant 

Excessive speed is one of the most important fac-
tors contributing to road un-safety. Therefore much 
effort is put into the enforcement of speed limits 
and infra-structural means like speed humps, chi-
canes and the concept of self explaining roads.  

But also from the vehicle help can be offered 
to keep to the speed limit. Often people are not 
aware of  the local speed limit or do not observe 
their speedometer frequently. A device informing 
the driver about the speed limit and giving feedback 
when he is in excess of the limit, will improve both 
driver comfort and traffic safety.  

In two European projects, PROSPER and 
SPEEDALERT, a whole range of issues is addressed. 
E.g., driver interface,  typology of ISA, needs for 
introduction, introduction scenarios.  

One of the critical issues for the successful in-
troduction of ISA is the availability of an accurate 
and up-to-date digital map with the speed limits. 
This requires the continuous involvement of local, 
regional and national road authorities and commer-
cial map makers. Well-considered agreements are 
necessary to guarantee the update process and 
(business) interest of the parties involved. The first 
version of a Dutch national speed database was 
published in 2004, together with a user interface for 
updates; see http://www.maximumsnelheden.nl/. 

In the end of 2006, PROSPER and SPEEDALERT 
will be concluded and the speed database satisfac-
tory accurate. Then first steps towards introduction 
of ISA can be made.  

EU Framework program 

In the both the fifth and the sixth framework pro-
gram The Netherlands, usually the Transport Re-
search Centre of RWS or TNO, participated ac-
tively. We name AWAKE, RESPONSE2, PROS-
PER, HASTE (FP5), Prevent, Aprosys, AIDE, 
GST, SafetyNet, Humanist (FP6).  
 
Electronic Vehicle Identification 
In 2003 the EU-Commission (DGTren) decided 
upon an initiative of The Netherlands and the 
United Kingdom to launch a feasibility study in 
EVI. Also Belgium, France and Norway partici-
pated in the study. Recently (November 2004) the 
final report was delivered. Main conclusion was a 
broad feasibility of a basic EVI which could bring 
considerable benefits for public services and for the 
efficiency and effectiveness of enforcing. The re-
port, the conclusions and its advice for the follow-
up will be discussed in a meeting of the High Level 
Group on Road Safety of the EU-Commission, 
expected around April 2005. This High Level 
Group was the actual platform to launch the study, 
carried out by a consortium lead by ERTICO. 

 

Transumo 

Transumo is a Dutch knowledge network for sus-
tainable mobility which started fall 2004. For six 
years both public and private partners will work 
together on innovative solutions for our transport 
system. The program contains five clusters: passen-
ger transport, freight and logistics, traffic manage-
ment, infrastructure and transition issues. In test 
areas the results of the projects will be demon-
strated real-life. The project costs are equally 
shared between government and the participating 
partners. For more information see 
http://www.transumo.nl. 

Roads to the Future 

Roads to the Future is the innovation program of 
Rijkswaterstaat. Its scope is to initiate innovations 
that contribute toward making road transport in the 
Netherlands perceptibly less congested, cleaner, 
safer, quieter, and more comfortable. And even 
more fun. In the Roads to the Future program about 
10 opportunity-driven innovative projects are 
launched every three years. In these projects public 
and private partners join forces. The current cycle 
contains the following projects: 
• Future service areas (generate innovative 

ideas for the layout, design, style, facilities, 
and maintenance and management of service 
areas) 

• The assisted driver (take a look into the (near) 
future of ADA systems by demonstration and 
study) 
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• The remediating road (use contaminated 
dredged material beneath or next to roads, 
thereby cleansing it) 

• Belonitor (rewarding the referred behaviour, 
changing one’s habits becomes attractive) 

• Citybox (operate with goods boxes in inner 
cities that fit on both large and small trucks) 

• Optimal corridor (offer travellers more suit-
able total solutions for travelling from door to 
door) 

• Missing link (optimal use of road network by 
integration primary and secondary network) 

• Travel time expectation (offer travellers (prior) 
insight into the various travel and route alter-
natives with associated travel times) 

• Roadwise (options and consequences of offer-
ing far more information in the car) 

Most of the pilots above started their preparation in 
2003 and will be carried out in 2005. For more 
information see  the website of Roads to the Fu-
ture: http://www.roadstothefuture.nl/. 
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INTRODUCTION 
 
I am pleased to be here today to present the United 
Kingdom’s Status Report at this ESV.  
  
I will speak mainly about advances since the last 
ESV in Japan, rather than try to outline the full range 
of activities.  At the heart of all our activity is the 
desire to reduce the road casualty toll as set out in our 
national road safety targets for 2010. Due to the time-
lag between research, agreeing improved vehicle 
safety standards and compliant vehicles becoming 
common on our roads, it is mainly past activities that 
will help deliver the 2010 targets but I will also 
mention current work, which is expected to deliver 
further casualty reductions beyond that.  
 
UK ROAD SAFETY TARGETS AND 
PROGRESS  
 
In March 2000 the Government’s road safety strategy 
was set out in “Tomorrow’s Roads: Safer for 
Everyone”. This set new targets for casualty 
reduction by 2010 compared with the Great Britain 
(that is England, Scotland and Wales together) 
average of casualties for 1994 to 1998.   
• 40% for all killed and seriously injured (KSI) 
• 50% for child (0-15 years) killed and seriously 

injured (KSI) 
• 10% for the rate (by vehicle kilometres) of slight 

injuries. 
 
These were considered challenging but achievable 
targets and were subject to three yearly review. So 
how are we doing so far? 
 
We are on target for KSI overall with good progress 
on most groups, including pedestrians (26%) and car 
occupants (19%), the exception being motorcyclists 
for whom casualties rose by 16% but this is due to 
increased use, the number in terms of distance 
travelled having fallen. For car occupants, a worrying 
factor is that fatalities have recently started to rise in 
spite of the continuing reductions in serious injuries. 
Research has indicated that the increase in car 
occupant and motorcyclist fatalities is due to more 
single vehicle accidents linked to loss of control at 
bends, often on rural roads and in the case of cars, 
often involving young people. 
 

 
RESEARCH 
 
The UK devotes significant resources to national 
transport research every year and vehicle safety is the 
largest element. This programme currently covers 
about 50 separate projects into which we invest 
several million pounds each year. We have long 
recognised the value of collaborative international 
research and are committed to channeling our 
contributions through the European Enhanced 
Vehicles Committee (EEVC) and where possible, 
through the International Harmonised Research 
Activities (IHRA). We also do research to support 
government policy on more immediate issues that 
arise in negotiating vehicle standards in the both the 
EU and the UNECE World Forum. I would like to 
stress that, aside from other governments and 
research groups, we also welcome co-operation with 
manufacturers and other NGOs. 
 
Accident Data Collection 
 
This is a fundamental  element of the research 
programme and the outputs are used in many 
research projects on specific topics. 
 
     The  Co-operative Crash Injury Study (CCIS) 
is Europe’s largest in-depth study investigating the 
performance of car structures, restraints and 
advanced safety systems in accidents and related 
occupant injuries.  This involves three data collection 
teams examining about 1300 cars per year in the 
current phase. It is funded by DfT and seven 
manufacturers including vehicle and system or 
component manufacturers. This wide sponsorship has 
several advantages; it brings more funding, provides 
extra technical insights for both researchers and 
sponsors and most importantly allows manufacturers 
to use the data directly to improve their designs. 
 
     The Heavy Vehicle Crash Injury Study 
(HVCIS) currently provides data from several 
sources on truck, bus, coach, minibus, light goods 
vehicles (but not car derived vans) and agricultural 
vehicle accidents. 
 
     The On the Spot (OTS) study provides a wider 
range of information including accident causation 
and involves expert teams attending an accident 
scene to gather data that would otherwise be quickly 

Jeyes 
 

1



lost. Phase I successfully created a database on over 
1400 accidents. Phase II of this project will continue 
for three years, investigating abut 500 accidents per 
year.  This will contribute to increased understanding 
of vehicle, highway design and human aspects and 
how they contribute to accident causation and injury 
outcome.  A current example is an analysis of the role 
of speed in crashes. OTS is jointly funded by vehicle, 
road safety and highways groups within the DfT. 
 
Secondary Safety 
 
We are continuing to benefit from improvements in 
secondary safety that have entered the market in 
recent years both in terms of more sophisticated 
restraint systems and greater structural integrity of 
vehicles.  But it is important that we continue to 
make progress in this area and ensure that systems 
are optimised for a wider range of occupants and 
accidents. One of our projects is a fundamental 
review of secondary safety priorities.  The aim is to 
determine where we can best focus our efforts in the 
longer term given the numbers and types of 
casualties, the potential secondary safety 
technologies that might be applied and the 
contribution secondary safety could make against a 
backdrop of a potential reduction in casualties from 
other vehicle and infrastructure improvements. 
 
     Front/Side impact and Compatibility: The UK 
has continued to support research to improve 
protection in front and side impact and compatibility.  
Through the EEVC, we have continued work on the 
development of the Advanced European Mobile 
Deformable Barrier (AE-MDB) intended to reflect 
modern European cars.  We have also contributed to 
the development of a “free flight” head-form test 
intended to protect the head in side impacts and this 
has become one of the proposed IHRA tests. Through 
the SIBER project, we have been involved in an 
evaluation of World SID. 
 
On compatibility, our research has included car to car 
tests,  modelling and tests using a full width load cell 
wall as part of the on-going European VC-COMPAT 
research programme on possible test procedures.  We 
have also supported further evaluation of potential 
assessment criteria. With Germany, we have 
researched national accident data which was used to 
identify a European target population which could 
benefit from improved compatibility.   

     Restraint systems:  The rate of technological 
advance is welcome although at present it is 
outstripping our ability to assess how good new 
systems are.  One of our projects, the assessment of 
advanced systems links with the European PRISM 
project.  This project has looked at different dummy 
sizes (5% and 95%) and also the potential of a new 
dummy.  A question which we may be addressing in 
future is whether regulations should encourage softer 
restraint systems with lower load limiters to give 
reduced chest injuries.  
 
     Motorcyclist Helmets: We are currently 
supporting research to further demonstrate that the 
use of new materials and construction techniques can 
deliver significant improvements in helmets with the 
potential to reduce fatalities by about 20%, while 
maintaining designs which are practical and 
acceptable to motorcyclists. This research is also 
developing advanced test methods for such helmets, 
which could be used either in consumer information 
programmes or in legislation. 
 
     Biomechanics: The emphasis of our work is on 
dummy evaluation, not development.  Earlier work 
looked at using the advanced lower leg on the 
existing frontal impact dummy to investigate the 
assessment of lower extremity injuries.  More 
recently, through the European advanced frontal 
impact project (FID), we have been involved in an 
evaluation of the Thor (FT) dummy.  This showed 
promise although areas for further improvement were 
identified.  
 
Large Vehicle Safety 
 
Large and heavy vehicles pose special safety 
problems and our current research addresses the 
following topics. 
 
     Front Under-run Protection: We are 
contributing to the car to truck element of the 
European VC-COMPAT project, with a view to 
improving truck front under-run protection systems.  
 
     Aerodynamic Side-guards and Spray-
Suppression:  In anticipation that a vehicle fitted 
with aerodynamic side-guards will not only offer fuel 
savings but should also reduce road casualties and 
improve spray-suppression, UK research on large 
goods vehicles continues to look at new measurement 
methods for assessing spray suppression and to assess 
all the benefits of fitting aerodynamic side-guards. 
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     Load Security: The UK is working with other EU 
Member States to produce a European Code of 
Practice on the safe securing of loads.    
 
     Bus Occupant Protection:  Our research on 
buses is studying the potential to prevent occupant 
ejection during a vehicle rollover, the suitability of 
adult seatbelts for use by children, and development 
of a non-destructive seat belt anchorage test for 
vehicles produced in low-volumes.   
 
Primary and e-Safety 
 
Although ESV has in the past been mainly about 
areas such as occupant protection in crashes, primary 
safety (preventing accidents happening) has always 
been important and continues to advance both in 
traditional areas but perhaps mainly in the application 
of electronics or “Advanced In-Vehicle Systems 
(IVS)” as referred to in one of the technical sessions. 
 
     Primary NCAP: Euro NCAP continues to 
investigate the potential of improved primary safety.  
The UK contributed the fundamental research to 
underpin this work and this has been developed in 
conjunction with the vehicle manufacturers and 
system suppliers. Progress on devising assessment 
methods has been good but one of the fundamental 
issues that is now being tackled is the evidence-base 
to support the introduction of new tests. While this is 
being addressed, work is focusing on encouraging 
specific electronic-based technologies such as 
Electronic Stability Control (or ESP) and speed 
management systems e.g. driver-set speed-limitation 
devices.  
 
The UK is closely involved with these developments 
and chairs the relevant EuroNCAP working group. 
On ESP systems, there is a clear and growing body of 
evidence to support real benefits in terms of accidents 
and injuries but the immediate challenge is to bring 
this information to consumers. EuroNCAP has a clear 
role in using its well developed communications 
mechanism to develop consumers understanding of 
these systems and to promote their wider uptake. On 
speed limiters, EuroNCAP is starting its work with 
driver-set systems but recognises that the really big 
safety benefits will be from intelligent systems that 
use, for example, satellite communications.  
 
     Intelligent Speed Adaptation (ISA): 
Inappropriate speed is a factor in a significant 
number of accidents.  Intelligent vehicle systems that 
use digital speed maps and GPS location have the 
potential to reduce those accidents and, on 

motorways, could also smooth traffic flows and 
increase road capacity.      
 
The UK is about halfway through a research 
programme including on-road trials which is 
assessing how drivers respond to ISA over longer 
periods of use. When complete, this will provide a 
wealth of data from 4 sets of 20 drivers using 
identical ISA equipped cars for 6 months each.   The 
ISA system being used is a voluntary one, i.e. the 
driver can choose when to have the system enabled; 
the use of ISA and compliance with speed limits are 
the major aspects of driver behaviour being 
monitored.  Driver attitudes before, during and after 
the trials will also be monitored.  
 
Our research will contribute to broader Europe-wide 
discussion on ISA which includes research in several 
countries and the involvement of the European 
Commission. But if ISA is to be taken up more 
widely in the market place, a key issue will be the 
supply of road speed limit information in digital 
format. Once enabled, a voluntary ISA would then 
have a greatly enhanced capability to follow speed 
limit changes. 
 
EXISTING CONSUMER INFORMATION 
 
The UK considers that the provision of objective 
information to consumers in an easily understandable 
way, which can help them to choose safer vehicles 
and related products, is an important means of 
improving safety. 
 
Euro NCAP 
 
EuroNCAP is now established as the leading 
consumer information programme on vehicle safety 
in Europe. Building on fundamental UK research in 
the 1990s, Euro NCAP now has the support of five 
European Member States, the Commission, motoring, 
consumer and insurance organisations.  While many 
car models now achieve 5 stars for occupant 
protection, it has not proved so effective for 
pedestrian protection. While we welcome the recent 
increase in models achieving 3 stars, they still form a 
minority with many still being rated as 1 star. 
EuroNCAP is continuously developing and now 
includes an assessment of child safety in the car 
model tested and is looking at the possibility of 
including a whiplash assessment. 
 
Child Restraint Assessment Methods 
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Tyre Wet-grip  and Run-flat A child restraint is one of the most important 
purchases by a parent and information on the best 
products available can help them make an informed 
choice.  This is an area where we have been carrying 
out research in a consortium (New Programme for 
the Assessment of Child Seats, NPACS) including 
two other European government organisations, the 
European Commission and consumer, motoring and 
insurance groups. The UK contribution has drawn on 
national accident databases and is examining areas 
such as methods for assessing usability, risk of 
misuse and dynamic performance in front and side 
impact. It will take into account the fact that most 
child restraints are “universal”, being designed for 
use in any car. 

 
The UK has played a leading role in developing a 
wet-grip test and limit values for tyres and this has 
now been agreed for including in legislation. We 
consider it important especially since without these 
standards, the introduction of tyre noise requirements 
could result in some manufacturers compromising on 
grip. We also welcome the introduction in Europe of 
a test method for run-flat tyres, including a driver 
warning-system requirement. 
 
Speed–limiters 
 
Controlling speed to appropriate levels is one of the 
UK’s current road safety priorities, so we welcome 
the recent (from January 2005) extension of EU 
requirements to fit speed-limiters to goods vehicles 
down to 3.5 tonnes gross weight and to passenger 
vehicles with more than 8 passenger seats. 

 
RECENT LEGISLATION 
 
Pedestrian Protection  
 

 Pedestrian protection by improving the design of car 
fronts has been the UK’s longest running area of 
research and will soon open a new chapter in vehicle 
safety when Directive 2003/102/EC takes effect for 
new models in October 2005. We estimate that this 
first phase when fully implemented will save about 
12% of those killed or seriously injured in the UK. 

Adaptive Head-lights 
 
We welcome changes in European legislation to 
provide for the industry’s introduction of head-lights, 
which automatically adapt to certain road and driving 
conditions (in particular during cornering) to provide 
both improved vision for drivers and help to reduce 
the problem of glare.  

This year we expect revised proposals for phase 2 
(for implementation in 2010) that will allow a 
flexible approach with secondary and primary safety 
playing a role.  Implementation of phase 2 should 
increase the KSI savings to about 20%.  For 
manufacturers, pedestrian protection has been a 
major design challenge but it is now part of the DNA 
of European car design. One of the encouraging 
aspects has been the small but growing numbers who 
have implemented improvements ahead of the 
Directive, as seen in some Euro NCAP results, while 
competing in the market with those who have yet to 
incorporate such improvements.  Technical solutions 
will vary, depending on feasibility, styling and costs 
for the models concerned.   

 
Steer-by-wire and Automatic Low-speed Steering 
 
We also welcome recent changes in legislation to 
permit “steer-by-wire” and automatic steering below 
10km/h (using signals initiated on-board the vehicle) 
while ensuring that the driver remains in primary 
control of the vehicle at all times. 
 
Rearward Vision 
 
Recently agreed revisions to European legislation on 
rear-view mirrors will significantly increase the 
rearward field of view from both heavy goods 
vehicles and buses, especially concerning driver’s 
view of pedestrians and cyclists. The UK contributed 
to these and welcomes them, especially as they 
should help to resolve problems associated with 
international traffic (UK is one of few European 
countries with left-hand traffic rule). 

 
Child Restraints 
 
We welcomed the amendments to UNECE 
Regulation 44 to include the ISOfix standard fixing 
requirements, which offers improved performance 
and easy attachment of the child restraint to the car, 
thus avoiding a potential misuse factor. A 
considerable amount of effort goes into European 
projects aimed at delivering improved regulatory 
standards.  A significant strand in our work has been 
the development of a new side impact test, which is 
being considered by ISO.  

 
MARKET DRIVEN ADVANCES - A 
CHALLENGE FOR GOVERNMENTS 
 
We are now in an era where the ability of 
manufacturers to develop technology exceeds the 
ability of governments to keep pace with appropriate  
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assessment methodologies. The pace of delivery of 
new systems using radar technology is likely to 
accelerate considerably in Europe from late 2005 due 
to a temporary relaxation in radio spectrum allocation 
to allow sensors required by the industry. 
 
The introduction of vehicle electronic systems 
intended to assist the driver is advancing very 
rapidly.  Examples of systems already available 
include autonomous cruise control (ACC), lane 
departure warning, brake assist, electronic stability 
systems (ESP) and adaptive lighting systems.  The 
degree to which systems can intervene is increasing 
and we are moving into an era where detection of 
unavoidable accidents situations may serve not only 
to pre-arm secondary safety features such as seat-belt 
pre-tensioners but to apply automatic emergency 
braking to help reduce the impact severity. Vision 
enhancement can help drivers at night or in poor 
visibility conditions. Where accidents do occur, 
emergency call (e-call) can inform the emergency 
services.    
 
Authorities must be creative in how they deal with 
these systems. As a general rule, standards are best 
when based on performance assessments of complete 
systems irrespective of the technology used and we 
should be aware that individual products intended to 
provide the same generic function can differ 
appreciably in their real-world effectiveness.   
 
A key challenge will be helping drivers understand 
how the systems operate. This is an issue not just for 
the new owners but possibly more so for subsequent 
owners and occasional drivers who may not be so 
familiar. A lack of standardisation in warnings and 
variations in capabilities between systems could lead 
to risks of misunderstanding and misuse by drivers.  
For instance, is it really a good idea to have different 
methods of giving the same message to a driver on 
leaving a lane?  Yet such differences are already 
present in the marketplace and are difficult to prevent 
as manufacturers strive to introduce systems quickly 
for competitive advantage. The ability to check the 
continuing correct operation of key functions as 
vehicles age is a further important aspect that must 
not be overlooked. 
 
We do not pretend to have all the answers and 
Human Machine Interaction (HMI) issues are being 
studied in a number of fora. In Europe, the e-Safety 
initiative is developing the current European 
Statement of Principles and this is feeding into a 
wider review being coordinated by the IHRA ITS 
group. Their work in-turn feeds into the UNECE 
World Forum-ITS group in Geneva where questions 

on standards and regulation will be addressed. While 
welcoming the pace of progress, it would be 
shortsighted not to recognise the risks as well as 
potential safety benefits. 
 
TRANSPORT TELEMATICS  
 
We should seek to take maximum advantage of 
technological developments in the transport 
infrastructure and in communications between the 
vehicle and infrastructure.  The area of transport 
telematics is a rapidly evolving one, and I would like 
to finish on the longer term potential.   
 
Co-operative Vehicle Highway Systems  (CVHS) 
 
CVHS is a generic term for a wide variety of 
technological applications that use ICT-enabled 
communications between the roadside and vehicles 
and between individual vehicles in order to enhance 
safety and efficiency through driver support or 
network management applications. We have been 
looking at the feasibility of CVHS and the potential 
policy benefits and all the associated business case and 
deployment path issues of in the context of future road 
transport, looking ahead to 2030 and beyond.  

Others have also been researching CVHS. The USA 
and Japan have demonstrated the technologies 
already but our current study takes an innovative 
approach by seeking to understand the policy benefits 
rather than focusing on the technology itself.  
 
I would like to highlight some key points:  

• The potential benefits are far-reaching in 
terms of road transport.  This seems true from 
a network management and efficiency, road 
safety and/or user perspective and may 
extend to altering enforcement methods, 
reducing driver error, enabling better control 
of road access and providing for a better and 
more socially accessible travel experience.  

• More advanced CVHS deployment, where 
every vehicle is entirely controlled on the 
road by co-operatively enabling technology 
rather than the driver, could take 40 to 50 
years to achieve in full.   

• But, in moving forward from today, a crucial 
step is for government to determine policy 
advantages, any risks and its potential role in 
any deployment path.  
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• In the near-term (say up to 10 years) progress 
may mainly be industry initiatives marketing 
in-vehicle systems where the driver is clearly 
in command, though aspects of control may 
be delegated e.g. close following, 
manoeuvre/collision warning, voluntary ISA 
using national data.  

• There are significant challenges to any CVHS 
deployment at the technical and operational 
levels and in terms of demonstrating a 
business case.  A key challenge is acceptance, 
together with the legal framework that would 
be needed to maintain acceptance at road user 
and CVHS provider levels.  

• CVHS development should not be taken 
forward at national level alone, not least 
because of the international dimension to 
vehicle design.  

This is a general overview. An illustrative example 
where safety could be enhanced might be a 
designated safety zone near a school where 
pedestrians and vehicles mix.  Only vehicles capable 
of having their speed restricted and with a certain 
minimum level of pedestrian friendliness might be 
allowed within the zone. Infrastructure systems could 
set a safe speed limit according to the expected level 
of pedestrian activity.   
 
The key point is that linking the infrastructure and 
vehicles allows innovative approaches to traffic and 
vehicle management. This gives added benefits over 
just roadside or in-vehicle technology. 
 
And Finally  
 

This paper ranges over our current progress in 
reducing KSI, several areas where we expect or are 
seeking further gains and ends with potential 
technological capabilities including those that link 
the vehicle and the infrastructure which would not 
have their full effect until perhaps 50 years into the 
future – a time when mobility, and I hope casualty 
levels, will be transformed.      
 
As we strive to reduce casualties further, I would like 
to look back a moment to recall that high levels of 
road casualties existed before the advent of the motor 
car. In the late 1890’s, the UK had 1663 fatalities of 
which 11 were linked to velocipedes or early bicycles 
and only 7 to motor vehicles. We can only guess at 
the number of seriously injured.  But today, we have 
the hugely advanced mobility of the 21st century for 
only twice the fatality level of the 19th century and 
perhaps a comparable KSI level. I doubt that this 
would have been predicted by even the most 
optimistic 1890 road safety expert, had such a person 
existed. Let us hope that the experts in 2050 will see 
a comparable transformation in terms of the 
technology level of our transport systems and a 
dramatic fall in casualty levels. 
 
Whether we are dealing with further improvements in 
existing areas, such as refining restraint systems or 
areas like pedestrian protection or compatibility, 
valuable savings can still be made.  But perhaps the 
largest savings will come from implementing new 
technologies both in the short and longer terms. I am 
certain that all will play a role even though there may 
be shifts in their relative contributions.  
 
ESV is a key forum for such discussions bringing 
together those in government seeking further safety 
improvements and specialists from industry and 
research groups opening up technological advances. 
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OVERVIEW 

The National Highway Traffic Safety 
Administration’s (NHTSA) mission is to save lives, 
prevent injuries, and reduce traffic related health care 
and other economic costs. The agency develops, 
promotes, and implements effective educational, 
engineering, and enforcement programs directed 
toward ending preventable tragedies and reducing 
safety related economic costs associated with vehicle 
use and highway travel.   
 
In 2003, the United States had a resident population 
of 291 million people and over 196 million licensed 
drivers.  An estimated 2.9 trillion miles were traveled 
by the 231 million registered vehicles in the U.S.  
This is approximately 14,800 miles of travel per 
licensed driver.  This high degree of mobility is 
accompanied by safety consequences.  A study, 
published by NHTSA in 2000, estimates the 
economic impact of motor vehicle crashes to be $231 
billion dollars, annually.  Table 1 provides a 
breakdown of the major elements of this cost. 
 

Table 1. 
Economic Impact of Motor Vehicle Crashes 2000 

Elements of Cost Billions Percent 
Market Productivity $61 26% 
Property Damage $59 26% 
Medical $33 14% 
Travel Delay $26 11% 
Household Productivity $20 9% 
Insurance Admin $15 7% 
Others $17 7% 
Total $231 100% 
Source: The Economic Impact of Motor Vehicle 
Crashes 2000, NHTSA, May 2002 
 
This is approximately $800 for each person in the 
U.S., $1,200 per licensed driver and 2.3% of the 
gross domestic product. 
 
In 2003, the U.S. fatality rate was at 1.48 fatalities 
per 100 million VMT, the lowest ever achieved.  The 
fatality rate per VMT has been steadily decreasing.  
The safety improvements made are due to the 
collective efforts of the operating agencies of the 

department (NHTSA, the Federal Motor Carrier 
Safety Administration (FMCSA), the Federal 
Highway Administration (FHWA) and the Federal 
Railroad Administration (FRA)), the States, 
automobile manufacturers and many other 
organizations.  The seat belt use in the U.S. has also 
reached an all time high of 80 percent nationwide.  
NHTSA’s engineering efforts combined with its 
educational and enforcement programs that ensure 
proper compliance with the US regulations have 
been mainly responsible for this significant 
achievement in safety. Figure 1 shows the number of 
fatalities for the period 1970 to 2003. 
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Figure 1.  Number of Fatalities in the U.S. by Year 
 
NHTSA’s traffic safety program considers 
engineering, along with its educational and 
enforcement programs, essential to continue its goal 
to reduce fatalities, injuries, and crashes on the U.S. 
highway system. This 3-pronged process, relies on a 
strong educational program to inform drivers and 
passengers, an enforcement program to determine 
compliance with U.S. regulations, and vehicle safety, 
rooted in engineering, science and data, to develop a 
strong policy to continue to improve highway traffic 
safety. 
 
NHTSA has identified 5 priority areas to maximize 
its effort in achieving this goal. The five priority 
areas are: 
 

• Increased national safety belt usage 
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• Reduction in the number of alcohol related 
crashes, fatalities and injuries 

• Reduction in the number and severity of 
rollover crashes, fatalities and injuries 

• Improved compatibility in vehicle fleet 
• Improved data addressing highway safety 

CRASH ENVIRONMENT 

In 2003, 42,643 fatalities occurred in the US as a 
result of motor vehicle crashes.  This is contrasted 
with the 54,589 people who were killed in traffic 
crashes in 1972 and 39,250 in 1992, the highest and 
lowest in the past 35 years.   
 
As mentioned earlier, the fatality rate per 100 million 
VMT in 2003 was 1.48.  This is contrasted to 5.5 
fatalities per 100 million VMT in 1966, the highest 
in the past 35 years.  Similarly, the fatality rate on a 
person basis was 14.66 fatalities per 100,000 
population in 2003.  This is compared to 26.42 in 
1969.  In 2003, the fatality rate per 100,000 
population was the lowest in the past 35 years. 
 
The distribution of fatalities by crash type has 
remained fairly constant over the past many years.  
Figure 2 presents the distribution of fatalities over 
the past 2 decades. 
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Figure 2. Distribution of fatalities by crash type in 
1980 and 2003. 
 
The changes that have occurred in these major 
segments of the fatality distribution are compared in 
Table 2. 

 
Motorcycle rider fatalities, after a major decrease in 
the 1980s and early 1990s, have increased steadily 
since a historic low in 1997. In 2003, motorcycle 
rider fatalities numbered 3,661, an increase of over 
1,500 fatalities from the 1997 level. 

 
 

Table 2. 
Percent change in fatalities by crash type 

Segment 1980 2003 Change 
Multi-vehicle 40% 44% +10% 
Single Vehicle 
(Non-roll) 

24% 22% -8% 

Single vehicle 
(rollover) 

18% 21% +17% 

Non occupant 18% 13% -28% 
  
The total number of police-reported crashes in the 
U.S. in 2003 was estimated by the National 
Automotive Sampling System (NASS) General 
Estimates System (GES) to be 6.3 million.  These 
police reported crashes resulted in 2.9 million 
persons being injured.  In recent years, the estimated 
number of injuries has decreased, as has the injury 
rate, based on VMT.  In 2003, the injury rate reached 
100 injuries per 100 million VMT. 
 
In 2004, safety belt use reached an all time high in 
the U.S.  Current estimates indicate front outboard-
seated occupants during daytime hours have a usage 
rate of about 80 percent.  The recent safety belt 
estimate, by observation year, is shown in Figure 3. 
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Figure 3.  Safety belt use in the U.S. by year. 

DATA COLLECTION AND ANALYSIS 

NHTSA conducts a motor vehicle crash data 
collection program through the National Center for 
Statistics and Analysis (NCSA).  It is composed of: 
the data collected from the states, including Fatality 
Analysis Reporting System (FARS) and the State  
Data Program, crash investigations, which includes 
the National Automotive Sampling System and the 
Special Crash Investigations (SCI) programs.  
 

Fatalities - 1980 Fatalities - 2003 

Passage of 
Seatbelt Laws 

Begins 

Operation 
Buckle Down 

BUA  
Begins 

CIOT 
Begin

 

NOPUS 
2004 



 

Kanianthra 3

FARS is a census of all fatal crashes occurring on 
public roads in the United States.  FARS has co-
operative agreements with State agencies to identify 
fatal motor vehicle crashes and collect information 
about them. This information is coded into a 
common format and transmitted to NCSA.  NCSA 
data are complemented by state crash data files 
provided through the State Data Program. Each year, 
the crash data files from 29 states are obtained, 
documented and provided to the Agency. Also a 
specialized crashworthiness database is created from 
several of the state data files.  In another component 
of the State Data Program, NHTSA continues to 
work with states to develop Crash Outcome Data 
Evaluation Systems (CODES).  CODES projects link 
statewide police-reported crash data to medical 
outcome data.  
 
The NASS is comprised of the General Estimates 
System (GES) and the Crashworthiness Data System 
(CDS).  The GES provides national estimates of 
characteristics of all motor vehicle crashes.  The 
CDS conducts detailed investigations into a 
nationally representative sample of crashes involving 
towed passenger vehicles to investigate injury-
causing mechanisms and to evaluate 
countermeasures.  The SCI program provides in-
depth data on crashes where emerging issues may be 
of interest.  
 
A new NHTSA initiative called the National Motor 
Vehicle Crash Causation Survey (NMVCCS) began 
collecting data starting in January 2005. This survey 
will conduct on-scene crash investigations and 
collect data from a nationally representative sample 
of passenger vehicle (passenger cars, vans, sport 
utility vehicles, pickups and other light trucks) 
crashes.  The data will provide information on the 
events and factors related to the causation of crashes.  
The survey will help identify the events and factors 
related to how crashes occur. 
 
NCSA conducts key analyses of the collected data 
and publishes reports, including the annual traffic 
safety facts book.  A copy of the most recent report 
can be found at NCSA’s web site using the following 
URL: 
http://www-nrd.nhtsa.dot.gov/departments/nrd-
30/ncsa/AvailInf.html 

CRASHWORTHINESS RESEARCH 

Incompatibility Between Passenger Cars and 
Light Trucks 

For decades, the light vehicle category consisted 
primarily of automobiles.  The growing popularity 
over the past 10 years of light trucks, vans, and 
utility vehicles (LTVs), all weighing 10,000 pounds 
gross vehicle weight rating (GVWR) or less, has 
changed the marketplace as well as the safety picture.  
LTV sales have soared to almost eight million units 
sold in 2002 – 49 percent of new passenger vehicle 
sales.  In 2003, the number of registered LTVs in the 
United States exceeded 85 million units or 
approximately 37 percent of registered motor 
vehicles in the U.S.  The majority of LTVs are used 
as private passenger vehicles and the number of 
miles logged in them increased 26 percent between 
1995 and 2000, and 70 percent between 1990 and 
2000.  Beyond the growth in sheer numbers of 
vehicles, LTVs also have increased in size, the curb 
weight gaining on average about 300 pounds from 
2000 to 2004, whereas passenger cars gained 
approximately 110 pounds during the same period. 
  
 NHTSA is continuing research to identify vehicle 
characteristics that affect compatibility and evaluate 
their effects in real world crash performance. Several 
compatibility performance metrics have been 
developed and are being evaluated against real world 
crash experience and staged vehicle crash testing.  
Evaluation of compatibility performance measures is  
using sophisticated computer models to assess the 
impact of vehicle changes on fleetwide safety 
performance. The fleet studies are focused on 
evaluating the impact of changes made to the entire 
fleet (i.e., both LTVs and cars) on safety.  In addition 
to NHTSA's initiatives, vehicle manufacturers have 
committed to a set of voluntary standards for 
enhanced vehicle-to-vehicle crash compatibility.  
NHTSA is closely monitoring these voluntary efforts 
and future research developments from industry 
participants. 

Crashworthiness Rollover – Ejection Mitigation 

The crashworthiness rollover research program can 
be separated into two main topics, ejection mitigation 
and protection for non-ejected occupants.  The 
ejection mitigation program is aimed at occupant 
containment countermeasures, developing 
performance requirements, test procedures for 
evaluating these countermeasures, and developing 
procedures to evaluate rollover sensor performance.  
The research program for the protection of non-
ejected occupants includes roof crush test method 
development and rollover restraint performance.  
Ejection is a major cause of death and injury in light-
vehicle rollover crashes.  Almost two thirds of all 
ejection related fatalities occur during rollover 
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crashes.  NHTSA is pursuing a phased approach to 
reducing occupant ejection in rollover crashes.  The 
recently proposed side impact pole test would amend 
FMVSS No. 214 to provide improved head 
protection for occupants, and likely result in greater 
use of side curtain air bags.  The ability of window 
curtains in preventing ejections remains to be proven. 
Depending on their characteristics and performance, 
as well as other design features such as tethers, 
window curtains could be designed to prevent 
ejections.  However, much work remains to be done 
in this area. The next phase is to establish 
performance requirements for rollover sensors.  The 
agency collected considerable information (from 
manufacturers and suppliers) in its effort to develop a 
research plan for rollover sensor performance 
requirements. 

Side Impact Research 

NHTSA’s FMVSS No. 214 upgrade proposal would 
require auto manufacturers to provide head 
protection in side crashes and to enhance thorax and 
pelvis protection for a wider range of vehicle 
occupants.  The proposed upgrade augments the 
current side-impact standard by requiring an 
additional performance test involving a 20-mph (32 
kph) vehicle side crash into a rigid pole at an 
approach angle of 75 degrees. The Agency is moving 
toward incorporating the more precise biomechanical 
knowledge provided by second generation side 
impact dummies.  The upgrade proposes the use of 
two dummy sizes representing a 5th percentile adult 
female (the SIDIIs) and a 50th percentile male 
dummy (Eurosid-2 Re, a modified version of 
Eurosid-2) for both the proposed oblique pole test 
and the current FMVSS No. 214 barrier-to-vehicle 
test.  In order to develop this proposal, the Agency 
has undertaken research in biofidelity assessment of 
dummies.  Additionally, a number of crash tests were 
also undertaken to generate the necessary data for 
benefits assessment.   

Hydrogen, Fuel Cell and Alternative Fuel Vehicle 
Safety Research 

NHTSA’s program for hydrogen, fuel cell, and 
alternative fuel vehicles is focused on establishing 
safe performance requirements for hydrogen-
powered internal combustion engine (ICE) and fuel 
cell vehicles.  Safety requirements are vital to 
support the launch of the FreedomCAR Program, a 
cooperative automotive research partnership between 
the U.S. Department of Energy and the U.S. Council 
for Automotive Research (USCAR).  The President’s 
Hydrogen Fuel Initiative, announced in 2003, 
expands on the FreedomCAR Program to make fuel 

cell vehicles a practical and cost-effective choice for 
a large number of Americans by 2020.  NHTSA’s 
safety initiative will complement these efforts by 
developing foundational research information that 
will be necessary to evaluate future requirements. 

Event Data Recorders 

NHTSA has been conducting research and collecting 
information related to Event Data Recorders (EDR) 
for several years.  Circa 2000, NHTSA sponsored 
two working groups, one on light duty vehicles and 
one focused on heavy vehicles.  Both working 
groups published findings, available on NHTSA’s 
web site at www.nhtsa.dot.gov.  Since 2000, NHTSA 
has concentrated on the collection of EDR data via 
its National Automotive Sampling System 
Crashworthiness Data System (NASS-CDS) and 
Special Crash Investigation (SCI) programs.  Several 
thousand EDRs have been read as part of these 
routine crash investigations.  Based on the 
information gathered, the agency initiated a 
rulemaking action on EDR. 
 
NHTSA’s crash data collection program will 
continue to collect EDR data for the foreseeable 
future and publish those data as part of public crash 
records of these programs (also see NHTSA web 
site).  Several papers have been published on various 
aspects of EDRs, including a  separate 19th ESV 
paper by Niehoff (ESV paper 05-0271), that 
examines the accuracy of the current generation of 
EDRs.  Analyses of about 40 crash tests indicated 
that the EDRs in several manufacturers’ vehicles 
measure crash delta-Vs, pre-crash vehicle speed, and 
belt use fairly accurately. 
 
BIOMECHANICS 

Experimental Impact Injury Research 

NHTSA continues to build upon the science of 
biomechanics by expanding our experimental 
research programs.  Ongoing biomechanical projects 
include studies of the efficacy of new seat belt 
systems (force limiters, pre-tensioners, and four-
point belt systems) on human thoracic response.  We 
are also studying injury processes in the knee-thigh-
hip complex and and in the foot and ankle within an 
impact environment.  These efforts form the 
backbone of subsequent work to improve 
anthropomorphic dummies and etablish injury 
criteria associated with dummy measurements.  
Moreover, a renewed emphasis has been placed on 
understanding how human injury tolerance 
transitions with age and the physiological 
differences.   
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Advanced Anthropomorphic Dummies 

NHTSA has released a new version of a 50th 
percentile male frontal impact dummy known as the 
THOR-NT.  This latest version is an update of the 
previous THOR-Alpha version. It has much 
improved anthropometry, biofidelity, durability, and 
ease of use. The head is now adorned with a single, 
integrated skin that meets both isolated head drop 
and whole-body impact requirements.  The neck has 
a new atlanto-occipital joint that provides a more 
human-like range of motion.  The ribcage has been 
revised to provide improved biofidelity of the 
ribcage to the lower speed Kroell impact, while a 
new femur design provides a more biofidelic range 
of motion at the trochanter.  Injection molded flex 
joints throughout the THOR-NT translate into 
upgraded performance and durability.    Other 
improvements include a shoulder with better 
anthropometry and more durable external pelvis and 
femur skins.   
 
A new 5th percentile female version of the THOR 
has also been released, ensuring that THOR concepts 
may be broadly applied.  The lower extremities of 
both the 50th percentile male and the 5th percentile 
female THOR dummies have been adapted to replace 
the corresponding components on the Hybrid III 
dummy. 

 
Figure 4. THOR-NT 50th percentile male dummy. 
 
Biomechanics research continues to take advantage 
of rapidly expanding capabilities of analytical 
modeling techniques.  The Simulated Injury Monitor 
(SIMon) concept, introduced at the 17th ESV, 
exemplifies our use of analytical models to improve 
our understanding of the basic underlying mechanics 

of injury including that of brain injuries.  The latest 
version of the brain model is being evaluated by 
multiple academic and governmental organizations 
and the automotive industry. Biomechanics research 
is now expanding the SIMon concept to a thorax 
model for injury assessment of the human chest.   
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Figure 5. SIMon Finite Element head model 

Crash Injury Research and Engineering Network 
(CIREN) 

CIREN is composed of 10 level one-trauma 
hospitals. Spanning the United States and funded by 
NHTSA, American Honda Motor Company Inc. and 
academia. CIREN continues to produce “real-world” 
research findings on crashes, injuries, treatments, and 
outcomes.  CIREN medical researchers, working 
with engineers at NHTSA and in the automotive 
industry and research universities, have produced 
more than 130 scientific papers and presentations 
analyzing the basic causes of more than 2,700 cases 
of serious crash injuries. The agency is exploring 
new ways to enhance NHTSA’s understanding of 
injury causation in crashes and refining the capability 
to define injury criteria. 

CRASH AVOIDANCE RESEARCH 

Vehicle Handling/Electronic Stability Control 

The Agency has long been concerned with the 
growing number of single vehicle crashes in the 
United States.  A major portion of these crashes 
result from loss of vehicle control and many such 
incidents end up in rollover crashes.  The Agency has 
addressed the rollover issue by providing consumer 
information on the rollover likelihood of vehicles.  
The Agency undertook research to develop dynamic 
test procedures to assess rollover risk complementing 
the assessment based on the static stability factor. 
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Research was also initiated to develop procedures 
that could be used to measure the handling 
performance of vehicles.  The overall goal was to 
identify maneuvers that would have universal 
acceptance in discriminating handling performance 
of vehicles. 
 
During the past year or so, many studies have been 
published showing substantial benefits from 
electronic stability control (ESC).  However, such 
studies were considered preliminary, due to the 
paucity of data on vehicles equipped with ESC in the 
fleet.  A recent study by  NHTSA estimated that 
single vehicle crashes were reduced by 35-67% in 
vehicles equipped with ESC.  Because of ESC’s 
large potential benefits for eliminating single vehicle 
crashes, the research focus was shifted from the 
identification of generic handling maneuvers to the 
identification of maneuvers that can distinguish 
between vehicles with and without ESC. 
 
Four test maneuvers have been shown to induce 
oversteer (spin-out) in vehicles without ESC, while 
maintaining adequate control in vehicles equipped 
with ESC.  The four candidate maneuvers are: 
  
1. 0.7 Hz sine with dwell 
2. 0.7 Hz increasing amplitude sine 
3. 500 deg/s yaw acceleration steering reversal 
4. 500 deg/s yaw acceleration steering reversal w/ 
pause 
 
All maneuvers are accomplished with a computerized 
steering controller, for steering precision.  Tests are 
currently underway to obtain results from 50 
production vehicles of various vehicle classes.  Using 
the National Advanced Driving Simulator, extreme 
maneuvers will also be researched to evaluate ESC 
performance. 

National Advanced Driving Simulator (NADS) 

Using NADS, NHTSA has examined driver 
distraction, specifically the effects of different 
wireless phone interfaces on dialing, talking and 
answering phones in situations that vary driver 
workload.  Results of this research effort are 
expected to be available in 2005. 
 
NHTSA is also conducting a multi-year, four phase 
program of research on alcohol impairment and 
driving.  The first phase, currently in progress, 
concentrates on impairment associated with various 
levels of blood alcohol concentration (BAC) ranging 
from 0.00% to as high as 0.08% and 0.10%, and will 
establish baselines for drivers of various ages and 

different drinking practices.  Later phases of this 
research effort will explore how impaired driving 
interacts with the effects of variations in 
environmental conditions, roadway and driving 
scenarios.  The results of this research program will 
assist in the development of crash avoidance 
approaches to reduce the incidence of crashes due to 
alcohol impaired driving. 
 
The NADS study is also investigating driver 
behavior and performance with respect to ESC by 
addressing the effects of ESC icon type, driver age, 
and time to respond to crash-imminent situations.  

Heavy Vehicle Research 

NHTSA’s Heavy Vehicle research program 
continues to be directed toward improving the 
collision avoidance capabilities of these vehicles. 
Agency research has shown that major improvements 
in braking performance can be achieved by a 
combination of disc brakes and more powerful front 
axle brakes.  Stopping distance improvements of up 
to 30 percent or more have been demonstrated. 
Electronic control of brake systems (ECBS) on heavy 
vehicles also offers opportunities for faster brake 
applications and more precise control, including 
independent braking of individual wheels for 
balanced braking and stability control.  Advanced 
disc brake systems with ECBS are currently being 
tested on the test track and in fleet use.  The fleet test 
program also includes forward collision warning 
systems.  Research on improving indirect visibility 
from heavy trucks is also underway.  

Intelligent Transportation Systems (ITS) 

In 2004, the U.S. Department of Transportation’s 
(USDOT) ITS program launched a new generation of 
initiatives aimed at improving transportation safety, 
relieving congestion and enhancing productivity. 
These initiatives reflect an ongoing recognition of 
the potential of ITS technologies to significantly 
improve the operation of America’s transportation 
systems.  In order to maximize that potential the ITS 
Management Council, which is comprised of senior 
leadership of the USDOT, conducted a multi-year 
review of the ITS program to determine its future 
direction and focus.  As part of this review, the 
Council adopted a list of criteria it used to evaluate 
possible new initiatives.  The criteria included an 
emphasis on identifiable outcomes, performance 
schedules, private sector partnerships and return on 
investment.  Upon completion of the review, the 
Council chose nine major initiatives to comprise the 
centerpiece of the ITS program.  The Intelligent 
Vehicle Initiative (IVI) was conducted as part of the 
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ITS program from 1997 through 2005.  Significant 
progress was made in understanding the impact that 
advanced technology can have in helping drivers to 
avoid crashes.  Three of the new ITS initiatives were 
developed in response to the successful research that 
came out of the IVI program. 

Intelligent Vehicle Initiative 

The theme of IVI was “Saving Lives through 
Advanced Vehicle Safety Technology.”  This 
supported the agency’s mission of preventing 
highway crashes and the fatalities and injuries they 
cause. The IVI addressed three driving conditions 
where there is the greatest opportunity to improve 
safety: (1) Normal driving condition, by encouraging 
the design of in-vehicle communications and 
information systems that drivers can operate without 
distraction, (2) Degraded driving conditions, such as 
conditions of reduced visibility or driver fatigue, by 
encouraging accelerated commercialization of 
advisory systems, and (3) Imminent crash situation 
by encouraging accelerated commercialization of 
crash avoidance warning systems. The IVI program 
addressed these driving conditions within the context 
of four classes of vehicle platforms: light vehicles 
(passenger vehicles and LTVs), commercial vehicles 
(heavy trucks and interstate buses), transit vehicles 
(intra-city buses) and specialty vehicles (highway 
maintenance vehicles and emergency response 
vehicles).   
 
Additionally through the Intelligent Vehicle 
Initiative, NHTSA sponsored a cooperative 
agreement to develop protocols and metrics to 
quantify how operating in-vehicle devices can affect 
driver workload.  The Collision Avoidance Metrics 
Partnership (CAMP) organized a team from Ford, 
GM, Nissan, and Toyota that undertook the work. 
The goal of the four-year effort was to identify driver 
distraction metrics and tests that are practical, 
meaningful, and repeatable for use in the product 
development process and human factors guidelines.   
 
IVI conducted two field operational tests of light 
vehicles. One evaluated the safety performance of a 
warning system for rear-end crashes.  This fleet 
consisted of 10 vehicles equipped with a 
sophisticated data collection system in addition to the 
crash warning system using heads-up displays and 
auditory warnings that included a state-of-the-art 
forward looking radar, a forward looking camera, a 
differential global positioning system (GPS) receiver, 
and a digital map data base as well as extensive 
monitoring of in-vehicle controls.  
 

The second field operational test is evaluating the 
safety performance of a road-departure crash 
warning system. This system provides warnings if 
the driver is following a path that will lead to a 
departure from the paved roadway or if the driver is 
approaching a curve at a speed that is excessive for 
that curve. The system utilizes a forward-looking 
camera, a state-of-the-art radar that looks forward, a 
second radar that looks to the side, a GPS receiver, 
and an advanced digital map.  
 
The Vehicle Safety Communications (VSC) project 
was conducted to evaluate vehicle safety applications 
enabled or enhanced by communications. The project 
evaluated vehicle safety applications, identified 
associated communications requirements, and 
promoted the accommodation of these requirements 
in developing communications standards. As a result 
of work on this project, VSC has: 
• Prepared a comprehensive list of thirty-four 
potential vehicle safety application scenarios, 
enabled or enhanced by wireless communications. 
Included eight high-priority vehicle safety 
applications based on estimated potential safety 
benefits. 
• Developed preliminary communications 
requirements for the potential application scenarios. 
• Estimated potential safety benefits resulting from 
the deployment of vehicle safety applications. 
• Implemented and demonstrated successful 
exchange of preliminary SAE common message set 
needed for vehicle-to-vehicle safety applications. 
• Identified channel capacity issues in traffic density 
scenarios through simulations and recommended 
development of an adaptive dedicated short range 
communications (DSRC) protocol to improve 
communication reliability in stressful traffic 
environments. 
• Determined that 5.9 GHz DSRC represents the 
wireless technology most likely to support the 
communications requirements of the majority of 
vehicle safety applications. 

Driver/Vehicle Performance and the 100-Car 
Naturalistic Driving Study 

The 100-Car Naturalistic Driving Study was the first 
instrumented vehicle study undertaken with the 
primary purpose of collecting large-scale naturalistic 
driving data.  Drivers were given no special 
instructions, no experimenter was present, and the 
data collection instrumentation was unobtrusive.  In 
addition 78 of 102 vehicles were privately owned.  
The resulting database contains many extreme cases 
of driving behavior and performance, including 
severe fatigue, impairment, judgment error, risk 



 

Kanianthra 8

taking aggressive driving and traffic violations.  The 
data set includes approximately 2,000,000 vehicle 
miles, almost 43,000 hours of data, and 241 primary 
and secondary drivers.  Parameters such as vehicle 
speed, vehicle headway, time-to-collision, and driver 
reaction time are recorded.  The project report 
addresses ten goals, which include rear-end events, 
lane change events, the role of inattention, and 
implications for a larger scale data collection effort.  
The report is expected to be released before the end 
of 2005. 
 
NHTSA is also involved in the implementation of 
three of new major ITS initiatives that support the 
Department’s safety goals: Integrated Vehicle-Based 
Safety Systems, Cooperative Intersection Collision 
Avoidance Systems and Vehicle Infrastructure 
Integration.   

Integrated Vehicle Based Safety Systems (IVBSS) 

The goal of this project is to generate research 
information to support equipping vehicles with 
advanced driver assistance systems that would help 
drivers avoid the most common types of deadly 
crashes.  This initiative, in partnership with the 
automotive industry, will build on completed and 
ongoing IVI field operational tests as well as results 
from naturalistic driving studies.  This initiative will 
be the first attempt to fully integrate individual 
solutions to address specific safety problems that 
were developed under IVI.  
 
Cooperative Intersection Collision Avoidance 
Systems (CICAS) 
 
In order to achieve deployment of intersection 
collision avoidance systems that can save lives and 
prevent injuries at 15% of the most hazardous 
signalized intersections nationally, the research 
program is aimed at developing in-vehicle support in 
50% of the vehicle fleet, by 2015.  Intelligent 
intersection systems can be vehicle-based, 
infrastructure-only or infrastructure-vehicle 
cooperative systems.   This initiative builds on 
research and operational tests conducted under 
USDOT's Intelligent Vehicle Initiative.   

Vehicle Infrastructure Integration (VII) 

The goal is to achieve nationwide deployment of a 
communications infrastructure on the roadways and 
in all production vehicles and to enable a number of 
key safety and operational services that would take 
advantage of this capability. 
 

VII builds on the availability of advanced vehicle 
safety systems developed under the IVI and the 
availability of radio spectrum at 5.9GHZ recently 
approved by the FCC for dedicated short range 
communications.  The VII would enable deployment 
of advanced vehicle-vehicle and vehicle-
infrastructure communications that could keep 
vehicles from leaving the road and enhance their safe 
movement through intersections.  
 
FUTURE RESEARCH DIRECTIONS  
 
The federal role in vehicle safety research in NHTSA 
has been primarily in support of the promulgation of 
its safety standards.  Additionally, consumer 
information programs such as the new car assessment 
program (NCAP) for crashworthiness rating has also 
been providing consumers with valuable information 
on crash safety performance of vehicles for many 
years. NHTSA has now added a similar rating 
program in one area of crash prevention, namely, 
rating on rollover resistance based on research and 
test procedures the agency has developed.   
 
However, the emphasis in NHTSA’s regulations as 
well as in consumer information that are provided 
has been mostly in crashworthiness of vehicles.  The 
approach the Agency has used is by first defining the 
safety problems identified by the crash statistics that 
the Agency collects.  Then it develops the necessary 
countermeasures that could improve crash protection 
showing what is feasible, evaluating the safety 
benefits and effectiveness of those countermeasures, 
estimating the economic costs involved in 
promulgating safety regulations and issuing the 
necessary regulations.   
 
While this approach has worked well for many years, 
as new technologies emerge, a paradigm shift in 
research is also becoming necessary.  As vehicle 
technologies evolve, the clear distinctions that 
existed thus far across the Haddon matrix are fast 
disappearing, and there is considerable overlap 
between the human and the vehicle and the vehicle 
and the environment across the board from the pre-
crash to post-crash events. 
 
This shift demands a change in the research approach 
the Agency has used in the past, to address the 
emerging safety issues in the future.  Consider the 
events that precede a crash and those that occur 
during and after the crash.  Laying these events along 
a time line and considering the crash event to be 
occurring at time zero, time available at the users 
disposal before zero is unlimited, assuming there is 
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no threat of any crash.  However, the critical time 
period from a safety perspective is the few critical 
seconds before time zero, the few milliseconds 
during the crash, and the few minutes after the crash.  
Vehicle technologies can be incorporated into every 
phase of these events along the time line even far 
before time zero.  As one moves closer and closer to 
the time zero, the technologies must progressively 
detect imminent threats from all sources – external to 
the vehicle and from within the vehicle and from the 
user, and assist the user in coping with the problem 
at hand whether it is in avoiding crashes, reducing 
their severities, or protecting the occupants.  Many 
technologies are being introduced in to the fleet in 
each of the above phases.   However, it is evident 
that technologies need to be thoroughly researched as 
to their relevance to the various parts on the crash 
time line if safety is to be enhanced. 
 

Severity 
Reduction
Severity 

Reduction

PreventionPrevention ProtectionProtection

0   0   100m.sec.100m.sec.

Post 
Crash 
Post 

Crash 

1hr1hr

Severity 
Reduction
Severity 

Reduction

PreventionPrevention ProtectionProtection

0   0   100m.sec.100m.sec.

Post 
Crash 
Post 

Crash 

1hr1hr

 
Figure 6.  Time line for Vehicle Safety 
 
Therefore, the Agency is planning and developing its 
research agenda for future delivery of safety by 
aggressively proceeding with the preliminary 
assessment of near-term safety technologies and their 
potential to address specific safety problems, 
developing suitable test and evaluation procedures 
and preliminary estimates of anticipated benefits.  
This would require collaborative research efforts 
with automobile manufacturers and tier 1 suppliers of 
technologies in the future and it is anticipated that 
such research efforts will be launched in the near 
future. 

INTERNATIONAL HARMONIZED 
RESEARCH ACTIVITIES (IHRA) 

Traffic crash injuries are universal in nature.  Over 
the past 30 years, motor vehicle-related fatalities 
have been the principal focus of NHTSA’s research 
efforts. Given the cost of motor vehicle injuries to 
society and their consequences on human lives, more 
widespread and innovative efforts must emerge to 
reduce injury.  A harmonized research program was 

considered to be a suitable program for providing the 
solid foundation for enhancing global safety through 
sharing of research information and harmonization of 
standards where possible. 
 
With this in mind, the United States proposed at the 
15th International Technical Conference on the 
Enhanced Safety of Vehicles held in Melbourne, 
Australia, in 1996, that its international partners 
establish initially a five-year program for the IHRA.  
Senior representatives from the Government of 
twelve countries and two international organizations 
reached consensus on a five-year international 
research activities program.  The representatives also 
identified research priority items with a lead country 
to coordinate the research activities.  For IHRA, the 
steering committee makes recommendations for 
research and has final approval authority on the 
research agenda and any reports that are released 
under this program.  NHTSA serves as the secretariat 
for the program.  In 2001, the steering committee 
extended the program for another three years. 
 
The ongoing research activities conducted under this 
program included biomechanics research with the 
United States as the lead country, pedestrian safety 
led by Japan, vehicle compatibility and advanced 
frontal protection under the leadership of EC/EEVC, 
side impact protection led by Australia and 
Intelligent Transportation Systems Research led by 
Canada. 
 
Eight years of the life of the IHRA program have 
passed.  The working groups for many of the 
research topics, though functional, are still evaluating 
the accomplishments over the last eight years.  
Depending upon the progress made in each of the 
working groups, the research findings are being 
compiled and will be reported at the 19th Enhanced 
Safety of Vehicles (ESV) conference.  The steering 
committee is taking stock of the accomplishments of 
the last eight years and is developing 
recommendations for future activities and it is 
anticipated that a decision on future directions will 
be decided by June 2005. 

INTERNATIONAL HARMONIZATION 

The harmonization of regulations continues to be a 
matter of increasing importance to the United States 
and NHTSA.  Efforts to coordinate regulatory 
practices on a global scale have resulted in 
establishment of fora and agreements to promote and 
guide the process of harmonization both at the 
bilateral and multilateral levels.  NHTSA has been 
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and continues to actively participate in many of these 
forums, ensuring that all harmonization activities 
take into account best safety practices and best 
available technologies. 

 

 

World Forum for the Harmonization of Vehicle 
Regulations (UN/ECE/WP.29) 

1998 Global Agreement: On August 25, 2000, the 
United Nations/Economic Commission for Europe 
(UN/ECE) Agreement Concerning the Establishment 
of Global and Technical Regulations for Wheeled 
Vehicles, Equipment and Parts Which Can Be Fitted 
And/or Be Used On Wheeled Vehicles (the“1998 
Global Agreement”) entered into force. There are 
currently 22 contracting parties to this Agreement.  
The 1998 Global Agreement provides for the 
establishment of global technical regulations 
regarding the safety, emissions, energy conservation 
and theft prevention of wheeled vehicles, equipment 
and parts. The Agreement contains procedures for 
establishing global technical regulations by either 
harmonizing existing regulations or developing new 
regulations. The establishment of global technical 
regulations is expected to lead to a significant degree 
of convergence in motor vehicle regulations at the 
regional and national levels. However, while in some 
instances the result may be the adoption of identical 
or substantially identical regulations at those levels, 
in other instances, the result may be regulations that 
differ but do not conflict with each other.  The 
Agreement recognizes that governments have the 
right to determine whether the global technical 
regulations established under the Agreement are 
suitable for their own particular safety needs. Those 
needs vary from country to country due to 
differences in the traffic environment, vehicle fleet 
composition, driver characteristics and seat belt 
usage rates. 
 
Implementation of the 1998 Global Agreement: In 
June 2002, the Executive Committee of the 1998 
Global Agreement formally adopted the Program of 
Work and requested that contracting parties 
volunteer to sponsor each listed regulation by 
submitting a formal proposal as required by Article 6 
of the 1998 Global Agreement.  During the June and 
November 2002 sessions of WP.29, several 
contracting parties stepped forward as sponsors for 
the individual work items. 
 

The U.S. took the lead in advancing several areas on 
the Program of Work.  It sponsored and chaired the 
informal working group to develop a global technical 
regulation (GTR) on door locks and door retention 
components. In November 2004, the Executive 
Committee voted in favor of establishing this door 
lock GTR, as the first GTR under the 1998 Global 
Agreement.  Immediately after the establishment of 
this GTR and consistent with its obligations under 
the 1998 Global Agreement, NHTSA published a 
notice or proposed rulemaking to adopt this GTR as 
a Federal Motor Vehicle Safety Standard.  This GTR 
is expected to pave the way for the establishment of 
more GTRs.      
 
The U.S. has also sponsored and is chairing the 
informal working group to develop a global technical 
regulation on Head Restraint and is working toward 
completing and establishing this GTR by November 
2006.  More recently, the U.S. also agreed to co-
chair the informal group responsible for developing a 
GTR for hydrogen fuel cell vehicles.  
 
In addition to its leadership in the above mentioned 
areas, the US has also been actively participating in 
the development of other global technical regulations 
such as the installation of lighting and light 
signaling; motorcycle brake; passenger vehicle 
brake; and safety glazing. Apart from the hydrogen 
GTR, which is a longer term development effort, 
other GTRs are expected to be developed and 
established under the 1998 Global Agreement within 
the next two years. 

Bilateral Cooperative Agreements 

The US continues to leverage its resources by 
working closely with Canada, the European 
Commission, France, Japan, and the United Kingdom 
on bilateral cooperative regulatory activities.  These 
efforts include the exchange of information on 
rulemaking initiatives as well as joint testing and 
research.    In addition to the leveraging of resources, 
these cooperative activities are expected to establish 
an early understanding between parties regarding 
regulatory approaches, and thus, facilitate the 
establishment of harmonized regulations. 

Asia Pacific Economic Cooperation (APEC) 

NHTSA continues to be involved in APEC activities.  
Of significance is the Road Transport Harmonization 
Project (RTHP), which began in 1994, and whose 
objective is to promote the harmonization of 
standards within APEC region. Within the last few 
years, APEC has stepped up its efforts in promoting 
regional and global harmonization of vehicle 
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standards in light of the 1998 Global Agreement’s 
entry into force in August 2000.  As of January 2003, 
there were seven contracting parties among the 
APEC economies (United States, Canada, Japan, 
Russian Federation, People’s Republic of China, 
Korea and New Zealand). NHTSA will continue to 
play a role in facilitating other APEC economies 
accession to the 1998 Global Agreement. 
 
More recently, NHTSA has also become very active 
in APEC’s Road Safety Experts Group (RSEG).  
Under the auspices of RSEG, NHTSA proposed a 
project to establish in a volunteer APEC economy a 
model traffic safety data collection system.  
According to World Bank rough estimates, nearly 
500,000 persons die and millions are injured.  
Reliable and efficient data system is a much needed 
tool as APEC economies undertake region-wide and 
national efforts to reduce the number of people who 
get killed and injured in road traffic crashes every 
year in the Asia-Pacific Region. 

North America Free Trade Agreement (NAFTA) 

NHTSA has been actively involved in NAFTA 
harmonization efforts through the Automotive 
Standards Council (ASC). The Council has been 
seeking for the last ten years to identify 
incompatibilities in standards among NAFTA 
countries and set up a process that addresses these 
incompatibilities. Working groups, which comprise 
government and industry representatives, have been 
established to facilitate the process.  During the past 
three years, the focus of the group has been primarily 
on the cross-border commercial vehicle traffic and 
the safe entry of commercial vehicles into the three 
jurisdictions.  Several workshops were organized to 
bring greater understanding of the various regulatory 
and enforcement systems within NAFTA. 

RULEMAKING 

Since the last ESV Conference in Nagoya, Japan, 
NHTSA has published several final rules and 
important proposals.  The following is a compilation 
of these actions, ordered in the following three areas:  
Crash Avoidance, Crashworthiness, and Consumer 
Standards.  On July 25, 2003, NHTSA published the 
Vehicle Safety Rulemaking Priorities and Supporting 
Research plan.  The plan included rulemaking 
actions of highest priority for the period 2003 to 
2006, in all three areas. 

Crash Avoidance 

• On June 26, 2003, in response to the 
Transportation Recall Enhancement, 

Accountability, and Documentation Act of 
2000, NHTSA established a new standard, 
FMVSS No. 139, that set new and more 
stringent tire performance requirements that 
will apply to all new tires for use on light 
vehicles, i.e., those vehicles with a gross 
vehicle weight rating of 10,000 pounds or 
less, except motorcycles and low speed 
vehicles.  The final rule increases the 
stringency of the existing high speed and 
endurance tests.  This final rule is effective 
June 1, 2007. 

 
• On August 11, 2003, NHTSA issued a final 

rule adopting amendments to FMVSS No. 
105 and FMVSS No. 121 that extended 
application of a braking-in-a-curve dynamic 
performance test requirement to single-unit 
trucks and buses that are required to be 
equipped with ABS.  The amendments 
made in this rule were effective October 10, 
2003. 

 
• On November 1, 2003, NHTSA removed 

the regulatory text in the Code of Federal 
Regulations by the final rule issued on June 
5, 2002 (effective on November 20, 2003), 
to conform with a court decision vacating 
the Federal motor vehicle safety standard 
for tire pressure monitoring systems.  

 
• On August 11, 2004, NHTSA amended the 

Federal lighting standard for motor vehicle 
turn signal lamps, stop lamps, taillamps, and 
parking lamps (FMVSS No. 108), to 
increase compatibility with the requirements 
of the Economic Commission for Europe 
and to improve visibility of these lamps.  
The final rule was effective September 10, 
2004. 

 
• On September 15, 2004, NHTSA amended 

FMVSS No. 118, Power-operated window, 
partition, and roof panel systems, to require 
that switches for these windows and 
systems be resistant to accidental actuation, 
particularly by children.  The amendments 
apply to passenger cars, multipurpose 
passenger vehicles, and trucks with a gross 
vehicle weight rating (GVWR) of 4,536 kg 
(10,000 lbs.) or less.  The final rule was 
effective November 15, 2004. 

 
• On October 1, 2004, in response to petitions 

for reconsideration, NHTSA clarified the 
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applicability of FMVSS No. 403 and 404, 
on platform lifts.  This final rule also 
amended the definitions of certain 
operational functions, the requirements for 
lift lighting on public lifts, the interlock 
requirements, compliance procedures for 
lifts that manually deploy/stow, the 
environmental resistance requirements, the 
edge guard requirements, the wheelchair 
test device specifications, and the location 
requirements for public lift controls.  The 
amendments in the rule were effective 
December 27, 2004. 

 
• On December 17, 2004, NHTSA established 

an option in the Federal motor vehicle 
safety standard on hydraulic and electric 
brake systems (FMVSS No. 105) to permit 
the use of a roll bar structure during 
specified testing of brake systems in single 
unit trucks and buses.  This rule was 
effective January 18, 2005. 

 
• On December 20, 2004, NHTSA published 

a final rule that updates FMVSS No. 106, 
Brake hoses, to incorporate the substantive 
specifications of several Society of 
Automotive Engineers Recommended 
Practices relating to hydraulic brake hoses, 
vacuum brake hoses, air brake hoses, plastic 
air brake tubing, and end fittings.  This final 
rule becomes effective December 20, 2006. 

Crashworthiness 

• On May 5, 2003, NHTSA published a final 
rule to address the issue of how to treat 
limited line manufacturers during the course 
of the first phase-in of the advanced air bag 
requirements of FMVSS No. 208.  NHTSA 
expanded the definition of a limited line 
manufacturer to a manufacturer that 
produces no more than three vehicle lines 
and provided limited line manufacturers 
with an additional year to comply with the 
new advanced air bag requirements.  The 
amendments made in this rule were 
effective July 7, 2003. 

 
• On June 24, 2003, NHTSA made a number 

of revisions to FMVSS No. 213, child 
restraint systems, including amendments for 
incorporating improved test dummies, 
updated procedures used to test child 
restraints, and extension of the standard to 
child restraints recommended for use by 

children up to 65 pounds (30 kilograms).  
This action strengthened the technical 
underpinnings of the standard and ensures 
that a firmer foundation is laid for possible 
technical improvements in the future.  The 
amendments made in this rule were 
effective December 22, 2003. 

 
• On July 25, 2003, NHTSA updated the 

Federal motor vehicle safety standard on 
glazing materials (FMVSS No. 205) so that 
it incorporates by reference the 1996 
version of the industry standard on motor 
vehicle glazing.  This rule was effective 
September 23, 2003. 

 
• On July 31, 2003, NHTSA established a 

new class of school buses, multifunction 
school activity buses, for use in transporting 
children on trips other those than between 
home and school.  This rule became 
effective September 3, 2003. 

 
• On December 1, 2003, NHTSA upgraded 

the rear impact test in FMVSS No. 310, 
Fuel system integrity.  This final rule was 
effective January 20, 2004. 

 
• On July 16, 2004, NHTSA amended 49 

CFR Part 572 by adding a new subpart 
describing a weighted version of the current 
Hybrid III six-year-old child size dummy 
(HIII-6C).  This final rule became effective 
January 12, 2005. 

 
• On August 20, 2004, in response to 

petitions for reconsideration on FMVSS No. 
208, NHTSA addressed issues raised by 
petitioners regarding positioning of the 5th 
percentile adult female, six-year-old and 
three-year old test dummies; determination 
of target points during low risk deployment 
tests; specifications for child restraint 
systems for automatic suppression system 
tests; and clarification of seat adjustment 
procedures.  The amendments made in this 
rule were effective September 1, 2004. 

 
• On October 15, 2004, NHTSA made 

permanent the temporary exclusion issued 
by the agency in an interim final rule 
published on May 8, 2003 to exclude 
funeral coaches from the requirements of 
FMVSS No. 225, “Child Restraint 
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Anchorage Systems.”  This rule was 
effective November 15, 2004. 

 
• On November 5, 2004, NHTSA amended 

the definition of “special purpose vehicles” 
in FMVSS No. 223, Rear impact guards, by 
adding a precise description of the cubic 
area in which work-performing equipment 
must reside in or move through while a 
trailer is moving.  This final rule was 
effective November 5, 2004. 

 
• On November 19, 2003, in response to 

petitions for reconsideration, NHTSA 
addressed detailed seat and dummy 
positioning procedures in FMVSS No. 208.  
The amendments made in this rule were 
effective January 20, 2004. 

 
• On December 8, 2004, this final rule 

established the requirement, under FMVSS 
No. 208, for Type 2 integral lap/shoulder 
safety belts in all designated seating 
positions in rear seats, other than side-facing 
seats.  Side-facing seats may be equipped 
with either a Type 1 lap belt or a Type 2 
belt.  This rule responds to a Congressional 
mandate that the agency begin to phase-in 
requirements for lap/shoulder belts for all 
rear seating positions, wherever practicable, 
not later than September 1, 2005. 

 
• On December 14, 2004, NHTSA upgraded 

FMVSS No. 202, Head restraints, in order 
to reduce whiplash injuries in rear 
collisions.  This rule was effective March 
14, 2005. 

Consumer Standards 

• In April 2003, a final rule that established 
new fuel economy standard for MY 2005 – 
2007 light trucks was issued. 

 
• On July 2, 2003, NHTSA announced the 

determination for model year (MY) 2004 
high-theft vehicles lines that are subject to 
the parts-marking requirements of the 
Federal motor vehicles theft prevention 
standard, and high-theft MY 2004 lines that 
are exempted from the parts-marking 
requirements because the vehicles are 
equipped with antitheft devices determined 
to meet certain statutory criteria pursuant to 
the statute relating to motor vehicle theft 

prevention.  The amendment was effective 
July 2, 2003. 

 
• On February 19, 2004, consistent with the 

Alternative Motor Fuels Act of 1988, a final 
rule extended the incentive created by that 
Act to encourage the continued production 
of motor vehicles capable of operating on 
alternative fuels.  The amendments made in 
this final rule were effective October 1, 
2004. 

 
• On June 3, 2004, in response to petitions for 

reconsideration, NHTSA modified certain 
aspects of its November 2002 final rule on 
Tire Safety Information.  

 
The New Car Assessment Program (NCAP) has been 
the central focal point for the development, planning, 
and implementation of new crashworthiness 
programs designed to stimulate voluntary 
improvements in the area of occupant crash 
protection and occupant survivability since 1979.  
Over the years, the program has continually 
improved the information it has given the consumers 
as well improving the test methods used to rate 
vehicles.  The program has recently included a 
rollover resistance rating program and has begun 
rating child safety seats on their ease-of-use.  All 
NCAP ratings are posted to the agency’s newly 
created website, www.safercar.gov.   
 
Model year 2005 is just the second year in which 
NHTSA has rated vehicles for rollover using both 
static stability factor and dynamic rollover testing.  
There are clear suggestions that the program is 
having an impact in the marketplace, particularly 
with vans, pickups and SUVs.  For example, for the 
2004 Model Year, the average of risk of rollover in a 
single vehicle crash has shifted downward for vans, 
pickups, and SUVs. 

CONCLUSIONS 

NHTSA has made substantial progress in addressing 
the safety needs of the motoring public in the United 
States through its research activities, the safety 
regulations it promulgates, the consumer information 
in disseminates and through the traffic safety 
programs it implements.  The gains made in the last 
three decades can also be attributed to a combination 
of improved vehicle and roadway designs and the 
crash test ratings by other organizations such as the 
Insurance Institute for Highway Safety.  
Additionally, significant gains have also been made 
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in safety belt use rate and due to other safety 
measures adopted at the State and Federal levels over 
the years.  The National Highway Traffic Safety 
Administration  has estimated that the cumulative 
lives saved by vehicle safety technologies including 
safety belts grew to 328,551 by 2002.   
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Figure 7. Lives Saved by Safety Technologies,  

 1960 – 2002 
 

However, the question remains whether the steps 
adopted over the last three decades would be 
sufficient to continue to yield further gains to make a 
difference in resulting safety benefits at the same rate 
in the future.  It is conceivable that the safety need 
will continue to grow while the approaches adopted 
for safety in the past may result only in limited gains 
with the result that there will be an ever-widening 
gap between the safety need and the safety gains that 
could be made in the future.  It is therefore extremely 
important to find technological solutions to the extent 
possible to address various safety problems that 
exist.  NHTSA is poised to meet this challenge by 
developing an aggressive research agenda and 
vigorously pursuing the necessary vehicle safety 
research in the future. 
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